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Introduction

Rapid plasma membrane reorganisation and
endocytosis in HER2 breast cancer cells
incubated with trastuzumab decorated polymer
nanoparticles

Carwyn S. Hughes,? Saeed Tayeb,®® Duncan Muir,© Anthony J. Hayes,®
Peter Watson® and Arwyn T. Jones (&) *?

Knowledge on HER2+ breast cancer biology has informed drug design leading to targeted therapies
giving improved clinical outcomes. Drug resistance and disease relapse, however still drive a continuous
need for more efficacious and reliable therapeutics. Nanoparticles (NPs) as HER2 targeting nanomedi-
cines offer new hope for selective targeting of HER2 within and beyond solid tumours, together with con-
comitant delivery of therapeutic cargo. For initial preclinical characterisation, studies on NP endocytosis
and drug delivery are often performed in HER2+ breast cancer cell models, but information on initial
NP-HER2 dynamics at the plasma membrane and how this impacts endocytic uptake and delivery
efficiency is largely missing. Here using polymer poly(lactic-co-glycolide) acid NPs decorated with
different valencies of the HER2 targeting monoclonal antibody trastuzumab, we have designed
approaches to immediately study the impact of NP-HER2 targeting on high and low HER2 expressing
breast cancer cell models. Using resonant scanning confocal imaging of live cell plasma membrane
dynamics, we show in very high detail and within 10 minutes of cell exposure of the receptor to the NPs,
extensive blebbing and ruffling of the plasma membrane, manifesting before much longer uptake of the
NPs into the cell interior. Plasma membrane reorganisation was rapidly reversible, with cells reaching
baseline morphology in 30 minutes. Our findings were confirmed at the ultrastructural level by scanning
electron microscopy in cells fixed within 10 and 30 minutes of exposure to the NPs. Endocytic traffic of
the NPs was in part directed to lysosomes and we discover a relationship between antibody valency and
the ability of the NPs to deliver the chemotherapeutic agent doxorubicin to mediate cell
death. Knowledge gained from these studies offers new approaches to study NP-cell dynamics in
different NP-receptor settings and how receptor targeting influences plasma membrane organisation,
endocytosis and delivery.

major limitation.>* Efforts to address this challenge have

included using trastuzumab as an antibody drug conjugate

Breast cancer remains a global health concern with 2.3 million
new cases and 670 000 deaths reported in 2022. Of these cases,
15% were classified as HER2+, representing cells that overex-
press the HER2 growth factor receptor.' In 1998 the HER2 tar-
geting monoclonal antibody trastuzumab was FDA approved
for treating HER2+ breast cancer and despite improving thera-
peutic outcomes, resistance to trastuzumab has emerged as a
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with Kadcyla representing an example, with the antibody
attached to the microtubule disrupting drug emtansine.” The
success of treating patients with trastuzumab alone or as an
ADC largely relies on inhibiting the ability of HER2 to signal
growth and cell division, to mediate antibody mediated cell
cytotoxicity and also endocytosis of the trastuzumab-HER2
complex to endolysosomes to enable payload release and also
proteolytic degradation, and thus downregulation, of the
receptor. This for HER2 is a particular challenge as the recep-
tor has inherent resistance to endocytosis mediated by a
number of factors.””

We previously identified that strategic crosslinking of HER2
on the plasma membrane of HER2+ breast cancer cells incu-
bated with trastuzumab resulted in a dramatic increase in
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endocytosis of the antibody and receptor leading to lysosomal
degradation of the latter.>® This opens up opportunities for
further studies, such as those showing that engineered bipara-
tropic antibodies can mediate the same effects,'® or the possi-
bility of combining multiple antibodies on a single platform.
For this, nanoparticles offer an approach that can harness the
benefits of selective cell targeting via, for example ligand con-
jugation, with encapsulation of a drug for its uptake and intra-
cellular release from endolysosomes. NPs decorated with tras-
tuzumab have been developed for carrying a number of drugs,
based on polymer, liposome and inorganic frameworks."'™** A
N-(2-hydroxypropyl)methacrylamide (HPMA) polymer formu-
lation decorated with a HER2 targeting polypeptide affibody
was designed based on the hypothesis that it could mediate
HER2 crosslinking."* Developed formulations showed very
high capacity for internalisation to HER2+ ovarian cancer cells
with concomitant paclitaxel delivery to cause cell toxicity.

