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photodynamic therapy with the first white-light-
activated peptide photosensitiser for melanoma
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Photodynamic therapy (PDT) is an established cancer treatment, yet its clinical utility in melanoma

remains restricted by poor photosensitiser delivery, light penetration, and melanin interference. Here, we

report a polymersomal nanocarrier system encapsulating the peptide–photosensitiser conjugate RB-K2

as a novel strategy to overcome these barriers. The polymersomes, engineered from amphiphilic block

copolymers, demonstrated enhanced stability and efficient tumour-targeted delivery. In vitro, PS-RB-K2

significantly improved cellular uptake, reactive oxygen species generation, and apoptosis induction in

B16 melanoma cells compared with free RB-K2. In vivo, intratumoural administration of PS-RB-K2, com-

bined with optimised light activation, markedly suppressed tumour growth and, in some cases, reversed

progression without systemic toxicity. Mechanistic analyses confirmed that polymersomal encapsulation

protected RB-K2 from degradation, enhanced intratumoural retention, and mitigated self-quenching

effects. Collectively, these findings establish PS-RB-K2 as a potent third-generation PDT platform with

translational potential for melanoma therapy, bridging the gap between current liposomal systems and

clinically viable polymersomal drug delivery.

1.0. Introduction
1.1. Polymersomes in cancer therapy

Polymersomes, vesicular nanocarriers formed from self-assem-
bling amphiphilic block copolymers, have emerged as promis-
ing platforms for cancer therapy. Owing to their superior struc-
tural stability, tunability, and ability to encapsulate both
hydrophilic and hydrophobic agents, they offer advantages
over traditional delivery systems like micelles and liposomes.1

Moreover, their versatility allows for the integration of target-
ing ligands, stimuli-responsive components, and imaging
agents—making them ideal candidates for use in advanced
generations of therapeutic drug delivery.

Liposomes are the prototypical self-assembly structures for
a variety of nanoparticles, including polymersomes and have
been investigated and employed as nanovesicles for drug
administration and as a model simulating cell membrane
since the 1970s.2 Polymersomes on the other hand were first
acknowledged in the 1990s and since then have become an

attractive alternative to liposomes owing to their enhanced
stability via altering vesicles membrane characteristics such as
strength and durability, permeability, and surface adaptivity.3

There are number of polymers approved by the FDA for fabri-
cating a variety of formulations such as PLA-b-PEG-b-PLA
(polylactic acid-b-polyethylene glycol-b-polylactic acid tri-block
polymer), and PLH-b-PEG (poly(L-histidine)-b-polyethylene
glycol polymer).4 Genexol®PM is an example of a commercially
available polymeric micelle containing paclitaxel created from
mPEG-PDLLA (monomethoxy-poly(ethylene glycol)-block-poly
(D,L-lactide)) polymer and used for the treatment of breast
cancer.5

Despite extensive preclinical research, there is limited evi-
dence of polymersome-based systems having reached human
clinical trials.6–8 However, non-vesicular polymeric nano-
carriers like CRLX1019,10 have undergone phase I–II trials, vali-
dating the core polymer chemistry and biocompatibility with
ACM Biolabs (2025) progressing a polymer/lipid hybrid as a
non-viral delivery system capable of delivering multiple pay-
loads, suggesting that translation to the clinic is on the horizon.

1.2. Photodynamic therapy and polymersomes

Photodynamic therapy (PDT) is a minimally invasive cancer
treatment that combines a photosensitizing agent, light, and
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oxygen to selectively kill cancer cells. It causes localized cell
death through the production of reactive oxygen species (ROS),
particularly singlet oxygen (1O2), when the photosensitizer is
activated by a specific wavelength of light. It is currently
approved for use in oesophageal cancer, non-small cell lung
cancer (NSCLC), bladder cancer, head and neck tumours and
basal cell carcinoma with current trials underway for glioblas-
toma,11 pancreatic cancer12 and cholangiocarcinoma.

Foslip® and Fospeg® are liposomal preparations of the
marketed formulation Foscan®, which contains the photosen-
sitising compound, temoporfin as an active ingredient and
has been medically used to treat advanced stages of head and
neck cancer in patients who have failed to respond to other
treatments or are not candidates for other forms of therapy or
surgery.13,14 There are currently no commercially available
polymersomal alternative to these liposomal formulations,
however, a few examples are under preclinical development.
Several researchers have studied various polymeric delivery
systems for encapsulation of photosensitising agents for PDT
treatment for enhanced delivery and efficacy.15–17 Furthermore,
a number of researchers are exploiting the advantageous
effects of PDT efficacy seen from the encapsulation of the
photosensitiser compound and enhancing this by combining
with a second different therapy.17–19

