
Chemical
Science

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 8
:2

4:
30

 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
The phospholipid
aSchool of Physical Sciences, University of

E-mail: J.R.Hiscock@Kent.ac.uk
bSchool of Biosciences, University of Kent, Ca

Garrett@Kent.ac.uk

† Electronic supplementary information
tables, listing the phospholipid composi
and biological samples from cancer patie

‡ Denotes equal scientic input and joint

Cite this: Chem. Sci., 2021, 12, 13273

Received 1st July 2021
Accepted 21st September 2021

DOI: 10.1039/d1sc03597e

rsc.li/chemical-science

© 2021 The Author(s). Published by
membrane compositions of
bacterial cells, cancer cell lines and biological
samples from cancer patients†

Kira L. F. Hilton,‡a Chandni Manwani,‡ab Jessica E. Boles,a Lisa J. White,a Sena Ozturk,a

Michelle D. Garrett *b and Jennifer R. Hiscock *a

While cancer now impacts the health andwell-being ofmore of the human population than ever before, the

exponential rise in antimicrobial resistant (AMR) bacterial infections means AMR is predicted to become one

of the greatest future threats to human health. It is therefore vital that novel therapeutic strategies are

developed that can be used in the treatment of both cancer and AMR infections. Whether the target of

a therapeutic agent be inside the cell or in the cell membrane, it must either interact with or cross this

phospholipid barrier to elicit the desired cellular effect. Here we summarise findings from published

research into the phospholipid membrane composition of bacterial and cancer cell lines and biological

samples from cancer patients. These data not only highlight key differences in the membrane

composition of these biological samples, but also the methods used to elucidate and report the results

of this analogous research between the microbial and cancer fields.
Introduction

Cancer remains one of the most signicant threats to human
health, resulting in around 10 million deaths worldwide in
2020.1 However, it has been predicted that by the year 2050, an
alarming rise in the rates of antimicrobial resistant (AMR)
bacterial infections will result in approximately 10 million
deaths globally per year, matching the number of deaths
currently caused by cancer.2

Cancer is caused by gene mutations that can progressively
drive the transformation of normal human cells into a malig-
nant form.3 Being able to therapeutically target the differences
between cancer and normal cells is therefore key for the effec-
tive treatment of this disease.4 However, many currently mar-
keted cancer drugs exhibit high levels of toxicity towards normal
cells, due to the biological similarity that remains between them
and their cancerous counterparts.5 This means that the thera-
peutic efficacy of these agents can be limited by deleterious side
effects, including neuro- and cardio-toxicity.6,7 Intrinsic and
acquired resistance to these therapeutic agents is also an issue.8
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While bacteria possess a far greater degree of structural-
diversity compared to healthy eukaryotic cells, making them
easier to selectively target, AMR has given rise to bacteria that
are resistant to all currently marketed antimicrobial agents.9

Moreover, a 34 year hiatus in the identication of novel anti-
biotics,10 primarily caused because of the costs associated with
the discovery of new drugs, combined with poor market
returns,9,11,12 has hampered the development of novel antimi-
crobial therapeutic agents to meet the growing challenge from
AMR infections.

However, despite the many differences between normal
human cells, their cancerous counterparts and bacteria, the
cytosol of each is packaged within a cell membrane, that plays
essential roles in diverse processes including cellular commu-
nication,13 energy storage14 and structural rigidity.15 A major,
but more commonly overlooked constituent of this membrane
are the lipids. These amphiphilic small molecules, which
incorporate a hydrophilic head group and hydrophobic tail
group,16 can be split into three main classes: glycer-
ophospholipids (commonly referred to as phospholipids),
sphingolipids, and sterols (mainly cholesterol in mammals).17

