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Surface-modified lipid nanocarriers are increasingly used as artificial antigen-presenting cells

for therapeutic applications in immunotherapy. Within these nanocarriers, the role of the

lipids is typically limited to providing structure/stability of the particle, to anchoring

a targeting moiety, and/or to altering the biodistribution of the nanocarriers in vivo.

However, lipid membranes also possess special thermodynamic properties that impact

their function. Here, we investigate the effect of the melting transition temperature of lipid

nanocarriers on the activation efficiency of an immortalized line of T lymphocytes. Using

an established in vitro activation assay and aCD3-functionalized lipid nanocarriers, we

screened a variety of lipid nanocarriers with respect to their capacity to activate T cells. We

observed a correlation between T cell activation efficiency and proximity of the melting

transition temperature of the lipid nanocarrier to the temperature at which the activation

study was conducted (37 °C). This relationship held across a variety of lipid compositions

and appeared to be more important than the lipid headgroup or chain length. This trend

was preserved when the activation temperature was shifted to 30 °C, supporting the role

of the nanocarrier membrane state for target cell activation and the potential impact of

phase-transition-related effects on nanocarrier activity. We conclude that lipid composition

is indeed an important parameter for lipid-based nanocarrier design, not only for the more

explored biochemical roles of the lipids but also for the thermodynamic properties the lipid

mixtures generate. Our results provide a new consideration in therapeutic nanocarrier

design that could significantly improve the efficacy of targeted nanocarrier formulations.
Introduction

The design of articial antigen-presenting cells (aAPCs) that target and activate T
cells, either ex or in vivo, has become an important approach for T cell
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immunotherapy. Among the various nanoparticles used to design aAPCs, lipid-
based nanoparticles are a popular choice due to their high biocompatibility
and low systemic toxicity in vivo.1–5 While several design principles have been
identied that enhance the biodistribution and compatibility of lipid-based
particles in vivo,6–9 there remain a surprisingly low number of approved aAPC
therapies for the clinic.10 This dearth of approved therapies for immune-cell
activation suggests a greater need for improved lipid nanocarriers that robustly
and efficiently activate their target cells.

To better improve the design of aAPCs, it is useful to consider the sequence of
events that T cells undergo during activation by an antigen-presenting cell. Specif-
ically, for T lymphocytes, there have been a number of studies uncovering the
complex processes that occur in the plasma membrane during activation.11–21 Upon
binding APC antigens, an immunological synapse is formed between the T cell and
antigen-presenting cell, triggering a downstream signaling cascade activated by the
inux of Ca2+ ions.11,12 The formation of the immunological synapse is accompanied
by a complex reorganization of the T cell membrane, referred to as “bullseye
formation”, during which the T cell receptors (TCRs) cluster in the center of the
bullseye.13,14 The asymmetry of the membrane in this region is reduced as phos-
phatidylserine (PS) lipids are relocated to the outer leaet, creating a negative charge
sink at the synapse and a local increase in lipid order.15–19 Simultaneously, local
deformations in the T cell membrane are necessary to bring antigens on the aAPC
and receptors on the T cell close enough to bind and initiate this process, requiring
local areas with increased elasticity.20,21 Altogether, the activation of T cells requires
rapid remodeling and reorganization of lipids and proteins on the T cell surface.

The dynamic rearrangements on the T cell membrane during synapse
formation and activation suggest that the properties of the aAPCs facilitating this
reorganization should enhance the efficiency of synapse formation and T cell
activation. Along these lines, several properties of aAPCs have been shown to be
important for T cell activation, including the biochemical identity and presen-
tation of antigens and co-stimulatory molecules, as well as physical characteris-
tics of the APCs and aAPCs themselves. Toward the former feature, the density of
activating antibodies, such as the commonly used anti-CD3 (TCR stimulus) and
anti-CD28 (costimulatory cue), has been shown to impact T cell activation.22,23

Toward the latter feature, it has been found that the size,24–26 shape,27–29 and
membrane uidity23,30 of the aAPC can impact aAPC efficacy. For example, the
rigidity of the aAPC membrane is an important parameter for the activation
process.14,20,31 Since TCRs cluster during activation, a corresponding mobility of
the activating antigen on the antigen-presenting cell is advantageous. Indeed,
spatial clustering of the targeting moiety has been shown to enhance its binding
efficiency to cellular targets.32–34 Together, these studies suggest a critical role of
the physical properties of functionalized aAPCs in effectively activating T cells.

While previous work has largely focused on the role of static physical prop-
erties of aAPCs in activating immune cells, perhaps a more important feature of
aAPCs is their capacity to undergo dynamic changes in their properties. Lipid
membranes and heterogenous cell membranes are able to undergo phase tran-
sitions, also known as melting transitions. Depending on their environment
(temperature, pH, pressure, salt concentration, etc.), lipids adopt distinct orien-
tations and phases within a bilayer, ranging from a less dense, disordered chain
orientation (liquid disordered phase, LD) to a more crystalline, highly ordered one
130 | Faraday Discuss., 2025, 259, 129–148 This journal is © The Royal Society of Chemistry 2025
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(gel phase, LO). Synthetic lipid membranes assembled frommixtures of lipids can
undergo melting transitions between phase states. At these transition points, the
membrane structure becomes highly dynamic, exhibiting large intrinsic uctua-
tions. The uctuations can lead to unusual or unexpected events, as properties
like compressibility, heat capacity, and area expansion coefficient diverge relative
to points below or above the phase transition point.35–38 While most studies on
lipid membrane transitions have focused on synthetic lipid mixtures, recent
studies have shown these transitions exist in biological membranes as well.39–41

These phase transitions are expected to play an important role in cooperatively
regulating various cellular functions such as transport processes, protein orga-
nization, and enzyme activities.42,43 For example, a membrane might get very so
at the phase transition point with an associated increased permeability relative to
points below and above the transition point, leading to enhanced signal
transduction.35–38,44 These prior results point to a potentially important but
overlooked property in the design of nanocarrier membranes for activating
signaling cascades in a target cell. Specically, nanocarriers designed with
a melting transition close to that of the target cell membrane's transition point
might best support dynamic rearrangements of lipids and proteins on both
membranes to efficiently drive cell synapse formation and activation.