1.3. Polymersomes with PDT in melanoma

The use of PDT for melanoma is limited, due in part to the
highly pigmentated nature of the melanin present in mela-
noma cells. Only a few examples can be found within literature
where novel pathways have been exploited to expand the use of
PDT into melanoma, however, none of them use a white light
source for activation of a peptide-photosensitiser conjugate. Lu
et al. (2020)20 utilise a β-alanine modified fullerene-based
nanoparticles (GFNPs), ∼126 nm in diameter, optimized for
size-dependent effects. Upon light activation, GFNPs generated
singlet oxygen (1O2) to selectively disrupt tumour blood
vessels-even in hypoxic melanoma microenvironments.
Although PDT is used as the mechanism of action, the solid
fullerene-based nanoparticles have limited capacity for encap-
sulation of different compounds as this is mostly restricted to
surface absorption. Translation to the clinic for these solid
particles may be somewhat hampered due to the use of the
rare earth metal gadolinium. Tang et al. (2020)21 combined a
near infrared activated photosensitiser with chemotherapy,
while Wang et al. (2017)22 reported the activation of a photo-
sensitiser encapsulated within a polymersome and activated
using cold atmospheric plasma (CAP), both of which may
require expensive activation equipment with specialist hand-
ling. More recently Tsai et al. (2025)23 report the creation and
investigation into PEGylated chitosan-coated polydopamine
nanoparticles (PCPNs) that release the anticancer agent IR780
in acidic tumour environments. Under near-infrared (NIR)
light, the IR780@PCPNs show strong photothermal and photo-
dynamic effects, generating heat and reactive oxygen species to
kill melanoma cells effectively as a combination approach for
enhanced efficacy, however this has not been proven in vivo.

We have previously reported a novel PDT agent for use against
melanoma24 using a unique peptide photosensitiser conju-
gate, known as RB-K2. The combination of the pro apoptotic
peptide conjugated to the photosensitiser, rose bengal,
resulted in a 500% reduction in melanoma tumour growth in
the murine model, and is currently under continued investi-
gation as a novel first in class treatment for melanoma (Klas
Therapeutics Ltd).

The potential of these systems to be designed and utilised
for multiple uses is still to reach its full potential. This paper
describes the enhanced efficacy of a novel polymersomal
based drug delivery system in combination with RB-K2 utilis-
ing PDT for the treatment of melanoma, skin cancer. The
extensive pre-clinical evidence takes this technology a step
closer to the bridging the gap between liposomal DDS and
polymersomal DDS in the clinic and opens the door for PDT
as a treatment option for melanoma.

2.0. Study aims

This study investigates the enhanced potential of PDT for mel-
anoma using the peptide conjugate RB-K2 encapsulated
within a polymersomal drug delivery system, PS-RB-K2. We
have already evidenced the superior efficacy of RB-K2 com-
pared with other photosensitisers for the use in melanoma,24

here, we expand this technology by the inclusion of nano-
technology for enhanced uptake and protection from degra-
dation, creating the third-generation PDT for melanoma.

3.0. Materials and methods
3.1. Materials

DMEM (Dulbecco’s Modified Eagle’s medium), penicillin
streptomycin (PenStrep) and FBS (foetal bovine) serum was
purchased from (Thermofisher Scientific, UK), TFA (trifluoroa-
cetic acid reagentplus(r) 99%) (Honeywell), acetonitrile, and
chloroform, were analytical grade and were purchased from
(Thermofisher Scientific, UK). PEG-methacrylate (Mn 500)
(SIGMA-ALDRICH), ABCN (1,1′-azobis(cyclohexanecarboni-
trile), 98%) (SIGMA-ALDRICH), THF (tetrahydrofuran, anhy-
drous, ≥99.9%) (SIGMA-ALDRICH), LED torches were used as
a source for white light – Fenix LD01 LED (Fenix Light Ltd,
Shenzen, China) 50 mW output, MTT (thiazolyl blue tetra-
zolium bromide) (Applichem Lifescience), DMSO (dimethyl
sulfoxide – ACS grade) (VWR chemicals), Annexin V-iFluor 488
Apoptosis Detection Kit (ab219916) bought from (Abcam). All
the cells were obtained from in house cell repository, CD-1
Nude mice were bread inhouse.

3.1. Synthesis and purification of RB-K2

Synthesis of RB-K2 was achieved using solid phase peptide
synthesis according to a previously published method.25 To
purify the peptide RB-K2, reversed-phase high performance
liquid chromatography (RP-HPLC) was utilised, and the gradi-
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ent of solvent-B was raised from 45 to 65 percent over a
25-minute period. The solvents used were – solvent-A, which
included combination of 89.9% deionised water, 10% aceto-
nitrile, and 0.1% trifluoroacetic acid (TFA), and solvent-B, con-
tained 99.9% acetonitrile and 0.1% TFA. The required fraction
of RB-K2 was collected between 11.0–12.5 minutes and ana-
lysed using the wavelength range 560–575 nm. The sample was
analysed using MALDI-TOF-MS to indicate the presence of
compound with the anticipated mass. The collected fractions
were combined, and the solvent removed by rotary evaporation
and lyophilisation to obtain the dry peptide sample as a pink
solid.

3.2. Synthesis and purification of polymer

The polymer used in the formulation of polymersomes were
synthesised by the method described by Martin C. et al.
(2016).26 Briefly, the random co-polymer has two moieties:
decyl methacrylate and PEG methacrylate (Mn 500) accounting
for 37.5% w/w and 62.5% w/w respectively. Polymerisation was
achieved via a Michael addition reaction using a free radical
initiator ABCN (1,1′-azobis(cyclohexanecarbonitrile)) to gene-
rate the random copolymer of known configuration.
Purification of the polymer was achieved by precipitation of
the polymeric solution in THF (tetrahydrofuran) and hexane.
The solution was centrifuged to obtain a pellet of the polymer.
The supernatant was discarded, and the polymer was dissolved
again in a minimal amount of THF and precipitated with
hexane, followed by centrifugation yielding the desired
polymer. The process of dissolving in THF and precipitating
out in hexane was repeated several times until the polymer
appeared transparent.

