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ABSTRACT: The development  of  nanomedicine that  can be
efficiently  internalized  by  drug-resistant  cancer  cells  still
presents a daunting challenge due to the low uptake capacity
caused by various drug resistance-related factors on the cell
membrane.  Herein,  we  engineered  the  surfaces  of  glycan
nanocarriers  with  negative,  neutral,  and  gradient  positive
charges, and discovered that positively charged nanocarriers
can  be  anchored  onto  the  cell  membrane  through
electrostatic  attraction  and  thus  be  efficiently  internalized  by
drug-resistant cancer cells. In contrast, drug-resistant cancer
cells  do  not  readily  uptake  neutral  or  negatively  charged
nanocarriers.  By  proposing  a  concentric  ring  fluorescence
coefficient  (CRFC),  we  were  able  to  quantify  the  cell
membrane  anchoring  capabilities  of  the  nanocarriers  and
found that  positively  charged nanocarriers  have a  much stronger  anchoring  ability  toward  drug-resistant  cell  membranes
than their neutral and negatively charged counterparts. Interestingly, with the increase of positive charge, the ability of the
nanocarriers to become anchored onto cell membranes was further enhanced, thus confirming that electrostatic attraction
plays  a  crucial  role  in  the  membrane-anchoring  guided  cellular  uptake.  The  method  of  endowing  nano-objects  with  this
charge-attracting  capability  towards  negatively  charged  cell  membranes  to  drive  membrane-anchoring  mediated  cellular
uptake illustrates its potential as a universal strategy for engineering nanocarriers to promote the uptake of nanodrugs into
drug-resistant cancer cells and thus improve the therapeutic effect.
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 1    Introduction
With  growing  insights  into  cancer,  the  development  of  drug
resistance,  a  natural  outcome  as  tumors  evolve,  has  emerged  as  a
major  obstacle  impeding  effective  treatment  [1−5].  Despite
significant  advances  in  understanding  the  mechanisms  of  cancer

drug resistance, including tumor heterogeneity and changes in gene
and  protein  profiles,  detecting  and  overcoming  drug  resistance
remains  a  daunting  challenge  [6−9].  In  recent  years,  researchers
have  developed  nanomedicines  and  some  innovative  drugs  to
combat cancer chemotherapy resistance [10−19].  However,  due to
the  overexpression  of  drug  resistance-related  proteins  and  the
intrinsic  specificity  of  drug-resistant  cells,  both  small-molecule
drugs and nanomedicines  cannot  readily  enter  these cells,  limiting
their therapeutic impact [20, 21].

Given  the  generally  negative  charge  and  unique  drug-pumping
property  of  drug-resistant  cell  membranes  [21−23],  the  role  of
surface  charge  engineering  in  the  design  of  nanomedicines  across
various  fields  has  proven  to  be  crucial.  Influenced  by  different
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surface  charges,  systematically  engineered  lipid  nanoparticles  can
achieve redistribution in various organs and perform selective tissue-
specific  gene delivery and therapy [24, 25],  and some studies  have
also  indicated  that  the  sub-organ  biodistribution  of  gold
nanoparticles  is  related  to  their  surface  charge  [26].  Regarding
cellular  uptake,  nanoparticles  with different  charges  generally  have
distinct  characteristics  [27−36].  Among  them,  some  cationic
nanoparticles  and  polymers  are  believed  to  promote  cellular
endocytosis  through  their  positive  charge  [37−43],  yet  the
understanding of their mechanisms of action in the perimembrane
region  remains  limited  [44].  And  considering  some  nanoparticles'
morphologies  and  structures,  some  studies  on  nanoparticles  may
not  necessarily  be  applicable  to  the  use  as  nanocarriers  for
diagnostic or therapeutic applications.  On the other hand, cationic
nanoparticles often induce membrane depolarization [45], generate
hydrophilic  membrane  pores  [46, 47],  and  disrupt  membrane
structure  due  to  strong  electrostatic  interactions  with  the  cell
membrane  [48],  which  can  be  accompanied  by  significant
cytotoxicity  [49−53].  Moreover,  most  of  the  researches  have
focused  on  common  cancers,  where  notable  progress  and  success
have  been  achieved,  while  research  on  drug-resistant  cancers  that
emerge  after  cancer  treatment  becomes  one  of  the  most  urgent
challenges.  How  surface  charge  affects  the  interaction  between
nanomedicines  and  cells  at  the  subcellular  level,  especially  its
potential to regulate the uptake of nanomedicines by drug-resistant
cancer  cells  without  causing  cytotoxicity,  remains  a  largely
unexplored area.

Here,  drawing  on  our  recent  research  into  the  interactions  and
uptake  mechanisms  of  drug-resistant  cells  with  nano-objects
[10, 13, 14],  we  proposed  an  efficient  strategy  for  regulating  the
surface  charge  of  glycan  nanocarriers  synthesized  via  a  self-
assembly-assisted method, while ensuring that the core component
remains  unchanged.  By  modifying  the  polysaccharide  building
blocks with varying degrees of quaternization and succinylation, we
have  produced a  series  of  glycan nanocarriers  that  share  the  same
interior  composition  and  size,  but  exhibit  a  zeta  potential  ranging
from −20 mV to approximately +60 mV. Subsequently,  we delved
into the mechanisms and the influence of different surface changes
on  the  interaction  between  nanocarriers  and  drug-resistant  cells.
Our  findings  demonstrated  that  proposed  surface  engineering
provides  a  versatile  approach  to  effectively  promote  the  entry  of
nanocarriers  into  drug-resistant  cells  through  surface  charge
regulation,  thereby  paving  the  way  for  their  potential  adoption  in
both  mechanistic  understanding  and  translational  applications  to
overcome drug resistance.