Here, we set out to investigate the effect of the melting transition temperature of
nanocarrier membranes on the activation of T cells. Using an in vitro platform to
assemble aAPCs and assess T cell activation, we explored the effect of the nano-
carrier melting transition temperature and its proximity to the cell growth temper-
ature on T cell activation. Our results point to a new design consideration of surface
functionalized, lipid-based aAPCs to effectively promote target cell activation.

Experimental
Materials

The following lipids were purchased from Avanti Polar Lipids: 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), cholesterol, 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-[benzylguanine(polyethylene glycol)-2000] (18:1 PE PEG BG),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (ammonium salt) (18:0 PE PEG 2000), 1,2-di-(9Z-octadecenoyl)-sn-
glycero-3-phospho-L-serine (sodium salt) (18:1 PS; DOPS), 1,2-dilauroyl-sn-glycero-
3-phospho-L-serine (sodium salt) (12:0 PS; DLPS), 1,2-dimyristoyl-sn-glycero-3-
phospho-(10-rac-glycerol) (sodium salt) (14:0 PG; DMPG), 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (14:0 PC; DMPC), 1-stearoyl-2-myristoyl-sn-glycero-3-phos-
phocholine (18:0-14:0 PC), 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine
(14:0-16:0 PC), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (sodium salt) (14:0
PS; DMPS), 1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (18:1 (D9-trans)PE),
1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine (14:0-18:0 PC), 1,2-dipalmi-
toyl-sn-glycero-3-phospho-(10-rac-glycerol) (sodium salt) (14:0 PG; DPPG), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (16:0 PC; DPPC), 1,2-diheptadecanoyl-
sn-glycero-3-phosphocholine (17:0 PC), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-
serine (sodium salt) (16:0 PS; DPPS), 1,2-distearoyl-sn-glycero-3-phospho-(10-rac-
glycerol) (sodium salt) (18:0 PG, DSPG).

The uorescent dyes, 2-dimethylamino-6-lauroylnaphthalene (LAURDAN) and
3-((3-((9-(diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-yl)oxy)propyl)(dodecyl)
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 129–148 | 131
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(methyl)ammonio)propane-1-sulfonatem (NR12S), were purchased from Fisher
Scientic.

DNA preparation and protein expression

The aCD3 scFv-SNAP-tag plasmid was purchased from Twist Bioscience. The
plasmid is designed with a T7 promoter and terminator, a ribosomal binding site
and an N-terminal FLAG-tag, and a SNAP-tag based on a pJL1 vector. The DNA
sequence is provided in Table S1.† DNA was amplied and puried with a Pure-
Link™HiPure Plasmid Midiprep Kit (Invitrogen). The protein was expressed cell-
free with a PURExpress In Vitro Protein Synthesis kit (New England Biolabs) and
additional PURExpress Disulde Bond Enhancers (New England Biolabs). The
reaction was assembled on ice with 3.3 nM plasmid DNA and run for 16 h at 30 °C.
Aerwards, the protein was stored at 4 °C.

Liposome preparation

Liposomes were prepared via thin-lm hydration: 70 mol% of a phospholipid of
interest, 29 mol% cholesterol, 0.9 mol% 18:0 PE PEG 2000, and 0.1 mol% 18:1 PE
PEG BG were mixed in a glass vial in chloroform and gently dried under a ow of
nitrogen to create a thin lm of the lipid mixture. The lms were stored in
a vacuum overnight to remove residual solvent. Films were rehydrated with
phosphate-buffered saline (PBS) to a nal lipid concentration of 4 mM at 60 °C for
30–60 minutes and vortexed in between. The vesicle suspensions were extruded
through 100 nm lters (Whatman Nuclepore polycarbonate membranes) with
a Mini-Extruder set (Avanti) with 11 passes through the membrane to form
homogeneous large unilamellar vesicles. For functionalization, 4 ml of the aCD3
cell-free-expression crude mixture was incubated with 4 ml of liposomes for 2 h at
room temperature to allow for conjugation of the aCD3-SNAP-tag to liposomes
containing BG-lipids and was aerwards stored at 4 °C.

GUV preparation

Giant unilamellar vesicles (GUVs) were prepared via spontaneous swelling. Briey,
60 ml of a 2.5 mM lipid solution was diluted in 200 ml chloroform in a 20 ml glass
vial. Under a stream of nitrogen, the chloroform was evaporated and a thin lm
formed under constant rotation of the glass by hand. The vial was placed in
a vacuum for 2 h to remove residual solvent. 2 ml sucrose solution (295 mOsm) was
gently pipetted into the vial, which was then placed in a 60 °C oven overnight.
Without further vortexing of the lipid suspension, 1 ml of the volume was taken out
the next morning. To concentrate the GUVs, 200 ml of the suspension was carefully
pipetted into 1 ml glucose (295 mOsm). Aer 20–30 min, 20 ml of the bottom
fraction was collected and transferred to a new tube to either add the GUVs directly
to an imaging dish for quality control or to further conjugate the GUVs with 4 ml of
the aCD3 antibody fragment for 2 h at room temperature.

T cell activation

An in-house engineered Jurkat nuclear factor of activated T cells (NFAT) reporter
cell line (described in detail in ref. 34) was used for this study. Cells were cultured
in Roswell Park Memorial Institue (RPMI) 1640 medium (Gibco) with 10% fetal
132 | Faraday Discuss., 2025, 259, 129–148 This journal is © The Royal Society of Chemistry 2025
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bovine serum (FBS) (Gibco) and 1% penicillin–streptomycin (Gibco) at 37 °C with
5% CO2. For the activation study, 100 000 Jurkat cells in 100 ml full RPMI were
seeded into a well of a 96 well plate, per each condition and replicate. 8 ml of the
functionalized liposome suspension was added, and the plate was incubated
overnight at 37 °C with 5% CO2. As a positive control, phorbol 12-myristate 13-
acetate (PMA) (0.1 ng ml−1

nal) and ionomycin (2 ng ml−1
nal) (both purchased

from Sigma Aldrich) were added. For activation at 30 °C, the cells were incubated
in an incubator at 30 °C and 5% CO2. In total, for each lipid type at least 3 bio-
logical replicates have been measured at 37 °C with at least 2 technical replicates
for each biological replicate. For studies conducted at 30 °C, 3measurements with
2 technical replicates each were conducted.