3.3. Preparation of polymersomes

The formulation of PS was carried out using the amphiphilic
polymer previously described. Briefly, 0.5 ml of polymer (5 mg
ml−1 in chloroform) was added to a 5 ml round bottom flask,
the solvent was evaporated to dryness producing a thin film
along the base of the flask. RB-K2 at a concentration of
400 µM (400 µl 1 mM) in methanol was added to the flask and
again evaporated to dryness. The thin film of both polymer
and drug was resuspended in organic solvent (0.5 ml chloro-
form) and sonicated for 15 min at room temperature (Branson
2800, CPX280H-E, 110 W, 40 kHz). A further 0.5 mL polymer
(5 mg ml−1) was added in PBS with 30 min sonication to create
an opaque emulsion followed by rotary evaporation to remove
any trace of the organic solvent (chloroform) leaving the final
nanoparticles as a clear PBS suspension.

PS were evaluated for poly dispersibility index (PDI) and
hydrodynamic radius using dynamic light scattering (DLS).
The measurement of PDI and size were taken at room tempera-
ture and in triplicate.

3.4. In vitro analysis

3.4.1. MTT cell viability assay. B-16 melanoma cells were
cultured in complete DMEM (Dulbecco’s Modified Eagle’s
medium), which was supplemented with 10%(v/v) FBS (Fetal

Bovine Serum) and 1%(v/v) penicillin streptomycin mixture.
The cells were cultured at 37 °C, in an incubator maintained at
a relative humidity-95%, 5%-CO2, 20%-O2, and were harvested
for experiment when they reached a confluency of between
70–80%. The cells were seeded into 96 well plates, with
4000 cells in 100 µl of complete media. After incubation for
24 h, the cells were incubated with 100 µl of treatment
samples at indicated concentrations for 3 h and kept away
from light. Following treatment, the cells were washed twice
with 100 µl of PBS and 100 µl of fresh culture media was
added to each well. The cells were further treated with white
light (Fenix LD01 LED, 50 mW output) for either 0, 1 or
2 minutes (0, 22.8, 45.6 J cm−2). Cells were incubated for 24 h
after treatment at the conditions previously stated. After which
time the cells were incubated with 10 µl of MTT (tetrazolium
salt) solution (5 mg of MTT per 1 ml of PBS) for 3 h followed
by the replacement of solution in the wells with 100 µl of
DMSO. The absorbance of the resulting formazan solution was
measured at 570 nm using a Fluostar Omega microplate
reader to determine cell viability. The cell viability was calcu-
lated by the formula below.

%Cell viability

¼ average absorbance of sample
average absorbance of untreated sample

� 100

3.4.2. Cellular uptake study. Cells were cultured, harvested,
and seeded in a similar manner as stated above. The cells were
incubated with 5 µM either RB-K2 or PS-RB-K2 for 3 h followed
by washing with PBS (×2). Later 100 µl of PBS was added in
each well. The fluorescence intensity was recorded on BMG
labtech Omega microplate reader with an excitation wave-
length of 550 nm and emission at 590 nm at 2100 gain and
compared to a control well (dark) with no treatment.

3.4.3. Apoptosis assay carried out in vitro in B16 cells.
Apoptosis assay in B16 cells using 1 µM samples of RB-K2 and
PS-RB-K2 was carried out with or without stimulating the
samples for 1 min light (Fenix LD01 LED, 50 mW output,
22.8 J cm−2) and compared directly with healthy cells in indi-
vidual groups. The experiment was carried out in a similar
manner as detailed for PDT experiment in section 3.4.1. The
obtained cell pellet was washed twice with cold PBS and centri-
fuged at 1200 rpm, followed by resuspending the obtained cell
pellet into 600 µL of annex buffer (1×) that contained a combi-
nation of Alexa Fluor 488 – Annexin V (5 µL) and propidium
iodide (1 μL) prepared from stock of 100 µg ml−1. The combi-
nation was incubated for 15 min at room temperature pro-
tected from light before the cells were analysed using
flowcytometry.

3.5. In vivo investigation

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals by the UK
Animals (Scientific Procedures) Act, 1986 and approved by the
Animal Ethics Committee of Ulster University.

B16 melanoma cells were grown in large amounts
(∼5 million cells per 75 ml flask) for implanting subcu-
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taneously into the rear dorsum of the mice. Once the cells
reached a confluency of 75–80%, ensuring they were in a con-
tinuously growing state, they were harvested by trypsinization
using 10% trypsin in sterile filtered PBS. Upon counting the
cells, the obtained cell pellet was resuspended in sterile fil-
tered PBS so that 3 × 106 B16 cells per ml were obtained. A
100 µl aliquot of this cell suspension was injected subcu-
taneously into the rear dorsum of the CD-1 nude mice. Mice
were assessed daily for tumour burden, weight and general
health throughout the period of the study.

3.5.1. In vivo PDT investigation. The CD-1 nude mice used
in the study were 50% males and 50% females. They had an
average weight of 27.6 ± 6.5 g and were 10–12 weeks old. After
implanting the mice with B16 cells they were monitored on a
daily basis with the study commencing when the tumours
were visible, measurable and had reached an average volume
of 41.97 ± 2.68 mm3. The tumours reached this size in 3–4
days after implantation.

