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Potent saponin adjuvants such as QS-21, used in clinically approved vaccine formulations, remain limited by
intrinsic hemolytic activity and restricted aqueous stability, motivating biomaterials strategies aimed at
regulating their interfacial behavior while preserving immunostimulatory function. Here, we show that
when combined with amphiphilic PEO-PPO triblock copolymers (P123 and F127), QS-21 appears to
participate in cooperative supramolecular integration into polymeric micelles rather than behaving as
a passively encapsulated cargo. This architecture-dependent organization gives rise to structurally
coherent nanosystems with enhanced dilution stability and controlled membrane activity. Comparative
analysis revealed that P123/QS-21 assemblies form compact, monodisperse micelles (~21 nm) with
marked resistance to dilution, whereas F127-based systems display greater structural heterogeneity and
reduced supramolecular robustness. Cooperative integration is associated with attenuation of hemolytic
activity in a concentration-dependent manner relative to free QS-21 while preserving functional
accessibility, consistent with controlled interfacial presentation of the saponin. These physicochemical
features are supported by DLS, TEM, and NTA analyses. In vivo evaluation using a SARS-CoV-2 Spike
subunit antigen indicates that P123/QS-21 is associated with enhanced systemic and mucosal antibody
responses while inducing functional neutralizing activity. Together, these findings support cooperative
supramolecular integration as a biomaterials design principle to modulate membrane activity and
nanoadjuvant performance, providing a scalable and tunable framework for the development of subunit

rsc.li/rsc-advances vaccine platforms.

1. Introduction

Vaccines are biological preparations that induce protective
immune responses and have significantly reduced the global
burden of infectious diseases.'® Conventional platforms based
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on killed or live-attenuated microorganisms provide intrinsic
immunostimulatory cues but may involve poorly defined
components and safety concerns, particularly in immunocom-
promised individuals.**

In contrast, subunit vaccines based on purified antigens
offer improved safety and manufacturing flexibility. However,
their reduced intrinsic immunogenicity often results in weaker
and shorter-lived immune responses.*®” Consequently, the
inclusion of effective adjuvants is required to achieve robust
and durable protection.***

Adjuvants enhance the magnitude and quality of vaccine-
induced immune responses and are broadly classified as
immunostimulatory or delivery-type systems.® Immunostimu-
latory adjuvants activate innate immune pathways through
pattern-recognition receptors (PRRs) on antigen-presenting
cells (APCs)."”"* Delivery-type adjuvants improve antigen and/
or immunostimulant presentation by acting as carriers,
depots, or stabilizing matrices, and include aluminum salts,
liposomes, lipid nanoparticles (LNPs), polymeric nanoparticles,
emulsions, virus-like particles (VLPs), and immune-stimulating
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complexes (ISCOMs).>*'> Accordingly, an increasing number of
FDA- and EMA-approved vaccines incorporate nanoparticulate
or nanostructured components that promote efficient uptake by
immune cells, antigen stabilization, and controlled antigen
trafficking.®***® Importantly, several of these systems can also
display intrinsic immunostimulatory activity, further contrib-
uting to their overall adjuvant effect.**>

Within this context, amphiphilic block copolymers
composed of poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO), commonly referred to as poloxamers (and pol-
oxamines when combined with ethylenediamine cores), repre-
sent a widely studied class of biomaterials in pharmaceutical
formulations.**" These copolymers are available across a wide
range of molecular weights and hydrophilic-lipophilic balance
(HLB) values, enabling precise control over their physico-
chemical behavior.***' Depending on polymer architecture,
concentration, and temperature, PEO-PPO copolymers can self-
assemble into polymeric micelles (PMs) above a critical micelle
concentration (CMC) or form thermoresponsive hydrogels at
higher concentrations, offering formulation strategies that span
nanoscale carriers to injectable depots.*™!

Beyond their classical role as inert delivery materials,
increasing evidence indicates that PEO-PPO copolymers can
contribute to vaccine performance by stabilizing labile anti-
gens, facilitating antigen delivery, and, in some cases,
promoting innate immune activation.****' Notably, the predict-
able and programmable self-assembly of these copolymers
provides an opportunity to engineer cooperative nanosystems
in which immunostimulatory molecules could participate
directly in the assembly process. Such systems give rise to
emergent physicochemical and biological properties that are
not readily achieved through passive encapsulation alone.

Saponins are natural amphiphilic glycosides, most promi-
nently derived from Quillaja saponaria, with potent immuno-
modulatory activity and a long history of investigation as
vaccine adjuvants.*** Among these, Quil A, a heterogeneous
mixture of saponins extracted from Quillaja saponaria bark, has
been extensively studied in the context of vaccination. These
saponins elicit robust humoral and cellular immune responses,
promoting both T helper 1 (Th1) and T helper 2 (Th2) immunity
as well as cytotoxic T-lymphocyte (CTL) activation, making them
particularly attractive for subunit vaccines.*>*

QS-21, a highly purified saponin fraction originally isolated
from Quil A, is among the most potent saponin-based adjuvants
currently employed and is incorporated into licensed vaccines
targeting herpes zoster and respiratory syncytial virus, as well as
a broad range of clinical-stage formulations.**~" QS-21 is also
widely used in combination with monophosphoryl lipid A
(MPL) and other immune stimulants, including liposomal
formulations developed for specific vaccination programs.**->*
This combination exhibits well-documented synergy in
enhancing both innate and adaptive immune responses.**

From a structural standpoint, QS-21 comprises a hydrophobic
quillaic acid triterpene aglycone, a fatty acyl chain, and hydro-
philic oligosaccharide domains that together confer amphiphi-
licity and underpin its biological activity (Fig. 1a).*****® These
features enable interactions with cholesterol-rich membranes
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and have been associated with lysosomal destabilization and
enhanced antigen cross-presentation, mechanisms that
contribute to its strong cellular immunogenicity.*****¢ At the
same time, this amphiphilic architecture also underlies major
formulation challenges. QS-21 is intrinsically hemolytic and
exhibits limited aqueous stability, restricting its broader deploy-
ment.®*”** Current formulation strategies largely rely on
cholesterol-containing liposomes and ISCOM-like structures to
mitigate QS-21 hemotoxicity; however, these approaches
primarily focus on stabilization within lipid-based assemblies,
while the potential contribution of QS-21 to supramolecular
organization is less explicitly addressed. Moreover, they often
depend on high-purity lipid components and multi-step, scale-
sensitive manufacturing processes that can limit cost-
effectiveness and scalability.***

Importantly, complete sequestration of immunostimulatory
molecules may not always be desirable, as partial exposure and
dynamic accessibility of active motifs may be required to
preserve biological function.® This highlights the need for
formulation  strategies that enable controlled and
concentration-dependent modulation of QS-21 interactions
with biological membranes, rather than simple encapsulation
or shielding.

Despite the established potency of QS-21, copolymer-based
nanoplatforms in which the saponin actively contributes to
nanoscale organization remain largely unexplored. Leveraging
the intrinsic amphiphilicity of QS-21 together with the
programmable self-assembly of PEO-PPO block copolymers
offers an opportunity to establish a distinct nanoadjuvant
design paradigm, enabling fine control over interfacial organi-
zation, dilution stability, and biological activity.