Flow cytometry

Cells positive for green uorescent protein (GFP) were detected via ow cytometry.
Samples were diluted into 1 ml ow buffer (2 mM ethylenediamine tetraacetic
acid (EDTA), 1% FBS) and washed (centrifugation at 500 g for 5 min, removal of
supernatant, and resuspension in 300 ml ow buffer). Measurements were con-
ducted on a BD64 LSRFortessa cell analyzer with sample excitation at 488 nm and
GFP signal detection with a FITC lter. Events were gated for cells and single cells.
The GFP-positive gate was based on the aCD3 only control (no liposomes) to
account for background activation from unconjugated protein, although nearly
no background activation has been observed with the soluble protein. Subsequent
data analysis and creation of data plots was conducted in Python.

Laurdan GP spectroscopy

Liposomes containing 0.5 mol% Laurdan were diluted to a nal concentration of
400 mM into the medium of choice (PBS or RPMI) and transferred into a cuvette
(UV-cuvette, Brandtech). Measurements were conducted on a Cary Eclipse uo-
rescence spectrophotometer (Agilent technologies) equipped with a multicell
holder, allowing up to 4 samples to be measured at the same time. Temperature
ramps were conducted with 0.5 °C min−1 steps and data points were acquired in
0.5 °C steps with an integration time of 1 s. The temperature was detected with
a sensor placed in a cuvette lled with water allowing a feedback loop for the
spectrometer to adjust its temperature during the ramp. The Laurdan signal was
excited at 380 nm and emission detected in two channels (I1 = 450 nm and I2 =
500 nm) in order to calculate the generalized polarization (GP) value: GP = (I1 −
I2)/(I1 + I2).

Dynamic light scattering

Liposome size and polydispersity were measured with dynamic light scattering
(DLS) in a 100 mMdilution using aMalvern Zetasizer Nano. The results display the
mean values of at least two biological replicates and each replicate is the average
of 3 runs with 3 reads each.

Microscope activation study

Fluorescence images were recorded with confocal scanning microscopy on
a Nikon Ti Eclipse microscope equipped with a confocal unit (Nikon C2 Si) and
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 129–148 | 133
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a 60× objective (Nikon Apo Lambda S 60× Oil). Activation was studied at 37 °C
with a heated stage (PE100 Peltier system, Linkam). For imaging, cells were
stained with 1 mM NR12S in RPMI and 1 × 105 cells in 130 ml full RPMI medium
were transferred to a m-Slide 18 Well imaging dish (#1.5, Ibidi). For activation, 20
ml of the GUV-aCD3 conjugation mixture was added to the cells. Imaging was
started shortly aer, as soon as the GUVs sank and started to attach to the Jurkat
cells. GUVs were stained with free NR12S that was still in the cell solution. The
background uorescence of NR12S in the medium was not detectable. NR12S was
excited at 488 nm and emission read in two channels (I1 = 565–595 nm and I2 =
600–630 nm). The emission spectrum is sensitive to changes in cholesterol and
membrane state and accordingly spectral shis were detected by measuring the
ratio of two characteristic wavelengths (similarly to Laurdan). To quantify emis-
sion signals, the intensities were measured over regions of interest (ROIs) con-
taining a GUV or a cell. Pixel-by-pixel analysis was not used for quantication as
the slight movement of vesicles leads to small displacements and the edges of the
membranes did not reect correct ratio values. Ratio images and ROI analysis was
conducted in the NIS-Elements soware (Nikon).

Results and discussion
Lipid nanocarrier Tm affects the activation of Jurkat cells more so than lipid
identity

To investigate the effect of nanocarrier melting transition temperature on T cell
activation, we rst assembled aAPCs that bind and activate T cells. aAPCs were
assembled from 100 nm large unilamellar vesicles (LUVs) containing 70 mol% of
a phospholipid of interest (18:1 PC as a reference), 29 mol% cholesterol, 0.9 mol%
18:0 PE PEG 2000, and 0.1 mol% 18:1 PE PEG BG. The latter presents the covalent
binding partner of the SNAP-tag coupled to a PEGylated lipid anchor. We next
used a simplied one-pot workow to assemble aAPCs by conjugating a cell-free-
expressed aCD3–SNAP-tag single-chain variable fragment (scFv) to LUVs, as we
have previously described.34 CD3 is an associated subunit of the TCR and presents
a suitable target for this kind of study. An aCD3 scFv antibody fragment was
designed as a fusion protein with a SNAP-tag and expressed in a bacterial cell-free
expression system. Upon addition of the fusion protein to liposomes containing
a benzylguanine (BG) lipid, the protein was covalently attached to liposomes and
used for subsequent activation studies (Fig. 1A).

For one biological replicate, we expressed one batch of protein and divided the
protein between different lipid LUV samples to ensure a similar protein
concentration on each LUV and so that differences in activation efficiencies relate
to the lipid composition and not to protein amount. Due to varying protein yields
between batches, the absolute % activation of the cells varied between biological
replicates. The activation levels generated by the different lipid/LUV types are
noted as relative values compared to the activation of the reference sample 18:1
PC within each biological replicate. In the following, if not stated otherwise,
relative values in % refer to the difference in activation between the sample and
the reference (DOPC liposomes):�

100� activationsample

activationDOPC

�
� 100
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Fig. 1 Schematic overview of the assembly of lipid-based artificial antigen-presenting
cells (aAPCs) and activation of Jurkat cells. (A) aAPCs are assembled from large unilamellar
vesicles (LUVs) containing 70% phospholipids, 29% cholesterol, 0.9% PEG-lipids, and 0.1%
benzylguanine (BG)-modified lipids, in which % refers to mol%. BG is a substrate for the
self-labeling protein SNAP-tag and allows a SNAP-tag–aCD3 scFv fusion protein to be
conjugated to LUVs via attachment of the SNAP-tag to the BG groups on the LUV surface.
These particles are incubated overnight at 37 °C with an engineered Jurkat cell line
expressing GFP upon activation. Activation is confirmed via microscopy and quantified
with flow cytometry. This assay is based on the one-pot approach of LUV assembly
introduced previously.34 (B) The standard liposome formulation contains 18:1 PC (DOPC,
Tm = −17 °C) keeping the liposome in the liquid disordered phase during interaction with
the membrane of Jurkat cells. Phospholipids with Tm > Tactiv form more highly ordered
membranes in the liquid ordered phase at Tactiv when mixed with cholesterol. (C) Phase
states in lipid bilayers are associated with distinct membrane properties, such as
compressibility, heat capacity or diffusivity, density and permeability. More highly ordered
states, such as the gel phase or cholesterol-induced liquid ordered phase, are more rigid
and display lower diffusivity rates than the liquid disordered state. During the transition
between two phases, membrane fluctuations are maximized and diverging physical
properties and nonlinear behavior emerge. We hypothesize that this nonlinear behavior
should promote membrane rearrangement and corresponding activation in target Jurkat
cells.
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The means of these relative activation values per lipid condition are presented in
the following results. Data points represent the mean of at least 3 biological
replicates.