The preparation of the required formulation for injection
and the murine model was done simultaneously and prior to
starting the PDT treatment in vivo. The animals were divided
into 3 groups with 5 animals selected for each group, selection
was based on tumour size, to ensure that the average tumour
size remained the same throughout the groups and that the
range included within each group was similar, additionally, no
group had less than two from any particular gender. These
groups were – untreated, the animals which did not receive
any dosing; RB-K2, where the animals received the unencapsu-
lated form of RB-K2 and PS-RB-K2, where the animals received
the PS encapsulating RB-K2 at an identical concentration to
the unencapsulated drug, in addition to receiving the photo-
sensitiser peptide conjugate, these groups also received light
treatment to activate the photosensitiser (1 mM solution of
RB-K2 in PBS). The treatment was carried out on day 0, 3, and
7. The samples, for the required groups, were administered
directly into the tumour with the volume of drug solution
administered ranging between 20 µl and 75 µl. The required
volume was calculated based on half of the tumour volume cal-
culated to a nearest 10. After the drug was administered, it was
followed by an immediate dose of light treatment (Fenix LD01,
LED, 3 min, 68.4 J cm−2) without any delay, followed by a
second dose of light (Fenix LD01, LED, 3 min, 68.4 J cm−2)
after 1 hour.

3.5.2. Real time in vivo imaging (IVIS) of RB-K2 and
PS-RB-K2 following intra-tumoral injection. In vivo imaging
was achieved by injecting 100 µL (1 mM) of RB-K2 and 50 µL
(1 mM) of PS-RB-K2 directly into the tumours with the injec-
tion volume calculated depending on the tumour size, (half of
the calculated tumour volume to a nearest 10, with a
maximum injection volume of 100 µL). The animal was then
placed into Xenogen IVIS® lumina imaging system chamber
which maintained at 37 °C. The imaging filters were set to
excitation wavelength of 535 nm and emission wavelength of
580 nm, a wavelength close to the excitation of rose bengal.
The fluorescence of injected samples was monitored every
hour for 4 h and then every 24 h till the samples were

depleted. The images were then analysed using Living Image
software version 2.60.

3.5.3. Analysis of quenching effect of RB-K2 with and
without encapsulation. The study was conducted by preparing
different concentrations of RB-K2 and PS-RB-K2 in PBS,
ranging from 0.005 µM to 1 mM and recording both the absor-
bance (at 570 nm) and the corresponding fluorescence emis-
sion at 590 nm using Fluostar Omega microplate reader.
Sample concentrations and subsequent absorbance and fluo-
rescence data were then used to plot the graphs.

3.6. Statical analysis

All the statical analysis were done using GraphPad Prism 5
(v5.01), and Microsoft Excel for Microsoft 365 MSO (Version
2507). Statical differences were analysed using one-tailed
student t-test, with * denoting p value < 0.05, ** p < 0.01,
***p < 0.001 and highest significance denoted as **** with
p value < 0.0001, a non-significant difference was shown as ns.

4.0. Results and discussion
4.1. Synthesis and characterisation of RB-K2

RB-K2, Fig. 1a, was synthesised by solid phase peptide syn-
thesis, using a rink amide resin. Amino acids were sub-
sequently added to the linker in a chain like fashion through
the creation of new amide bond formations, before an octanoic
acid derivative of RB was added and the compound cleaved
from the resin following the deprotecting of any side chain
protecting groups (Boc, Trt) by trifluoracetic acid (TFA). The
resulting pink solid was purified using prep hplc (Fig. 1b) and
the compound confirmed using MALDI TOF MS, with the
anticipated mass of 2724 Da (Fig. 1c).

4.2. Formulation and characterisation of PS-RB-K2

The polymer was synthesised according to the method
described in the previous publication by Martin et al. (2016),26

with the schematic representation depicted in Fig. 2a. The
polymer was prepared from a hydrophobic and hydrophilic
monomer, the hydrophobic decyl methacrylate (compound 3,
Fig. 2a) was synthesised from decanol via an esterification
reaction with methacrylic acid whereas the hydrophilic PEG
methacrylate (Mn 500) (compound 4, Fig. 2a) was purchased
and used without further modification. The prepared polymer
was of random configuration so the alignment of each
monomer within the polymeric structure may vary. Parameters
affecting the final polymer, such as the amount of each
monomer used, temperature, time and amount of initiator
used for the reaction were kept consistent resulting in a con-
trolled reaction with reproducible results. Importantly, the
molar ratio between the hydrophobic and hydrophilic moieties
remained consistent at 3 : 527 with 37.5% w/w hydrophobic
decyl monomer and 62.5% w/w hydrophilic PEG methacrylate,
resulting in an amphiphilic random copolymer as depicted in
compound 5, Fig. 2a.
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There are several available methods, including the use of a
microfluidic instrument, by which to prepare nanoparticles of
this type with the hydrophilic corona and hydrophobic bilayer,
illustrated in Fig. 2b. We have previously demonstrated that
the reverse phase evaporation method (RPE) results in good
size consistency, high stability, high drug encapsulation and a
suitable PDI.1 This method resulted in polymersomal nano-
particles with a similar hydrodynamic radius and PDI for both
RB-K2 containing delivery systems, PS-RB-K2 and blank par-
ticles (PS-blank), Fig. 2c, and is comparable with polymer-
somes prepared with other compounds encapsulated.1,25 The
loading capacity is based on the encapsulation of 400 µM of
RBK2 (1.09 mg ml−1) encapsulated with 5 mg ml−1 polymer.
The size distribution graph of PS-RB-K2 is presented in
Fig. 2d.

