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A bioinspired pseudopeptide-based intracellular
delivery platform enhances the cytotoxicity of a
ribosome-inactivating protein through multiple
death pathways†

Gabriella Morrison, Nicole Henry, Michal Kopytynski and Rongjun Chen *

Saporin is a 28 621 Da protein and plant toxin possessing rRNA N-glycosidase activity. Due to its potent

ribosome-inactivating ability, saporin is commonly studied as an anticancer agent. However, its enzymatic

activity is greatly hindered by its poor plasma membrane permeability. To overcome this barrier, we used

a bioinspired intracellular delivery platform based on the pH-responsive pseudopeptide, poly(L-lysine iso-

phthalamide) grafted with L-phenylalanine at a stoichiometric molar percentage of 50% (PP50). PP50 was

co-incubated with saporin (PP50/saporin) in a mildly acidic pH environment to aid intracellular delivery

and increase saporin’s therapeutic potential. We demonstrated that PP50 greatly enhanced the cyto-

toxicity of saporin in the 2D monolayer of A549 cells and 3D A549 multicellular spheroids whilst remain-

ing non-toxic when administered alone. To elucidate the mechanism of cell death, we assessed the acti-

vation of caspases, the inhibition of protein synthesis, the onset of apoptosis and the mechanism of

PP50/saporin entry. Inhibition of protein synthesis and activation of caspases 3/7, 8 and 9 were found to

occur before the onset of apoptosis and cell death. PP50/saporin was also shown to rely on micropinocy-

tosis and caveolae-mediated endocytosis for cell entry. In addition, fluorescein isothiocyanate-labelled

saporin (FITC-saporin) was localized within the cytoplasm and nuclei when delivered with Cyanine5-

labelled PP50 (Cy5-PP50). Taken together, this suggests that multiple pathways are triggered to initiate

apoptosis and cell death in cells treated with PP50/saporin. Therefore, these results make PP50 a potential

intracellular delivery platform for the internalization of protein therapeutics.

1. Introduction

Therapeutic biomacromolecules, such as peptides and pro-
teins, possess biological activity that makes them desirable
candidates for study in the field of cancer therapy. These
highly specific agents must first bypass the plasma membrane
and reach their target site within the cell to exert their biologi-
cal function.1–3 However, the low permeability of cell mem-
branes, coupled with a high chance of succumbing to lysoso-
mal degradation upon entering the endocytosis pathway,
remains a barrier for efficient targeted intracellular delivery.4

Ribosome-inactivating proteins (RIPs) are a subset of pro-
teins that have gained significant attention in the field of
cancer therapy research due to their highly desirable features
as potent therapeutics, including toxic N-glycosidase activity,
high potency at low picomolar range, thermodynamic stability
and resistance to high temperatures, denaturation, proteolysis
and chemical modifications.5–8 Type II RIPs, such as ricin and
abrin, contain a B-chain that facilitates binding to the cell
surface and fast direct internalization to the cytosol.
Comparatively, type I RIPs lack the cell surface binding
B-chain, rendering them virtually ineffective unless intracellu-
lar delivery is triggered.9–12 Saporin is a 28 621 Da type I RIP
isolated from the seeds of Saponaria officinalis, possessing
RNA N-β-glycosidase enzymatic activity.5,9,10 If given an entry
method to bypass the cell membrane, saporin has been
reported to deprotonate an adenine residue at position 4324 in
the 28S rRNA leading to irreversible inhibition of protein syn-
thesis and cell death via apoptosis.13 Whilst cell surface
binding and internalization are major rate-limiting factors for
saporin to exert its biological effect, this distinguishable
quality can be exploited to specifically target saporin to cancer

†Electronic supplementary information (ESI) available: 1H NMR spectrum of
PP50, effects of PP50 on A549 cell viability, Annexin V/PI double staining of A459
cells after 1 h of treatment with PP50-0.2/saporin and control groups plus 24 or
48 h of further incubation, confocal microscopy images and fluorescence inten-
sity profiles of A549 cells after 1 h of treatment with free FITC-saporin plus 24 h
of further incubation, and A549 cell viabilities after inhibitor treatment. See
DOI: https://doi.org/10.1039/d4bm00600c

Department of Chemical Engineering, Imperial College London, South Kensington

Campus, London, SW7 2AZ, UK. E-mail: rongjun.chen@imperial.ac.uk;

Tel: +44 (0)20 7594 2070

5010 | Biomater. Sci., 2024, 12, 5010–5022 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
0/

7/
20

24
 2

:5
0:

15
 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
View Journal  | View Issue

http://rsc.li/biomaterials-science
http://orcid.org/0000-0002-4203-6162
http://orcid.org/0000-0002-8133-5472
https://doi.org/10.1039/d4bm00600c
https://doi.org/10.1039/d4bm00600c
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm00600c&domain=pdf&date_stamp=2024-09-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00600c
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012019


cells using intracellular delivery modalities. As such, the use of
intracellular delivery agents to improve saporin’s intracellular
release has attracted much attention.14–20 However, a consen-
sus has not been reached regarding the defined method of
intracellular saporin delivery and cell death mechanism upon
entry.

An anionic pH-responsive amphiphilic pseudopeptide,
PP50, has been developed to mimic fusogenic viral peptides by
grafting L-phenylalanine at a degree of substitution of
50 mol% of the carboxylic acid groups pendant to the back-
bone of poly(L-lysine isophthalamide) (PLP).21–23 In mildly
acidic environments, the protonation of the carboxylic acid
groups on the lysine and phenylalanine residues promotes a
coil-to-globule conformational change. The predominant
hydrophobic regions of the globular structure enable the pseudo-
peptidic polymer to associate more strongly with the membrane,
causing reversible permeabilization of the cell membrane.24–29

The metabolite-derived PP50 is biodegradable, unlike other
anionic polymers such as vinyl poly(α-alkylacrylic acid) polymers,
which have been studied for their applications in cytoplasmic
drug delivery.22 The anionic PP50 biopolymer is also non-toxic
and compatible with a wide range of cell types including cancer-
ous and non-cancerous cells, blood cells and stem cells,30 which
is a noticeable advantage compared to cationic polymers that are
commonly known to be cytotoxic.31 Altogether, these qualities
render PP50 a suitable intracellular delivery platform and a
strong candidate for the delivery of saporin.

PP50 has recently been shown to facilitate the intracellular
delivery of the small molecule trehalose to erythrocytes and
osteosarcoma cells for cell preservation26,29,32,33 and the pro-
apoptotic peptide Bim (Mw = 2865 Da) to A549 cells for the
initiation of cancer cell death through the Caspase 3/7
cascade.30 However, the functional delivery of larger proteins
in depth has not yet been explored. In the present study, we
focused on exploring the ability of PP50 to facilitate the cell
entry of saporin (Mw = 28 621 Da) by co-incubation to enhance
its cytotoxicity and further sought to investigate the internaliz-
ation pathways, 3D penetration in multicellular cancer spher-
oids and cell death mechanisms initiated (Fig. 1). This work
presents PP50 as an excellent delivery platform for potential
application in cancer therapy fields.