The general structures of these lipids are shown in Fig. 1.
Lipid molecules self-assemble, resulting in the formation of

a semi-permeable bilayer, in which the polar lipid head groups
interact with the aqueous environment, while the hydrophobic
tail groups are concealed within the structures core. These
bilayers allow passive diffusion of small neutral molecules (O2,
CO2) and solvents (H2O), but prevent the diffusion of larger
molecules (e.g. glucose) and ionic species (Na+, Cl�).18 The
incorporation of proteins, carbohydrates and other molecular
Chem. Sci., 2021, 12, 13273–13282 | 13273
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Fig. 1 General structure of: (a) glycerophospholipids; (b) sphingolipids
and; (c) sterols. The hydrocarbon chain length and the degree of
saturation can differ. Pink ¼ hydrophobic residue. Yellow ¼ glycerol
linking group. Orange ¼ sphingosine linker. Green ¼ hydrophilic
residue.
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species within these phospholipid bilayers results in the
production of the fully functioning cell membrane, that is able
to control the composition of the intracellular environment
through closely-regulated molecular transport events.18,19

Of the three main classes of lipid found in the cell
membrane, phospholipids represent the most prevalent and
structurally signicant. Alterations to the general chemical
structure of the phospholipid head and tail groups, gives rise to
an array of amphiphilic molecules, each exhibiting different
physicochemical properties. A summary of these structural
modications accompanied by common phospholipid nomen-
clature has been provided for reference in Tables 1 and 2.20 It is
important to note that fatty acid tails not only vary in length
(typically between 14 and 24 carbon atoms),21 but also satura-
tion.21,22 Furthermore, R group modications also occur within
the phospholipid head group.20 This leads to high levels of
chemical and conformational diversity. Further compositional
Table 1 Summary of phospholipid structures, the position of the R group
physiological conditions

Lipid R-gro

Phosphatidic acid (PA)

Phosphatidylethanolamine (PE)

Phosphatidylcholine (PC)

Phosphatidylglycerol (PG)

Phosphatidylserine (PS)

Phosphatidylinositol (PI)

Cardiolipin (CL)

Lysyl-PG

13274 | Chem. Sci., 2021, 12, 13273–13282
diversity within the cell membrane is brought about by varia-
tion in the relative proportion of the different lipids present
within it.17 It is because of the complexity associated with these
amphiphilic molecules, combined with the limitations associ-
ated with the construction of synthetic systems, such as
membrane transition temperatures, availability of phospho-
lipid samples and associated purchase costs, that we have
chosen to limit the focus of our discussion within this review to
the phospholipid headgroups only. However, further informa-
tion relating to the alkyl component of the phospholipids dis-
cussed can be found within the ESI,† where available.

As important as the phospholipid component of a cell
membrane is for cell viability, it can act as a barrier for effective
drug delivery,23–25 or become the cause of cellular resistance.26,27

Alternatively, it can act as a drug target, where cell death is the
desired therapeutic outcome.28–30 Therefore, understanding
interactions between existing or proposed new drugs and
phospholipid membranes is of great importance. Examples are
emerging of novel membrane-targeting technologies, designed
to alter membrane uidity31 or permeability.32 Craik and co-
workers have designed a novel class of cyclotides identied as
potential anticancer therapeutic agents.33 Furthermore, O'Shea
and co-workers have shown that the anticancer agent, Ophio-
bolin A (OPA) functions through interaction with specic
phospholipids leading to the formation of cytotoxic adducts
that cause irreversible lipid bilayer destabilisation.34 Gale and
co-workers have developed low molecular weight synthetic
anion transporter technologies;35–37 whilst Jolliffe and co-
workers, have recently developed a uorogenic probe for cell
surface PS.38

Additionally, there are multiple examples of antimicrobial
peptides (AMP) where the mode of action is known to rely upon
is identified in Fig. 1a.20 Overall charge¼ charge of phospholipid under

up Overall charge

�1

0

0

�1

�1

�1

�2

+1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Other lipids included in this review. The saturation and length of the hydrocarbon chain can differ.20 Overall charge ¼ charge of lipid
under physiological conditions