In this work, we introduce a hybrid nanoadjuvant platform
based on the cooperative supramolecular integration of QS-21
with PEO-PPO triblock copolymers, using P123 and F127 as
representative architectures with distinct hydrophilic-hydro-
phobic balance and self-assembly behavior. In this context, QS-
21 is proposed to contribute as a structural component within
mixed PMs through cooperative supramolecular interactions.
This integration is expected to influence nanoscale organiza-
tion, dilution stability, and membrane activity. By contrasting
P123 and F127 systems, we aim to evaluate copolymer archi-
tecture as a key design parameter for cooperative copolymer-
saponin integration and downstream immunological
outcomes. Collectively, this work supports supramolecular
integration as a potential biomaterials design principle for
controlling the safety and functional accessibility of membrane-
active immunomodulators.

2. Experimental
2.1 Materials

All chemicals and reagents were used as received, without
further purification. Linear PEO-PPO-PEO triblock copolymers,
Pluronic® P123 (average molecular weight (M,,) ~ 5800 g mol%;
PEO content = 30 wt%) and Pluronic® F127 (M,, ~ 12600 g
mol™'; PEO content = 70 wt%), as well as QS-21 saponin
(extracted from Quillaja saponaria; M, ~ 1990 g mol '), were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural basis and cooperative self-assembly of QS-21 with PEO—-PPO block copolymers. (a) Chemical structure of QS-21 highlighting
its amphiphilic architecture, including hydrophobic domains (quillaic acid triterpene aglycone and acyl chain) and hydrophilic oligosaccharide
moieties. (b) Schematic representation of cooperative interactions between QS-21 and PEO—-PPO block copolymers (P123 and F127) leading to
the formation of mixed polymeric micelles (PMs): (i) P123/QS-21 and (ii) F127/QS-21.

purchased from Sigma-Aldrich (Argentina). Recombinant
trimeric SARS-CoV-2 Spike protein (approximate molecular
weight ~550 kDa, including glycosylation; lyophilized powder)
was supplied by Trebe Biotech SRL (Pergamino, Buenos Aires,
Argentina). Stabilized sterile ovine blood was obtained from
Laboratorio Alfredo C. Gutiérrez (Buenos Aires, Argentina) and
stored at 4 °C until use. For ELISA assays, phosphate-buffered
saline (PBS) was used as coating buffer; 3% (w/v) skim milk in
PBS as blocking buffer; and PBS containing 0.05% (v/v) Tween
20 (PBS-T) as washing buffer. Reagent dilutions were prepared

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

in PBS-T supplemented with 3% (w/v) skim milk (PBS-MT).
Streptavidin-horseradish peroxidase was purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA),
and the 3,3',5,5-tetramethylbenzidine (TMB)/H,0, single-
component substrate obtained from Bio-Rad
(Hercules, CA, USA).

kit was

2.2 Preparation of single and mixed polymeric micelles

Single polymeric micelles (single PMs), composed exclusively of
pristine PEO-PPO block copolymers (P123 or F127), were

RSC Adv, 2026, 16, 22897-22915 | 22899
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prepared at concentrations ranging from 0.5 to 10% (w/v) in
PBS, as previously described by our group.**>” Briefly, the
required amount of copolymer was weighed and hydrated by
adding PBS (pH 7.2) at room temperature (RT). PBS was
prepared using ultrapure water (18 MQ cm) obtained from
a Milli-Q purification system (Millipore, USA). Dispersions were
gently mixed until homogeneous and stored overnight at 4 °C to
ensure complete hydration and equilibration. On the following
day, samples were equilibrated at RT and adjusted to the final
volume to reach the target copolymer concentration.

QS-21 stock dispersions (0.2% w/v) were prepared by
dispersing QS-21 in PBS under gentle mixing until visually
homogeneous, followed by adjustment to the final volume.
Working dilutions spanning QS-21 concentrations from 0.0013
to 0.16% (w/v) were subsequently prepared and used across the
different physicochemical and biological assays described in
this study.

Mixed PMs were prepared by hydrating the required amount
of P123 or F127 directly with an appropriate volume of QS-21
dispersion, followed by adjustment to the final volume with
PBS. Formulations were stored overnight at 4 °C to promote
copolymer hydration and potential cooperative interactions
between QS-21 and the copolymer, and were subsequently
equilibrated at RT prior to analysis. Mixed PMs were denoted as
P123/QS-21 and F127/QS-21, respectively. For antigen-adjuvant
compatibility studies, lyophilized SARS-CoV-2 Spike protein
was reconstituted directly in PBS or in pre-formed P123/QS-21
dispersions to reach a final Spike concentration of 0.07 mg
mL ™", corresponding to the concentration used in the in vivo
immunization studies. Formulations were gently mixed prior to
physicochemical characterization. Unless otherwise stated,
micellar formulations were prepared fresh prior to physico-
chemical characterization and biological experiments. No
filtration was applied in order to preserve the self-assembled
structures; all solutions were prepared using sterile PBS and
handled under clean conditions.

2.3 Physicochemical characterization

Physicochemical characterization was performed to evaluate
micellar self-assembly, nanoscale organization, stability under
dilution, and the impact of QS-21 incorporation. Copolymer
concentrations were selected to ensure consistency across
techniques while allowing complementary interrogation of fully
assembled micellar populations and near-CMC assembly
regimes.

2.3.1 Hydrodynamic diameter and polydispersity by
dynamic light scattering (DLS). DLS measurements were per-
formed for single PMs (P123 and F127), free QS-21, and mixed
PMs (P123/QS-21 and F127/QS-21) at the concentrations indi-
cated in Section 2.2. Size and dispersity analyses were con-
ducted at copolymer concentrations (typically 2.5% w/v) well
above their respective apparent CMC values to ensure fully
assembled micellar populations and reliable ensemble-
averaged measurements.

Measurements were carried out at 25 and 37 °C in PBS using
a Zetasizer Nano ZS (Malvern Instruments, UK) equipped with
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a 633 nm He-Ne laser and a digital correlator (model ZEN3600)
operating at a backscattering detection angle of 173° and fixed
position (4.65 mm). For each formulation, three independently
prepared samples were analyzed, with at least six consecutive
runs recorded per sample. Hydrodynamic diameter (Dy) and
polydispersity index (PDI) were obtained using Zetasizer soft-
ware (v7.13) and are reported as mean =+ standard deviation
(£S.D.). Instrument performance was verified using polystyrene
latex nanosphere standards (NIST 3020A and 3400A, Thermo
Scientific) measured under identical experimental conditions.

To assess antigen compatibility, DLS measurements were
additionally performed on the antigen control (Spike PBS) and
on Spike protein formulated with P123/QS-21 mixed micelles
(P123/QS-21/Spike) at 25 and 37 °C without prior filtration. This
experimental design was intended to evaluate antigen-adjuvant
compatibility and preservation of micellar nanoscale organiza-
tion rather than antigen encapsulation efficiency.