4.3. In vitro analysis

The ability of RB-K2 to effectively destroy melanoma cells,
using photodynamic therapy was first established in vitro
using the B-16 melanoma cell line, Fig. 3a. The peptide conju-
gate by itself, at the highest concentration used in this study
(5.0 µM) in the absence of light stimuli was found to be non-
toxic to cells. At the lowest concentration of 0.1 µM, cell viabi-
lity was found to be 91.8 ± 2.8% & 37.5 ± 6.7% when activated
with 1- & 2 min light treatment respectively (22.8 and 45.6 J
cm−2 total light dose respectively), indicating that using an
increased light dose at lower concentration, i.e. 0.1 µM, could
increase cellular toxicity by almost 50% (Dark-Ctrl vs. 0.1 µM
RB-K2 + light 2 min, p < 0.0001,****), whereas at the higher
concentrations of 1.0 & 5.0 µM almost 100% cell death (p <

Fig. 1 (a) Chemical structure of RB-K2, rose bengal conjugated via an 8-carbon spacer to the amphiphilic peptide C(KALKALK)2. (b) Preparative
HPLC trace of RB-K2, the pure compound peak detected between 11.0–12.5 minutes observed at 560–575 nm. (c) MALDI-TOF-MS spectra of pure
peptide conjugate RB-K2 showing obtained mass of 2724.35 Da (calculated for C103H161Cl4I4N22O21S = 2725.01 g mol−1). Acquired on Voyager
instrument in positive ion mode using CHCA matrix.

Fig. 2 (a) Schematic representation of the production of the decyl (hydrophobic monomer) 3 from the creation of decanol (1) and methacrylic acid
(2) in step 1 and the subsequent polymerisation in step 2 resulting from the addition of the decyl monomer (3) and PEG methacrylate (Mn 500 (4)).
(b) Illustration of polymersome creation from amphiphilic polymer, blue depicting the hydrophobic decyl moiety and red the PEG moiety. (c)
Characterisation of polymersomes containing RB-K2 (PS-RB-K2) and compared with blank polymersomes (PS-blank) in terms of hydrodynamic
radius (size) and polydispersibility index (PDI), encapsulation efficiency (EE) and loading capacity (LC) (n = 3). (d) Size distribution graph of PS-RB-K2.

RSC Pharmaceutics Paper

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Pharm.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 8
:4

5:
33

 P
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/d5pm00259a


0.0001,****), was observed in both light activation conditions.
Additionally, the cells are unaffected with light only treatment,
as seen in the control cells containing no RB-K2 (Fig. 3a) or
PS-RB-K2 (Fig. 3b) and irradiated with light (either 1 or 2 min)
confirming that light is indeed an appropriate stimulus for
allowing selectivity of effect. This result is in keeping with that
previously reported.24 The same experimental conditions were
carried out for the polymersomal encapsulated RB-K2,
PS-RB-K2. No observational differences were seen at the higher
concentrations, as maximum cell death had already been
established using the naked drug. The results at the lower con-
centration and those of the dark toxicity are of more interest,
Fig. 3b. Dose dependent dark toxicity was observed in the
control samples, this is most likely due to internalisation of
K2, the peptide part of drug with the help of the PS through
endocytosis. Research by Standley et al., suggests a similar
phenomenon where K2 was able to gain entry in breast cancer
cells and cause cell death through incorporation of the peptide
into nanofibers, whereas the peptide K2 was unable to do so
on its own.28 At the lowest concentration of 0.1 µM RB-K2

encapsulated within the PS, PS-RB-K2, cell viability was found
to be 31.6 ± 6.0% with 1 min light activation (Dark-Ctrl vs.
0.1 µM PS-RB-K2 + light 1 min, p < 0.001,***), compared to
less than 60% for free drug. Not surprising, at the higher dose
of light a higher cell death was reported. A similar study was
completed in B-16 melanoma cells using only RB, without the
peptide, as well as polymersomal RB (PS-RB) and polymer-
somes containing both RB and the K2 peptide, but not conju-
gated together, known as PS-RB + K2. The results of these
studies are given in the SI data (S1–S3). It can be concluded
from these studies that the RB-K2 conjugate is a requirement
for enhanced PDT to occur, with the encapsulation with a poly-
mersome, significantly enhancing its efficiency.

The production of reactive oxygen species (ROS) caused by
Type II photochemical reactions within PDT is well documen-
ted.29 To confirm the production of ROS, the singlet oxygen
scavenger, singlet oxygen sensor green (SOSG) was incubated
with cells following exposure with either no drug, RB-K2 or
PS-RB-K2. All samples were activated with white light before
the fluorescent emission of SOSG was assessed.

Fig. 3 PDT experiment showing % cell viability in B16 cells with varying concentrations of (a) RB-K2 and (b) PS-RB-K2, with and without adminis-
tration of white light relative to cells containing no RB-K2 or PS-RB-K2. Without light administration shown as DARK and with light shown under
light 1 min and Light 2 min, all compared against Dark-Ctrl which contains cells that received no treatment, (c) in vitro apoptosis assay in B16 cells
using – 1 µM samples of each RB-K2 and PS-RB-K2. The experiment was carried out using samples in combination with or without 1 min light as a
stimulus. The control groups were cells that received no treatment, or cells receiving only 1 min light. All were compared against healthy cells in indi-
vidual groups. Each group was further categorised under health cells and dead cells (early apoptosis, late apoptosis, and necrosis). (d) An in vitro
experiment showing cellular uptake of RB-K2 and PS-RB-K2 at 5 µM in B16 cells fluorescence emission recorded at 590 nm, with CTRL representing
cells that received no treatment. For statistical analysis, groups were compared against cells that received no treatment i.e., Dark-Ctrl in Fig. 1a, 1b
and Ctrl in Fig. 1d. Error bars representing ± SEM (n = 12).
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Unsurprisingly, both RB-K2 and PS-RB-K2 cells had an
increased fluorescence emission relative to no drug com-
pound present, with PS-RB-K2 showing a 27.6% increase in
relative emission compared with 19.5% of the unencapsulated
RB-K2 (SI data, S4). The resultant oxidative damage means
that PDT can trigger both modes of cell death, apoptosis and
necrosis in target cells. Apoptosis is an active, controlled and
energy-requiring process and therefore contrasts necrosis,
which is an entropic event and in most cases a consequence
of loss of membrane integrity and metabolic homeostasis.29