All the lipid particles in this study were composed of the same amounts of
cholesterol, PE PEG 2000, and PE PEG BG, with only the type of phospholipid
changed, which represents 70 mol% of the total composition. Note that since the
cholesterol, PEG and BG amounts are kept constant throughout the measure-
ments, we will not explicitly refer to these components. Instead, we refer to the
LUV type by the variable phospholipid type alone (e.g. PE LUV). An overview of the
variable phospholipids tested in this study and their properties can be found in
Table 1.

We rst assessed the potential of different lipids to modify nanocarrier-
mediated stimulation of an immortalized line of T lymphocytes. Lipids with
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 129–148 | 135
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Table 1 Overview and characteristics of lipids used in this study

Phospholipid (PL)
chain length Abbreviation PL name

Net
charge

Tm (°C)
of PLa

18:1 PC DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine 0 −17
14:0 PC DMPC 1,2-Dimyristoyl-sn-glycero-3-

phosphocholine
0 24

18:0-14:0 PC 1-Stearoyl-2-myristoyl-sn-glycero-3-
phosphocholine

0 30

14:0-16:0 PC 1-Myristoyl-2-palmitoyl-sn-glycero-3-
phosphocholine

0 35

14:0-18:0 PC 1-Myristoyl-2-stearoyl-sn-glycero-3-
phosphocholine

0 39

16:0 PC DPPC 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine

0 41

17:0 PC 1,2-Diheptadecanoyl-sn-glycero-3-
phosphocholine

0 50

18:1 PS DOPS 1,2-Di-(9Z-octadecenoyl)-sn-glycero-3-
phospho-L-serine

−1 −11

12:0 PS DLPS 1,2-Dilauroyl-sn-glycero-3-phospho-L-
serine

−1 14

14:0 PS DMPS 1,2-Dimyristoyl-sn-glycero-3-phospho-L-
serine

−1 35

16:0 PS DPPS 1,2-Dipalmitoyl-sn-glycero-3-phospho-L-
serine

−1 51

14:0 PG DMPG 1,2-Dimyristoyl-sn-glycero-3-phospho-(10-
rac-glycerol)

−1 23

16:0 PG DPPG 1,2-Dipalmitoyl-sn-glycero-3-phospho-(10-
rac-glycerol)

−1 41

18:0 PG DSPG 1,2-Distearoyl-sn-glycero-3-phospho-(10-
rac-glycerol)

−1 54

18:1(D9-t) PE 1,2-Dielaidoyl-sn-glycero-3-
phosphoethanolamine

0 38

a Values taken from ref. 45.
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different features according to headgroup, charge, chain length and saturation
were tested. To measure lymphocyte activation, we used a Jurkat reporter cell
line,46 in which Jurkat cell activation is reported via GFP expression. Specically,
downstream activation of the NFAT transcription factor aer antigen-mediated
stimulation of Jurkat cells initiates GFP expression. The percentage of Jurkat
cells that were activated was quantied via ow cytometry. Aer overnight incu-
bation of liposome-conjugated protein with cells, the GFP signal was read out and
quantied via ow cytometry. We conrmed that free SNAP-tag–aCD3 or blank
liposomes without protein did not activate Jurkat cells in the investigated
concentration regime of crude cell-free product and lipid vesicles, respectively
(Fig. 2A). Treatment with ionomycin and PMA activates the cells without TCR
stimulation and served as a positive control, yielding activation levels around 99%
(Fig. 2A). However, due to varying yields of the aCD3–SNAP-tag protein in the cell-
free-expression reactions, absolute activation levels for LUV-induced activation
were found to differ between LUV batches and the variation is reected in the
error bars shown for each experiment. We rst conrmed that Jurkat cells could
be activated with our cell-free modied aAPCs by using 18:1 PC (DOPC) LUVs that
136 | Faraday Discuss., 2025, 259, 129–148 This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Liposome composition determines the efficiency of Jurkat cell activation. (A) Flow
cytometry analysis of activated Jurkat cells determined from the number of GFP-positive
cells after incubation with LUVs. DOPC LUVs lacking CD3 (−CD3, +LUV) result in ∼1%
activation of Jurkat cells, similar to the % activation after incubation with unconjugated
aCD3 only (+CD3, −LUV) or buffer (−CD3; −LUV). Addition of phorbol 12-myristate 13-
acetate (PMA) and ionomycin activates the cells and is used as a positive control for the
flow cytometry analysis. Functionalized liposomes (here: DOPC conjugated to aCD3)
activate 20–50% of the cell population. GFP-positive cells are determined via flow
cytometry. (B) Comparison of activation efficiencies for treatment with LUVs assembled
from lipids with three different headgroups and two different chain lengths reveals no
correlation of Jurkat cell activation with either parameter. LUVs based on PC lipids show
lower activation potential for the investigated chain lengths compared to PS and PG LUVs.
While LUVs with 14:0 PS perform far better than those with 16:0 PS (+70%), for PG LUVs
this trend is reversed. (C) Screening of LUVs arranged according to ascending theoretical
melting temperatures of the respective lipid type alone. Incubation temperature (Tactiv)
relative to Tm determines the state of the lipid membrane (neglecting the influence of
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were subsequently included in each measurement. We measured the % of cells
activated by DOPC LUVs to be between 20% and 50%.