2. Materials and methods
2.1. Materials

Saporin from Saponaria officinalis seeds (made up of 253
amino acids and with a molecular weight of 28 621 Da), ami-
loride hydrochloride hydrate, ammonium chloride, nystatin,
chlorpromazine hydrochloride, methyl beta-cyclodextrin
(MβCD), N,N′-dicyclohexylcarbodiimide (DCC), Dulbecco’s
modified Eagle’s medium (DMEM), magnesium- and calcium-
containing Dulbecco’s phosphate-buffered saline (D-PBS), fetal
bovine serum (FBS), fluorescein isothiocyanate (FITC), penicil-

Fig. 1 Schematic illustration of the chemical structure of the pH-responsive membrane-permeabilizing pseudopeptide, PP50, and its use for intra-
cellular delivery of saporin for cancer therapy application. PP50/saporin relies on micropinocytosis and caveolae-mediated endocytosis for cell
entry, which is followed by endosomal escape. This leads to the inhibition of protein synthesis and activation of caspases 3/7, 8 and 9 before the
onset of apoptosis and cell death.
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lin, trypsin-ethylenediaminetetraacetic acid (EDTA), dimethyl
sulfoxide (DMSO), 4-(dimethylamine)pyridine (DMAP), iso-
phthaloyl chloride, and Hoechst 33342 were purchased from
Sigma-Aldrich (Dorset, UK). Cytochalasin D, the Click-iT® Plus
Alexa Fluor™ 488 OPP Protein Synthesis Assay Kit, and the
Dead Cell Apoptosis Kit with Annexin V FITC and propidium
iodide (PI) were purchased from Thermo Fisher Scientific
(Loughborough, UK). Caspase-Glo 3/7 assay, Caspase-Glo 8
assay, Caspase-Glo 9 assay, CellTiter-Glo 2.0 assay, and
CellTiter-Glo® 3D assay kits were purchased from Promega
(Southampton, UK). Cyanine5 amine was purchased from
Abcam (Cambridge, UK). Dimethylformamide (DMF), anhy-
drous ethanol, acetone, hydrochloric acid, potassium carbon-
ate, sodium hydroxide, chloroform, diethyl ether, and sodium
hydrogen carbonate were purchased from VWR (Lutterworth,
UK). L-Lysine methyl ester hydrochloride was purchased from
Alfa Aesar (Heysham, UK).

2.2. Cell culture

A549 adherent epithelial lung carcinoma cells (ATCC) were
grown in DMEM supplemented with 10% (v/v) FBS and 100
units per mL penicillin. The A549 cells were trypsinized using
trypsin-EDTA and maintained in a humidified incubator at
37 °C with 5% CO2.

2.3. Synthesis of FITC-saporin

FITC was dissolved in DMSO (1.0 mg mL−1). Saporin was dis-
solved in D-PBS buffer at pH 9.0 (1.0 mg mL−1). FITC solution
was added dropwise to the saporin solution at the volume
ratio of 1 : 1 and stirred at 4 °C in the dark overnight. The
mixture was dialyzed against the D-PBS buffer at pH 7.4 for
24 h (MWCO = 12–14 kDa) and lyophilized using a VirTis
BenchTop Pro freeze dryer (SP Scientific, USA) before use.

2.4. Synthesis of PP50

PLP (Mw = 35 700, polydispersity = 1.99) was synthesized and
then grafted with the hydrophobic amino acid,
L-phenylalanine, at a stoichiometric molar percentage of 50%
relative to the pendant carboxylic acid groups along the PLP
backbone to prepare the pseudopeptidic polymer, PP50 (Mw =
46 kDa), according to the previously published method.21

Briefly, PLP (3 g, 10.87 mmol [COOH]), L-phenylalanine methyl
ester hydrochloride (1.17 g, 5.3 mmol [NH2]), triethylamine
(2.4 molar equivalents to L-phenylalanine) and DMAP (0.6 g)
were dissolved in a binary anhydrous DMSO/DMF solvent (1/3
v/v, 60 mL) and stirred at room temperature. DCC (3.36 g,
3 molar equivalents to L-phenylalanine methyl ester hydro-
chloride) dissolved in anhydrous DMF (20 mL) was added
dropwise to the reaction mixture. The reaction was allowed to
proceed at room temperature for 60 h. Afterwards, the solution
was vacuum filtered to remove solid impurities. NaOH (5 wt%)
was dissolved in anhydrous ethanol (28 mL), and the solution
was added to the filtrate. The resulting solution was stirred at
room temperature for 3 h. The hydrolyzed polymer was then
rapidly poured into five volumes of diethyl ether, and the pre-
cipitated polymer was collected by vacuum filtration and re-

dissolved in dH2O. Finally, the polymer was dialyzed against
dH2O for one week (MWCO = 12–14 kDa). For PP50 in salt
form, the pH was adjusted to pH 7.4 with NaOH (0.2 M) before
being lyophilized. For PP50 in acidic form, used for H NMR
and FTIR analyses, the pH was adjusted to pH 3 with HCl (2
M), and then the polymer precipitate was collected by vacuum
filtration and washed three times using dH2O before being lyo-
philized to obtain a fine white powder.

The actual degree of grafting (44.9 mol%) of PP50 was cal-
culated based on the ratio of the integral of 7.13–7.33 ppm to
the integral of 7.40–8.75 ppm in its 1H NMR spectrum
recorded in d6-DMSO using a 400 MHz NMR spectrometer
(Bruker, Germany) (Fig. S1†).

2.5. Synthesis of Cy5-PP50

PP50 (100 mg), Cyanine5 amine (3.69 mg) and DMAP (20 mg)
were dissolved in DMF (800 μL). DCC (15 mg) was dissolved in
DMF (80 μL). The DCC solution was added dropwise to the
PP50 solution whilst stirring at room temperature, and the
reaction was allowed to proceed for 24 h. The resulting solu-
tion was then centrifuged at 9500g for 5 min, and the super-
natant was dissolved in 25 mL of aqueous sodium bicarbonate
(0.1 M). The mixture was dialyzed against dH2O (MWCO =
12–14 kDa) for one week and then lyophilized before use.

2.6. Preparation of PP50/saporin formulations

The D-PBS solutions at pH 6.5 containing PP50 at a specific
concentration of 0.025, 0.1, 0.2, 0.5 or 5 mg mL−1 and saporin
at varying concentrations were vortexed and then sterile-fil-
tered using 0.22 μm syringe filters. The obtained PP50/saporin
formulations were measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern, UK) with disposable cuv-
ettes (10 mm in diameter) at a 173° backscatter angle, and
used to treat A549 cells or spheroids by co-incubation for
various time points.

2.7. Cell viability assay

Cell survival was determined using the CellTiter-Glo® 2.0 Cell
Viability Assay. A549 cells (5 × 103 cells per well in 100 μL of
culture medium) were seeded on a white flat-bottom opaque
96-well plate and incubated overnight. The cells were treated
with sterile-filtered D-PBS containing free saporin, PP50 or
PP50/saporin at varying concentrations and incubated for
varying time durations. The cells were washed three times
post-treatment with D-PBS, replenished with DMEM, and then
further incubated for 72 h before analysis. After that, the
growth medium was replaced with serum-free DMEM (30 μL)
plus CellTiter-Glo® 2.0 Cell reagent (30 μL) in each well. The
plate was allowed to incubate at room temperature for 10 min
to stabilize the luminescent signal before the luminescence
was read using a spectrofluorometer (GloMax-Multi Detection
System, Promega, USA).