An apoptosis assay was carried out with and without light acti-
vation of both RB-K2 and PS-RB-K2 in B16 cells to detect and
quantify biological processes involved with programmed cell
death. Apoptosis assay uses dye combination (Annexin V and
propidium iodide) which segregate healthy cells from dead
cells (in form of early apoptosis, late apoptosis, and necro-
sis).30 The graph obtained can be seen from Fig. 3c. As
expected, most of the cells remain healthy in the untreated
group (received no treatment), the group treated with light-
1 min (received only light), and the group receiving RB-K2
(received 1 µM of RB-K2 without activation with light). The
unactivated encapsulated RB-K2 group showed healthy cells
reduced to 72.63% and an increase in late apoptosis account-
ing for 19.22%, confirming what was observed in the cell via-
bility assay in Fig. 3b, and likely due to the enhanced uptake
of the mitochondrial disrupting peptide that forms part of
the RB-K2 compound. As expected, both the light activated
compounds showed the highest amount of apoptosis with the
encapsulated PS-RB-K2 formulation treated with light proven
to be the most affected, with only 16.67% cells remaining
healthy while 50% cells were seen to affected by late apopto-
sis, 16.67% were in the process of early apoptosis and 16.67%
cells necrotic.

In order to confirm that the increase in cellular toxicity is
indeed a direct result of enhanced cellular uptake of the nano-
particle, B-16 cells were incubated with 5 µM of either RB-K2
and PS-RB-K2 for 3 h after which the cells were washed twice
with PBS and the fluorescence emission was noted at 590 nm.
The results obtained can be seen from Fig. 3d, which shows an
accumulation of PS-RB-K2 almost 2.5 times more than RB-K2
at the same concentration and incubation duration suggesting
the encapsulation of RB-K2 within Ps helps with enhancing
the uptake and hence increase cell death produced by PDT.

Based on these positive in vitro results, the next step was to
investigate if this effect was translated in vivo. However, prior
to this study, we were keen to establish the optimal light acti-
vation conditions. In our previous experiments we had repeat-
edly observed that two minutes of light activation were
superior to one minute. To further understand the excitation
process, we exposed B-16 cells containing either RB-K2 or
PS-RB-K2 to 2 min continuous light treatment or 2 min light
treatment delivered as two 1 min treatments with a break in
between. The results obtained, displayed in Fig. 4, would
suggest that the light activation regime is of significant impor-
tance when optimising efficacy. The encapsulated drug shows
an increase in cell death by 26.2% in cells containing
PS-RB-K2, when subjected to two subsequent treatments of
1 min light (each given at a difference of 30 min (1 + 1 min
light)) when compared with excitation by a continuous 2 min
light treatment (2 min light). The cell viability reduced to
35.09 ± 2.1% (1 + 1 min light) (****p < 0.0001) and 61.3 ± 5.0%
(2 min light) (**p < 0.01). A similar trend was seen in the cells
treated with unencapsulated or free drug (RB-K2) which dis-
played a difference of 39% in cell viability, with the cell viabi-
lity determined to be 24.6 ± 6.2% (****p < 0.0001) with
exposure to 1 + 1 min LED compared with 63.6 ± 12.1% (*p <

Fig. 4 PDT experiment showing % cell viability in B16 cells (a) shows similar experiment carried out using free drug of RB-K2 at 0.2 µM, there was a
high significant difference observed between dark versus 0.2 µM light 1 + 1 min. (b) shows treatment with 0.02 µM of P-RB-K2 with conjugation of
light for (2 min and 1 + 1 min) and without conjugation of light (Ctrl 0.02 µM) as external stimuli, (Ctrl light 2 min) used as control for the response
generated by light dose only, all relative to cells (dark) that contain no PS-RB-K2 and without light conjugation. Error bars represent ± SEM (n = 12).
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0.05) cell death when exposed to 2 min light. This study con-
firms that when the light dose is given at two separate intervals
this is superior to giving one single outright dose of light. This
is perhaps unsurprising as the availability of oxygen present in
the surroundings of the cells during light treatment directly
impacts the quantum yield of reactive oxygen species produced
and in turn impacts the photodamage caused by the
photosensitiser.31

4.4. In vivo analysis

After establishing the benefit of two subsequent doses of light
for the activation of PDT in the treatment of melanoma cells
in vitro. This knowledge was used to design an in vivo experi-
ment to further support the information, where activation of
the photosensitiser would be achieved using two light doses of
3 min delivered with a 1-hour interval was given after adminis-
tering the samples of either PS-RB-K2 or RB-K2. In addition to
the change in light activation, the treatments would be admi-
nistered through intralesional injection directly into the
tumours. Our previous studies had confirmed that although a
significant amount of PEG based polymersomes accumulates
in the tumour microenvironment, they were mainly eliminated
from the liver and to a lesser extent the kidneys.25 Intralesional
injections ensure that 100% of the drug reaches the site of
administration, and is common practice for melanoma cancer
treatment, such as with the administration of T-VEC
(Talimogene laherparepvec) a genetically modified virus that
activates T-cells and enhance the effect of immunotherapies.32