We evaluated the impact of the lipid headgroup and chain length on T cell
activation by assembling LUVs with a variable phospholipid containing one of
three different headgroups (PC, PS, PG) and two different chain lengths (14:0 and
16:0). We did not observe a correlation between a given lipid headgroup or chain
length and Jurkat cell activation (Fig. 2B). In contrast, for PS LUVs, the 14:0 lipid
performed better than the 16:0 lipid, whereas the trend was reversed for PG LUVs.
In comparison to the reference sample (DOPC LUVs), 14:0 PS and 16:0 PG LUVs
increase the activation signicantly by +70 to 85%. While 14:0 PS is expected to be
in the LD phase during activation, 16:0 PG is expected to be in the LO phase.
Interestingly, we noticed that both lipids that induced these enhanced activations
have a melting transition temperature closer to the temperature at which acti-
vation studies were conducted (Tactiv = 37 °C) with Tm (14:0 PS) = 35 °C and Tm
(16:0 PG) = 41 °C compared to other samples (Tm (16:0 PS) = 54 °C and Tm (14:0
PG) = 23 °C). The theoretical melting temperatures reported (Table 1) for the
variable phospholipid refer to pure lipid systems and do not account for either the
amount of cholesterol, PEG and BG in the liposome, or the interaction of the LUVs
with cells during activation studies. While these factors could shi the actual
membrane transition point by some °C, this observation suggested a potential
relationship between the lipid transition temperature and Jurkat cell activation.

To assess this potential relationship, we displayed our data as a function of
increasing melting temperature of the variable phospholipid in our LUVs (from
le to right in Fig. 2C). We observed that Jurkat cell activation relative to activa-
tion with DOPC LUVs displays a parabolic curve. LUVs containing the variable
phospholipid with a Tm closest to the temperature of the activation studies
resulted in the highest % of activated cells. For LUVs with a variable phospholipid
Tm much lower or much higher than Tactiv, the % activation decreased. This
observation is independent of the headgroup type, chain length, saturation, or
charge of the lipids we tested. In general, lipids with Tm < 37 °C should form
disordered membranes during the activation studies at 37 °C, allowing increased
mobility of the targeting moiety on the LUV surface, which could facilitate the
clustering of the TCR receptor. Rigidity or stiffness of the substrate has been
reported to enhance T cell activation before, but seems here to be limited to the LD
phase.31 However, while many LD LUVs in our study seem to activate better than
LO samples (Tm > 37 °C), membrane order alone does not appear to explain Jurkat
cell activation. The LUV offering the highest mobility is the reference sample
(DOPC or 18:1 PC) as it is composed of unsaturated lipids and has the furthest
cholesterol andmedium). % Jurkat cells activated follows a parabolic curve as a function of
LUV Tm with maximal activation occurring for LUVs that have a Tm close to Tactiv. (D)
Results for the activation efficiencies of Jurkat cells with different LUVs, as a function of the
lipid Tm they are based on. Data is divided into three headgroups and different chain
lengths yield different Tm values. Relative activation refers to the difference in activation
efficiency compared to reference LUVs based on 18:1 PC. Data represents the mean of at
least 3 biological replicates with error bars representing the standard error of the mean
(SEM). P values are the results of one-way analysis of variance (ANOVA) comparing the %
activation of the respective sample to the aCD3 only control (A), to a similar headgroup
lipid (B) and to the 18:1 PC reference (C) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001). Only significant changes are indicated.
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distance between Tm (−17 °C) and Tactiv (37 °C). Accordingly, it should remain in
the uid LD phase during activation. Since nearly all LUVs containing a majority
LD phase showed enhanced activation compared to DOPC (except for negatively
charged 18:1 PS and 12:0 PS), lipid uidity alone does not dictate Jurkat cell
activation. Instead, we observe that the LUV melting temperature appears to be
a better predictor of Jurkat cell activation. When the data in Fig. 2C is plotted as
a function of lipid Tm, we observe that LUVs with Tm values closest to the acti-
vation study temperature, Tactiv, induced the most Jurkat cell activation (Fig. 2D).
This trend holds regardless of lipid head group and suggests that LUV proximity
to a melting transition plays an important role in Jurkat cell activation.
Jurkat cell activation correlates with the measured melting transitions in LUVs

To better conrm the trend between LUV Tm and Jurkat cell activation, we
experimentally measured the Tm of the LUVs used in our studies. The structure
and transition behavior of lipid bilayers can be affected by ions47 as well as
interactions with components in cell culture media. To evaluate the impact of
these conditions on the LUV Tm, we determined LUV Tm values for LUVs expected
to have a Tm close to 37 °C. To determine the Tm, we measured the Laurdan
generalized polarization (GP) of LUVs as a function of temperature (Fig. 3).
Laurdan is a uorescent dye displaying a shi in emission spectrum between two
phase states due to its solvatochromic character.48 The GP value is determined by
measuring Laurdan emission intensity at two characteristic wavelengths (I1 =

450 nm and I2 = 500 nm with GP = (I1 − I2)/(I1 + I2)). The GP shis nonlinearly
when a membrane in which it is integrated undergoes a phase transition,
providing an experimental readout of the melting temperature of LUVs under our
experimental conditions.