 2    Results and discussion

 2.1    Post-preparation  surface  engineering  enables  the
construction  of  non-toxic  glycan  nanocarriers  with
different surface charges
Glycans are a class of biomacromolecules in living organisms with
excellent  biocompatibility,  and the  abundant  functional  groups  on
the surfaces of various glycans allow for modification with different
charge  groups  [49, 54, 55].  To  obtain  charge  gradient  glycan
nanocarriers,  we  modified  and  improved  upon  previous  research
[56, 57],  utilizing the graft copolymerization-induced self-assembly
(GISA)  strategy  to  synthesize  glycan  nanogels  with  positive,
negative, and neutral charges. We first employed the initiator ceric

ammonium  nitrate  (CAN)  to  induce  ring-opening  of  the
polysaccharide  repeating  units,  generating  radicals  that
subsequently  initiated  the  graft  polymerization  of  the  methyl
acrylate  monomer  onto  the  backbones  of  glycan  macromolecules.
Then the hydrophobic-driven self-assembly force from the resulting
polymethyl acrylate (PMA) chains is utilized to assemble the glycan
conjugates  into  nanoassemblies,  and  N,N-methylene-bis-
acrylamide  (MBA)  is  used  to  crosslink  and  fix  the  assembled
structure to form core-crosslinking nanogels (NGs) as nanocarriers.
Moreover,  surface  charge  regulation  was  achieved  through  the
modification  of  functional  groups  on  the  glycan  nanocarriers'
surface. We designed a series of glycan nanocarriers with the same
PMA  core  moiety  but  with  surface  changes  varying  in  a  gradient
manner  from  negative  to  positive  (Fig.  1(a)).  The  neutral
nanocarriers  were  mainly  synthesized  with  dextran  because  they
lack  characteristic  functional  groups  that  confer  charge.  On  this
basis, the negatively charged nanocarriers were synthesized through
succinylation of chitosan oligosaccharides nanocarriers to introduce
carboxyl  groups  onto  the  surface.  The  positively  charged
nanocarriers  were  synthesized  through  the  quaternization
modification  of  chitosan  oligosaccharide,  and  chitosan  in  the
nanocarrier’s  corona  endows  the  surface  with  a  positive
charge [58, 59].

The  characterization  of  the  most  representative  negatively
charged,  neutral,  and  positively  charged  glycan  nanocarriers
(denoted  as  NG−,  NGn,  and  NG+,  respectively)  showed  a  clear
gradient in zeta potential, from −20 (for NG−), to 0 (for NGn), and
to 38 mV (NG+),  as  shown in Fig.  1(e).  The transmission electron
microscope  (TEM)  images  and  particle  size  calculations
(Figs.  1(b)–1(d),  and 1(f))  showed  that  the  nanocarriers  are
uniformly  around  70  nm  in  diameter  with  a  consistent  spherical
shape.  Meanwhile,  the 1H  nuclear  magnetic  resonance  (NMR)
spectra  confirmed  the  presence  of  characteristic  functional  groups
that  determine  the  charge  (Figs.  S1–S3  in  the  Electronic
Supplementary  Material  (ESM)).  Subsequently,  we  labeled  them
with Cy5.5 fluorescent molecules to render them observable under
fluorescence  imaging,  ensuring  uniform  fluorescence  intensity  for
studying their cell interactions (Fig. S4 in the ESM). When exposed
to  environments  with  complex  ionic  concentrations,  such  as
phosphate  buffered  saline  (PBS)  and  culture  media,  variations  in
the hydrodynamic diameter and zeta potential of different charged
nanocarriers  can  be  observed  (Fig.  S5  in  the  ESM).  This  is
attributed to the intrinsic characteristics of dynamic light scattering
measurements,  which  results  in  values  that  are  highly  sensitive  to
the  solution  environment  [60, 61].  However,  subsequent
observations revealed that changes in zeta potential do not affect the
characteristic  that  the  interaction  of  nanocarriers  with  the  cell
membrane  is  still  dominated  by  their  surface  chemical  structure
and  charged  groups,  which  is  more  accurately  measurable  and
comparable  in  aqueous  solutions.  Then,  the  cytotoxicity  data  (Fig.
S6  in  the  ESM)  indicated  that  the  nanocarriers  exhibited  minimal
toxicity  across  all  charge  variants,  probably  due  to  the  excellent
biocompatibility of the glycan corona. Subsequently, we utilized the
positively  charged  nanocarrier  to  interact  with  drug-resistant  cells,
exploring  the  process  and  mechanism  of  their  interaction  in  two
steps:  electrostatic  attraction-directed  membrane  anchoring,  and
internalization with multiple mechanisms (Fig. 1(g)).

 2.2    Quantify the cell membrane anchoring capabilities of
glycan nanocarriers
After  co-incubating  the  three  types  of  nanocarriers  with
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Adriamycin-resistant  breast  cancer  cells  (MCF-7/ADR  cells)  for
different  durations,  the  amount  of  NG− and  NGn internalized  by
drug-resistant  cells  was  significantly  lower  than  that  of  NG+.  Even
though the fluorescence intensity increased over time, NG+ quickly
achieved a high intensity within just 5 min, which was close to the
level NG− and NGn reached after 12 h of co-incubation (Fig. 2(a)).