Lipid Structure Overall charge

Lyso-PA �1

Lyso-PE 0

Lyso-PC 0

Lyso-PI �1

Lyso-CL �2

Diacylglycerol (DAG) 0

Lipid A �2

Sphingomyelin (SM) 0

Lipoteichoic acid N/A
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interaction with, and destabilisation of, bacterial phospholipid
membranes.39 Finally, within the scope of our own work, we
have shown that a novel class of supramolecular self-associating
amphiphiles (SSAs) can coordinate to and permeate both
bacterial40 and cancer cell membranes,41 causing SSAs to be
identied as anticancer agents,41 antimicrobials40,42,43 and effi-
cacy enhancers for known therapeutic agents.41,44

The analysis herein seeks to aid the effort to understand and
characterise interactions between therapeutic candidates and
phospholipid membranes by creating a resource detailing the
phospholipid membrane composition of cancer and bacterial
cells.
Phospholipid composition of bacterial
membranes

Within the scope of this review, we have focused our efforts
detailing the phospholipid composition of the ESKAPE patho-
gens, along with the commonly used models of Gram-negative
(Escherichia coli – E. coli) and Gram-positive (Bacillus subtilis –
B. subtilis) organisms. The ESKAPE pathogens are a group of six
nosocomial bacteria (Enterococcus faecium – E. faecium,
© 2021 The Author(s). Published by the Royal Society of Chemistry
Staphylococcus aureus – S. aureus, Klebsiella pneumoniae – K.
pneumoniae, Acinetobacter baumannii – A. baumannii, Pseudo-
monas aeruginosa – P. aeruginosa, and Enterobacter spp.) that the
CDC has listed as the ‘biggest’ threats to human health.45–50 This
is due to the ability of these bacteria to evolve new resistance
mechanisms in addition to those currently identied for this
group of pathogens.51–53

In general, the outer phospholipid membrane of bacterial
cells contains mixtures of polar phospholipids such as PE and
PG.54–56 Therefore, traditionally these bacterial phospholipid
membranes have been modelled in synthetic systems using
a mixture of PE : PG in a 3 : 1 ratio.55,57 However, as detailed in
Table 3, this is not representative of many naturally derived
bacterial membranes. For example, although Gram-negative E.
coli has a bacterial phospholipid composition that is very
similar to these conventional model systems (PE : PG : CL
75 : 20 : 5),57 this is not the case for Gram-positive methicillin-
sensitive S. aureus U-71 (PG : L-PG : CL 80 : 12 : 5).58 Further-
more, the composition of the phospholipid membrane has also
been found to be dependent on growth phase59,60 and life-
cycle,61,62 as highlighted with methicillin sensitive S. aureus
209P. In log phase growth the phospholipid composition of this
Chem. Sci., 2021, 12, 13273–13282 | 13275
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Table 3 Summary of % bacterial phospholipid membrane compositions. Where ‘—’ is shown, the presence of this phospholipid was not
confirmed or was shown to be absent within experimental limitations. Where the phospholipid composition does not equal 100%, the remaining
phospholipids either could not be identified, or the membrane is also comprised of some less prevalent phospholipids which have been omitted
from this summary table. These less common phospholipids include: PA, PC, PS, L-PE, L-CL. For full details, including those relating to alkyl chain
composition, culture conditions and phospholipid source, please see Table S1a

Bacterial strain PG L-PG DAG CL PE Growth phase Analysis method

E. faecium (Gram +ve)
R446 (ref. 66) 15 16 23 47 — Stationary MS
S447 (ref. 66) 34 14 13 29 — Stationary MS

S. aureus (Gram +ve)
USA300 (ref. 67) 60 30 4 2 — Log MS
USA300 (ref. 67) 62 20 3 4 — Stationary MS
DSM 20233 (ref. 68) 50 20 — 1 — Log TLC
fakA mutant67 70 25 3 1 — Log MS
fakA mutant67 60 22 5 6 — Stationary MS
CB1118 (ref. 69) 84 12 — 7 — Unknown TLC
CB2205 (ref. 69) 84 25 — 7 — Unknown TLC
209P70 79 14 — 4 — Log TLC
209P70 66 10 — 5 — Stationary TLC
U-71 (ref. 58) 80 12 — 5 — Unknown TLC