We measured the melting transition temperature of LUVs under three
conditions: 100% phospholipid in PBS, 70% phospholipid/29% cholesterol/1%
PEG in PBS and 70% phospholipid/29% cholesterol/1% PEG in full RPMI cell
medium. Fig. 3 shows GP measurements as functions of temperature for 16:0 PG
(A), 14:0 PS (B) and 16:0 PC (C) LUVs for these conditions. A nonlinearity in the GP
signal as a function of temperature represents a transition between the ordered
and uid phase. This nonlinearity is visible as a maximum in the pointwise
derivative of GP with respect to temperature and occurs at the temperature with
the greatest GP shi. For pure phospholipid liposomes, the measured Tm is in
good agreement with the literature values (16:0 PC: Tmeas = 41.8 °C and Ttheory =
41 °C; 14:0 PS: Tmeas = 34.8 °C and Ttheory = 35 °C; 16:0 PG: Tmeas = 40.8 °C and
Ttheory= 41 °C). With the addition of cholesterol and PEGylated lipids to the LUVs,
the transition gets less pronounced, which is typically observed with cholesterol
addition; however, the melting temperature does not shi for all LUV types tested
(Fig. 3 middle panel). In RPMI medium, the melting of 16:0 PC LUVs is not
affected by the change in environment, whereas the 16:0 PG displays a strong
increase in the transition temperature by ∼6 °C. PG is highly susceptible to
divalent ions, which probably interferes with its transition behavior and
membrane properties.49 For 14:0 PS LUVs, the transition is indicated as a point
where the slope of the GP function changes signicantly and a transition in the
structural arrangement of the lipids happens. The inection point of the deriv-
ative is at Tinect = 37.7 °C and is increased compared to the transition
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 129–148 | 139
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Fig. 3 Measurements of generalized polarization (GP) of Laurdan to determine the Tm of
LUVs based on 16:0 PC (A), 14:0 PS (B) and 16:0 PG (C). From left to right: 100% PL in PBS,
activation formulation in PBS, and activation formulation in full RPMI. For each condition,
the GP values (purple) are plotted as a function of temperature and the phase transition
temperature is identified as the temperature with the greatest GP change corresponding
with a maximum in the pointwise derivative of the GP values with respect to the
temperature (black). For pure phospholipid liposomes, the measured Tm is in good
agreement with the literature values and similar holds for the addition of cholesterol and
PEGylated lipids to the LUVs. In the RPMI medium in which the activation studies are
conducted, the melting of PG- and PS-based LUVs is affected due to their interaction with
divalent ions in themedium and the Tm differs from their literature value. For 14:0 PS LUVs,
the shape of the GP function varies significantly as a nonlinear change in the slope is
present, marked with a red arrow. An inflection point of the derivative is found at Tinflect =
37.7 °C and is increased compared to the transition temperature in PBS. Fluorescence
intensity was measured with a spectrophotometer and GP values and their pointwise
derivative were calculated with Python.
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temperature in PBS. Overall, while we observed some variations in the actual
transition temperature of LUVs relative to the transition temperature of the major
variable phospholipid, most transition temperatures were close to the values re-
ported in Table 1.
140 | Faraday Discuss., 2025, 259, 129–148 This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Jurkat activation efficiency is a function of the proximity of LUV Tm to the
temperature of activation studies, Tactiv. (A) Jurkat activation data now plotted in ascending
order of the corrected LUV Tm values from left to right using the Tm values determined in
the previous section. Additional color scaling visualizes the proximity of the Tm to the
temperature at which the activation was investigated (37 °C). Activation levels are
enhanced when jTm − Tactivj is small and the LUVs are close to their melting transition.
Except for 16:0 PG LUVs, the activation levels for LUVs in their LO phase (Tm > 37 °C) are
overall lower compared to those for lipids at a similar distance to 37 °C from the melting
transition in the LD phase. (B) Exemplary direct comparison of activation of Jurkat cells
incubated with different PC-based LUVs as a function of LUV Tm measured at 30 °C (top)
and 37 °C (bottom). For bothmeasurements, the same batch of liposomes and conjugated
antibody was used. At Tactiv= 30 °C, 18:0-14:0 PC LUVs (data point at Tm= 30 °C) and 14:0
PC LUVs (data point at Tm= 24 °C) activated themost cells, while at Tactiv= 37 °C the 14:0-
16:0 PC LUVs (Tm = 35 °C) activated the most cells. This trend demonstrates the corre-
lation between the activation efficacy of an LUV and the proximity of its Tm to the
temperature of activation. Data points represent the mean of 2 technical replicates with
error bars presenting the standard error of the mean (SEM). (C) Ratiometric comparison of
LUVs with three different melting temperatures and their activation efficiencies of Jurkat
cells at two different Tactiv temperatures. Each data point represents the ratio of cells
activated with lipid LUVTm=x to cells activated with LUVTm=30°C (% activation with Tm = x/%
activation with Tm = 30 °C) at either 30 °C (grey) or 37 °C (red) to visualize temperature-
dependent differences in performance. The ratio is at amaximum for LUVswith Tm= 35 °C
(14:0-16:0 PC) at Tactiv = 37 °C and at a maximum for LUVs with Tm = 30 °C (18:0-14:0 PC)
at Tactiv = 30 °C, demonstrating the increasing activation efficiency for LUVs with a Tm
closer to Tactiv. Measurements were performed n > 3 with error bars representing the
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In summary, PS and PG headgroups show modied melting temperatures and
shapes of the GP curve when measured in cell media, as they are especially
sensitive to ions. While incubation in media shis the Tm of 14:0 PS LUVs closer
to 37 °C, it shis the 16:0 PG LUV Tm further away, presenting an anomaly from
our other data showing a correlation between LUV Tm and cell activation. As ex-
pected, PC lipids are not affected by the RPMI conditions and similar trends hold
for 18:1(D9-trans) PE, which has a Tm we measured at 35 °C in both PBS and RPMI
(Fig. S1†). With these experimentally derived LUV Tm values, we could evaluate the
activation data again and found that 14:0 PS LUVs have a higher Tm than 18:1 PE
LUVs (reversed from when we presented Tm data according to the variable
phospholipid alone in Fig. 2C). Hence, a reorganization of lipids when ordered
according to their corrected transition points in the LUVs yields a cleaner corre-
lation between the capacity to enhance activation and proximity of Tactiv to LUV
Tm, with DPPG as a clear exception (Fig. 4A).
Activation efficiencies at a different Tactiv temperature

To test our hypothesis that the melting transition of LUVs is a driving factor for
enhancing Jurkat cell activation, we repeated our study at an alternate tempera-
ture. Specically, we reduced the incubation temperature to 30 °C during acti-
vation. Since PC headgroups do not show signicant changes in the melting
temperature, these lipids are the most promising candidates to investigate the
direct inuence of the incubation temperature on the activation. An exemplary,
direct comparison of activation levels of cells treated at the same time with the
same batch of PC LUVs at 30 °C and 37 °C is shown in Fig. 4B. Indeed, 18:0-14:0
PC LUVs (Tm = 30 °C) resulted in the highest Jurkat cell activation at 30 °C, while
14:0-16:0 PC LUVs (Tm = 35 °C) resulted in the highest activation at 37 °C. We
applied statistical analysis to this data and activation levels of lipids relative to
14:0-18:0 PC LUVs (Tm = 39 °C) were plotted as a function of melting temperature
at a given temperature. This ratio of both activation levels over n = 3 biological
replicates underscores the trend observed in the previous analysis (Fig. 4B). The
performance of different lipids at two different incubation temperatures shows
a clear shi based on which lipid is closer to its transition at the given temper-
ature (Fig. 4C). Adaption of the cells towards the 30 °C incubation can be excluded
as they have been grown at 37 °C prior to the overnight activation at 30 °C and the
time of incubation (16 h) is shorter than the doubling time of the Jurkat cells (20.7
± 2.2 h).50 These results clearly corroborate that transition-related effects in the
membrane of the liposomes promote the activation process.