As shown in Fig. 2(b), for drug-resistant cells (MCF-7/ADR cells,
abbreviated as “MA” in the figures), the amount of NG+ anchored
onto  the  cell  membrane  is  notably  higher  than  that  of  NGn.  For

drug-sensitive  cells  (MCF-7  cells,  abbreviated  as “M” on  the
figures), while the fluorescence intensities are similar, NG+ is more
concentrated  near  the  cell  membrane,  whereas  NGn is  primarily
distributed within the cytoplasm. This can also be visually observed
through  the  3D  reconstruction  images  in  Fig.  S7  in  the  ESM.
Similar  conclusions  can  be  drawn  from  the  line  profiles  of
fluorescence intensity (Fig. 2(c)). In the group of positively charged
nanoparticles interacting with drug-resistant cells (NG+ → MA), the
Cy5.5  fluorescence  (representing  NG+)  shows  significant  overlap

 

Figure 1    Schematic  illustration  showing  the  synthetic  route  toward  glycan  nanocarriers  with  different  charge  gradients  along  with  the  characterization  data  for  these
materials. (a) Schematic diagram of the synthesis and surface modification process for glycan nanocarriers with different charge gradients. TEM images of (b) NG−,  (c)
NGn, and (d) NG+, scale bars = 100 nm. (e) Zeta potentials of NG−, NGn, and NG+. Data were presented as the mean ± standard deviation (SD, n = 3). (f) The diameters of
NG−, NGn, and NG+ calculated from their respective TEM images. (g) Schematic illustration of positively charged nanocarriers entering drug-resistant cells in two steps.
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with the DiO fluorescence (representing the cell membrane) at the
membrane  site.  In  contrast,  in  the  NGn →  M  group,  the  Cy5.5
fluorescence  representing  NGn is  predominantly  observed  in  the
cytoplasmic  region  between  the  cell  membrane  (DiO)  and  the
nucleus (4’,6-diamidino-2-phenylindole (DAPI)). These differences

indicate  distinct  modes  of  interaction  with  the  cells  for  the  two
types  of  NGs.  Additionally,  NG− exhibits  similar  fluorescence
intensity and distribution patterns to those exhibited by NGn during
cell interactions (Figs. S8–S11 in the ESM).

To better  describe  the  localization of  NGs on or  within  the  cell

 

Figure 2    Internalization behavior of nanocarriers with different charge gradients in drug-resistant cells and the anchoring characteristics of NG+ onto the cell membrane.
(a) Flow cytometry data for NGs with different charge gradients (NG−, NGn, NG+) co-incubated with drug-resistant cell (MA: MCF-7/ADR cell) for 5, 10, 15, and 30 min,
1, 2, 4, 6, 8, and 12 h, respectively. (b) Confocal microscope images and (d) CRFCs of NG+ and NGn that had been co-incubated with drug-resistant cells (MA: MCF-
7/ADR cell) and drug-sensitive cells (M: MCF-7 cell) for 1 h. Scale bar = 10 μm. Statistical analysis was performed via One-Way analysis of variance (n = 3, *P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001). A CRFC closer to 1 indicates that the fluorescence is primarily localized within the cell membrane, while a CRFC closer to
0 suggests that the fluorescence is mainly localized on the cell membrane. (c) Line profiles along white dashed lines in (b). DiO stains the membrane region, DAPI stains
the nucleus region, and Cy5.5 represents the position of NGs. AU: arbitrary units. (e) Schematic diagram illustrating the entry of NG+ and NGn into drug-resistant and
drug-sensitive cells, as well as the efficiency of each step.
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membrane,  we  proposed  a  coefficient  named  concentric  ring
fluorescence  coefficient  (CRFC)  to  quantify  their  cell  membrane
anchoring ability as shown in Eq. (1).

CRFC =
Fwm −F0

Fim −F0
(1)

Here Fwm represents  the  fluorescence  intensity  within  the
membrane, as indicated by the area enclosed by the yellow circle in
Fig.  2(b); Fim represents  the  total  fluorescence  intensity  including
the membrane, as indicated by the area enclosed by the red circle in
Fig.  2(b),  and F0 represents  the  background fluorescence intensity.
As  shown in Fig.  2(d),  after  NG+ and NGn had been co-incubated
with  drug-resistant  MCF-7/ADR  cells  and  drug-sensitive  MCF-7
cells  for  1  h,  it  was  found  that  the  CRFC  of  DiO  remained
consistently low across all groups (at which point Fwm was relatively
lower  compared  to Fim),  while  the  CRFC  of  DAPI  remained
consistently  high  (at  which  point Fwm and Fim values  were  quite
close). This behavior matches the expected outcomes, as DiO stains
the cell membrane and DAPI stains the nucleus, thus validating the
usefulness  of  this  coefficient.  Now,  shifting  focus  to  the  CRFC
values of Cy5.5, it’s evident that NG+ is primarily located on the cell
membrane in drug-resistant cells, consistent with the analogous low
CRFC values  of  the  membrane marker  DiO.  Conversely,  in  drug-
sensitive  cells,  it  is  more  extensively  internalized  into  the  cell,  as
evidenced  by  the  higher  CRFC  value,  which  are  comparable  to
those  of  the  nuclear  dye  DAPI,  suggesting  localization  to
intracellular  compartments  within  the  plasma  membrane.  As  for
NGn, they were mainly distributed within the interiors of both types
of  cells,  although the  amount  internalized in  drug-resistant  cells  is
significantly  less.  This  could  be  due  to  the  neutral  nature  of
uncharged nanocarriers and the unique physicochemical properties
conferred by the dextran components, which primarily enable NGn

to interact with cells through endocytosis [15, 62, 63]. However, this
mode  of  entry  is  considerably  hindered  by  the  special  resistance
traits of drug-resistant cells.