The described in vitro characterisation of nanotherapeutics
targeting breast and other cancers is most often based on
initial pre-clinical analysis in suitable cell lines and pro-
gression to in vivo studies in xenograft models. Very few of
these or other NP-cell studies have attempted the challenge of
immediately (minutes rather than hours/days) analysing their
effects on cells and how this could influence uptake and cargo
delivery. Analysis of these early timepoints is important to
understand how cells immediately respond to the drug delivery
challenge. It, for example, informs on how activation of the
plasma membrane could dictate the mechanism of uptake
that will ultimately influence endocytic traffic to a specific sub-
cellular destination - this will affect its performance as a thera-
peutic entity. In this study we prepared a range of PLGA based
nanoparticles containing different trastuzumab valencies and
developed a Resonant Scanning Confocal Microscopy tech-
nique to demonstrate in living cells how binding to HER2
caused, within 10 minutes, extensive and reversible plasma
membrane remodelling. The extent of the impact on the
plasma membrane also influenced the ability to which they
were able to deliver doxorubicin to cause cell toxicity.

Experimental
Materials

Unless otherwise described all materials were from Fisher
Scientific.

Cell culture

All cell lines were obtained directly from LCG Standards UK,
the UK supplier of authenticated American Type Culture
Collection (ATCC) cells. SKBR3 and BT474 breast cancer cells
were used as the high expressing models (HER2'") positive
models whilst MCF7 cells were used as a low-HER2 expression
model.*® All cells were cultured at 37 °C in a 5% CO, humidi-
fied atmosphere (referred to as tissue culture conditions) in
high-glucose Dulbecco’s Modified Eagle Medium (DMEM) con-
taining phenol red and supplemented with 10% v/v foetal
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bovine serum (FBS)-designated complete medium. Cells were
routinely passaged upon reaching 70% confluency. For live cell
imaging the media was replaced with phenol red free RPMI
supplemented with 10% v/v FBS; here referred to as imaging
medium.

NP manufacture & characterisation

For PLGA NP manufacture 50 mg of both poly(lactic-co-glyco-
lic) acid (PLGA, lactide: glycolide 50:50, M, 30 000-60 000,
P2191 Sigma-Aldrich) and pegylated PLGA-COOH (PEG average
M, 5000, PLGA average M, 15000, lactide: glycolide 50: 50,
902071 Sigma-Aldrich) were dissolved in 8 ml of acetone which
was then added dropwise to a 14 ml 2% PVA wiv (M,
89 000-98 000, 98+% hydrolyzed, 341584 Sigma Aldrich) solu-
tion in water and left to stir overnight - depending on NP
cargo, 10 mg of Doxorubicin (Dox) (Stratech Scientific) or 1 mg
of rhodamineB (RhB) (Sigma-Aldrich) was added to the PVA
solution to prepare respectively PLGA-Dox or PLGA-RhB.
Following acetone evaporation, the NPs were centrifuged at
14 000g for 15 min at 4 °C and washed repeatedly by aspirating
the supernatant then resuspending the NPs in distilled water
then sonicated at 300 W on ice for 60 seconds (two 30 s inter-
vals with 10 s pause in-between) using a Soniprep 150 probe
sonicator. The NPs were then again centrifuged and washed as
previously described. This was repeated for a minimum of 5
cycles. NP concentration was determined using a Malvern
Nanosight LM10 nanoparticle tracking analysis. NPs and
Trastuzumab (Tz, a kind gift from the Velindre Cancer centre,
Cardiff UK) were added together in a 10: 1 or 30 : 1 molar ratio
(Tz:NP) on ice under anaerobic conditions prior to adding a
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethyl-
amionopropyl)carbodiimide (EDC) solution giving final con-
centrations of 50 mM and 100 mM respectively prior to a
further 3 h incubation under these conditions, providing us
with Tz decorated NPs. The NPs were centrifuged, washed,
sonicated and their concentration remeasured. Size and zeta
potential measurements were performed using a Malvern
Zetasizer Nano ZS. For morphology analysis NPs were air dried
overnight onto glass coverslips that were then gold-palladium
sputter coated (BioRad SC-500 for sputter coating with argon
gas for plasma) and imaged using a Zeiss Sigma HD Field
Emission Gun Analytical SEM. The generated NP formulations
are listed in Table 1. Particle valency was determined by com-

Table 1 Characterisation of NP preparations used in this study. Data
from a representative batch measured in triplicate. Results represent
mean and standard deviation