2.3.2 Apparent critical micelle concentration (CMC) by
DLS-derived scattering. Experimental apparent CMC values for
single PMs, mixed PMs, and free QS-21 dispersions were
determined in PBS at 37 °C by monitoring the derived count rate
(DCR) using DLS (Zetasizer Nano ZS, Malvern Instruments) at
a scattering angle of 173°, following an approach previously
established by our group.”***** Accordingly, the CMC values
reported here should be regarded as apparent CMCs, derived
from changes in scattering behavior and reflecting the onset of
stable nanoscale assemblies.

Stock dispersions of pristine and mixed PMs were serially
diluted to obtain final copolymer concentrations in the range of
0.001-5% (w/v), while QS-21 dispersions were evaluated over the
concentration range of 0.0013-0.64% (w/v). All measurements
were performed after thermal equilibration at 37 °C. These
dilution conditions were specifically selected to probe micellar
assembly close to the critical concentration. DCR values (keps)
were plotted as a function of the logarithm of concentration
(log4), and the apparent CMC was defined as the concentration
at which an abrupt increase in scattering intensity, corre-
sponding to an inflection point in the DCR profile, was
observed.>*?>2°

2.3.3 Morphology by negative staining transmission elec-
tron microscopy (TEM). TEM analyses were performed on free
QS-21, representative single PMs (P123), and mixed PMs (P123/
QS-21) at concentrations corresponding to those used for DLS
measurements. Samples prepared as described in Section 2.2
were deposited onto ultrathin carbon-coated QUANTIFOIL
holey copper grids (200 mesh), incubated for 1 h at 37 °C,
negatively stained with 2% (w/v) phosphotungstic acid for 60 s,
air-dried at RT, and imaged using a JEOL JEM-1010 trans-
mission electron microscope (JEOL, Tokyo, Japan). TEM
imaging was performed on dried samples and therefore
provides qualitative morphological information complemen-
tary to hydrodynamic measurements.

2.3.4 Particle concentration by nanoparticle tracking
analysis (NTA) and zeta potential. Particle concentration and
zeta potential were determined using a ZetaView PMX-230 Twin
Laser system (Particle Metrix, Germany) in PBS at 25 °C.
Measurements were performed for single PMs (P123 and F127)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and mixed PMs (P123/QS-21 and F127/QS-21). Instrument cali-
bration was verified prior to analysis using polystyrene latex
nanosphere standards (NIST 3020A and 34004, Thermo Scien-
tific). Particle size distribution and concentration were obtained
in scatter mode using a 488 nm laser, while zeta potential was
determined in electrophoresis mode. Measurements were
recorded at 11 positions per sample. Samples were diluted in
PBS using dilution factors of 1:10 000 for P123-based systems
and 1:100 for F127-based systems to ensure optimal particle
tracking.

Zeta potential measurements were performed under the
same dilution conditions used for NTA for each formulation.
Conductivity was checked prior to electrophoretic measure-
ments and adjusted when necessary to enable comparative
assessment of interfacial changes upon QS-21 incorporation.
Data acquisition and analysis were performed using ZetaView
software (version 8.05.16 SP7, Particle Metrix, Germany).
Representative NTA videos of P123/QS-21 and F127/QS-21 mixed
PMs (SI Videos S1 and S2) were recorded during particle-
tracking measurements and exported directly from ZetaView
software without post-processing.

2.3.5 Microenvironmental fluorescence probing and
comparative analysis. Fluorescence measurements were per-
formed using fluorescein free acid (M,, 332.31 g mol ', Sigma-
Aldrich, Argentina) as a microenvironment-sensitive probe.
Analyses were carried out using a Tecan Infinite 200 PRO
microplate reader (Tecan Austria GmbH) with black 96-well
plates (200 pL final volume per well). Measurements were con-
ducted at 37 °C after 30 min incubation under controlled
temperature conditions. Prior to reading, samples were sub-
jected to orbital shaking (15 s) followed by equilibration (30 s).
All experiments were performed using three independently
prepared samples, each measured in triplicate (n = 3).

A fluorescein stock solution was prepared in DMSO and
diluted in PBS (pH 7.2) to a final concentration of 0.5 pM. QS-21
stock solutions and copolymer dispersions (P123 and F127,
2.5% w/v), as well as mixed systems, were prepared as described
in Section 2.2. Serial dilutions were performed to obtain QS-21
concentrations ranging from 0.005 to 0.64% w/v, while main-
taining constant copolymer and fluorescein concentrations
across all samples. Corresponding control formulations
without fluorescein were prepared under identical conditions.
This experimental design isolates the effect of QS-21 under
constant probe and copolymer conditions, comparison with
theoretical additive responses based on the assumption of
independent contributions of QS-21 and the copolymer as
a reference model.

Fluorescence data were corrected by subtracting the corre-
sponding blank (Feorr = Fsample — Foiank)- Relative fluorescence
intensity (F.e intensity) was calculated as defined in eqn (1):

Frel intGHSity = Fcorr(QS'zl,x)/Fcorr(QS'zlo) (1)

where F.o(QS-21,) corresponds to the copolymer-fluorescein
formulation in the absence of QS-21. Results were expressed as
F, intensity as a function of QS-21 concentration (% w/v).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Theoretical additive fluorescence responses were calculated
from the individual contributions of copolymer-only and QS-21-
only systems and compared with the corresponding experi-
mental values to identify deviations from the assumption of
independent partitioning behavior.

2.4 Hemolysis assay and concentration-dependent
modulation of QS-21 activity

In vitro hemolytic activity was evaluated for pristine PEO-PPO
PMs, mixed QS-21 and PEO-PPO PMs, and free QS-21 following
standard protocols with minor modifications.®® A standardized
5% (v/v) red blood cell suspension (RBC 5%), prepared from
stabilized sterile ovine blood, was used in all assays. Red blood
cells were isolated by centrifugation, washed with PBS, and
adjusted to the target concentration based on hemoglobin
absorbance at 405 nm, as previously described.®

Hemolysis assays were performed by incubating three
volumes of RBC 5% with one volume of each test formulation
(final volume 500 pL) at 37 °C for 30 min. Unless otherwise
stated, all copolymer and QS-21 concentrations refer to final
concentrations in the incubation mixture. QS-21 (0.16% w/v; n
= 6) was used as the positive control (defined as 100% hemo-
lysis), while RBC 5% in PBS (n = 6) served as the negative
control.