Confocal imaging and CRFC analysis revealed that NG+ interacts
mainly  with  the  cell  membrane,  showing  a  strong  affinity  for
anchoring onto it. They initially attach to cell membrane quickly via
electrostatic  interactions  with  the  negatively  charged  membrane
and  are  then  gradually  internalized.  In  contrast,  NGn lacks  a
strongly  charged  surface,  and  its  interaction  with  cells  is  mainly
dominated  by  normal  cellular  internalization,  which  shows “No”
significant  correlation  with  electrostatic  attraction.  However,  in
drug-resistant  cells,  due  to  the  cell  membrane  pumping  effect
related  to  drug-resistance  associated  proteins  as  well  as  the  denser
arrangement  of  cell  membrane  phospholipids  [21, 23, 64],  they
exhibit  significant  resistance  behaviors  against  both  nanoparticles
and  drug  molecules,  which  leads  to  much  slower  or  even  greatly
restricted  internalization  of  nanocarriers.  In  drug-sensitive  cells,
while  NG+ also  displays  some  anchoring  onto  the  cell  membrane,
they are more internalized within the cell,  as is  the case with NGn.
This could be attributed to the stronger endocytic capacity of drug-
sensitive  cells,  which  allows  for  quicker  internalization  of  various
nanocarriers, as illustrated in Fig. 2(e).

 2.3    Intracellular  fate  of  glycan  nanocarriers  into  drug-
resistant cancer cells
Subsequently,  we  explored  how  NGs  interact  with  both  drug-
resistant and drug-sensitive cancer cells over time, and tracked their
complete uptake, circulation, and ultimate fate within the cells. The

CRFC  data  of  NGs  co-incubated  with  drug-resistant  and  drug-
sensitive cells at different time points (Figs. 3(a) and 3(b)) indicated
that  NG+ was  initially  retained  on  the  cell  membrane,  and  then
rapidly  entered  drug-sensitive  cells,  while  in  the  case  of  drug-
resistant  cells,  the  entry  was  slower  and less  efficient.  NGn showed
high  CRFC values  in  both  cells,  indicating  that  it  was  internalized
via  endocytosis  irrespective  of  the  co-incubation  duration.  This
offers  a  new  approach  to  evaluate  nanocarrier-cell  interactions
beyond just fluorescence intensity, highlighting the ease with which
positively charged nanoparticles enter cells.

Furthermore,  we  explored  the  intracellular  fate  of  NG+ after
entering  drug-resistant  and  drug-sensitive  cells. Figures  3(c) and
3(d) and Figs. S12–S14 in the ESM demonstrated that NG+ tends to
accumulate in regions associated with the cytoskeleton,  specifically
actin  and  tubulin  proteins.  Actin  is  closely  aligned  with  the  cell
membrane  [65−67],  whereas  tubulin  supports  the  cell  membrane
from  the  inner  side  [68].  The  relative  localization  of  NG+ and
tubulin indicated that NG+ appears to be resisted by actin proteins
and  microtubule  [69],  as  demonstrated  by  the  gray  arrow
in Figs.  3(c) and 3(d).  This  could  be  attributed  to  the  inherent
negative charge of actin and tubulin, which may cause the retention
of  NG+ in  the  cytoskeleton-membrane  areas  through  electrostatic
attraction  [70−73].  Moreover,  even  after  4  h  of  co-incubation,  a
considerable  portion  of  NG+ entered  drug-resistant  cells  without
showing notable co-localization with lysosomes (Fig. 3(e),  and Fig.
S15  in  the  ESM).  This  behavior  suggested  that  NG+ may  have
escaped  the  lysosomes  or  that  there  are  additional  pathways  for
entry  into  the  cells  beyond  the  typical  endocytosis-endosome-
lysosome route [74, 75].

 2.4    Internalization  mechanisms  of  glycan  nanocarriers
into drug-resistant cancer cells
Thus,  we  delved  into  the  mechanisms  affecting  the  interaction
between NGs and drug-resistant cells. These factors can be grouped
into  three  major  categories:  endocytic  pathways,  cytoskeleton,  and
P-glycoprotein-related decreased cell  membrane fluidity (Figs.  4(a)
and 4(b)).  To  start,  by  employing  a  series  of  conventional
endocytosis  inhibitors  (Fig.  S16  in  the  ESM)  and  some  typical
cytoskeletal  protein  inhibitors,  we  identified  several  inhibitors  that
exerted a significant restrictive effect on both NGs: chlorpromazine
(CPZ),  a  clathrin-mediated  endocytosis  inhibitor  [76];  dynasore
(Dy),  a  dynamin inhibitor  that  affects  various  endocytic  behaviors
and cytoskeleton structures [77, 78]; and latrunculin A (LA), an F-
actin polymerization inhibitor that affects the cytoskeleton [79−81].
These  indicated  that  clathrin-mediated  endocytosis  is  one  of  the
mechanisms  by  which  NGs  enter  drug-resistant  cells,  and  the
cytoskeleton  also  plays  a  crucial  role  in  the  interactions.  By
modulating  cytoskeletal  proteins,  such  as  inhibiting  F-actin
polymerization,  the  cytoskeletal  architecture  can  be  significantly
altered, thereby profoundly influencing the pathways and extent of
NGs  internalization  in  drug-resistant  cells.  Given  the  extensive
research  on  the  characteristic  p-glycoprotein  (P-gp)  in  drug-
resistant cells, we employed two P-gp inhibitors, Tariquidar (TRQ)
and  Rapamycin  (RAPA)  [82−85].  Excitingly,  they  enhanced  the
fluorescence intensity of NGs in drug-resistant cells (Fig. 4(a)). Our
previous  research  also  mentioned  similar  effects  [10],  suggesting
that this enhancement might be due to the increased cell membrane
fluidity caused by P-gp inhibitors.