2.8. Intracellular distribution

A549 cells (3 × 105 cells per well in 1 mL of culture medium)
were seeded in 35 mm glass-bottom dishes (Mattek, USA) and
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incubated overnight, followed by incubation with free FITC-
saporin (0.125 mg mL−1), Cy5-PP50 alone (0.2 mg mL−1), or
Cy5-PP50/FITC-saporin (0.2 mg mL−1 Cy5-PP50 and 0.125 mg
mL−1 FITC-saporin) for 1 h. The cells were washed three times
with D-PBS, replenished with DMEM, and then further incu-
bated for 24 h. The cells were stained with Hoechst 33342
(1 μg mL−1) and analyzed using a Leica SP8 laser scanning
inverted confocal microscope (Zeiss, Germany). The Hoechst
33342, FITC-saporin, and Cy5-PP50 were excited at 405, 488,
and 633 nm, respectively. The images were analyzed using FIJI
version 2.3.0.

2.9. Detection of caspase release

A459 cells (5 × 103 cells per well in 100 μL of culture medium)
were seeded and treated as per section 2.6. At 24 h post-treat-
ment on a 96-well plate, the spent medium was replaced with
serum-free DMEM (20 μL) plus Caspase-Glo® 3/7, 8 or 9 Assay
reagent (20 μL per well) and incubated at room temperature
for 1 h. The luminescence was read using a spectrofluorometer
(GloMax-Multi Detection System, Promega, USA).

2.10. Protein synthesis inhibition assay

A549 cells (5 × 103 cells per well in a 100 μL of culture
medium) were seeded on a 96-well cell imaging plate
(Eppendorf) overnight. The cells were treated with sterile-fil-
tered D-PBS containing free saporin, PP50 or PP50/saporin at
varying concentrations and incubated for 1 h. The cells were
washed three times with D-PBS, replenished with DMEM, and
further incubated for 24 h before analysis. The commercial
Click-iT® Plus Alexa Fluor™ 488 OPP Protein Synthesis Assay
Kit was used to analyse protein synthesis inhibition. Treated
cells were stained as per the manufacturer’s instructions and
analyzed using a Leica SP8 laser scanning inverted confocal
microscope (Zeiss, Germany). The Hoechst 33342 and Alexa
Fluor 488 were excited at 405 and 488 nm, respectively. The
images were analyzed using FIJI version 2.3.0.

2.11. Apoptosis assay

A549 cells (3 × 105 cells per well in 1 mL of culture medium)
were seeded on a 6-well plate and incubated overnight. The
cells were incubated with free saporin (1 nM), PP50-0.2 alone
(0.2 mg mL−1), or PP50-0.2/saporin (0.2 mg mL−1 PP50 and 1
nM saporin) for 1 h. After 24 h, 48 h, or 72 h of further incu-
bation, cells were detached with trypsin-EDTA and stained
with Annexin V-FITC and PI according to the manufacturer’s
instructions. The percentages of viable and apoptotic cells
were analyzed using a BD LSRFortessa cytometer (BD
Biosciences, USA) and visualized using a Leica SP8 laser scan-
ning inverted confocal microscope (Zeiss, Germany). The
samples were excited at 488 or 561 nm and the emission was
collected in the 530/30 or 610/20 band, respectively. The
results were analyzed using FlowJo v10.

2.12. Endocytosis inhibition

A549 cells (5 × 103 cells per well in 100 μL of culture medium)
were seeded on a white flat-bottom opaque 96-well plate and

incubated overnight. The cells were pre-treated with the
serum-free DMEM containing cytochalasin D (2.5 μM), chlor-
promazine (3 μg mL−1), amiloride chloride (30 μM), MβCD
(1.5 mg mL−1), nystatin (10 μg mL−1) or ammonium chloride
(100 μM) for 30 min. The spent medium was replaced with
sterilized D-PBS containing free saporin, PP50-0.2 alone, or
PP50-0.2/saporin with corresponding inhibitors for 1 h. The
cells were washed three times with D-PBS, replenished with
DMEM, and further incubated for 72 h before analysis with
the CellTiter-Glo® 2.0 Cell Viability Assay as described above.
Controls were incubated with corresponding inhibitors only.

2.13. 3D penetration in multicellular cancer spheroids

A549 cells (2.5 × 103 cells per well in 100 μL of culture
medium) were seeded on 96-well ultra-low attachment spher-
oid microplates (Corning) and cultured in an incubator for 3
days. The spheroids which formed at the bottom of the wells
were treated with sterilized D-PBS containing free saporin (300
nM), PP50-5 alone (5 mg mL−1), or PP50-5/saporin (5 mg mL−1

PP50 and 300 nM saporin) and incubated for 1 h. The cells
were washed with D-PBS and replenished with fresh DMEM.
After 72 h of further incubation, 50 μL of the CellTiter-Glo®
3D reagent was added to 50 μL of medium containing cells.
The contents were mixed vigorously on a plate shaker at 300
rpm for 5 min to induce lysis, and the plate was allowed to
incubate at room temperature for a further 25 min before
measurement of the luminescence on a spectrofluorometer
(GloMax-Multi Detection System, Promega, USA). The cell via-
bility of the spheroids stained with Calcein AM (10 μM) was
visualized using a Leica SP8 laser scanning inverted confocal
microscope (Zeiss, Germany).

2.14. Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 9.2.0. Where appropriate, Student’s t-tests and ANOVA
with Tukey’s multiple comparison tests were performed.
Statistical significance was determined as *P ≤ 0.05, **P ≤
0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.

3. Results
3.1. PP50 delivery enhances the cytotoxicity of saporin

The promising enzymatic activity of ribosome-inactivating pro-
teins, such as saporin, after they have crossed the plasma
membrane, provides incredible opportunities for cancer
therapy.5 We have previously shown that the PP50-mediated
intracellular delivery of macromolecules is more efficient in
mildly acidic pH environments compared to physiological
pH.30 Consequently, in this study, the PP50-mediated delivery
of saporin was investigated using a mildly acidic environment
of pH 6.5, which is characteristic of acidic tumor
microenvironment.34,35

Saporin was co-incubated with PP50 at 0.025 mg mL−1

(PP50-0.025/saporin), 0.1 mg mL−1 (PP50-0.1/saporin), 0.2 mg
mL−1 (PP50-0.2/saporin) and 0.5 mg mL−1 (PP50-0.5/saporin),
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respectively. The interaction between PP50 and saporin in an
aqueous solution was examined using DLS. As shown in
Fig. S2,† like PP50-0.5 alone, PP50-0.5/saporin, which is a
mixture of two components, demonstrates a single size distri-
bution. The mean size of PP50-0.5/saporin (45.5 ± 11.5 nm)
was slightly larger than that of PP50-0.5 on its own (39.2 ±
8.1 nm), but with no significant difference. The results suggest
that PP50 and saporin could interact by complexation sub-
sequent to mixing.

First, to assess the ability of the PP50 delivery platform to
deliver saporin into A549 cells, the cells were treated with PP50-
0.025/saporin, PP50-0.1/saporin, and PP50-0.2/saporin, respect-
ively, for 1 h, and then were allowed to grow for 72 h before ana-
lysis using CellTitre-Glo 2.0® assay. As a control, the dose-depen-
dent cytotoxicity of saporin in its free form (free saporin) was
compared. As shown in Fig. 2A, the half maximal effective con-
centration (EC50), here defined as the concentration of saporin
that reduces the cell viability by half, of free saporin and PP50-
0.025/saporin remained above 100 nM. In comparison, the
increased PP50 concentration in the PP50-0.1/saporin and PP50-
0.2/saporin samples resulted in substantially higher cell death
corresponding to the decreased EC50 values by at least three
orders of magnitude to 0.085 nM and 0.036 nM, respectively.
PP50 alone did not show any toxicity to A549 cells (Fig. S3†),
which is in good agreement with previous reports of the favorable
cellular biosafety of PP50 at workable concentrations and the
polymer family it belongs to.24–26,28–30,32,33

In treatment time-course experiments (Fig. 2B) using 1 nM
saporin, only 22 min of treatment time was required for PP50-
0.2/saporin to inhibit cell viability by half, illustrating the fast
and efficiency PP50-mediated delivery to enhance the cyto-
toxicity of saporin.