Additionally, photosensitivity is minimised to a smaller area
through local administration. As the change was made from
intravitreal to intralesional, then it was imperative that the
volume of drug administered was calculated based on the
volume of the tumour at the time of administration (this is
common practice for T-VEC administration). After the drug
was administered, it was followed by an immediate dose of
light treatment (3 min) without any delay, followed by a

second dose of light (3 min) after 1 hour. The treatment was
carried out on days – 0, 3, and 7 (total light dose at each acti-
vation 68 J cm−2).

The change in tumour volume was recorded over a period
of 10 days. The obtained results could be seen from the graph
in Fig. 5(a), with the control group of untreated tumours being
the same control used in accordance with the 3Rs. The mela-
noma cancer cell line, is a particularly aggressive form of
cancer, as evidenced by a doubling rate of anywhere between
14–24 hours.33 The control group shows as average increase in
tumour volume of 2498 ± 792%. Averaged over the 10 days of
the experiment, this equates to an increase of 114% each day,
which is a doubling time of 21 h, and expected from an aggres-
sive cancer cell line such as B16. A tumour volume increase of
443 ± 113% was observed in the group treated with the unen-
capsulated or free drug, equating to an average tumour volume
increase of 14% in 24 h, reducing the doubling time from 21 h
to 166 h, ∼7 days. This is a vast reduction in tumour growth
rate for an aggressively growing cell line. Most impressively,
was the tumour control of the mice in the treatment group
treated with PS-RB-K2. The average tumour growth at the end
of the experiment was 42 ± 22%, with two of the five mice
seeing a significant reduction in tumour volume. The average
daily change in tumour volume was −2%, meaning that a dou-
bling rate cannot be calculated for this treatment regime and
suggesting an effective treatment option for melanoma cancer
using PDT. The tumours were excised at the end of the experi-
ment, Fig. 5b, the tumour growth control is evident from those
tumours treated with RB-K2 and light, with the reduction in
volume for those treated with PS-RB-K2 and light resulting in
an increase in the effectiveness of PDT for melanoma with the
additional benefit of a nanoparticle drug delivery system.

The weight change was also recorded over the period which
can be seen from Fig. 5c. The graph suggests a very minor to
almost no weight change over the 10 days period of the study.
Animals in untreated group maintained the weight of 98 ± 2%

Fig. 5 CD-1 nude mice bearing B16 tumours treated with 1.0 mM RB-K2 with and without polymersomal encapsulation (5 mg ml−1 polymer),
volume injected was calculated based on half of the tumour volume calculated to a nearest 10, with a maximum of 100 microlitres delivered. 3 min
white led light was shown on the tumour immediately and again following 1 h. The treatment was done on day – 0, 3 and 7. (a) Tumour growth pre-
sented as % vol. increase over 10 days. (b) Photograph of excised tumours. (c) Growth chart for each condition, showing no significant weight loss.
Error bars represent ± SEM (n = 4 untreated and n = 5 treatment groups).
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on day 10 compared to day 0 of the treatment. The animals
treated with RB-K2 had a weight of 94 ± 1% and animals admi-
nistered PS-RB-K2 weighed 94 ± 1% on day 10 compared to
initial weight on day 0.

The combination of in vitro and in vivo experiments, allow
us to conclude the enhanced efficiency of RK-K2 with the use
of a nanosized polymersomal drug delivery system, PS-RB-K2.
The increased cellular uptake undoubtedly has a positive
impact on this increased efficiency, however there may be
other mechanisms involved, for example, nanoparticles are
well known to exert a protective effect on their cargo as well as
benefitting from the EPR (enhanced permeation and reten-
tion) effect within tumour tissue. To confirm the EPR effect
with PS-RB-K2 we were able to observe in real time the fluo-
rescence emission of both RB-K2 and PS-RB-K2 in the mice
with the help of IVIS (In Vivo Imaging Systems) study using the
fluorescence of RB. The results obtained from the IVIS study
(Fig. 6a, quantified in Fig. 6b) show an obvious increased fluo-
rescence emission of RB in tumours treated with the encapsu-
lated PS-RB-K2 when compared with the free drug. It should
be noted that the fluorescence emission is from the RB moiety
of RB-K2 only, and therefore it is not possible to ascertain
whether the compound is still intact. On initially inspection, it
would appear that the EPR effect is clear from the IVIS images
presented. However, it is well documented that photosensiti-
sers are retained preferentially within the tumour microenvi-

ronment, and therefore one might not expect to see such a sig-
nificant variation, especially given that the route of delivery
was directly into the tumour itself.