Nanoparticle Size (nm) PDI Zeta potential (mV)
PLGA 182.18 + 35.68 0.14 + 0.09 —19.84 £ 9.09
PLGA-TZ 205.80 = 12.85 0.11 + 0.06 —11.87 £ 11.92
PLGA-RhB 216.96 + 21.26 0.17 + 0.06 -3.50 £ 4.01
PLGA-RhB-Tz 207.40 = 8.03 0.14 + 0.03 1.87 £0.52
PLGA-Dox 197.70 £ 27.99 0.16 + 0.09 —27.65 £ 9.26
PLGA-Dox-9Tz 193.03 +4.38 0.06 + 0.01 —7.13 £5.69
PLGA-Dox-21Tz 209.95 +13.30 0.13 + 0.08 —15.23 £ 2.80

© 2026 The Author(s). Published by the Royal Society of Chemistry
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paring the fluorescence of a known concentration of unloaded
nanoparticles against a standard curve generated with Tz488.
We assume the degree of valency to be the same between
unloaded and Dox-loaded NPs.

Encapsulation efficiency

To determine the efficiency of Dox encapsulation, a portion of
the NPs were dissolved in DMSO and the concentration of the
Dox within was compared against a standard curve of known
concentrations. Each datapoint was prepared in triplicate in a
clear-bottomed 96 well plate and the absorbance at 490 nm
was measured using a Tecan infinite M-plex plate reader.

Binding and endocytosis of NPs

Cells were grown in MatTek dishes (MatTek Corporation) until
70% confluent, then following removal of the media they were
incubated with 500 pg ml™" PLGA-RhB-Tz in complete media
under tissue culture conditions for 5 hours. Following 2x
washes in imaging media the cells were imaged by confocal
microscopy on a Leica SP5 confocal laser scanning microscope
equipped with a 37 °C heated stage, CO, perfused humidified
chamber (ibidi), 488 nm Argon, 543/633 nm HeNe lasers and a
100x oil immersion objective. Images were then processed
using FIJI. All fluorescence microscopy studies were performed
on this instrument.

Analysis of NP endocytosis to lysosomes

Cells were treated with 75 pg ml™' Dextran-647 in complete
medium for 2 hours, washed 3 times prior to incubation with
500 pg ml~" PLGA-Tz488 for 24 hours before 3x washing and
then immediately analysed in imaging medium by confocal
microscopy as previously described.'®'” To allow for compara-
tive analysis of endocytic traffic, cells were treated with
dextran-647 and washed as previously described however
rather than adding NPs they were treated with dextran-488 for
24 hours before being washed and imaged. Pearsons and
Manders colocalization coefficients were obtained for each
individual slices of the z-stacks taken. To calculate the coeffi-
cients the Otsu thresholding algorithm was used to threshold
each individual slice and then the BIOP JACoP plugin was run
in image]."®'® The data shown represents coefficient values
from one representative slice per individual z-stack.

Analysing plasma membrane organisation

Cells were grown in complete medium in MatTek dishes until
70% confluent. Prior to staining, the cells were washed and
equilibrated in imaging medium for 10 min under tissue
culture conditions then stained for 10 min with 1x CellMask
Deep Red (ThermoFisher). Cells were then washed with
imaging medium and then treated with 500 pg ml™' of
PLGA-21Tz with imaging commencing immediately following
treatment and continuing for 10 min. To minimise the poss-
ible impact of temperature changes the various treatments,
washes and stains were kept at 37 °C throughout. For the
monitoring of cell ruffling across a single focal plane each
frame was acquired every 4.9 seconds. Quantification of these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cell ruffles was done by using a plugin that measures the total
cell-free area over time.”® For 3D visualization, imaging was
performed utilising the resonant scanner of the microscope
allowing acquisition of a complete z-stack in <30 seconds, with
the data then displayed as maximum intensity projections. For
temporal colour coding and mapping these projections we
used the temporal colour code in FiJi.*! BitPlane Imaris soft-
ware was used to generate cell surface representations of live
3D data stacks.