High  P-gp  activity  is  typically  linked  with  decreased  cell
membrane  fluidity  [86−89].  As  illustrated  in  Fig.  S17  in  the  ESM,
drug-resistant  cancer  cells  overexpress  P-gp,  while  drug-sensitive
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cells and normal cells express negligible P-gp. Correspondingly, we
primarily utilized three methods to measure and cross-validate cell
membrane fluidity. The fluorescence recovery after photobleaching
(FRAP) method (Fig. S18 in the ESM) mainly measured membrane
fluidity  by  observing  the  recovery  behavior  of  fluorescence  at  a
specific  point  on  the  membrane  following  photobleaching  [90].
And we also assessed the membrane fluidity using the fluorescence
polarization  anisotropy  of  1,6-diphenyl-1,3,5-hexatriene  (DPH)
[91−93].  Increased  anisotropy  indicates  restricted  motion  of  the
phospholipid acyl chains within the membrane, and consequently a
higher  polarization  value  of  DPH  fluorescence  suggests  lower
membrane  fluidity  (Fig.  4(f),  and  Fig.  S19  in  the  ESM).  We
confirmed that the membrane fluidity of drug-resistant cancer cells
is  consistently  lower  than  that  of  drug-sensitive  cancer  cells,
whereas normal cells have comparable membrane fluidity to drug-
sensitive cancer cells.

Additionally,  we  also  evaluated  membrane  tension  using  the
Flipper-TR membrane tension probe,  which also provides insights
into  cell  membrane  fluidity.  The  membrane  tension  can  be
quantitatively assessed by inserting a membrane tension probe into
the  phospholipid  bilayer  of  the  cell  membrane  and  measuring  its
fluorescence  lifetime  [94, 95].  The  results  indicated  that  the
membrane tension of drug-resistant cells is significantly higher than
that of drug-sensitive cells and normal cells (Fig. 4(c), and Fig. S20
in the ESM), suggesting a correlation between increased membrane
tension  and  decreased  membrane  fluidity.  In Figs.  4(d) and 4(e),
positive  Δτ values  denote  increased  membrane  tension,  while
negative values indicate a decrease. After NGs had been added, the
membrane  tension  of  drug-sensitive  cells  and  normal  cells
increased slightly. However, drug-resistant cells, due to their already
high  membrane  tension,  showed  no  significant  change  upon  the
addition of  NGs.  Nevertheless,  these  observations  can still  provide

 

Figure 3    The intracellular  fate  and entry  behavior  of  nanocarriers  with different  charge gradients  into cancer  cells.  (a)  CRFC of  NG+ and (b)  NGn that  had been co-
incubated with drug-resistant cancer cells (MA: MCF-7/ADR cells) and drug-sensitive cancer cells (M: MCF-7 cells) for 15, and 30 min, 1, 2, 4, and 6 h, respectively. (c)
Confocal microscope images of NG+ co-incubated with drug-sensitive cancer cells (M: MCF-7 cells) and drug-resistant cancer cells (MA: MCF-7/ADR cells) for 1 h, and
staining with actin for co-observation. Scale bar = 20 μm. (d) Confocal microscope images of NG+ co-incubated with drug-sensitive cancer cells (M: MCF-7 cells) and
drug-resistant cancer cells (MA: MCF-7/ADR cells) for 1 or 2 h, and staining with tubulin for co-observation. Scale bar = 20 μm. (e) Confocal microscope images of NG+

co-incubated  with  drug-sensitive  cancer  cells  (M:  MCF-7  cells)  and  drug-resistant  cancer  cells  (MA:  MCF-7/ADR  cells)  for  4  h,  and  staining  with  Lysosome  for  co-
observation. Scale bar = 10 μm.
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valuable  insights  into  the  mechanistic  pathways  of  NGs
internalization,  offering  a  potential  explanation  for  the  distinct
cellular  entry routes of  NGs in different cell  types.  The changes in
membrane tension upon the addition of NGs indicate that they do
not  significantly  alter  membrane  tension,  particularly  after  the
initial  period  of  pronounced  fluctuations.  Specifically,  a  large

amount of NG+ was initially anchored onto the negatively charged
cell  membrane  (among  which  drug-resistant  cells,  due  to  the
overexpression of glycoproteins leading to increased production of
sialic acid [96, 97], have a higher negative potential, as shown in Fig.
S21 in the ESM), and ultimately entered the cells through dynamic
traversing process that cause significant changes in cytoskeleton and

 

Figure 4    Mechanistic  insights  into  the  differential  interactions  of  nanocarriers  with  different  charges  and drug-resistant  cells.  (a)  Flow cytometry  data  for  the  cellular
uptake of NG+ and NGn after pretreatment with various endocytosis inhibitors, cytoskeleton regulatory inhibitors, and P-gp inhibitors. All inhibitor-treated groups were
compared with the untreated control group. (b) CRFC of NG+ and NGn co-incubated with MCF-7/ADR cells pre-treated with multiple inhibitors for 1 h. (c) Statistical
graphs showing individual data points indicating fluorescence lifetime τ of 40 selected regions-of-interest (ROIs) across three biological replicates. (d) Images showing the
change  in  fluorescence  lifetime  (τ)  in  ns  of  Flipper-TR  probe  in  MCF-7/ADR  cells  treated  with  NG+.  Time-lapse  images  were  captured  at  several  intervals.  Enlarged
regions show the changes in membrane tensions of individual cells. Scale bar = 20 μm. (e) Graphs showing individual data points indicating the change in τ (Δτ) after (i)
30 s, (ii) 60 s, (iii) 3 min, (iv) 30 min and (v) 1 h of 20 selected ROIs across three biological replicates. Δτ is calculated as the difference between the τ of an ROI after n
seconds of NG+ addition (τns) minus the initial τ before NG+ addition (τ0s). MA: MCF-7/ADR cells, M: MCF-7 cells, H: HUVEC cells. Statistical analysis was performed via
One-Way analysis of variance (n = 20, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). (f) Calculated fluorescence polarization value of DPH probe. Statistical
analysis was performed via One-Way analysis of variance (n = 3, *P < 0.05, **P < 0.01, and ***P < 0.001). (g) Schematic diagram illustrating the process of NG+ and NGn

entering drug-resistant cells and the related influencing factors.
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membrane tension, but their dynamic nature and large fluctuations
result in a lack of statistically significant Δt values.