K. pneumonia (Gram �ve)
Smooth mutant71 5 — — 6.5 82 Unknown TLC
005 (ref. 72) 35 — — — 59 Unknown MS

A. baumannii (Gram �ve)
HO1–N73 10 — — 7 73 Unknown GC

P. aeruginosa (Gram �ve)
PAO1 (ref. 74) 27 — — — 69 Stationary MS
B-219 (ref. 75) 41 — — — 65 Unknown MS

Enterobacter cloacae (E. cloacae) (Gram �ve)
Sw1 (ref. 76) 23 — — 3.5 73 Stationary TLC
Sw1 (ref. 76) 6 — — 8 77 Log TLC
012 (ref. 72) 35 — — — 65 Unknown MS
008 (ref. 72) 42 — — — 50 Unknown MS
AZT-R76 17 — — 2 80 Log TLC
AZT-R76 5 — — 9 76 Stationary TLC
AMA-R76 17 — — 3 79 Log TLC
AMA-R76 5 — — 6 82 Stationary TLC

B. subtilis (Gram +ve)
I01a (ref. 77) 70 3 — 4 22 Log MS
I01a (ref. 77) 75 2 — 7 17 Stationary MS
DSM 3257 (ref. 77) 65 2 — 4 35 Log MS
DSM 3257 (ref. 77) 30 2 — 10 70 Stationary MS

E. coli (Gram �ve)
B78 20 — — 5 75 Log TLC

a MS ¼ mass spectrometry. TLC ¼ thin layer chromatography, GC ¼ gas chromatography.
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bacteria was found to be: PG : L-PG : CL 79 : 14 : 4 however, in
stationary phase the phospholipid membrane composition
alters to PG : L-PG : CL 66 : 10 : 14.63 Additionally, it is well
known that phospholipid membrane composition is dependent
on bacterial culture conditions. For example, P. aeruginosa
grown in synthetic cystic brosis media (SCFM) showed lower
levels of PC compared to P. aeruginosa grown in Muller–Hilton
broth (MHB).64 To more accurately simulate the natural bio-
logical environment, the phospholipid composition of the
13276 | Chem. Sci., 2021, 12, 13273–13282
bacterial were also studied in SCFM with added DOPC (SCFM-
PC).65 As with SCFM only, there was a general increase in
comparative quantities of those lipids present within P. aeru-
ginosa grown in SCFM-PC, compared to that grown in MHB.
This was most notable for PC and PG phospholipids. Interest-
ingly, the minimum inhibitory concentration (MIC) values ob-
tained for a variety of well-known antibiotics (carbenicillin,
gentamicin, ciprooxacin, colistin) against P. aeruginosa grown
in these different media was also found to alter. With the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of cancer cell phospholipid membrane composition. Upwards arrow indicates an upregulation of specific phospholipids,
downwards arrow indicates a downregulation of specific phospholipids. Where there are both upwards and downwards arrows present, this
reflects the fact there will be multiple forms of a particular phospholipid present in a cell, due to different alkyl chain lengths and their degree of
saturation. Some of these maybe upregulated in a cancer cell, whereas others maybe downregulated. Where ‘—’ is shown, a change in phos-
pholipid content was either not observed or not confirmed within experimental limitations. Tissue refers to human tissue obtained from clinical
samples, unless otherwise stated. The cell membranes listed here may also contain some less prevalent phospholipids. These data, alongside
alkyl chain composition and, the results of studies that restrict analysis to a limited number of phospholipids, are listed in Table S2. These less
common phospholipids include: L-PA, L-PC, and L-PI, L-SM. Phospholipid composition was estimated through mass spectrometry (MS)