SEM imaging of membrane ruffling

Analysis was based on our published method with some
minor modifications.” SKBR3 cells were grown on coverslips
within a 12 well plate and treated with 500 pg ml™* PLGA-21Tz
in complete media for 10 min under tissue culture conditions
prior to 3x washing in PBS. The cells were then immediately
fixed with 2% glutaraldehyde in PBS (Sigma-Aldrich) for
30 min, washed 3x with PBS prior to post fixing in 1% v/v
osmium tetroxide in PBS for a further 30 min. Cells were then
washed 3x with PBS then dehydrated using sequential 10 min
incubations with increasing concentrations of ethanol (50%,
60%, 70%, 80%, 90%, 95%, 100% x 3) diluted with water. The
dehydrated cells were then subject to further 10 min sequen-
tial incubations using increasing concentrations of
Hexamethyldisilazane (HMDS) diluted in ethanol (50%, 60%,
70%, 80%, 90%, 95%, 100% x 3) before being air dried over-
night in a fume cupboard. Coverslips were then mounted onto
stage inserts and gold-palladium sputter coated (BioRad
SC-500 for sputter coating with argon gas for plasma) before
imaging by SEM (Zeiss Sigma HD Field Emission Gun
Analytical SEM) under an accelerating voltage (EHT) of 5.00 kV
with probe current of <100 pA and a working distance of
5 mm.

Cell viability analysis

The CellTiter Blue (Promega) metabolic assay was used to
determine cell viability. Cells (100 pl) were seeded in a black
96-well plate at a density of 4000 cells per well and left to grow
for 48 h prior to addition of PLGA-Dox-Tz (100 pl) of increasing
Tz valences (0-21 per NP). The number of particles added was
determined based on Dox concentration giving final well con-
centrations of 0-10 pM. Each treatment group was done in
duplicate and Triton X-100 (Tx-100) was used as positive cell
death control. After 72 hours the well media was aspirated and
replaced with 110 pl of cell titre blue solution (10 pl CTB in
100 pl complete medium). Cells were then incubated for
4 hours under tissue culture conditions and the fluorescence
recorded (560g,/590gm) on the plate reader (Tecan Infinite M
Plex). Cell viability was expressed as a percentage of untreated
diluent controls.

Statistical analysis

A two-way ANOVA was used to assess cell viability analysis for
statistical significance (p < 0.05) using Graphpad Prism. For all
experiments details on the numbers of repeat experiments are
provided in the figure legends.

RSC Pharm.



Paper

Results and discussion

PLGA, as an FDA approved polymer has been extensively
studied as a biodegradable nanoparticle scaffold affording
easy functionalisation that is capable of encapsulating a broad
range of cargos with therapeutic interest.>>** This interest has
already seen the development of PLGA based NPs encapsulat-
ing anti-cancer agents such as doxorubicin, including those
decorated with Tz for HER2 targeting.'"**” None of these
have reached the clinic and there is a general paucity of infor-
mation of cell and NP analysis immediately following their
initial interaction that is likely to influence how they enter
cells, by which mechanism, and how this relates to therapeutic
efficacy.>®*°

NP characterisation

PLGA NPs variants including Tz decorated variants were gener-
ated using nanoprecipitation based on established methods
and characterized as having an average size of approximately
200 nm (Table 1 and SI Fig. S1) with PDI of <0.2. SEM analysis
supports our size measurements highlighting their spheroidal
nature (Fig. 1). All NP formulations were negatively charged
with the exception of those containing RhB that were closer to
neutral (Table 1 and SI Fig. S1). For Dox encapsulation we
observed a low encapsulation efficiency of 55% (SI Fig. S2) due
to the passive encapsulation methodology utilised here as
compared to higher efficiencies observed using techniques
such as microfluidics or active drug loading.”"*® Overall, the
data on the physicochemical nature of our NPs agrees with
that of other PLGA NPs found within the literature, including
those decorated with Tz.>**>3*%3! Furthermore, using PLGA
NPs of this size, Shipunova et al. demonstrated that HER2
crosslinking was a feasible method to ensure the efficient
delivery of doxorubicin in vivo.>®

PLGA-Tz NPs binding and uptake in HER2"" cells

We initially confirmed that the NPs bound to the plasma
membrane in a Tz and HER2 dependant manner (Fig. 2).
Confocal microscopy analysis after 5 hours of PLGA-RhB-Tz488
incubation highlighted that they have a strong affinity for
HER2"" cells (SKBR3 and BT474) with very little, if any fluo-
rescence observed in the low HER2 expressing MCF7 model.
The labelling of the NPs with fluorescent Tz and RhB allowed

Fig. 1 SEM imaging of PLGA-Tz NPs. Scale bar 200 nm.