The cause of this variation in RB fluorescence was further
studied by analysing the absorbance and emission spectrum
of both samples of RB-K2 and PS-RB-K2 at varying concen-
trations. From the obtained results we can see that as the con-
centration of both formulations is increased, so too does the
absorbance (Fig. 6c). This is as expected due the Beer Lambert
Law where absorbance is directly proportional to the concen-
tration. Interestingly, given the logarithmic scale (to allow
direct comparison of a larger concentration range), the shape
of the unencapsulated graph would appear to contain a linear
region at higher concentrations whereas the encapsulated
compound appears more as an exponential curve. However,
the most interesting results are obtained from the emission
data, Fig. 6d. When we increase the concentration of the unen-
capsulated compound, RB-K2, there is minimal increase in the
emission recorded, this is not the case when we compare it
with the fluorescence emission of the encapsulated com-
pound, PS-RB-K2, at the same concentration range. One poss-
ible explanation for this is that self-quenching is occurring
within the unencapsulated solution. A similar observation was
reported by Chang et al. who attributed the lack of fluo-
rescence emission to aggregation of RB which occurred at con-
centrations greater than 50 µM, due to the π–π stacking

Fig. 6 (a) In vivo imaging of RB fluorescence mice bearing B-16 tumours treated via intratumoral injection of either RB-K2 or PS-RB-K2. Images
were recorded at various time intervals indicative of the accumulation of the samples within in tumour tissue of the mice with the intensity scale
given on the right of image. (b) Relative emission of RB from ivis images, relative to control area shown on dorsal images comparing post RB and
PS-RB-K2 treatment. (c) Absorbance spectra of RB-K2 and PS-RB-K2 at 570 nm against concentration. Error bars representing ± SEM (n = 6) (d) flu-
orescence emission of RB-K2 and PS-RB-K2 at 590 nm against concentration error bars representing ± SEM (n = 6). (e) Change in relative emission
over time of RB from IVIS images relative to control area shown with trend lines.
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between the benzene ring structure of the RB.34 A further
study by Tomasini et al., suggests that the fluorescence
quantum yield of RB in water (0.018), could be increased to
0.13 by embedding RB on the surface of microcrystalline cell-
ulose beads which implies that increasing the distance
between the molecules could impact the overall fluorescence
produced.35 Therefore, due to the effect of the encapsulation
on the fluorescence of the RB, it is more appropriate to
measure the change in relative fluorescence emission over
time, the results of which are displayed in Fig. 6e. From these
results we can conclude that the PS-RB-K2 delivery system does
indeed provide a prolonged retention, thus rendering it poten-
tially suitable for daylight PDT. In addition, the sustained
nature of the RB-K2 encapsulated within the polymersome is
indicative of protection offered to the compound from enzy-
matic degradation. Therefore, we would conclude that the
increased efficacy is most likely due to a combination of
increased cellular uptake, retention within the tumour
environment and protection from degradation.

5.0. Conclusion

This study successfully demonstrates that encapsulating the
peptide-photosensitiser RB-K2 within a polymersomal nano-
carrier significantly enhances the efficacy of photodynamic
therapy for melanoma. The encapsulated formulation,
PS-RB-K2, exhibited superior cellular uptake, light-induced
cytotoxicity, and tumour growth suppression compared to the
free conjugate. Mechanistically, the enhanced efficacy is attrib-
uted to increased cellular internalization, protection from
photobleaching and degradation, and improved tumour reten-
tion—confirmed via IVIS imaging and fluorescence analysis.
Moreover, optimization of the light dosing strategy (split acti-
vation) further augmented therapeutic outcomes. Together,
these findings highlight the potential of PS-RB-K2 as the third
generation of PDT with the first white light activated peptide
photosensitiser for melanoma, bringing the technology closer
to clinical translation.

While this study provides compelling evidence that poly-
mersomal encapsulation markedly enhances the therapeutic
performance of RB-K2 for melanoma PDT, several limitations
must be acknowledged. Firstly, the in vitro work was limited to
a single murine melanoma cell line (B16), with in vivo vali-
dation restricted to a subcutaneous B16 tumour model in
CD-1 nude mice. Although this model is well established for
assessing local drug response, it does not fully replicate the
biological heterogeneity or immunological complexity of
human melanoma. Second, the therapeutic studies relied
exclusively on intratumoural administration. This approach
maximises local drug exposure and is clinically meaningful for
accessible cutaneous lesions, but it does not address the chal-
lenges associated with systemic delivery, distribution, and
clearance. Evaluation of intravenous or topical delivery routes
will be important to determine whether PS-RB-K2 can effec-
tively accumulate in deeper or metastatic lesions and whether

the enhanced tumour retention observed here remains evident
under physiological circulation. Thirdly, although we can attri-
bute the improved efficacy of PS-RB-K2 to enhanced cellular
uptake, protection from quenching, and prolonged tumour
retention, detailed mechanistic confirmation remains necess-
ary. The precise endocytic pathways responsible for nano-
particle internalisation, the intracellular fate of the polymer-
somes, and the subcellular localisation of RB-K2 were not
directly characterised. This level of understanding will help to
advance the commercialisation of the technology. Finally, the
safety profile of PS-RB-K2 requires further exploration. Body
weight remained stable across groups, suggesting minimal
acute toxicity; however, comprehensive toxicological evaluation
—including haematology, serum chemistry, organ histopathol-
ogy, and long-term safety—is essential prior to translational
development. Additional investigation into the scalability and
manufacturability of the polymersomal system will also be
important, particularly with regard to solvent use, batch
consistency, and regulatory considerations for PEG-based
nanocarriers.

Collectively, these next steps will help define the transla-
tional potential of PS-RB-K2 and support the advancement of
this white-light-activated, polymersome-enhanced PDT plat-
form towards clinical application in melanoma. The research
presented herein lays important groundwork, but meaningful
challenges remain to be addressed.
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