To assess the contribution of formulation variables to
hemolytic activity, pristine copolymers (P123 and F127) were
evaluated over a broad concentration range (0.5-2.5% w/v).
Mixed copolymer formulations containing different P123:
F127 ratios were also tested at selected concentrations. For free
QS-21 and QS-21 containing systems, hemolysis was evaluated
as a function of QS-21 concentration (0.0013-0.16% w/v). For
mixed formulations, fixed copolymer concentrations were used
(P123 at 0.5% w/v and F127 at 1.25% w/v). These copolymer
concentrations were selected based on colloidal stability
considerations and to provide a conservative in vitro assess-
ment, taking into account our previous experience with copol-
ymer concentrations commonly employed in cell-based
assays.”*** Higher copolymer concentrations were subse-
quently used in vivo, as permitted by the larger injection
volumes and physiological dilution conditions associated with
in vivo administration.>

Following incubation, samples were centrifuged at 2000 x g
for 10 min at RT. Released hemoglobin in the supernatant was
quantified by diluting 10 uL of supernatant in 90 uL PBS (1: 10)
in a 96-well plate, and absorbance was measured at 405 nm
using a microplate reader (Multiskan FC, Thermo Scientific
Labsystems, USA). Percent hemolysis was calculated after
background subtraction and expressed relative to the positive
control according to eqn (2):

% Hemolysis = 100 x [(Abs sample — Abs NC)/
(Abs PC — Abs NC)] (2)

where Abs sample is the absorbance of the test sample, Abs NC

corresponds to the negative control (RBC 5% in PBS), and Abs
PC corresponds to the positive control (QS-21, 100% hemolysis).

RSC Adv, 2026, 16, 22897-22915 | 22901
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2.5 In vivo immunization and immunological evaluation

2.5.1 Animals. All animal procedures were approved by the
Institutional Committee for the Care and Use of Laboratory
Animals (CICUAL) of the Facultad de Farmacia y Bioquimica,
Universidad de Buenos Aires (FFyB-UBA) (REDEC-2021-2112-E-
UBA-DCT FFYB), and were conducted in accordance with
institutional and national guidelines. Female Sprague-Dawley
rats (6-8 weeks old) were obtained from the FFyB-UBA Animal
Facility (Bioterio) (Buenos Aires, Argentina) and housed in
individually ventilated cages (two rats per cage) under
controlled environmental conditions (22 + 2 °C; 50-60% rela-
tive humidity; 12 h light/dark cycle), with ad libitum access to
standard chow and water. Body weights ranged from 180 to
260 g during the experimental period. Animals were randomly
assigned to experimental groups prior to immunization.
Investigators performing immunological readouts and data
processing were blinded to group allocation during sample
processing and data analysis when feasible. Animals were
monitored daily for general health status, signs of distress, and
potential adverse reactions at the injection site.

2.5.2 Immunization protocol. Intramuscular administra-
tion was selected as a clinically relevant route.**~** Animals were
randomly assigned to three experimental groups: (i) group 1
(adjuvant control: P123/QS-21), (ii) group 2 (antigen control:
Spike PBS), and (iii) group 3 (Spike/adjuvant: P123/QS-21/
Spike). Each group received four intramuscular (IM) injections
on days 1, 14, 35, and 95. Injections were administered into the
quadriceps muscle, alternating between left and right quadri-
ceps at each immunization. Groups 2 and 3 each included six
animals (n = 6), whereas group 1 included three animals.
Recombinant SARS-CoV-2 Spike protein was administered at
a dose of 10 pg per injection in a final inoculation volume of 150
pL. The adjuvant formulation consisted of P123/QS-21 at 2.5/
0.02% (w/v) in PBS. Lyophilized Spike protein was reconstituted
either in PBS (group 2) or directly in the adjuvant dispersion
(group 3) to reach the target antigen concentration. Group 1
received the adjuvant formulation alone.

P123/QS-21 formulations were prepared as described in
Section 2.2, aliquoted, and stored at —80 °C to preserve
formulation integrity until administration. Samples were
thawed immediately prior to injection and used within the same
experimental session; repeated freeze-thaw cycles were avoided.
No animals were excluded from the analysis. Group sizes were
selected based on an exploratory preclinical study design and
practical constraints commonly applied in early-stage immu-
nogenicity studies. Blood and bronchoalveolar lavage (BAL)
samples were collected at the indicated time points under deep
anesthesia, in accordance with institutional animal welfare
guidelines. The P123/QS-21 composition selected for in vivo
studies (2.5/0.02% w/v) was rationally defined based on physi-
cochemical and biological considerations. At this composition,
P123 remains well above the apparent CMC, ensuring micellar
integrity upon dilution, while QS-21 is present within
a concentration window that enables efficient cooperative
assembly and partial attenuation of hemolytic activity. This
formulation also accounts for the estimated dilution occurring
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at the injection site, thereby maintaining nanoscale stability
while preserving adjuvant function.

2.5.3 SARS-CoV-2 antibody detection by bridge ELISA (b-
ELISA). SARS-CoV-2-specific antibodies were quantified using
a bridge ELISA (b-ELISA) as previously described by Trabucchi
et al., with minor modifications.®* MaxiSorp microplates (Nunc,
Roskilde, Denmark) were coated overnight at 4 °C with purified
Spike protein (2 ug mL™~" in PBS; 50 pL per well). Plates were
washed three times with PBS, blocked for 1 h with 200 pL
blocking buffer (3% skim milk in PBS), and washed six times
with PBS-T. Serum and BAL samples were analyzed in duplicate.
Samples were added to the plates and incubated for 20 min at
RT. Plates were then washed six times with PBS-T, followed by
the addition of biotinylated Spike protein (50 ng per well). After
20 min of incubation, plates were washed six times with PBS-T,
and bound biotinylated Spike protein was detected using
streptavidin-horseradish peroxidase (1:300). Plates were incu-
bated for 20 min at 37 °C, washed five times with PBS-T, and
subjected to a final wash with PBS (200 pL). TMB substrate was
added and incubated for 15 min in the dark, and the reaction
was stopped with 4 N H,SO,. Absorbance was read at 450 nm
using a Multiskan FC plate reader (Thermo Scientific Labsys-
tems, USA). Blank controls were included by replacing serum or
BAL samples with PBS-MT. Hyperimmune equine anti-Spike
serum was used as a positive control.

Results were expressed as specific absorbance (4), calculated
as Agample — Ablank, and converted to a positivity index (PI)
according to eqn (3):

PI = 100 X Asample/Apositive control (3)

where Agample and Apgsitive control COrrespond to blank-corrected
absorbance values. The cut-off for positivity was set at PI = 5.0.

2.5.4 Surrogate virus neutralization test (SVNT). Neutral-
izing antibodies were assessed using a surrogate virus neutral-
ization test (sVNT) based on inhibition of the ACE2-RBD
interaction. Briefly, 96-well microplates were coated overnight
at 4 °C with recombinant human ACE2 (2 pg mL ™" in PBS, 50 uL
per well). Plates were washed with PBS-T and blocked with 3%
(w/v) skim milk in PBS for 1 h at RT. Serum samples (and BAL,
when indicated) were heat-inactivated (56 °C, 30 min) and
serially diluted in PBS-MT. Samples were pre-incubated for
30 min at 37 °C with a fixed amount of biotinylated (or horse-
radish peroxidase (HRP)-conjugated) SARS-CoV-2 RBD and then
transferred to ACE2-coated wells (50 uL per well). After 30 min at
37 °C, plates were washed and bound RBD was detected using
streptavidin-HRP (when biotin-RBD was used) or directly by
TMB development (when HRP-RBD was used). Both detection
formats yielded comparable inhibition profiles and were
analyzed using the same calculation criteria. Absorbance was
read at 450 nm. Percent inhibition of the ACE2-RBD interaction
was calculated according to eqn (4):

% Inhibition = 100 x [1 — (Abs sample/Abs NC)] (4)

where Abs NC corresponds to wells containing RBD without
serum (0% inhibition). Neutralization titers were expressed as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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IDs, values (sample dilution yielding 50% inhibition), obtained
by nonlinear regression of inhibition curves.