To  further  elucidate  the  interaction  between  NGs  and  drug-
resistant cells, we also examined the efflux behavior of NGs in drug-
resistant and drug-sensitive cells, as shown in Fig. S22 in the ESM,
suggesting  that  drug-resistant  cells  have  a  stronger  efflux  capacity,
and  highlighting  the  strong  uptake  and  internalization
characteristics of NG+ in drug-resistant cells. During co-incubation,
NGs  were  present  in  relative  excess,  as  indicated  by  the  stable
fluorescence intensity (Fig. S22(a) in the ESM). After replacing the
culture medium containing NGs with fresh medium and culturing
the cells for 12 h, flow cytometry revealed minimal efflux in drug-
sensitive cells. Conversely, the drug-resistant cells co-incubated with
NGn exhibited  a  gradual  decrease  in  fluorescence,  demonstrating
their  robust  efflux  capability,  while  those  co-incubated  with  NG+

maintained steady fluorescence (Fig. S22(b) in the ESM). Therefore,
in our previous study, which was primarily conducted under 1 h co-
incubation  conditions,  the  low  fluorescence  intensity  of  NGn

observed  within  drug-resistant  cells  was  mainly  not  due  to  efflux
behavior.  Although  it  is  widely  acknowledged  that  efflux  pump
proteins,  such  as  P-glycoprotein,  typically  expel  molecular-level
substances  [98−101],  and  affect  the  exocytosis  of  some  dendritic
polymers  [102],  we  hypothesize  that  the  drug-resistant  cells
characterized  by  their  resistance-related  proteins,  decreased  cell
membrane fluidity and unique cytoskeletal structures (as evidenced
by  the  distinct  actin  patterns  in  Fig.  S14  in  the  ESM),  may  also
possess an enhanced ability to expel or resist foreign nanoparticles.
Surprisingly,  NG+ can  overcome  this  efflux  behavior  better  than
NGn (Fig.  S22(b)  in  the  ESM),  and  thus  our  focus  is  on  the  entry
mechanisms of these nanocarriers into the cells.

Furthermore,  we calculated the CRFC values for the interaction
between NGs and drug-resistant cells following treatment with the
aforementioned  inhibitors  (Fig.  4(b)).  The  impact  of  these
inhibitors  has  more  or  less  altered  the  distribution  of  NGs  on  the
membrane  or  their  internalization  into  the  cells,  which  is  also
associated  with  changes  in  membrane  properties  that  lead  to
variations in internalization capacity.  For NGn,  inhibitor  treatment
did  not  alter  its  mode  of  internalization  but  only  affected  the
quantity  entering  the  cells.  In  contrast,  for  NG+,  the  CRFC  values
increased  to  varying  degrees,  indicating  that  the  three  inhibitors
with  general  inhibitory  effects  slightly  affected  the  distribution  of
NG+,  while  the  two  P-gp  inhibitors  significantly  enhanced  the
process of NG+ entering the cells. This suggests that P-gp inhibitors
increase  the  membrane  fluidity  of  drug-resistant  cells,  facilitating
easier NGs entry,  which is  also the primary reason for the notable
increase in fluorescence intensity (Fig. 4(a)). All these influences are
summarized in Fig. 4(g).

 2.5    Membrane-anchoring  directed  cellular  uptake  as  a
universal  strategy  for  potentially  overcoming  cancer
resistance
To gain insights into how nanocarriers with varying positive charge
gradients  interact  with  different  cell  types,  and  to  develop  a
universally applicable platform for studying drug-resistant cells, we
further  designed  two  types  of  positively  charged  nanocarriers  by
controlling  the  quaternization  degree  and  polysaccharide  ratios.
The  main  components  of  this  series  of  positively  charged
nanocarriers are quaternized chitosan oligosaccharides (qCOS) and
quaternized chitosan (qCS), with their 1H NMR spectra provided in
Fig. S23 in the ESM. The quaternization degrees of substitution for

qCS,  qCOS-1,  and  qCOS-2,  corresponding  to  NG+55,  NG+38,  and
NG+17,  are 50%, 43%, and 34%, respectively (Table S1 in the ESM).
Notably,  NG+38 is  the  same as  the  previously  mentioned NG+.  The
TEM  images,  hydrated  dynamic  diameters,  and  zeta  potentials  of
these nanocarriers are presented in Fig. 5(a) and Figs. S24 and S25
in  the  ESM.  Figure  S26  in  the  ESM  illustrates  the  zeta  potential
stability of the NGs with different charge gradients over seven days.

To  verify  the  interaction  patterns  between  NGs  with  different
charge  gradients  and  various  cells,  we  co-incubated  all  these  NGs
with  MCF-7/ADR  (drug-resistant),  MCF-7  (drug-sensitive),  and
HUVEC  (normal)  cells  for  1  h,  and  the  calculated  CRFC  was
shown  in Fig.  5(b).  The  results  revealed  a  consistent  trend:
positively  charged  nanocarriers  exhibit  a  significantly  higher
anchoring  rate  on  the  cell  membrane  compared  to  negatively
charged  and  uncharged  nanocarriers.  This  effect  is  more
pronounced  in  drug-resistant  cells,  while  drug-sensitive  cells  and
normal  cells  show  relatively  similar  behaviors.  Moreover,  as  the
charge intensity  increases,  the anchoring rate  of  positively  charged
nanocarriers on all types of cell membranes also increases.