Due to the predicted anomalous behavior of the LUV in all properties during
amelting transition, an exact mechanism responsible for the facilitated activation
would be merely speculation.35,36 However, nonlinear effects, like an increased
amplitude of area-density uctuations, as well as membrane undulations, are
likely to increase the likelihood of antigen-receptor binding, to facilitate clus-
tering and enhanced presentation of the antibody to the Jurkat cell surface, and to
induce a mechanical signal stimulation.14,20 During synapse formation, antigens
and antibodies must overcome the distance of the immunological synapse (∼15
standard error of the mean (SEM). P values are the results of one-way analysis of variance
(ANOVA) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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nm) in order to bind. Thermal membrane undulations of the T cell membrane
have been indeed proposed to initiate this binding.21 Additional transition-
induced undulations of the articial antigen-presenting cell should further
increase this interaction, especially for membranes in close proximity to their
transition where they are expected to show maximal undulations.36

Besides PC-based liposomes, PG-based liposomes were also investigated at
30 °C. Surprisingly, in an overall comparison, 16:0 PG LUVs were still the best
activating LUVs in absolute numbers compared to all tested lipids, even though
the difference between Tm and Tactiv has further increased (Fig. S2†). The origin of
the special activation potential of 16:0 PG is not known and we therefore set out to
more closely examine this composition via microscopy.

Visualization of activation with state-sensitive dye NR12S

To investigate the potential differences/conspicuous features of DPPG lipids and
other intermediately activating lipid types in the cell activation process, we used
microscopy to evaluate lipid-membrane–Jurkat-cell interactions. Instead of LUVs
(d= 100–200 nm), we prepared giant unilamellar vesicles (GUVs) (d= 5–30 mm) and
Fig. 5 Confocal microscopy images of Jurkat cell activation. (A) DPPGGUVs (right) display
dark spots indicating phase separation in the membrane at room temperature, in contrast
to DMPS (left). (B) Bright-field image of Jurkat cells accumulating around and adhering to
GUVs modified with aCD3. (C) Analysis of NR12S emission ratio (I1/I2, where I1 = 565–
595 nm and I2 = 600–630 nm) in three investigated GUV compositions and in Jurkat cells.
An increasedNR12S ratio corresponds to increased order in themembrane. Results are the
mean of n > 10 GUVs/cells with error bars representing the standard error of the mean
(SEM). (D) Exemplary ratiometric images for Jurkat cells incubated with DOPC, DMPS, and
DPPG GUVs. Each pixel represents the ratio of the two wavelength channels (I1/I2). The
color bar ranges from purple (lowest ratio) to red (highest ratio). The cutoff values are
chosen individually for optimal visibility of ratio differences as the absolute numbers vary
with the GUV compositions which are reported in (C). P values are the results of one-way
analysis of variance (ANOVA) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Areas of
contact between GUVs and Jurkat cells are marked with an arrow indicating shifted NR12S
intensity ratios. Next to the DPPG ratio image, an excerpt of the intensity weighted scan is
shown to highlight bright areas on the GUV surface close to the interaction site with the
Jurkat cell (immunological synapse). All scale bars display 10 mm.
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attached the SNAP-tag–aCD3 protein similarly to the conjugation scheme used for
LUVs (Fig. 5B). We conrmed that GUVs prepared in this way were able to activate
Jurkat cells, as GFP uorescence was observable aer an overnight incubation of
Jurkat cells with GUV-SNAP-tag–aCD3 conjugates (Fig. S3†). Cells and GUVs were
stained with the state-sensitive membrane dye NR12S, and we measured the dye
signal during the early activation period of the cells when the immunological
synapse formed at 37 °C (30 to 60 minutes aer addition of the GUVs to the cells).
We measured the emission intensity ratio of NR12S at two wavelengths (I1 = 565–
595 nm and I2= 600–630 nm, with emission ratio parameter I1/I2). This ratio reects
the relative position of the emission spectrum, which is sensitive to cholesterol
content and phase-state changes in the lipid and cell membranes.51

Three different LUVs were compared during their antigen-mediated stimula-
tion of the Jurkat cells: DOPC LUVs, which serve as the standard reference in our
study, DMPS LUVs, which have a melting temperature close to 37 °C, and DPPG
LUVs, which displayed the highest activation potential in our previous experi-
ments. The GUVs have a similar composition to the LUVs we used for the acti-
vation studies (70 mol% PL, 29 mol% cholesterol, 0.9 mol% 18:0 PE PEG 2000,
and 0.1 mol% 18:1 PE PEG BG). The NR12S signals for the different GUV types
differ because of the different levels of order in these membranes at 37 °C
(Fig. 5C). DOPC GUVs, far in the LD phase, display the lowest ratio, which can
clearly be distinguished from the ratio of NR12S in the cell membrane at 37 °C
(∼1.5). DMPS is close to the optical ratio generated in the cell membrane and
DPPG GUVs appear strikingly dark with a ratio around 1.6. Interestingly, small
bright spots can be observed close to the cellular contact site (Fig. 5D).

The NR12S dye is known to have a reduced quantum yield (QY) in the LO phase
and an even more reduced QY in the gel phase. This feature helps explain the
previous result, in which DPPG GUVs displayed a lower optical ratio, and indi-
cates DPPG membranes are in an ordered state at 37 °C. The bright dots present
in local areas of the membrane, on the other hand, indicate areas of less order
and suggest these areas experience higher segregation of membrane components.
Indeed, a low miscibility of cholesterol in PG membranes has been reported,
which can lead to the appearance of a pure cholesterol phase.52 With the likely
segregation of cholesterol, the remainingmembrane could indeed be closer to the
gel phase than the LO phase, leading to additional clustering of the unsaturated
BG-conjugated PE anchored protein in the bright areas. Segregation of aCD3,
which is attached to an unsaturated lipid, could better facilitate the Jurkat acti-
vation process. Interestingly, domains are already visible for the DPPG GUVs in
300 mOsm glucose before the dilution into RPMI medium (Fig. 5A), which was
not observed for DMPS and DOPC GUVs. The presence of domains can also
indicate coexistence of two phases in binary mixtures. NR12S segregation was
observed at room temperature as well as 37 °C, and might provide an explanation
for the observed enhanced activation induced by DPPG LUVs at both tested
temperatures in our studies.