2.6 Statistical analysis

Statistical analyses were performed using one-way or two-way
analysis of variance (ANOVA), followed by Bonferroni's post
hoc multiple-comparison test, as appropriate for each dataset.
Differences were considered statistically significant at p < 0.05,
with thresholds of p < 0.01, p < 0.001 and p < 0.0001 indicated
where applicable, while ns denotes non-significant differences.
Statistical annotations are specified in the corresponding figure
legends. Analyses were conducted using Minitab Statistical
Software v22.1 (Minitab Inc., State College, PA, USA) and
GraphPad Prism v9 (GraphPad Software, Inc., San Diego, CA,
USA). Data are presented as mean =+ standard deviation unless
otherwise indicated.

3. Results and discussion

The cooperative self-assembly of QS-21 with PEO-PPO triblock
copolymers gave rise to hybrid nanoadjuvant systems in which
supramolecular organization, dilution stability, membrane
activity, and in vivo adjuvant performance were influenced by
copolymer architecture. Rather than redistributing within pre-
formed micellar domains, QS-21 appears to contribute to the
supramolecular organization of mixed PMs, giving rise to
emergent physicochemical and biological properties. Impor-
tantly, this work suggests that polymer architecture may func-
tion as a supramolecular design parameter to modulate the
interfacial activity and immunological output of QS-21 within
polymeric nanostructures.

We first examined how copolymer-saponin interactions
influence nanoscale organization and resistance to dilution in
P123- and F127-based systems. Incorporation of QS-21 into the
micellar framework was found to modulate structural parame-
ters and QS-21-associated membrane activity while maintaining
colloidal integrity, revealing copolymer-dependent differences
in supramolecular robustness. These physicochemical features
were subsequently correlated with the biological evaluation. By
integrating nanoscale characterization with in vivo immunoge-
nicity studies, we explore a structure—function relationship in
which cooperative supramolecular integration may contribute
to the safety profile and adjuvant output of QS-21. Collectively,
this section supports cooperative copolymer-saponin assembly
as a potential biomaterials design strategy for controlling
membrane-active immunomodulators within nanostructured
vaccine platforms.

3.1 Cooperative self-assembly and physicochemical
organization of pristine and QS-21-containing PMs

Single PMs based on PEO-PPO triblock copolymers (P123 and
F127), mixed PMs incorporating QS-21 (P123/QS-21 and F127/
QS-21), and free QS-21 dispersions were prepared as described
in Section 2.2. A schematic representation of the proposed
cooperative interactions between QS-21 and PMs is presented in
Fig. 1b.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Owing to its amphiphilic architecture (Fig. 1a), QS-21 is
proposed to interact through hydrophobic contributions of its
acyl chain within PPO-rich micellar domains, while the tri-
terpenoid scaffold and hydrophilic oligosaccharide moieties
remain oriented toward the micellar interface and corona,
where they can interact with PEO chains and the surrounding
aqueous environment. The lipophilic acyl chain of QS-21
represents the most hydrophobic and conformationally flex-
ible region of the molecule, making it a plausible anchoring
element for interaction with the hydrophobic PPO-rich micellar
domains of PMs.*®*>%® This spatial organization is consistent
with interfacial localization of QS-21 within the micellar archi-
tecture and supports a cooperative self-assembly process in
which the saponin participates in the supramolecular organi-
zation of the mixed assemblies.

Although P123 and F127 share comparable hydrophobic PPO
block lengths, they differ markedly in PEO content and hydro-
philic-lipophilic balance (HLB = 7-9 for P123; HLB = 18-23
for F127).>**” The lower PEO fraction of P123 is expected to
promote a more compact and less hydrated micellar corona,
with increased exposure of the PPO-PEO interfacial region,
whereas F127 forms a highly hydrated and sterically extended
shell.

These architecture-dependent differences in corona hydra-
tion and interfacial packing are anticipated to modulate the
cooperative integration and interfacial positioning of amphi-
philic QS-21 molecules, thereby influencing nanoscale organi-
zation, interfacial accessibility, and assembly stability. By
contrasting these two copolymer architectures, we propose
a framework to interrogate how supramolecular organization
may influence the physicochemical robustness of mixed PMs
and sets the stage for subsequent evaluation of membrane
activity and adjuvant performance.

3.1.1 Hydrodynamic diameter and size dispersity. DLS
analysis indicated efficient cooperative self-assembly between
P123 PMs (2.5% w/v) and QS-21 (0.02% w/v) in PBS at both 25
and 37 °C. Pristine P123 micelles and P123/QS-21 mixed
formulations exhibited comparable Dy, values (~20-21 nm) and
very low PDI (<0.08) at both temperatures (Table 1 and Fig. 2a,
b), indicating preservation of nanoscale organization upon QS-
21 incorporation. The minimal temperature-dependent varia-
tion suggests a thermodynamically stable micellar population.

In contrast, pristine F127 PMs displayed larger Dy, values
(~37 nm at 25 °C), elevated PDI, and detectable unimeric
populations (Table 1). Increasing the temperature to 37 °C
resulted in partial micellar contraction (~26 nm) and moderate
reduction in dispersity. Incorporation of QS-21 reduced average
particle size and eliminated detectable unimers; however, PDI
values remained higher than in P123-based systems, indicating
greater structural heterogeneity.

Free QS-21 dispersions formed large and heterogeneous
aggregates (D, = 316 nm; PDI = 0.5), with broad size distri-
butions that persisted at 37 °C (Table 1 and Fig. 2c, d), consis-
tent with the known tendency of amphiphilic saponins to self-
associate in aqueous media.*”* Importantly, such heteroge-
neous assemblies were not detected in mixed PMs, indicating
that cooperative interaction with the copolymer matrix is
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Table1 Hydrodynamic diameter (Dy,), size distribution, and polydispersity index (PDI) of pristine P123 and F127 PMs (2.5% w/v), P123/QS-21 and
F127/QS-21 mixed PMs (2.5/0.02% w/v), and free QS-21(0.02% w/v) in PBS at 25 and 37 °C, as determined by DLS. Values are reported as mean +
S.D. from three independent preparations (n = 3), with six DLS runs recorded per sample

Peak
Formulation T [°C] Dy, [nm] (£S.D.) % Intensity (£S.D.) PDI (£S.D.)
P123 25 20.3 (0.9) 100.0 (0.0) 0.079 (0.029)
37 21.0 (0.9) 100.0 (0.0) 0.066 (0.065)
P123/QS-21 25 20.6 (0.7) 100.0 (0.0) 0.065 (0.019)
37 20.3 (1.3) 100.0 (0.0) 0.067 (0.018)
F127 25 36.9 (6.8) 93.1 (3.3) 0.287 (0.049)
37 25.7 (1.1) 100.0 (0.0) 0.205 (0.020)
F127/QS-21 25 32.2 (3.2) 100.0 (0.0) 0.254 (0.051)
37 25.1 (0.7) 100.0 (0.0) 0.180 (0.040)
Free QS-21 25 315.8 (59.2) 100.0 (0.0) 0.524 (0.119)
37 222.4 (103.7) 100.0 (0.0) 0.463 (0.129)
consistent with suppression of QS-21 self-aggregation and weaker supramolecular cohesion under the evaluated
promotes the formation of well-defined nanoscale assemblies. conditions.