To further investigate the impact of pure charge gradients on the
interaction  between  nanocarriers  and  cells,  we  conducted  the  co-
incubation experiments at 4 °C, thereby minimizing various normal
biological  activities  of  the  cells  themselves  and  the  energy-
dependent  processes  such  as  endocytosis  [103],  and  compared
them with  the  results  obtained from experiments  conducted at  37
°C.  As  presented  in Figs.  5(c) and 5(d),  at  37  °C,  the  fluorescence
intensity  and  distribution  of  NGs  in  drug-resistant  and  drug-
sensitive cells are similar to what was previously described, with the
uptake  of  NGs  in  drug-resistant  cells  varying  according  to  surface
charge,  while  drug-sensitive  cells,  primarily  relying  on endocytosis
for  NGs  entry,  maintained  high  fluorescence  levels.  At  4  °C,  the
behavior  of  these  nanocarriers  in  both  cells  became  more  similar,
and  the  fluorescence  intensity  showed  a  gradient  correlation  with
the  nanocarriers'  surface  charge.  And  overall,  the  fluorescence
intensity at 4 °C is correspondingly lower than that at 37 °C.

Considering  the  impact  of  low-temperature  conditions  on  a
series  of  cellular  physiological  activities,  we  conducted  control
experiments at 4 °C to elucidate changes in membrane fluidity and
P-glycoprotein activity in drug-resistant cells. A series of membrane
fluidity assays (Figs. S27 and S28 in the ESM) revealed a reduction
in membrane fluidity in both drug-resistant and drug-sensitive cells
at  4  °C,  which  primarily  contributed  to  the  observed  decrease  in
cellular  uptake  across  all  groups,  particularly  for  NGn and  NG− in
drug-sensitive cells. In contrast, NG+ maintained strong membrane
anchoring  via  electrostatic  interactions,  exhibiting  minimal
susceptibility  to  fluidity-mediated  internalization.  Although  P-gp
activity assays (Fig. S29 in the ESM) indicated partial inhibition of P-
gp  function  under  4  °C  conditions,  most  P-gp  retained  relatively
high activity. However, the influence of P-gp on membrane fluidity
was  outweighed  by  the  dominant  effect  of  temperature  reduction,
leading  to  an  overall  decline  in  fluorescence  intensity  in  drug-
resistant cells.

These  results  suggested  that  at  4  °C,  the  internalization  process
mediated  by  membrane  fluidity  and  related  factors  is  significantly
restricted  due  to  the  hypothermic  suppression  of  cellular  activity,
causing  drug-sensitive  cells  to  exhibit  behavior  resembling  that  of
drug-resistant cells. Under these conditions, the interaction between
nanocarriers and cells is predominantly driven by the properties of
the charged nanocarriers themselves. Meanwhile, positively charged
nanocarriers can maintain a higher presence on the cell membrane
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through  electrostatic  interactions  with  the  negatively  charged  cell
membrane,  resulting  in  membrane  anchoring  effects  and  higher
fluorescence intensity.

Furthermore, to verify the universality of the interaction patterns
between  charge  gradients  nanocarriers  and  cells,  we  extended  our
investigation  to  various  drug-resistant  cancer  cells  (MCF-7/ADR,
A549/PTX, SKOV3/PTX cells), drug-sensitive cancer cells (MCF-7,
A549, SKOV3 cells), and normal cells (HUVEC cells). As shown in
Figs.  6(a)–6(c),  and  detailed  in  Figs.  S30–S37  in  the  ESM,  across
different  cell  types,  nanocarriers  with  the  same  charge  gradient
exhibited  consistent  distribution  behavior,  demonstrating  good
universality. For example, in drug-sensitive cells, all charge gradient
nanocarriers exhibited relatively high fluorescence intensities, while
positively  charged  nanocarriers  tend  to  accumulate  near  the  cell
membrane site, in contrast to the cytoplasmic enrichment observed
with NGn and NG−. As can be quantitatively seen from Fig. 6(b), in
drug-sensitive cell lines (MCF-7, A549, SKOV3, and HUVEC cells),
the CRFC values of NG+ were consistently slightly lower than those
of NGn or NG−. However, in drug-resistant cells, negatively charged

and  uncharged  nanocarriers  exhibited  significantly  lower
fluorescence  intensities,  and  were  nearly  invisible  in  the  confocal
microscope  images  (Fig.  6(a)).  Positively  charged  nanocarriers,  on
the  other  hand,  maintained  high  fluorescence  intensities,  with  a
substantial  portion  anchoring  on  the  cell  membrane.  This
phenomenon  is  more  prominently  reflected  in  the  low  CRFC
values  shown  in Fig.  6(b).  Moreover,  the  CRFC  values  of  NG+ in
drug-resistant  cells  were  significantly  different  from  those  in  the
corresponding  drug-sensitive  group,  indicating  distinct
distributions  of  NG+ in  different  cell  types  and  highlighting
significant differences in cellular interactions between drug-resistant
and drug-sensitive cells. This finding is consistent with our previous
observations  and  suggests  that  our  platform  may  be  broadly
effective across multiple cell types.

To establish the generalizability of our approach within authentic
clinical  models  of  drug  resistance,  here  we  evaluated  the  clinical
applicability  of  these  interaction  patterns  using  pleural  effusion
specimens  collected  from  lung  cancer  patients  exhibiting
therapeutic  refractoriness.  Three  pleural  effusions  from  drug-

 