Sample type PC PE PI PG PS SM PA Control

Lung

Tissue92 — — Matched distant lung tissue

Tissue93 — — — — — Distal non-cancerous tissue

Tissue94 — — Adjacent normal tissue

Tissue95 — — — — — Adjacent normal lung tissue

Tissue96 — — — — — Normal lung tissue

Breast

Cell lines97 — — — MCF10A cell line

Cell lines97 — — — MCF10A cell line

Cell lines97 — — — — MCF10A cell line

Cell lines98 — — MCF10A cell line

Cell lines98 — — MCF10A cell line

Tissue94 — — Adjacent normal tissue

Tissue99 — — — Adjacent normal tissue

Tissue100 — — — — — Adjacent normal breast tissue

Tissue101 — — — Normal breast tissue

Prostate

Cell lines102 — — — — PNT1a cell line

Tissue103 — — — Tissue from healthy males

Colorectal

Tissue104 — — — — Adjacent normal mucosa

Tissue94 — — Adjacent normal tissue

Tissue105 — — — Adjacent normal mucosa

Tissue106 — — — — — Adjacent normal mucosa

Tissue107 — — Tumour adjacent tissue

Colorectal liver metastasis

Tissue108 — — Normal liver parenchyma

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 13273–13282 | 13277
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Table 4 (Contd. )

Sample type PC PE PI PG PS SM PA Control

Ovarian
Tissue109 — — — — — Adjacent normal tissue

Urothelial cancer of the bladder
Tissue110 — — — Benign adjacent tissue

Gastric

Tissue94 — — Adjacent normal tissue

Oesophageal

Tissue94 — — Adjacent normal tissue

Tissue111 — — Matched healthy oesophageal epithelium

Thyroid

Tissue94 — — Adjacent normal tissue

Hepatocellular

Tissue112 — — — — Benign tissue
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bacteria grown inMHB showing higher MIC values compared to
SCFM.64

For these reasons, the culture conditions used have been
detailed in the ESI (Table S1†).

As exemplied in Table 3, the phospholipid composition of
AMR bacteria differs signicantly from those membranes
studied from analogous non-resistant bacterial strains. For
example, the clinical pair of daptomycin susceptible (S447) and
daptomycin resistant (R446) strains of Enterococcus faecium66

have a phospholipid composition PG : L-PG : CL : DAG
34 : 14 : 29 : 13 and PG : L-PG : CL : DAG 15 : 16 : 47 : 23
respectively.66 This was interesting, as there are a number of
unique bacterial lipids that are already associated with anti-
microbial resistance including lipid A and teichoic acids.79

Therefore, when considering the design and delivery of novel
therapeutics to treat AMR infections where interaction with, or
permeation through the cell membrane is critical, the differ-
ences in phospholipid membrane composition should also be
taken into consideration.

Phospholipid composition of cancer
cell membranes

Although cancer initiation normally has a genetic trigger, it has
been shown that changes in membrane biophysical properties
occur when non-malignant cells undergo malignant trans-
formation.80 Quantitative changes in all major classes of phos-
pholipids caused by alterations in lipid regulation pathways,
13278 | Chem. Sci., 2021, 12, 13273–13282
have been identied in many types of cancer cell.81 For example,
upregulation of PA leads to changes in tumour metabolism,
such as the activation of kinases involved in intracellular stress
signalling pathways,82 while elevated levels of PC result in
modulation of enzymes involved in metabolic pathways causing
higher proliferation rates.81 PI is important for a number of
signalling pathways involved in cellular processes such as DNA
damage, cell differentiation, proliferation, survival and traf-
cking, with PI5P known to modulate acetylation of p53 and
activity of histone deacetylases and acetylases.83