3.2. Saporin delivery activates multiple caspase pathways

Next, we investigated the pathways involved in the cell death
mechanism induced by saporin. In our experiments, the

ability of saporin to activate the caspase 9 intrinsic pathway,
caspase 8 extrinsic pathway and effector caspase 3/7 was
studied. Fig. 3A shows that PP50-0.2/saporin and PP50-0.1/
saporin were able to activate all three caspase pathways. The
caspase 3/7 pathway was activated around 1.25- to 2-fold more
than the caspase 8 and 9 pathways. The stronger activation of
executioner caspase 3/7 may have been due to the downstream
effects of initiator caspases 8 and 9, both converging into the
caspase 3/7 pathway.36 As a comparison, free saporin and
PP50-0.025/saporin produced negligible activation of all three
caspase pathways.

Treatment time-dependent studies, using a low concen-
tration of 1 nM saporin, revealed that only in the cells treated
with PP50-0.2/saporin did caspase 3/7, 8, and 9 activation
become significantly higher than that of free saporin after 1 h
of treatment (Fig. 3B).

3.3. PP50-0.2/saporin delivery platform inhibits protein
synthesis

The optimal PP50 concentration of 0.2 mg mL−1 (PP50-0.2) for
saporin delivery was selected to test the ability of PP50-0.2/
saporin to inhibit protein synthesis. The Click-IT Plus OPP
assay (Fig. 4A) showed that free saporin and PP50-0.2 only did
not inhibit protein synthesis, as confirmed by the bright green
fluorescence within the cell cytoplasm and nucleus.
Conversely, A549 cells treated with PP50-0.2/saporin at the
saporin concentration ranging from 1 to 100 nM all dis-
played a marked reduction in fluorescence, suggesting suc-
cessful protein synthesis inhibition post saporin delivery. In
addition, quantitative analysis (Fig. 4B) revealed that after
1 h of treatment with PP50-0.2/saporin, protein synthesis
inhibition was significantly lower than that of the controls,
validating the reports that saporin is a potent protein syn-
thesis inhibitor once it has entered the cell.5,37 A two-way
ANOVA test showed the significant difference between the
absence of saporin (0 nM) and the delivery of saporin with

Fig. 2 Effects of saporin on the viability of A549 cells in the presence or absence of PP50 at varying concentrations of 0.025, 0.1 and 0.2 mg mL−1.
Cell viability was evaluated (A) after 1 h of treatment with the indicated concentrations of saporin or (B) in the time-course treatment with 1 nM
saporin, plus 72 h of further incubation in DMEM. Mean results ± SD (n = 4).
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PP50 at any of the saporin concentrations tested (red
columns, p < 0.0001), while no significant difference was
observed between the PP50-0.2/saporin groups with saporin
at 1, 10 and 100 nM, respectively.

Saporin and its cytotoxic effects have been extensively
studied over the years. The timeframe in which the reduction
of protein synthesis or cessation occurs when treating cells
with RIPs is several hours. As reported by Polito et al., protein
synthesis was still over 20% 24 h after the initial treatment
with saporin.38 It is also important to note that many research-
ers have argued that the inhibition of protein synthesis is not
the only way in which saporin can lead to cell death.5 Bagga
et al. have reported that saporin can also induce DNA fragmen-
tation and therefore apoptosis.39

3.4. Apoptotic effect of PP50-0.2/saporin

To further verify the cell death mechanism, we next analyzed
the ability of PP50-0.2/saporin (saporin concentration at 1 nM)
to induce apoptosis in A549 cells over time. The cells were
treated for 1 h, and cytofluorometric analysis was conducted
after 24, 48, or 72 h of further incubation in DMEM. As shown
in Fig. 5A, in the free saporin and PP50-0.2 only controls, the
majority of cells remained viable (i.e., 93.8% and 96.0% live
cells, respectively, as shown in the Q4 quadrant) even after
72 h of further incubation. However, for the PP50-0.2/saporin
group, the percentage of live cells (Q4) significantly decreased
to 25.7%, while the percentage of PI+/Annexin V+ positive cells
significantly increased over the course of 72 h. Confocal

Fig. 3 Caspase activation in A549 cells exposed to saporin in the presence or absence of PP50 at varying concentrations of 0.025, 0.1 and 0.2 mg
mL−1. Caspase 3/7, 8 and 9 activation was evaluated (A) after 1 h of treatment with the indicated concentrations of saporin or (B) in the time-course
treatment with 1 nM saporin, followed by 24 h of further incubation in DMEM. Caspase activity is expressed as the percentage of control values
obtained from A549 cells grown in the absence of saporin. Mean results ± SD (n = 3). *P < 0.05 and **P < 0.01.
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microscopy observation of these cells stained with
FITC-Annexin V/PI (Fig. 5B and S4†) also showed a double-
staining fluorescence pattern indicative of late-stage apoptosis
or necrosis in the cell samples treated with PP50-0.2/saporin.
Interestingly, there was also a substantial decrease in the
number of cells visualized in the PP50-0.2/saporin treatment
group (Fig. 5B). These observations are in agreement with the
cell viability results taken after 72 h of further incubation,
where the cell viability of PP50-0.2/saporin treated with 1 nM
saporin decreases to 19.0 ± 6.8% (Fig. 2).

3.5. Intracellular distribution and entry mechanism of PP50-
0.2/saporin

To gain an insight into the intracellular distributions of
saporin and PP50 in A549 cells, saporin was labelled with
green fluorescent FITC, and PP50 was labelled with red fluo-
rescent Cy5. The distribution patterns of Cy5-PP50-0.2 and
FITC-saporin (FITC-saporin concentration at 125 μg mL−1)
after delivery were visualized using confocal microscopy.
Fig. 6A and B show that strong green fluorescence diffused
throughout the cytoplasm, suggesting the efficient cell entry
and endosomal escape of saporin attributed to PP50-mediated
delivery. Much of the green fluorescence did not co-localize
with the red fluorescence, which is indicative of the dis-
sociation of saporin from PP50 following the polymer-

mediated endosomal escape. Interestingly, FITC-saporin, but
not Cy5-PP50-0.2, was also localized in the nuclei. As a com-
parison, there was only marginal green fluorescence and it was
shown as green punctate spots when cells were treated with
free FITC-saporin only (Fig. S5 and S6†), which is consistent
with the report of other researchers that saporin alone has
difficulty in entering cells and suffers from endosomal
entrapment.9–12 Cytofluorometric analysis also showed that
the fluorescence intensity of FITC in the cells treated with
PP50/FITC-saporin was remarkably higher than that of FITC-
saporin only or the D-PBS controls (Fig. 6C).