Raw intensity autocorrelation functions (Fig. Sla-c) further
support these observations.

Together, these results indicate that cooperative assembly
with P123 preserves a compact, monomodal, and temperature-
insensitive nanoscale organization, whereas F127-based
systems display greater architectural variability, reflecting
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3.1.2 Apparent CMC and dilution-driven stability. The
apparent CMC values determined in PBS at 37 °C (Table 2)
provide insight into assembly energetics. Free QS-21 exhibited
an apparent CMC above 0.32% (w/v), consistent with its limited
colloidal stability and formation of heterogeneous aggregates
(Table 1). Pristine P123 PMs displayed a low apparent CMC

(~0.012% w/v), indicative of efficlent micellization.
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Fig.2 DLS intensity-weighted size distributions of formulations dispersed in PBS and measured at 37 °C: (a) P123 PMs (2.5% w/v), (b) P123/QS-21
mixed PMs (2.5/0.02% w/v), (c) free QS-21 (0.02% w/v), and (d) overlaid distributions of P123/QS-21 mixed PMs (1) and free QS-21 (2). Data are
representative of three independently prepared samples, each measured in six consecutive DLS runs.
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Table 2 Experimental apparent critical micelle concentration (CMC)
values of pristine P123 and F127 PMs, P123/QS-21 and F127/QS-21
mixed PMs, and free QS-21in PBS at 37 °C, as determined by DLS, from
changes in scattering intensity

Formulation CMC (% w/v) PBS 37 °C
P123 0.012

P123/QS-21 0.016

F127 0.270

F127/QS-21 0.140

Free QS-21 >>0.320

Incorporation of QS-21 resulted in only a slight increase
(~0.016% w/v), maintaining a low threshold for assembly.

In contrast, pristine F127 PMs exhibited a substantially
higher apparent CMC (~0.27% w/v). Although QS-21 incorpo-
ration reduced this value approximately twofold (~0.14% w/v),
it remained significantly higher than that observed for P123/
QS-21 (Table 2 and Fig. S2). These differences reflect intrinsic
architectural effects. The lower HLB and reduced corona
hydration of P123 likely promote tighter interfacial packing and
enhanced micellization efficiency. Cooperative assembly is

View Article Online

RSC Advances

likely driven by hydrophobic anchoring of the QS-21 acyl chain
within the PPO-rich micellar domains, combined with entropic
stabilization arising from hydration of the exposed oligosac-
charide moieties within the PEO corona. Thus, assembly
appears to be governed by a balance between hydrophobic
anchoring, interfacial packing, and corona-mediated steric
stabilization rather than by a single dominant interaction.
While apparent CMC values capture dilution stability, micellar
architecture and interfacial packing emerge as the primary
determinants of cooperative QS-21 incorporation.

In this context, simple partitioning would imply that QS-21
distributes between aqueous and micellar domains without
significantly altering the thermodynamics of micelle formation.
However, the observed shifts in apparent CMC, together with
the pronounced differences in dilution stability between P123-
and F127-based systems, suggest that QS-21 may influence the
assembly process rather than solely redistributing within pre-
formed micellar domains.

Stoichiometrically, QS-21 was present in molar minority
relative to copolymer chains (approximately 43 :1 P123 : QS-21
versus 20:1 F127 : QS-21). The higher molar excess and intrin-
sically lower apparent CMC of P123 favor efficient cooperative

Fig.3 Representative transmission electron microscopy (TEM) micrographs of (a) P123 PMs (2.5% w/v; scale bar: 500 nm), (b) P123/QS-21 mixed
PMs (2.5/0.02% w/v; scale bar: 100 nm), and (c) free QS-21(0.02% w/v; scale bar: 100 nm). Samples were pre-equilibrated at 37 °C for at least 1 h

prior to imaging. Images are representative of multiple fields of view.
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Table 3 Hydrodynamic diameter (Dy,), particle concentration (particles mL™2), and zeta potential of pristine P123 and F127 PMs, as well as P123/
QS-21and F127/QS-21 mixed PMs, measured in PBS at 25 °C by NTA. All formulations were prepared at high copolymer concentration (10% w/v)
and subsequently diluted as indicated to enable single-particle tracking close to their apparent CMC

Formulation Dy, (nm) (£S.D.) Particle concentration mL ™" Dilution factor Zeta potential (mV) (£S.D.)
P123 112.0 (43.2) 9.3 x 10" 1/10 000 —31.5 (0.7)
P123/QS-21 117.4 (45.1) 1.3 x 102 1/10 000 —19.7 (1.5)
F127 156.6 (62.6) 3.3 x 10° 1/100 —25.3 (1.0)
F127/QS-21 159.6 (75.9) 2.2 x 10° 1/100 —17.1 (0.5)

accommodation of QS-21 within compact and dilution-resistant
micelles.

Consistent with Dy, analysis, P123/QS-21 maintained stable
nanoscale populations at substantially lower copolymer
concentrations than F127/QS-21, highlighting the critical role of
copolymer architecture in dilution stability. Beyond dilution
stability, these results indicate that cooperative supramolecular
integration is consistent with a thermodynamically favorable
reorganization, in which QS-21 contributes to micellar stabili-
zation rather than solely residing within a pre-formed carrier.
The distinct apparent CMC profiles observed for P123- and
F127-based systems therefore reflect architecture-dependent
differences in interfacial packing and energetic cooperativity,
establishing polymer composition as a key determinant of
nanoscale assembly robustness.

3.1.3 Micellar morphology, particle identity, and interfa-
cial properties. TEM analysis revealed well-defined spherical
nanostructures for P123 and P123/QS-21 (Fig. 3a and b),
whereas free QS-21 displayed irregular aggregates (Fig. 3c),
confirming effective structural integration upon cooperative
assembly.

To probe the persistence of nanoscale assemblies under
stringent dilution and near-threshold conditions, NTA was
employed to quantify particle concentration and size distribu-
tions (Table 3). All formulations were initially prepared at high
copolymer concentrations (10% w/v) to ensure complete micellar
assembly while maintaining a fixed copolymer/QS-21 mass ratio
(10/0.08% w/v), equivalent to the 2.5/0.02% (w/v) condition used
for DLS and TEM. Samples were then diluted to concentrations
close to their respective apparent CMC values. Under these
conditions, P123-based systems remained readily detectable at
dilution factors as high as 1/10 000, whereas F127-based systems
required substantially lower dilution factors (~1/100) to achieve
reliable particle tracking, reflecting a lower effective number
density of persistent nanoscale entities (Table 3). While particle
sizes measured by NTA were systematically larger (112-117 nm
for P123 and P123/QS-21 and 157-160 nm for F127 and F127/QS-
21) than Dy, values obtained by DLS, as expected from the distinct
physical principles of the techniques, NTA preserved the quali-
tative trends observed by DLS, with P123-based systems exhibit-
ing smaller and more homogeneous particle populations relative
to F127-based formulations (Table 3 and Fig. S3). Representative
NTA videos (SI Videos S1 and S2) qualitatively support these
differences, revealing faster Brownian motion and higher effec-
tive particle number densities for P123/QS-21 compared with
F127/QS-21 under comparable tracking conditions.