PS in the outer leaet of the cell membrane is an early
marker of apoptosis and has also been shown to play a pivotal
role in non-apoptotic cell death as changes in its regulation
affect necrosis.84 Moreover, increased levels of PS are respon-
sible for the weakening of the immune system in response to
cancer.81 Furthermore, elevated levels of lyso-PA (Table 2) are
considered a potential clinical biomarker in ovarian, colo-
rectal85 and pancreatic cancer86,87 and, are a potential thera-
peutic target for novel anti-cancer treatments.88 PE is present on
both the inner and outer leaet of the plasma membrane and
under normal physiological conditions it is more concentrated
in the cytosolic region (inner leaet). However, in cancer cells,
this distribution is reversed with PE being more concentrated in
the outer leaet of the plasma membrane.81

In addition to those phospholipids detailed within the scope
of this review, the levels of plasmalogens (a subclass of cell
membrane glycerophospholipids)89 have also been linked to
cancer, as effectively reviewed by Messias and co-workers.90 This
© 2021 The Author(s). Published by the Royal Society of Chemistry
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review summarises the regulation of plasmalogens in patients
suffering from liver, colon, oesophageal, colorectal and
pancreatic cancer. Therefore these data have not be reproduced
herein, although we do urge the readers of this review to
consider this class of lipids within the study of phospholipid
cancer cell membranes, the importance of which has been
further highlighted by the work of Fernandes and co-workers.91

Table 4 summarises the changes in phospholipid composi-
tion in cancer versus control samples as dened within the
table. We note that there are a number of distinct sample types,
exemplied by cancer cell lines and biological samples from
cancer patients including tissue, plasma and urine. For this
review we have focussed on human cancer cell lines and tissues
from patients and have omitted other biological sample types
such as urine and plasma, which are not representative of cells.
We have also only included those data sets that provide
a comparison between the cancer sample and a control sample.
Two key examples of this are the sampling of adjacent normal
tissue when tumour tissue is analysed from a cancer patient,
and the use of a non-cancerous cell line (e.g.MCF10A for breast
cancer) when a cancer cell line is being studied. This is
important as it relates to the question of the differences
between the normal versus cancer cell, which is then translated
into the identication of candidate cancer specic biomarkers.
Whilst quantitative numerical data on phospholipid content is
provided, there is no standardised format in which these data
have been reported. It is oen summarised in tables that show
whether a specic phospholipid is upregulated or down-
regulated in the cancer versus control sample, therefore this is
the approach we have taken when summarising these data in
Tables 4 and S2.† Within Table 4, an upwards arrow represents
upregulation of a specic phospholipid type and a downwards
arrow represents downregulation of this phospholipid in the
cancer versus control sample. Where there are both upwards
and downwards arrows present, this reects the fact there will
be multiple forms of a particular phospholipid present in a cell,
due to different alkyl chain lengths and their degree of satura-
tion. Some of these maybe upregulated in a cancer cell, whereas
others maybe downregulated.

From the data summarised in Table 4, we observe a general
trend in which more phospholipids are upregulated in the
cancer versus the control sample, than downregulated. PC is
generally upregulated in both breast cancer cell lines and tissue
while the regulation of the remaining phospholipids present
appears to be sample specic. A key limitation is the number of
reports available for a particular cancer type, which for some
such as bladder cancer, is limited to just one. Finally, a key
factor in cancer treatment failure is drug resistance. Due to data
limitations, it is currently not possible to comment on the
differences between the phospholipid content of drug sensitive
versus resistant cancer cells/samples.