Figure 5    Exploring  the  regular  characteristics  of  nanocarrier  surface  charge  variations  in  their  interactions  with  drug-resistant  cells.  (a)  Zeta  potentials  of  NGs  with
different charge gradients (NG−,  NGn,  NG+17,  NG+38,  NG+55); NG+38 corresponds to the previously mentioned NG+.  (b) CRFCs of NGs with different charge gradients co-
incubated with drug-resistant cells  (MCF-7/ADR cells),  drug-sensitive cells  (MCF-7 cells),  and normal cells  (HUVEC cells)  for 1 h,  respectively.  Statistical  analysis was
performed via One-Way analysis of variance (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001). (c) Flow cytometry data of NG−, NGn, NG+17, NG+38, NG+55 co-
incubated with drug-resistant cell (MCF-7/ADR cell) or drug-sensitive cell (MCF-7) at 37 or 4 °C for 1 h. (d) Comparative confocal microscopy analysis of NG+, NGn, and
NG− after 1-h co-incubation with drug-resistant cancer cells (MA: MCF-7/ADR cells) at 37 or 4 °C. Scale bars = 10 μm.
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Figure 6    Universal interaction patterns of nanocarriers with different charge gradients in various cell types, including drug-resistant cells, drug-sensitive cells, and normal
cells. (a) Confocal microscope images of NGs with different charge gradients co-incubated with drug-resistant cell (MCF-7/ADR cell, A549/PTX cell, and SKOV3/PTX
cell),  drug-sensitive  cell  (MCF-7  cell,  A549  cell,  and  SKOV3  cell)  and  normal  cell  (HUVEC  cell)  for  1  h.  Scale  bar  =  10  μm.  (b)  CRFCs  of  NG+,  NGn,  and  NG− co-
incubated with drug-resistant cancer cells, drug-sensitive cancer cells and normal cell for 1 h, respectively. (c) Flow cytometry data of NG+, NGn, and NG− co-incubated
with drug-resistant cell, drug-sensitive cell and normal cell for 1 h. (d) Schematic illustrations of the treatment of pleural effusion from drug-resistant clinical samples. (e)
Confocal microscope images of NGs with different charge gradients co-incubated with patient-derived cancer cells from drug-resistant clinical samples (CS-1, CS-2, and
CS-3) for 1 h. Scale bar = 10 μm. (f) CRFCs of NG+, NGn, and NG− co-incubated with patient-derived cancer cells (CS-1, CS-2, and CS-3) for 1 h, respectively. (g) Flow
cytometry  data  of  NG+,  NGn,  and NG− co-incubated with patient-derived cancer  cells  (CS-1,  CS-2,  and CS-3)  for  1  h.  Statistical  analysis  was  performed via  One-Way
analysis of variance (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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resistant clinical samples were processed to remove non-tumor cells
and enrich patient-derived cancer cells (denoted as CS-1, CS-2, and
CS-3),  and  then  were  co-incubated  with  NG+,  NGn,  and  NG−

(Fig.  6(d)).  Comprehensive  characterization  of  patient-derived
cancer  cells  isolated  from  drug-resistant  clinical  samples  via  P-
glycoprotein  quantification  (Fig.  S38(a)  in  the  ESM)  and  FRAP-
based membrane-fluidity analysis (Figs. S38(b)–S38(d) in the ESM)
reveals  that  these  cells  exhibit  markedly  elevated  P-glycoprotein
expression  (distributed  non-unimodally,  likely  due  to  the
heterogeneity  of  patient-derived  cancer  cells)  concomitant  with
reduced membrane fluidity, thereby confirming their drug-resistant
property.  Confocal  microscope  images  (Fig.  6(e),  detailed  in  Figs.
S39–S41  in  the  ESM)  and  the  corresponding  CRFC  analysis
(Fig.  6(f))  demonstrated that NG+ exhibits  pronounced membrane
enrichment, which ensures a substantial intracellular accumulation
of  nanocarriers.  In  contrast,  both  NGn and  NG− display  markedly
diminished  fluorescence  intensities—an  observation  corroborated
by  the  flow-cytometric  data  presented  in Fig.  6(g).  Besides,  the
CRFC analysis  further revealed that the diminished internalization
arises  from  a  drug-resistance-associated  decline  in  cellular  uptake
competence  and  a  consequent  reduction  in  nanocarrier  entry.
Collectively,  these  findings  substantiate  the  clinical  applicability  of
the charge-gradient nanocarriers interaction paradigm with patient-
derived  cells,  establishing  a  robust  foundation  for  subsequent
investigations into drug-resistance diagnostics and in-situ treatment
of refractory cancers.

 3    Conclusions
In  this  study,  we  explored  the  interaction  patterns  between
nanocarriers  with  different  surface  charge  gradients  and
heterogeneous  cancer  cells,  especially  drug-resistant  cancer  cells.
The CRFC was proposed to quantify the cell membrane anchoring
capabilities  of  the  nanocarriers.  Negatively  charged  and  neutral
nanocarriers  are  primarily  internalized  by  drug-sensitive  cancer
cells and show significantly reduced uptake in drug-resistant cancer
cells.  In  contrast,  positively  charged  nanocarriers  can  anchor  onto
the cell membrane via electrostatic interactions, leading to efficient
internalization  by  drug-resistant  cancer  cells.  Using  glycan
nanocarriers  with  various  charge  gradients,  we  investigated  the
mechanisms  and  influencing  factors  of  these  interactions,
summarizing  them  into  three  key  aspects:  (1)  clathrin-related
endocytosis pathway; (2) cytoskeleton-structure-related factors; and
(3)  P-glycoprotein-related  decreased  cell  membrane  fluidity.
Ultimately,  we  extended  the  applicability  of  glycan  nanocarriers
with different charge gradients to various drug-sensitive and drug-
resistant  cancer  cells,  as  well  as  to  clinically  relevant  drug-resistant
models.  This  suggests  their  potential  as  a  generic  platform  for
exploring and delivering in-situ treatment for diverse drug-resistant
cancers.  Moreover,  by  leveraging  the  cell  membrane  anchoring
characteristics  of  highly  positively  charged  nanocarriers,  we  can
conduct  in-depth  research  into  cancer  drug  resistance  behaviors
and mechanisms, providing new insights for overcoming cancer.

 Electronic  Supplementary  Material: Supplementary  material
(further  details  regarding  material  synthesis  and  operation,  CRFC
analysis  protocol,  membrane  fluidity  measurement,  CLSM
imaging,  TEM  imaging,  flow  cytometry  data,  P-gp  measurement,
etc.)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907906.
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