Subsequently, to further understand the delivery mecha-
nism of PP50-0.2/saporin, A549 cells were pre-treated for
30 min with an inhibitor, such as cytochalasin D, chlorproma-
zine, amiloride chloride, MCβD, nystatin or ammonium chlor-
ide, and treated thereafter with PP50-0.2/saporin in the pres-
ence of the corresponding inhibitor for 1 h. Cell viability was
determined after 72 h of further incubation. As shown in
Fig. 6D, co-treatment with cytochalasin D (an inhibitor of actin
polymerization and micropinocytosis) or MCβD (a caveolae-
mediated endocytosis inhibitor) significantly reduced the cyto-
toxic ability of PP50-0.2/saporin. These results also suggest
that the intracellular delivery of PP50-0.2/saporin relies predo-
minantly on micropinocytosis compared to caveolae-mediated
endocytosis. Co-treatment with cytochalasin D caused almost

Fig. 4 Inhibition of protein synthesis in A549 cells exposed to saporin in the presence or absence of PP50-0.2 using the Click-iT® Plus OPP assay.
(A) Confocal images illustrating nascent protein synthesis as detected by Alexa Fluor 488 signal. Protein synthesis inhibition was evaluated after 1 h
of treatment with free saporin or PP50-0.2/saporin samples plus 24 h of further incubation in DMEM. Scale bar: 45 μm. (B) Quantitative analysis of
protein synthesis percentages by measuring the fluorescence intensity in confocal microscpy images via FIJI. Mean results ± SD (n = 6, one sample
is one individual cell). ***P < 0.001 and ****P < 0.0001.
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complete inhibition of the PP50-0.2/saporin delivery with the
cell viability remaining at 90.0 ± 4.9%, while co-treatment with
MCβD led to only partial inhibition of the PP50-0.2/saporin
delivery (reduction of cell viability to 45.0 ± 13.5%). However,
treatment with inhibitors alone for the same time period did
not affect cell viability (Fig. S7†).

3.6. In vitro tumor model penetration of saporin in
multicellular spheroids

Based on our in vitro findings in 2D monolayer culture of A549
cells, we finally conducted experiments to determine the
ability of PP50 to deliver saporin into 3D multicellular A549
spheroids. We have previously shown effective penetration of

other L-phenylalanine grafted polymers into tumor spheroid
models.28 A higher concentration of PP50 at 5 mg mL−1 (PP50-
5) was used to enable efficient penetration into spheroids.
A549 spheroids were grown for 3 days and then treated with
PP50-5/saporin (saporin concentration at 300 nM) or the con-
trols for 1 h. Cell viability post-treatment was determined
using the CellTiter-Glo® 3D assay, and the live cells were visu-
alized via confocal microscopy using Calcein AM over the
course of 3 days. Confocal microscopy images in Fig. 7A show
a decrease in green fluorescence in the spheroids treated with
PP50-5, signifying the number of live cells decreasing from day
0 to day 3. These results were quantitatively confirmed, as
shown in Fig. 7B. It can be seen that on day 1, the cell viability

Fig. 5 Evaluation of cell health after 1 h of treatment with saporin (1 nM) in the presence or absence of PP50-0.2 plus further incubation in DMEM.
(A) Cytofluorometry analysis of Annexin V/PI double staining of A549 cells after 24, 48 and 72 h of further incubation. (B) Fluorescence and phase
contrast microscopy analysis of Annexin V/PI double staining of A549 cells after 72 h of further incubation. Scale bar: 20 μm.
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of the spheroids treated with PP50-5/saporin decreased to 31.0
± 3.1%, significantly lower than that for the spheroids treated
with D-PBS, PP50-5 only and free saporin (p < 0.0001), respect-
ively. In comparison, there was no apparent decrease in cell
viability after 3 days with the spheroids treated with free
saporin at 300 nM or PP50-5 alone. Conversely, the cell viabi-
lity of the spheroids treated with PP50-5/saporin continued to
decrease to 7.9 ± 2.5% until day 3 (final day).

4. Discussion

In this study, we demonstrated that PP50-0.2 allows the
efficient delivery of saporin into A549 cells. As a result, these

cells undergo a series of biological changes: inhibition of
protein synthesis, activation of the caspase pathways and apop-
tosis, ultimately leading to cell death. Multiple studies have
shown that saporin can induce cytotoxicity in the absence of a
delivery platform in the range of 10–103 nM saporin,39–41 yet
the complete mechanism of saporin entry is inconclusive. It
has been proposed that saporin may enter via the α2-macroglo-
bulin receptor42 but it was later reported that this receptor
might not be necessary for internalization.41 Our study has
revealed that PP50-0.2/saporin relies predominantly on micro-
pinocytosis for internalization but may also secondarily rely on
caveolae-mediated endocytosis for entry. Furthermore, at the
concentrations used within this study, we show that free
saporin is unable to initiate cell death in A549 cells. It should

Fig. 6 (A) Confocal microscopy images illustrating the intracellular localization in A549 cells after 1 h of treatment with FITC-saporin (125 μg mL−1)
in the presence of Cy5-PP50-0.2 plus 24 h of further incubation in DMEM. The cell nucleus was counterstained with Hoechst 33342. Scale bar:
20 μm. (B) Fluorescence intensity profiles produced from the cross-section along the white line in image A. (C) Corresponding cytofluorometry ana-
lysis. (D) Inhibition of PP50-0.2/saporin cytotoxicity (saporin concentration at 1 nM) in the presence of different inhibitors. Cells were pre-incubated
with a specific inhibitor for 30 min. Cell viability was evaluated after 1 h of treatment with the inhibitor plus 72 h of further incubation in DMEM.
Mean results ± SD (n = 4). ***P < 0.001 and ****P < 0.0001.
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be noted that direct comparison between studies is challen-
ging due to a difference in the cell lines, cell number and treat-
ment times used.

Previous studies investigating the involvement of caspase
pathways and protein synthesis in triggering apoptosis in
saporin treated cells have yielded different results. Bolognesi
et al. showed activation in caspase 3/7, 8 and 9 pathways in
L540 cells.38 In U937 cells, it was reported that saporin
induces apoptosis through the mitochondrial caspase. Saporin
increased the activation of caspase 3 and caspase 9 but not
caspase 8. Moreover, the onset of apoptosis was not dependent
on the inhibition of protein synthesis.43 Caspase 3/7 activation
was also detected in J774.2 cells treated with saporin.44 In the
current study, we found that PP50-0.2/saporin was able to acti-
vate both the mitochondria-driven intrinsic and extrinsic
death receptor pathways 24 h after treatment. This was also
accompanied by almost complete inhibition of protein syn-
thesis. Subsequently, an increase in apoptosis and cell death
was observed at 48 and 72 h after treatment. Taken together,
this suggests that saporin induces apoptosis and cell death
through the inhibition of protein synthesis and the intrinsic
and extrinsic cascade when co-incubated with our PP50 deliv-
ery platform. However, our investigation also revealed the pres-
ence of FITC-saporin in the nuclei, which may suggest the
involvement of an alternative DNA-dependent apoptotic cell
death mechanism to enhance cytotoxicity. In Ca9-22 cells,
saporin conjugated with a PAMAM dendrimer carrier was
shown to localize in the nuclei after treatment with a photo-
chemical internalization technology.20 The presence of saporin
in the nuclei has also been observed in HeLa cells after recep-
tor-independent endocytosis.45 Further studies are required to
elucidate the potential DNA dependent cell death mechanism
of saporin delivered via PP50.