To further analyze differences in the interaction of cells and different GUVs, we
investigated the optical signal of NR12S in the cellular contact sites, the potential
immunological synapses (Fig. 5D). The ratiometric images present shis of the
color-coded NR12S emission ratio locally at the contact sites of the cells and
DOPC and DMPS GUVs, which account for the local reorganization of the cell
membrane in the synapse. For DOPC, the ratio of the interface between the GUV
144 | Faraday Discuss., 2025, 259, 129–148 This journal is © The Royal Society of Chemistry 2025
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and cell is increased compared to the rest of the GUV and decreased compared to
the cell. For DMPS, the immunological synapse has a decreased ratio compared to
the cell and GUV, while DPPG shows no change compared to the cell. The
interpretation of a decrease in the ratio of NR12S is not straight-forward, and
either relates to a higher degree of disorder and a constant cholesterol amount or
a decrease in the cholesterol amount itself.51 For membranes in the solid gel
phase, additional cholesterol decreases the order, while for membranes in the LD
phase, cholesterol increases order. For cell membranes, there are several exam-
ples showing that a depletion of cholesterol leads to an increase in membrane
tension, which would lead to the observed local decrease in ratio,31,53,54 supporting
reports that the immunological synapse is more ordered compared to the rest of
the cell.15,17,18,55 A local accumulation of lipids with higher Tm and potentially local
displacement of cholesterol in the Jurkat cell membrane at the site of the synapse
could lead to the observed decrease in ratio and could explain the observed, local
membrane state changes. At present, however, we do not have an explanation for
the enhanced performance of DPPG-based vesicles.
Conclusion

Our results demonstrate that the interaction between T cells and substrates is not
solely determined by the choice of targeting moiety, and neither is it determined
by membrane uidity alone. Rather, the choice of the phospholipid in
nanocarrier design can either support the interaction efficiency of the targeting
moiety with the target cell or even suppress it as a result of the modulation of
properties of the functionalized membrane interface.

LUVs residing close to their transition regime during incubation tended to
activate best in this study, independent of their individual features, such as
headgroup, chain length, saturation, or even charge. Laurdan GP measurements
indicate that there is indeed still a measurable melting transition present in the
tested LUV compositions, despite their relatively high cholesterol content of
29 mol%. Our results suggest that phase-transition-related effects and the asso-
ciated anomalous behavior can enhance the capacity of designed nanocarrier
substrates to activate target cells. Specically, we hypothesized that as the Tm of
nanocarrier membranes comes in close proximity to the temperature at which
activation studies are conducted, density uctuations in both membranes should
promote local accumulations of the antibody and increased membrane undula-
tions should facilitate antigen–receptor binding.

An exception of the observed correlation with Tm was found for 16:0 PG LUVs,
as this nanocarrier led to an increased Jurkat activation level compared to that
induced by 14:0 PS LUVs, even though its Tm was measured to be ∼10 °C above
Tactiv. Interestingly, 16:0 PG still performs best at 30 °C incubation temperature
(Fig. S2†) and the activation capacity of this composition of LUV appears to be
independent of the proximity of its Tm to Tactiv. Domains observed in the GUVs
made from the 16:0 PG lipids suggest cholesterol accumulations in which the PE
anchor of the BG group would cluster too. Hence, segregation-related clustering
could explain the improved activation capabilities for the temperatures of 30 °C
and 37 °C, opening up another potential interesting feature for the design of
nanocarriers. Our ndings set the stage for future investigations exploring the
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 129–148 | 145
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design of LUVs and the role of both LUV Tm and domain-segregation of targeting
molecules.
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and G. J. Strijkers, J. Controlled Release, 2012, 162, 276–285.

27 R. A. Meyer, J. C. Sunshine, K. Perica, A. K. Kosmides, K. Aje, J. P. Schneck and
J. J. Green, Small, 2015, 11, 1519–1525.

28 J. C. Sunshine, K. Perica, J. P. Schneck and J. J. Green, Biomaterials, 2014, 35,
269–277.

29 A. C. Wauters, J. F. Scheerstra, I. G. Vermeijlen, R. Hammink, M. Schluck,
L. Woythe, H. Wu, L. Albertazzi, C. G. Figdor, J. Tel, L. K. E. A. Abdelmohsen
and J. C. M. Van Hest, ACS Nano, 2022, 16, 15072–15085.

30 Z. Liu, Y. R. Li, Y. Yang, Y. Zhu, W. Yuan, T. Hoffman, Y. Wu, E. Zhu,
J. Zarubova, J. Shen, H. Nan, K. W. Yeh, M. M. Hasani-Sadrabadi, Y. Zhu,
Y. Fang, X. Ge, Z. Li, J. Soto, T. Hsiai, L. Yang and S. Li, Nat. Biomed. Eng.,
2024, 8, 1615–1633.
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 259, 129–148 | 147

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00002e


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
1 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
on

 1
/3

1/
20

26
 1

:2
3:

56
 A

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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
31 K. Lei, A. Kurum, M. Kaynak, L. Bonati, Y. Han, V. Cencen, M. Gao, Y. Q. Xie,
Y. Guo, M. T. M. Hannebelle, Y. Wu, G. Zhou, M. Guo, G. E. Fantner,
M. S. Sakar and L. Tang, Nat. Biomed. Eng., 2021, 5, 1411–1425.

32 T. Q. Vu, L. E. Sant'Anna and N. P. Kamat, bioRxiv, 2022, preprint, DOI:
10.1101/2022.10.18.512758.

33 T. Q. Vu, J. A. Peruzzi, L. E. Sant'Anna, E. W. Roth and N. P. Kamat, Nano Lett.,
2022, 22, 2627–2634.

34 J. A. Peruzzi, T. Q. Vu, T. F. Gunnels and N. P. Kamat, Small Methods, 2023, 7,
2201718.

35 E. Evans and R. Kwok, Biochemistry, 1982, 21, 4874–4879.
36 A. Kuklin, D. Zabelskii, I. Gordeliy, J. Teixeira, A. Brûlet, V. Chupin,
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