22906 | RSC Adv, 2026, 16, 22897-22915

Zeta potential measurements revealed moderately negative
surface charges for all formulations (—32 to —20 mV for P123
and P123/QS-21 and —25 to —17 mV for F127 and F127/QS-21)
(Table 3). QS-21 incorporation produced a reproducible
decrease in the absolute zeta potential without inversion,
consistent with interfacial reorganization of the mixed micelles
rather than complete shielding. Together, DLS, apparent CMC,
TEM, and NTA analyses converge to identify P123/QS-21 as the
most structurally coherent among the systems evaluated.
Importantly, this structural coherence emerges from
architecture-dependent supramolecular integration rather than
passive confinement, underscoring that nanoscale stability is
an intrinsic consequence of copolymer-saponin cooperativity.

3.1.4 Microenvironmental fluorescence probing and
comparative analysis. Fluorescein free acid in PBS (0.5 pM)
exhibited stable fluorescence at neutral pH, with no significant
temperature dependence. In the presence of PEO-PPO PMs,
a decrease in fluorescence intensity was observed at both room
temperature and 37 °C, consistent with the presence of micellar
assemblies and modification of the probe microenvironment
(Fig. 4a). P123 and F127 produced comparable reductions,
indicating similar probe environments under these conditions.

Upon incorporation of QS-21, a concentration-dependent
decrease in fluorescence intensity was observed in both
systems (Fig. 4b), more pronounced in P123-based formula-
tions. Notably, a statistically significant reduction was observed
above 0.32% (w/v) QS-21, indicating a marked change in the
probe environment.

Comparison with theoretical additive responses reveals
systematic deviations from the additive model across the
explored concentration range (Fig. S4), indicating that the
experimental behavior cannot be reconstructed from the inde-
pendent contributions of QS-21 and the copolymer.

The decrease in fluorescence intensity is consistent with
changes in local polarity, molecular mobility, and probe
accessibility. Taken together, these observations suggest that
QS-21 incorporation is associated with modifications in the
local microenvironment beyond those expected from simple
redistribution within pre-existing micellar domains.

3.2 Regulation of QS-21 membrane activity

QS-21 is intrinsically hemolytic due to its interaction with
cholesterol-rich membranes.**” Pristine P123 and F127
exhibited negligible hemolytic activity (<5%), confirming that
the copolymers themselves do not disrupt membranes (Fig. 5a).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Relative fluorescence intensity (F,e intensity) of free fluorescein (F) and F in single and mixed polymeric micelles (PMs): (a) P123/F and
F127/F PMs (2.5% w/v/0.5 pM), where F, intensity is expressed relative to free F (0.5 pM) in PBS. (b) P123/QS-21/F and F127/QS-21/F mixed PMs
(2.5% w/v copolymer, 0.005-0.64% w/v QS-21 and 0.5 uM F) in PBS, where F, intensity is expressed relative to the corresponding copolymer—F
formulations (P123/F or F127/F, 2.5% w/v/0.5 uM). Samples were incubated at 37 °C for 30 min prior to measurement. Excitation and emission
wavelengths were set at 455 and 515 nm, respectively. Measurements were performed using a gain of 85 and 15 flashes per point, after
subtraction of the corresponding blank. Data are presented as mean + S.D. (n = 3). Statistical analysis was performed using (a) one-way ANOVA
and (b) two-way ANOVA, followed by Bonferroni's multiple comparison test. In panel (a), statistical comparisons were made relative to free F. In
panel (b), statistical comparisons correspond to differences between P123/QS-21/F and F127/QS-21/F at each QS-21 concentration. Statistical

significance is indicated as **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Incorporation of QS-21 into P123 PMs resulted in
concentration-dependent attenuation of hemolysis relative to
free QS-21, with reductions up to ~20% at =0.02% (w/v)
(Fig. 5b). Importantly, hemolysis was not completely sup-
pressed, indicating that QS-21 remains partially accessible at
the micellar interface rather than fully sequestered. Partial
anchoring of the QS-21 acyl chain within the micellar hydro-
phobic domains may contribute to stabilization of the saponin
within the supramolecular assembly while preserving interfa-
cial accessibility of its bioactive motifs, a feature that may be
essential for maintaining immunostimulatory function.
F127/QS-21 formulations showed only modest attenuation
(~14% at 0.16% w/v; Fig. S5), reinforcing that this is consistent
with a role of cooperative organization in regulating QS-21
membrane activity. Attenuation of hemolysis is not consistent
with complete sequestration of QS-21, but rather with reduced
cooperative interaction density at the membrane interface,

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

resulting from controlled interfacial presentation. Micellar
incorporation appears to modulate QS-21 membrane activity,
potentially through redistribution of interfacial presentation
across a polymeric interface, thereby lowering local disruptive
events while preserving immunostimulatory accessibility.
Together, these findings are consistent with a supramolec-
ular modulation framework in which copolymer architecture
may influence the dynamic interfacial presentation of QS-21.
Notably, the PEO-PPO copolymers used here have a well-
established safety profile with low cytotoxicity reported across
multiple cell types;>*~**' however, incorporation of QS-21 gives
rise to a new supramolecular entity that warrants dedicated
biological evaluation. Although the attenuation of hemolytic
activity is moderate (~20%), this effect should be interpreted in
the context of the intrinsically strong membrane activity of QS-
21. Within this framework, hemolysis serves as a stringent
comparative indicator of membrane interaction rather than

RSC Adv, 2026, 16, 22897-22915 | 22907
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showing hemolysis (%) relative to the positive control C(+) as a function of the P123 percentage in P123 : F127 mixtures and the total copolymer
concentration (% w/v). Free QS-21(0.16% w/v; n = 6) was used as C(+), and a 5% red blood cell suspension (n = 6) served as the negative control
C(-). (b) Hemolysis (%) relative to C(+) for P123 PMs, P123/QS-21 mixed PMs, and free QS-21. QS-21 was evaluated over the concentration range
0.02-0.16% (w/v). A reduction in hemolysis was observed for P123/QS-21 mixed PMs compared to free QS-21 at equivalent QS-21 concen-
trations. Data are presented as mean £ S.D. (n = 3). Statistical analysis was performed using two-way ANOVA followed by Bonferroni's multiple
comparison test. In panel (b), statistical comparisons correspond to differences between P123/QS-21 and free QS-21 at each concentration.
Statistical significance is indicated as **p < 0.01 and ****p < 0.0001.

a direct predictor of in vivo safety, consistent with the absence of 3.3 Antigen compatibility and nanoscale integrity
observable adverse effects under the conditions tested. Rather
than completely shielding the saponin, cooperative integration
attenuates hemotoxicity while preserving partial membrane
accessibility likely required for immunostimulatory activity.
This architecture-dependent regulation underscores the
importance of interfacial organization as a controllable
biomaterials parameter for tuning the balance between safety
and biological function.