The use of saporin as an anticancer agent has sparked par-
ticular interest, with clinical trials using saporin-based immu-

notoxins dating back to 1992.46 Here, we have demonstrated
that PP50-mediated delivery enhances the cytotoxicity of ribo-
some-inactivating protein saporin in 2D monolayer A549 cells,
with PP50-0.2/saporin showing an extremely low EC50 value at
36 pM. In addition, these results can be translated to more
biologically relevant 3D multicellular A549 spheroids in vitro.
Our previous studies have used this pH-responsive polymer to
successfully deliver an array of other macromolecular payloads
to a wide variety of different cell types. Kopytynski et al. investi-
gated PP50 as a versatile delivery platform to enhance the
intracellular delivery of macromolecules, including FITC–
Dextran of different sizes (average Mw = 10, 70, 150, and
500 kDa), green fluorescent protein (GFP, Mw = 26.9 kDa), and
the pro-apoptotic peptide Bim (Mw = 2865 Da) as a functional
payload. PP50 facilitated the intracellular delivery of the
macromolecular payloads to 9 different cell types, including
human lung carcinoma (A549), human cervical cancer (HeLa),
human uterus sarcoma (MES-SA) and doxorubicin-resistant
MES-SA (MES-SA/Dx5), murine osteoblastic cells (MC 3t3),
Chinese hamster ovarian cells (CHO), human B lymphocytes
(SUDHL-8), murine macrophage/monocytes (RAW 264.7), and
human mesenchymal stem cells (hMSCs).30 This shows the
potential of PP50 to be used as a platform for the delivery of
different cytotoxic proteins or therapeutic molecules to
different cell types for cancer therapy applications.

5. Conclusions

In conclusion, we have demonstrated the suitability of the
anionic pH-responsive amphiphilic pseudopeptide, PP50, in
enhancing the cytotoxicity of the cell-impermeable ribosome-
inactivating protein saporin. Notably, this platform enabled
time-dependent cell death in A549 cells, by which the inhi-
bition of protein synthesis and activation of caspases 8, 9 and

Fig. 7 Effects of PP50-5/saporin (saporin concentration at 300 nM) on the cell viability of A549 spheroids over 3 days after 1 h of treatment. (A)
Confocal microscopy images of the PP50-5/saporin treated spheroids stained with Calcein AM (scale bar: 200 μm). (B) Cell viabilities after treatment
with PP50-5/saporin and the control groups. Mean results ± SD (n = 7). ****P < 0.0001.
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3/7 were found to be critical events prior to the onset of apop-
tosis and cell death. Internalization of the PP50/saporin con-
struct was mediated by micropinocytosis and caveolae-
mediated endocytosis. Furthermore, this platform has demon-
strated significant potential for 3D penetration in multicellular
cancer spheroids. Beyond the scope of this project, PP50 has
shown tremendous potential for targeting proteins to the
nucleus, which may be further explored to determine the
extent of PP50-mediated biomacromolecule delivery for
nuclear targeting. Thus, this intracellular delivery platform
holds substantial promise for a wide range of applications in
cancer therapy.

Author contributions

R.C. conceived the project, and guided and supervised the
research. R.C., G.M. and M.K. designed the experiments. G.M.
completed all the experiments. G.M., N.H. and R.C. analyzed
the data and designed the figures; G.M., N.H. and R.C. wrote
the paper. All authors have read, commented on, and approved
the final version of this paper.

Data availability

All data relevant to the paper are included in the article and its
ESI.† Further details and information can be provided by the
corresponding author upon request.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

The authors would like to acknowledge the Department of
Chemical Engineering at Imperial College London for funding
this project, and the Engineering and Physical Sciences
Research Council (EPSRC) for providing G. M. with a fully
funded Doctoral Training Partnership (EPSRC DTP)
Scholarship. N. H. is supported by the UK Research and
Innovation Impact Acceleration Account (UKRI IAA) consisting
of the funding from Medical Research Council IAA (MRC IAA,
grant number MR/X502959/1) and Rosetrees Trust. M. K. was
supported by the NIHR Imperial Biomedical Research Centre
(BRC). The authors would like to thank the Department of
Chemical Engineering at Imperial College London for access
to research facilities, and also the Imperial College Flow
Cytometry Facility and the Facility for Imaging by Light
Microscopy (FILM) for access to the Fortessa II Flow Cytometer
Analyzer and Zeiss Leica SP8 inverted laser scanning confocal
microscope, respectively.

References

1 M. J. Mitchell, M. M. Billingsley, R. M. Haley,
M. E. Wechsler, N. A. Peppas and R. Langer, Engineering
precision nanoparticles for drug delivery, Nat. Rev. Drug
Discovery, 2021, 20(2), 101–124, DOI: 10.1038/s41573-020-
0090-8.

2 Z. Zhao, A. Ukidve, J. Kim and S. Mitragotri, Targeting strat-
egies for tissue-specific drug delivery, Cell, 2020, 181(1),
151–167, DOI: 10.1016/j.cell.2020.02.001.

3 R. Morris, K. A. Black and E. J. Stollar, Uncovering protein
function: From classification to complexes, Essays
Biochem., 2022, 66(3), 255–285, DOI: 10.1042/EBC20200108.

4 M. P. Stewart, A. Sharei, X. Ding, G. Sahay, R. Langer and
K. F. Jensen, In Vitro and Ex Vivo strategies for intracellular
delivery, Nature, 2016, 538(7624), 183–192, DOI: 10.1038/
nature19764.

5 L. Polito, M. Bortolotti, D. Mercatelli, M. Battelli and
A. Bolognesi, Saporin-S6: A useful tool in cancer therapy,
Toxins, 2013, 5 (10), 1698–1722, DOI: 10.3390/toxins5101698.

6 L. Salvioni, F. Testa, L. Barbieri, M. Giustra, J. A. Bertolini,
G. Tomaino, P. Tortora, D. Prosperi and M. Colombo,
Saporin toxin delivered by engineered colloidal nano-
particles is strongly effective against cancer cells,
Pharmaceutics, 2022, 14(7), 1517, DOI: 10.3390/
pharmaceutics14071517.

7 A. Bolognesi, M. Bortolotti, S. Maiello, M. Battelli and
L. Polito, Ribosome-inactivating proteins from plants: A
historical overview, Molecules, 2016, 21(12), 1627, DOI:
10.3390/molecules21121627.

8 L. R. Ancheta, P. A. Shramm, R. Bouajram, D. Higgins and
D. A. Lappi, Saporin as a commercial reagent: Its uses and
unexpected impacts in the biological sciences—Tools from
the plant kingdom, Toxins, 2022, 14(3), 184, DOI: 10.3390/
toxins14030184.

9 M. J. Walsh, J. E. Dodd and G. M. Hautbergue, Ribosome-
inactivating proteins, Virulence, 2013, 4(8), 774–784, DOI:
10.4161/viru.26399.

10 J. Prestle, M. Schönfelder, G. Adam and K. W. Mundry,
Type 1 ribosome-inactivating proteins depurinate plant 25S
RRNA without species specificity, Nucleic Acids Res., 1992,
20(12), 3179–3182, DOI: 10.1093/nar/20.12.3179.

11 S. Wang, Z. Li, S. Li, R. Di, C.-T. Ho and G. Yang,
Ribosome-inactivating proteins (RIPs) and their important
health promoting property, RSC Adv., 2016, 6(52), 46794–
46805, DOI: 10.1039/C6RA02946A.