Conclusions

An increased understanding of cell membrane phospholipid
composition in cancer and bacterial cells can provide oppor-
tunities to develop novel treatment strategies for cancer and
© 2021 The Author(s). Published by the Royal Society of Chemistry
AMR, and thereby begin to countermeasure shortfalls of current
therapies. It is the intention that this review of current knowl-
edge into the membrane composition of cancer and AMR cells
and, cancerous tissue from cancer patients will aid those
wishing to develop novel membrane transport technologies,
drug delivery technologies, drug adjuvant technologies, thera-
peutics, or repurpose approved therapeutics against these
diseases. While it is clear that a far greater library of such data
would aid current research in these areas, it is also apparent
that phospholipid composition studies in the microbiology and
cancer elds are undertaken on a different basis. Specically,
we believe that the inclusion of percentage phospholipid
composition data, as well as studies into the differences
between the phospholipid content of drug sensitive versus
resistant cancer cells/samples will greatly enhance the applica-
bility of these data.
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2019, 9, 2167.
16 M. Alagumuthu, D. Dahiya and P. Singh Nigam, AIMS Mol.

Sci., 2019, 6, 1–19.
17 T. Harayama and H. Riezman, Nat. Rev. Mol. Cell, Biol.,

2018, 19, 281–296.
18 G. M. Cooper, The Cell: A molecular Approach, Sinauer

Associates, Sunderland (MA), 2nd edn, 2000.
19 J. Gruenberg andM. J. Clague, Curr. Opin. Cell Biol., 1992, 4,

593–599.
20 C. Sohlenkamp and O. Geiger, FEMS Microbiol. Rev., 2016,

40, 133–159.
21 D. A. Los and N. Murata, Biochim. Biophys. Acta, Biomembr.,

2004, 1666, 142–157.
22 B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts and

P. Walter, Mol. Biol. Cell. Garl. Sci., 2008, 617–1115.
23 B. Chertok, M. J. Webber, M. D. Succi and R. Langer, Mol.

Pharm., 2013, 10, 3531–3543.
24 G. Tiwari, R. Tiwari, B. Sriwastawa, L. Bhati, S. Pandey,

P. Pandey and S. K. Bannerjee, Int. J. Pharm. Investig.,
2012, 2, 2–11.

25 T. M. Allen and P. R. Cullis, Science, 2004, 303, 1818–1822.
26 A. York, Nat. Rev. Microbiol., 2020, 18, 63.
27 C. P. J. Vendrik, J. J. Bergers, W. H. De Jong and

P. A. Steerenberg, Cancer Chemother. Pharmacol., 1992, 29,
413–429.

28 Y. Ma, K. Gao, H. Yu, W. Liu, Y. Qin, R. Xing, S. Liu and
P. Li, Carbohydr. Polym., 2021, 261, 117821.

29 H. Cheng, R.-R. Zheng, G.-L. Fan, J.-H. Fan, L.-P. Zhao,
X.-Y. Jiang, B. Yang, X.-Y. Yu, S.-Y. Li and X.-Z. Zhang,
Biomaterials, 2019, 188, 1–11.

30 M. Rucevic, D. Hixson and D. Josic, Electrophoresis, 2011,
32, 1549–1564.
13280 | Chem. Sci., 2021, 12, 13273–13282
31 D. B. Goldstein, Annu. Rev. Pharmacol. Toxicol., 1984, 24, 43–
64.

32 K. Hu, Y. Jiang, Y. Xie, H. Liu, R. Liu, Z. Zhao, R. Lai and
L. Yang, J. Phys. Chem. B, 2015, 119, 8553–8560.

33 S. Troeira Henriques, Y.-H. Huang, S. Chaousis, C. K. Wang
and D. J. Craik, ChemBioChem, 2014, 15, 1956–1965.

34 C. Chidley, S. A. Trauger, K. Birsoy and E. K. O'Shea, Elife,
2016, 5, e14601.

35 P. A. Gale, Chem, 2020, 6, 2873–2875.
36 E. N. W. Howe and P. A. Gale, J. Am. Chem. Soc., 2019, 141,

10654–10660.
37 M. Fares, X. Wu, D. Ramesh, W. Lewis, P. A. Keller,
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