RSC Pharm.

RSC Pharmaceutics

Brightfield RhodamineB Tz488(NPs) Merge

MCF7 (HER2-low)

SKBR3 (HER2*")

Fig. 2 After 5 hours of treatment PLGA-RhB-Tz NPs show preferential
binding to HER2** breast cancer cells (BT474 and SKBR3). Scale bar =
20 pm.

us to identify the fluorophores as colocalising and highly
enriched on the plasma membrane, often as aggregates with
evidence of fluorophore separation inside the cells in smaller
structures that are likely to be endolysosomes that we then
characterise.

PLGA-Tz endocytosis to lysosomes

To further investigate the endocytosis of the particles and their
intracellular fate we used the fluid phase endocytosis and
macropinocytosis probe dextran that as a 10 kDa conjugate
will enter cells and traffic to lysosomes.'®!” We initially incu-
bated cells with this molecule as an Alexa 647 conjugate to
label the entire endolysosomal pathway and then incubated
the cells with the PLGA-Tz488 to identify whether they were
able to reach dextran labelled lysosomes; noting that during
the NP incubation phase the previously internalised dextran
would have trafficked to and accumulated in this organelle.
We also prepared experiments where the NPs were substituted
with dextran Alexa 488 that should be trafficked to the same
organelle as the Alexa 647 variant thus giving a representation
of high colocalization. Data in Fig. 3 highlights in both cell
lines, emissions from single fluorophores showing lysosomes
labelled with dextran alone, endosome containing NPs or lyso-
somes containing both. Given the lack of internalisation seen
in the MCF7 cells (SI Fig. S3) we consider that the uptake is
driven by Tz-HER2 binding rather than via any other non-
specific interactions between antibody and cell.

To quantify the degree of colocalization in lysosomes we
compared the coefficient value of the NPs/Dex647 against the
values for cells treated with Dex488/Dex647. Both Pearson and
Manders coefficients can be used to quantify colocalization
however each approach has limitations."® Both methods high-
lighted a higher degree of colocalization between the two
dextran probes but this was not 100% most possibly due to the
fact that the Pearson coefficient considers the difference

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Brightfield Dextran647 Tz488(NPs)

BT474

Paper

Fluorescent Merge Full Merge
L2

Fig. 3 PLGA-Tz and dextran internalization in HER2** cells. Colocalization between lysosome-labelling dextran647 and NPs decorated with fluor-
escently labelled Tz seen after 24 hours denoted by arrowheads. Single section shown, white box denotes the zoomed region. Scale bar = 20 ym.

between fluorophore intensity within individual endocytic
structures whilst the Manders coefficient reflects the fraction
of the second probe that is still residing in early and late endo-
somal compartments. Because of this we believe a combi-
nation of both coefficients provides a better understanding
about the nature of the colocalization. Table 2 highlights the
highest degree of NP-dextran647 colocalization can be seen in
the SKBR3 cells (0.396) using the Manders coefficient. The
higher equivalent Pearson coefficient in the BT474 cells (0.367)
combined with the lower Manders coefficient (0.252) suggests
that the NPs are more concentrated within the lysosomes
resulting in a more intense overall signal intensity but from
fewer sources. Across both cell lines whilst the estimated
overlap between the two dextrans is higher and could in theory
colocalize perfectly, in practice this is not the case and based
on this, we have also reported the coefficients as a % of what
should be the maximum colocalization achievable (SI Fig. S4).
The exact mechanism by which our Tz decorated NPs enter
cells is unknown. Based on their dimensions, and knowledge
on endocytic portals for macromolecules it would be assumed
that they would be too large for entry via clathrin-mediated or
clathrin-independent endocytosis (CME or CIE). An exception
is macropinocytosis and also phagocytosis, both representing
processes involving outward, though distinct, rearrangement

Table 2 Summary of the average colocalization coefficients seen
across our cells under different treatment conditions. Individual values
obtained from a single representative slice within individual z stacks.
NPs/Dex % represents the colocalization coefficients of the NP/Dex
treated group expressed as a % of the Dex488/Dex647 groups. N = 3

BT474 SKBR3
Coefficient Pearsons Manders Pearsons Manders
NPs/Dex 0.367 0.252 0.258 0.396
Dex488/Dex647 0.636 0.732 0.628 0.571
NPs/Dex % 57.724 34.449 41.128 69.292