12 F. Stirpe, S. Bailey, S. P. Miller and J. W. Bodley,
Modification of ribosomal RNA by ribosome-inactivating
proteins from plants, Nucleic Acids Res., 1988, 16(4), 1349–
1357, DOI: 10.1093/nar/16.4.1349.

13 S. Narayanan, K. Surendranath, N. Bora, A. Surolia and
A. A. Karande, Ribosome inactivating proteins and apopto-
sis, FEBS Lett., 2005, 579 (6), 1324–1331, DOI: 10.1016/j.
febslet.2005.01.038.

14 A. Poma, P. Cesare, G. Marcozzi and L. Spanò, Nuclear
damage induced by liposomes containing FITC-labelled

Paper Biomaterials Science

5020 | Biomater. Sci., 2024, 12, 5010–5022 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
0/

7/
20

24
 2

:5
0:

15
 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

https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.1042/EBC20200108
https://doi.org/10.1038/nature19764
https://doi.org/10.1038/nature19764
https://doi.org/10.3390/toxins5101698
https://doi.org/10.3390/pharmaceutics14071517
https://doi.org/10.3390/pharmaceutics14071517
https://doi.org/10.3390/molecules21121627
https://doi.org/10.3390/toxins14030184
https://doi.org/10.3390/toxins14030184
https://doi.org/10.4161/viru.26399
https://doi.org/10.1093/nar/20.12.3179
https://doi.org/10.1039/C6RA02946A
https://doi.org/10.1093/nar/16.4.1349
https://doi.org/10.1016/j.febslet.2005.01.038
https://doi.org/10.1016/j.febslet.2005.01.038
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00600c


saporin on human melanoma cells in vitro, J. Liposome
Res., 2001, 11(1), 91–102, DOI: 10.1081/LPR-100103172.

15 M. M. Fretz, A. Høgset, G. A. Koning, W. Jiskoot and
G. Storm, Cytosolic delivery of liposomally targeted pro-
teins induced by photochemical internalization, Pharm.
Res., 2007, 24(11), 2040–2047, DOI: 10.1007/s11095-007-
9338-9.

16 G.-N. Zhang, P. Gupta, M. Wang, A. M. Barbuti,
C. R. Ashby, Y.-K. Zhang, L. Zeng, Q. Xu, Y.-F. Fan and
Z.-S. Chen, Lipid–saporin nanoparticles for the intracellu-
lar delivery of cytotoxic protein to overcome ABC transpor-
ter-mediated multidrug resistance in vitro and in vivo,
Cancers, 2020, 12(2), 498, DOI: 10.3390/cancers12020498.

17 E. Yaghini, R. Dondi, K. J. Edler, M. Loizidou,
A. J. MacRobert and I. M. Eggleston, Codelivery of a cyto-
toxin and photosensitiser via a liposomal nanocarrier: A
novel strategy for light-triggered cytosolic release,
Nanoscale, 2018, 10(43), 20366–20376, DOI: 10.1039/
C8NR04048F.

18 Q. Shen, L. Xu, R. Li, G. Wu, S. Li, P. E. Saw, Y. Zhou and
X. Xu, A tumor microenvironment (TME)-responsive nano-
platform for systemic saporin delivery and effective breast
cancer therapy, Chem. Commun., 2021, 57(20), 2563–2566,
DOI: 10.1039/D0CC07808E.

19 A. Martinez de Pinillos Bayona, C. M. Moore, M. Loizidou,
A. J. MacRobert and J. H. Woodhams, Enhancing the
efficacy of cytotoxic agents for cancer therapy using photo-
chemical internalisation, Int. J. Cancer, 2016, 138(5), 1049–
1057, DOI: 10.1002/ijc.29510.

20 P. Lai, C. Pai, C. Peng, M. Shieh, K. Berg and P. Lou,
Enhanced cytotoxicity of saporin by polyamidoamine den-
drimer conjugation and photochemical internalization,
J. Biomed. Mater. Res., Part A, 2008, 87A(1), 147–155, DOI:
10.1002/jbm.a.31760.

21 R. Chen, M. E. Eccleston, Z. Yue and N. K. H. Slater,
Synthesis and PH-responsive properties of pseudo-peptides
containing hydrophobic amino acid grafts, J. Mater. Chem.,
2009, 19(24), 4217, DOI: 10.1039/b902822f.

22 R. Chen, S. Khormaee, M. E. Eccleston and N. K. H. Slater,
The role of hydrophobic amino acid grafts in the enhance-
ment of membrane-disruptive activity of pH-responsive
pseudo-peptides, Biomaterials, 2009, 30(10), 1954–1961,
DOI: 10.1016/j.biomaterials.2008.12.036.

23 M. Kluzek, A. I. I. Tyler, S. Wang, R. Chen, C. M. Marques,
F. Thalmann, J. M. Seddon and M. Schmutz, Influence of a
PH-sensitive polymer on the structure of monoolein cubo-
somes, Soft Matter, 2017, 13(41), 7571–7577, DOI: 10.1039/
C7SM01620D.

24 S. Zhang, A. Nelson, Z. Coldrick and R. Chen, The effects of
substituent grafting on the interaction of pH-responsive
polymers with phospholipid monolayers, Langmuir, 2011,
27 (13), 8530–8539, DOI: 10.1021/la105125d.

25 S. Khormaee, Y. Choi, M. J. Shen, B. Xu, H. Wu,
G. L. Griffiths, R. Chen, N. K. H. Slater and J. K. Park,
Endosomolytic anionic polymer for the cytoplasmic deliv-
ery of SiRNAs in localized in vivo applications, Adv. Funct.

Mater., 2013, 23(5), 565–574, DOI: 10.1002/
adfm.201201945.

26 A. L. Lynch, R. Chen and N. K. H. Slater, pH-responsive,
polymers for trehalose loading and desiccation protection
of human red blood cells, Biomaterials, 2011, 32(19), 4443–
4449, DOI: 10.1016/j.biomaterials.2011.02.062.

27 S. Chen and R. Chen, A virus-mimicking, endosomolytic
liposomal system for efficient, pH-triggered intracellular
drug delivery, ACS Appl. Mater. Interfaces, 2016, 8(34),
22457–22467, DOI: 10.1021/acsami.6b05041.

28 V. H. B. Ho, N. K. H. Slater and R. Chen, pH-responsive, endo-
somolytic pseudo-peptides for drug delivery to multicellular
spheroids tumour models, Biomaterials, 2011, 32(11), 2953–
2958, DOI: 10.1016/j.biomaterials.2011.01.010.

29 A. L. Lynch, R. Chen, P. J. Dominowski, E. Y. Shalaev,
R. J. Yancey and N. K. H. Slater, Biopolymer mediated tre-
halose uptake for enhanced erythrocyte cryosurvival,
Biomaterials, 2010, 31 (23), 6096–6103, DOI: 10.1016/j.
biomaterials.2010.04.020.

30 M. Kopytynski, S. Chen, S. Legg, R. Minter and R. Chen, A
versatile polymer-based platform for intracellular delivery
of macromolecules, Adv. Ther., 2020, 3(2), 1900169, DOI:
10.1002/adtp.201900169.

31 F. Richter, K. Leer, L. Martin, P. Mapfumo, J. I. Solomun,
M. T. Kuchenbrod, S. Hoeppener, J. C. Brendel and
A. Traeger, The impact of anionic polymers on gene deliv-
ery: How composition and assembly help evading the tox-
icity–efficiency dilemma, J. Nanobiotechnol., 2021, 19(1),
292, DOI: 10.1186/s12951-021-00994-2.