© 2026 The Author(s). Published by the Royal Society of Chemistry

of the plasma membrane.?** It is also unknown as to whether
the trafficking of the HER2-NP complexes follows the same
route as HER2 when it forms homodimers, or when it forms
heterodimers with other family members such as EGFR.**?%3*
Analysing HER2 endocytosis and recycling is challenging, with
evidence that in nature it can enter via CME and CIE pathways
and that it is recycled back to the plasma membrane.” There is
also little consensus as to the exact uptake mechanism of
HER2 when bound to Tz or any other soluble ligand or when
these are attached to drug delivery vectors. Given the size of
our nanoparticles however, it is unlikely that they are interna-
lised by either CME or CIE with most of the uptake being
attributed to macropinocytosis.>*” Whilst we considered the
possibility of studying this further using endocytic inhibitors,
we ultimately decided against this due to concerns about lack
of specificity and the potential effects on untargeted
pathways.3%3°

PLGA-Tz induced plasma membrane reorganisation

Based on our previous observations on the ability of Tz to
cluster HER2 and induce membrane ruffling we investigated
events at this location immediately following incubation of
cells with the NPs labelled with and without Tz.° Having estab-
lished the capacity of our NPs to selectively bind HER2 we
decided to control the degree of Tz488 binding to our particles
and measure this. Particle valency was determined by compar-
ing the fluorescence of a known concentration of labelled NPs
against a standard curve generated with Tz488. When generat-
ing NPs using a Tz: NP ratio of 10:1 or 30: 1, valencies were
calculated to be 8.8 and 21.1 respectively. However, the calcu-
lated valency from this, or other similar methods does not con-
sider the orientation of the antibodies and their accessibility
to the antigen. We could not reliably determine the valency of
the original PLGA-Tz NPs used in our study, created with a
much higher Tz:NP ratio. This is most likely due to excess
antibody causing stearic hindrance to binding, and further
analyses were conducted using only the two conjugates termed

RSC Pharm.



Paper

PLGA-9Tz and PLGA-21Tz from the 10:1 and 30:1 ratios
respectively. For phenotypic characterisation we separate mem-
brane reorganisation as blebbing and ruffling defined respect-
ively as actin-free membrane protrusions or actin-rich fold-like
membrane protrusions.’®*! To capture plasma membrane
activity in real time over the first 10 min of conjugate addition
to the cells we recorded the cells across a single focal plane
(Fig. 4 and SI Fig. S5). Time lapse imaging analysis shows the
dynamic fluidic nature of the plasma membrane in untreated
cells (Fig. 4, SI Movies S1 and S2) but also demonstrate pheno-
typic variation within a field of view and thus the population.
Prominent plasma membrane movements were visualised as
regions having different levels of blebbing and ruffling. To
indirectly quantify surface area changes we have utilised an
image] plugin that measures the amount of “cell free space”
available within a field of view. This showed an increase in
total cell area over time within both BT474 cells and SKBR3 (SI
Fig. S6). In the SKBR3 cells the untreated control show some
variation however it does not substantially deviate from the
baseline, in comparison the PLGA-21Tz treated cells show 10%
reduction in cell-free area. As for the BT474 cells there is far
less deviation in the untreated group representing their
clumped nature and a smaller 5% reduction in cell-free area.
While this approach provided us with rapid imaging acqui-
sition it became apparent that membrane reorganisation was
occurring outside of our field of view. We therefore developed
a resonant scanning confocal microscopy method to allow
more rapid data acquisition that also provided the cell profile
in 3D. Resonant scanners facilitate rapid acquisition of con-
focal 3D data stacks by driving a mirror at a high resonant fre-
quency, creating a sinusoidal laser scan that enables video-rate
frame acquisition. This minimizes phototoxicity and photo-
bleaching, which is essential for gentle, high-speed volumetric
imaging of living specimens. This allowed us to capture the
full depth of the cells at a timescale suitable to observe
changes in the whole plasma membrane and not of a single

Control

PLGA-21Tz
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section. This data can then be observed and examined as a
maximum intensity projection for each timepoint (Fig. 5) or as
a volumetric dataset (Fig. 6).

Using this method, we observe that cells incubated with
undecorated NPs showed similar phenotypes to untreated cells
(Fig. 5 and SI Movies S3-S10). However, the Tz-NPs caused,
within 5 min, extensive membrane reorganisation manifesting
as large membrane protrusions and ruffling that rapidly
appear and disappear; this is most apparent in the cells
treated with PLGA-21Tz. A greater extent of blebbing was noted
in the PLGA-9Tz conjugates, with the reason behind this being
hypothesised that it is due to the extent of HER2 binding influ-
encing downstream effects on plasma membrane organisation.
We hypothesise that this might be caused by an increasing
degree of stearic hinderance as the valency increases. Work
exploring HER2 affibody valencies on a HPMA polymer back-
bone have reported that HER2 binding influenced the internal-
isation of the conjugates with the possibility of “overcrowding”
reducing the degree of receptor crosslinking.'* Our previous
observations highlighted that HER2 crosslinking causes Erk
phosphorylation that is linked to actin polymerisation and
very likely to be involved in our observed effects with the Tz-
NPs.”*? By individually colour coding each frame of our
maximum intensity projections we are able to provide a tem-
poral map of cell surface events (Fig. 6A) with stationary area
of the image represented as white/grey, and moving areas
colour coded. This allows us to easily identify areas where
membrane restructuring occurs, and the lifespan of the
various protrusions.

Remodelling of the plasma membrane can lead to internal-
isation of extracellular fluid and local membranes through the
formation of macropinosomes. In order to visualise the cell
surface, volume data taken by the resonant scanner were pro-
cessed using Bitplane’s Imaris software to create a surface ren-
dered visualisation of the membrane. Overall 3D topography of
the plasma membrane across all cells can be followed over

Fig. 4 Effects on plasma membrane of SKBR3 cells incubated with PLGA-21Tz. Blebbing and ruffling highlighted with yellow and blue arrowheads,
respectively. Single section shown approximately 2 min apart immediately following treatment.
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SKBR3

Control

PLGA-9Tz PLGA NP

PLGA-21Tz
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Fig. 5 Effects on plasma membrane of cells incubated with PLGA particles containing different Tz valencies blebbing and ruffling highlighted with
yellow and blue arrowheads, respectively. Each panel individual frame is composed of a maximum projection of the full cell volume, shown approxi-

mately 2 min apart immediately following treatment.

PLGA NPs

Control

Fig. 6

_PLGA-21T2 _

(A) Effects on plasma membrane of cells incubated with both Tz decorated and undecorated PLGA NPs as a temporal map with corres-

ponding scale, the colour of the ruffles denotes when they occurred during the 10-minute imaging period. Regions used for Imaris image processing
denoted by coloured boxes. (B) 3D topography of the plasma membrane over time in cells treated with PLGA-21Tz. (C) Ruffle formation of selected

cell in B. Scale bars for (B) and (C) are 10 pm and 2 pm respectively.

time (Fig. 6B and SI Movie S11), with individual protrusions
forming cup-like structures that fold over and fuse with the
plasma membrane (example given in Fig. 6C and SI Movie
S12) when treated with PLGA-21Tz.

There is other evidence that HER2 crosslinking stimulates
rapid plasma membrane rearrangement. Zanidatamab, an
FDA approved antibody (Ziihera®) biparatopic antibody
binding two different extracellular regions of HER2 simul-
taneously, has been shown to crosslink HER2.**** In SKBR3

© 2026 The Author(s). Published by the Royal Society of Chemistry

breast cancer cells it formed HER2 “caps” or “microstructures”
across the plasma membrane during the first 15 min of treat-
ment that we believe to be the same structures/ruffling
observed in Fig. 4-6.

This aspect of the work demonstrates the importance of
obtaining a detailed analysis of membrane dynamics at early
timepoints in live cells so that any rapid reorganisation of the
plasma membrane caused by the formulation can be assessed.
Resonant scanning confocal microscopy allowed for clear
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identification of 3-dimensional structures forming at the
plasma membrane. For high spatial and temporal resolution
studies, lattice light sheet time lapse microscopy shows great
promise in providing higher resolution and a more complete
picture of surface dynamics over short periods of time.*

SEM imaging of plasma membrane reorganization

The 2D and 3D live cell imaging data gave us valuable insights
to rapid plasma membrane restructuring after NP-Tz addition.
We next investigated whether this could be captured in SKBR3
cells at ultrastructural level using SEM to explore similarities
in phenotype compared to previous work exploring the
addition of soluble Tz to specifically induce HER2 crosslinking
within 10 min of antibody addition.’ Fig. 7 shows the extensive
plasma membrane reorganisation observed in PLGA-21Tz
treated cells mirrored our previous observations® highlighting
several relatively large ‘petal-like’ ruffles across the surface of
the cell. Interestingly, we now show that these effects are
reversible as 30 min later the cells return to baseline ruffling.
It is well known that clustering receptors on the plasma mem-
brane affects plasma membrane dynamics especially if these
are, like HER2, signalling molecules with links to actin
dynamics.*®*” This can result in membrane ruffling manifest-