32 S. A. Mercado and N. K. H. Slater, Increased cryosurvival of
osteosarcoma cells using an amphipathic pH-responsive
polymer for trehalose uptake, Cryobiology, 2016, 73(2), 175–
180, DOI: 10.1016/j.cryobiol.2016.08.002.

33 S. Chen, L. Wu, J. Ren, V. Bemmer, R. Zajicek and R. Chen,
Comb-like pseudopeptides enable very rapid and efficient
intracellular trehalose delivery for enhanced cryopreserva-
tion of erythrocytes, ACS Appl. Mater. Interfaces, 2020, 12,
28941–28951, DOI: 10.1021/acsami.0c03260.

34 P. Subarsky and R. P. Hill, The hypoxic tumour microenvi-
ronment and metastatic progression, Clin. Exp. Metastasis,
2003, 20(3), 237–250, DOI: 10.1023/A:1022939318102.

35 V. Petrova, M. Annicchiarico-Petruzzelli, G. Melino and
I. Amelio, The hypoxic tumour microenvironment,
Oncogenesis, 2018, 7(1), 10, DOI: 10.1038/s41389-017-0011-9.

36 P. Ho and C. J. Hawkins, Mammalian initiator apoptotic
caspases, FEBS J., 2005, 272(21), 5436–5453, DOI: 10.1111/
j.1742-4658.2005.04966.x.

37 E. Pizzo and A. Di Maro, A new age for biomedical appli-
cations of ribosome inactivating proteins (RIPs): From bio-
conjugate to nanoconstructs, J. Biomed. Sci., 2016, 23(1),
54, DOI: 10.1186/s12929-016-0272-1.

38 L. Polito, M. Bortolotti, V. Farini, M. G. Battelli, L. Barbieri
and A. Bolognesi, Saporin induces multiple death pathways
in lymphoma cells with different intensity and timing as
compared to ricin, Int. J. Biochem. Cell Biol., 2009, 41(5),
1055–1061, DOI: 10.1016/j.biocel.2008.09.021.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2024 Biomater. Sci., 2024, 12, 5010–5022 | 5021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
0/

7/
20

24
 2

:5
0:

15
 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

https://doi.org/10.1081/LPR-�100103172
https://doi.org/10.1007/s11095-007-9338-9
https://doi.org/10.1007/s11095-007-9338-9
https://doi.org/10.3390/cancers12020498
https://doi.org/10.1039/C8NR04048F
https://doi.org/10.1039/C8NR04048F
https://doi.org/10.1039/D0CC07808E
https://doi.org/10.1002/ijc.29510
https://doi.org/10.1002/jbm.a.31760
https://doi.org/10.1039/b902822f
https://doi.org/10.1016/j.biomaterials.2008.12.036
https://doi.org/10.1039/C7SM01620D
https://doi.org/10.1039/C7SM01620D
https://doi.org/10.1021/la105125d
https://doi.org/10.1002/adfm.201201945
https://doi.org/10.1002/adfm.201201945
https://doi.org/10.1016/j.biomaterials.2011.02.062
https://doi.org/10.1021/acsami.6b05041
https://doi.org/10.1016/j.biomaterials.2011.01.010
https://doi.org/10.1016/j.biomaterials.2010.04.020
https://doi.org/10.1016/j.biomaterials.2010.04.020
https://doi.org/10.1002/adtp.201900169
https://doi.org/10.1186/s12951-021-00994-2
https://doi.org/10.1016/j.cryobiol.2016.08.002
https://doi.org/10.1021/acsami.0c03260
https://doi.org/10.1023/A:1022939318102
https://doi.org/10.1038/s41389-017-0011-9
https://doi.org/10.1111/j.1742-4658.2005.04966.x
https://doi.org/10.1111/j.1742-4658.2005.04966.x
https://doi.org/10.1186/s12929-016-0272-1
https://doi.org/10.1016/j.biocel.2008.09.021
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00600c


39 S. Bagga, D. Seth and J. K. Batra, The cytotoxic activity of
ribosome-inactivating protein saporin-6 is attributed to its
RRNA N-glycosidase and internucleosomal DNA fragmenta-
tion activities, J. Biol. Chem., 2003, 278(7), 4813–4820, DOI:
10.1074/jbc.M207389200.

40 G. Bergamaschi, V. Perfetti, L. Tonon, A. Novella, C. Lucotti,
M. Danova, M. J. Glennie, G. Merlini and M. Cazzola, Saporin,
a ribosome-inactivating protein used to prepare immunotoxins,
induces cell death via apoptosis, Br. J. Haematol., 1996, 93(4),
789–794, DOI: 10.1046/j.1365-2141.1996.d01-1730.x.

41 S. Bagga, M. V. Hosur and J. K. Batra, Cytotoxicity of ribo-
some–inactivating protein saporin is not mediated through
α2-macroglobulin receptor, FEBS Lett., 2003, 541(1–3), 16–
20, DOI: 10.1016/S0014-5793(03)00280-1.

42 U. Cavallaro and M. R. Soria, Targeting plant toxins to the
urokinase and A2-macroglobulin receptors, Semin. Cancer
Biol., 1995, 6(5), 269–278, DOI: 10.1006/scbi.1995.0035.

43 D. Sikriwal, P. Ghosh and J. K. Batra, Ribosome inactivating
protein saporin induces apoptosis through mitochondrial

cascade, independent of translation inhibition,
Int. J. Biochem. Cell Biol., 2008, 40(12), 2880–2888, DOI:
10.1016/j.biocel.2008.06.004.

44 A. Rust, H. H. A. Hassan, S. Sedelnikova, D. Niranjan,
G. Hautbergue, S. A. Abbas, L. Partridge, D. Rice, T. Binz
and B. Davletov, Two complementary approaches for intra-
cellular delivery of exogenous enzymes, Sci. Rep., 2015, 5(1),
12444, DOI: 10.1038/srep12444.

45 A. Bolognesi, L. Polito, V. Scicchitano, C. Orrico,
G. Pasquinelli, S. Musiani, S. Santi, M. Riccio, M. Bortolotti
and M. G. Battelli, Endocytosis and intracellular localis-
ation of type 1 ribosome-inactivating protein saporin-S6,
J. Biol. Regul. Homeostatic Agents, 2012, 26(1), 97–109.

46 B. Falini, L. Flenghi, F. Aversa, G. Barbabietola,
M. F. Martelli, P. Comeli, P. L. Tazzari, M. K. Broe, H. Stein,
H. Dürkop, G. Pizzolo, A. Bolognesi, F. Stirpe, E. Sabattini
and S. Pileri, Response of refractory hodgkin’s disease to
monoclonal anti-CD30 immunotoxin, Lancet, 1992,
339(8803), 1195–1196, DOI: 10.1016/0140-6736(92)91135-U.

Paper Biomaterials Science

5022 | Biomater. Sci., 2024, 12, 5010–5022 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
0/

7/
20

24
 2

:5
0:

15
 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

https://doi.org/10.1074/jbc.M207389200
https://doi.org/10.1046/j.1365-2141.1996.d01-1730.x
https://doi.org/10.1016/S0014-5793(03)00280-1
https://doi.org/10.1006/scbi.1995.0035
https://doi.org/10.1016/j.biocel.2008.06.004
https://doi.org/10.1038/srep12444
https://doi.org/10.1016/0140-6736(92)91135-U
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00600c

	Button 1: 