PLGA-NPs (10 Mins)

Control

RSC Pharmaceutics

ing as macropinocytosis and/or membrane blebbing as a
result of its detachment from the tethered cortical actin giving
it freedom to blister in the way that we show, with increased
hydrostatic pressure also contributing to the contracted
cells.***® A separate study could investigate how our NPs could
induce signalling pathways that cause ruffling and blebbing,
focusing for example on roles of RAC1 and other GTPases, Arp
and cofilin, and how signalling is switched off to regain
homeostasis.*’***° Interestingly reversibility on the same
timescale to shown here was observed with zanidatamab fol-
lowing its impact on membrane reorganisation.**

The observed effects on the plasma membrane are likely to
involve actin and our previous observations highlighted that
incubating cells with the actin disrupting agent cytochalasin D
inhibited the stimulatory effects of Tz mediated HER2 cross-
linking and endocytosis.” A detailed examination of the role of
actin in this process is now needed, but care must be taken
due to the global effects when using actin inhibitors on cell
morphology thus making data interpretation difficult.”*

Cell viability

Numerous studies have investigated encapsulating anti-cancer
agents within Tz-targeting nanoparticles (reviewed in Selepe,

PLGA-21Tz (10 Mins) PLGA-21Tz (30 Mins)

Fig. 7 SEM analysis of untreated and NP incubated SKBR3 cells for 10 min and for PLGA-21Tz for 30 min. Yellow arrowheads highlight prominent

ruffling. Scale bar = 1 pm.
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Fig. 8 Tz decoration confers NPs with the ability for selective drug delivery whilst altering the NP-Tz valency can result in more effective drug
delivery. Legend indicates Dox concentration, Tz concentration correlates to 2.5x that of Tz found in the PLGA-Dox-21Tz. * Denotes a significant
difference to the control untreated cells (p < 0.05, N = 3 from three independent biological replicates). Error bars represent SD.
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C.T. et al.).>® These include doxorubicin, utilised here to ident-
ify whether our particles showed any selective toxicity to HER2
expression and the impact of Tz valency. Unconjugated
PLGA-Dox NPs showed toxicity against all cell lines, irrespec-
tive of HER2 status (Fig. 8). Conversely, Tz decorated NPs
showed no significant toxicity against the MCF7 cells at equi-
valent dox concentrations. In the HER2" cell lines the Tz
decorated NPs showed very different profiles highlighting
higher relative toxicity that was significantly different to
untreated cells. Across both HER2™" cell lines increasing the
valency resulted in reduced toxicity. For this trend it is possible
that the additional antibodies were, by stearic hindrance,
resulting in less efficient NP binding. Indeed, as we have no
control over the orientation of Tz on the NP surface it is poss-
ible that this could also contribute to our findings and that it
could further compound potential stearic hinderance encoun-
tered when increasing the valency. Though we demonstrate
that our PLGA-Dox-Tz NPs are capable of selectively targeting
HER2"" to deliver Dox and offering greater selectivity than free
drug, the data highlights that increasing the concentration of
the targeting ligand across the surface of a nanoparticle does
not guarantee an improvement in drug delivery.

Conclusions

Here we highlight how detailed real time analysis of nano-
particle-ligand-plasma membrane interactions reveals
immediate effects on the cell surface dynamics. It is likely that
simultaneously targeting two HER2 epitopes or using a combi-
nation of two antibodies causes similar effects. It is also likely
that crosslinking results in cell signalling to induce blebbing/
ruffling manifesting as macropinocytosis. As HER2 is well
characterised as an endocytosis-resistant receptor, our studies
along with others, highlight that this crosslinking approach
could translate to more effective treatment options for HER2+
breast and other cancers.>****3* Our work also opens oppor-
tunities for gaining much needed knowledge on ligand
binding of decorated nanoparticles targeting other receptors
that are of therapeutic interest. However, further work will be
required to study if these changes in membrane dynamics
occur within an in vivo model.
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