Spike protein alone formed large and heterogeneous aggregates
in the 300-500 nm range in PBS (Table 4 and Fig. 6a, b),
consistent with the tendency of recombinant proteins to form
higher-order assemblies under physiological ionic strength. In
contrast, P123/QS-21/Spike preserved a dominant micellar
population (~20-23 nm), together with minor larger protein-
associated species (Table 4 and Fig. 6c, d). Autocorrelation
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Table4 Hydrodynamic diameter (Dy,), size distribution, and polydispersity index (PDI) of P123/QS-21 (adjuvant control, 2.5/0.02% w/v), Spike PBS
(antigen control, 0.07 mg mL™Y), and P123/QS-21/Spike formulations in PBS at 25 and 37 °C, as determined by DLS. Values are reported as mean
+ S.D. from three independent preparations (n = 3), with six DLS runs recorded per sample®

Peak 1 Peak 2
Formulation T [°C] Dy, [nm] (£S.D.) % Intensity (+S.D.) Dy, [nm] (£S.D.) % Intensity (£S.D.) PDI (£S.D.)
P123/QS-21 25 20.6 (0.7) 100.0 (0.0) — — 0.065 (0.019)
37 20.3 (1.3) 100.0 (0.0) — — 0.067 (0.018)
Spike PBS 25 441.4 (135.4) 75.2 (6.8) 92.2 (30.4) 24.8 (6.8) 0.514 (0.068)
37 344.2 (106.4) 100.0 (0.0) — — 0.375 (0.057)
P123/QS-21/Spike 25 23.5 (1.4) 71.2 (12.3) 523.5 (173.5) 28.8 (12.3) 0.457 (0.170)
37 23.2 (0.7) 72.4 (11.6) 464.9 (115.4) 27.6 (11.6) 0.453 (0.160)

% Peak 1 corresponds to the main nanoscale population, while peak 2 represents a minor population associated with Spike-derived species. “—”
indicates that no secondary population was detected under the experimental conditions.

functions confirmed stable nanoscale organization despite the
coexistence of minor larger scattering entities (Fig. 6d).
Importantly, the presence of Spike protein did not induce
detectable micellar destabilization or broadening of the domi-
nant nanoscale population, suggesting that the cooperative
supramolecular architecture of P123/QS-21 micelles remains
structurally stable in the presence of antigen. This observation
suggests that Spike molecules likely interact with the micellar

system primarily through interfacial association rather than
disruptive penetration or aggregation-induced destabilization.

The preservation of a narrow micellar size distribution
further indicates that antigen incorporation occurs without
perturbing the wunderlying polymer-saponin organization
established during cooperative self-assembly. Such behavior is
consistent with colloidal compatibility between the antigen and
the micellar interface, enabling the coexistence of nanoscale
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Fig. 6 Hydrodynamic size characterization of Spike protein-based formulations in PBS at 37 °C by DLS. (a and c) Intensity-weighted size
distributions as a function of particle diameter (nm) for free Spike protein (0.07 mg mL™) (a) and P123/QS-21/Spike mixed PMs (2.5/0.02% w/v)
(c). (b and d) Corresponding intensity autocorrelation functions. Data are representative of three independently prepared samples, each
measured in six consecutive DLS runs.
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micelles and protein-associated species within the same
formulation environment.

From a formulation perspective, these findings suggest that
antigen incorporation can be achieved without requiring cova-
lent conjugation, encapsulation strategies, or structural modi-
fication of the antigen. The ability of P123/QS-21 micelles to
maintain nanoscale integrity in the presence of Spike protein
therefore supports a simplified co-formulation strategy in
which antigen and nanoadjuvant coexist within a single

View Article Online

Paper

supramolecular system while preserving their structural and
functional identities.

3.4 Invivo adjuvant performance and functional
neutralization

Immunization with P123/QS-21/Spike induced approximately
a twofold increase in anti-Spike antibody responses in serum
relative to Spike PBS (Fig. 7a). In BAL, responses were enhanced
by approximately one order of magnitude (Fig. 7b), indicating
robust mucosal immunity in the respiratory tract. Neutralizing
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Fig. 7

In vivo immune response elicited by P123/QS-21 mixed PMs and Spike-based formulations across the different experimental groups.

Positivity index (Pl) of anti-Spike antibodies measured in (a) serum during the immunization schedule and (b) bronchoalveolar lavage (BAL) after
protocol completion. At day 125 post-immunization, the P123/QS-21/Spike formulation elicited higher systemic and mucosal anti-Spike
responses than control groups (P123/QS-21 without antigen and Spike in PBS). No significant differences were observed between control groups
in BAL. Data are presented as mean + S.D. Statistical analysis was performed using (a) two-way ANOVA and (b) one-way ANOVA, followed by
Bonferroni's multiple comparison test. Statistical comparisons correspond to differences between experimental groups as indicated by the figure
annotations. Statistical significance is indicated as ns (not significant) and ****p < 0.0001.
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Table5 Neutralizing activity and anti-Spike antibody response following the immunization protocol. Neutralizing activity is reported qualitatively
(+/—) and quantitatively as neutralizing titers measured after the third dose. Anti-Spike antibody levels in serum and BAL are expressed as
positivity index (PI) at the final bleed. Dashes (—) indicate absence of detectable neutralizing activity or titers below the limit of detection. Positive
controls included hyperimmune equine serum (HES) and vaccinated human serum (VHS)

Final bleed

Neutralizing Neutralizing titer
Treatment Animal ID activity (post 3rd dose) Serum PI BAL PI
P123/QS-21 25 - — —-1.19 14.85
26 - — —-2.17 —-2.13
27 - — —0.49 —2.34
Spike PBS 28 + <8 55.55 0.83
29 + 32 29.72 —0.10
30 — — 77.82 6.33
31 + <8 51.01 5.32
32 + <8 71.66 5.98
33 - — 40.62 —-1.29
P123/QS-21/Spike 34 - — 111.02 27.89
35 + >1024 126.56 27.75
36 + 64 107.66 40.31
37 - - 123.05 32.82
38 + 512 105.56 15.99
39 + 512 126.64 37.22
Positive control HES + >1024 - -
VHS + 512 — -

antibodies were detected exclusively in animals receiving P123/
QS-21/Spike (Table 5), demonstrating that enhanced humoral
magnitude translated into functional inhibition of the ACE2-
RBD interaction. These results provide functional support for
the proposed supramolecular design principle, demonstrating
that architecture-controlled interfacial presentation of QS-21 is
consistent with the enhanced immunological output observed
in vivo.

Collectively, these support the concept that
controlled interfacial presentation of QS-21 within P123-based
micelles preserves immunostimulatory accessibility while
mitigating excessive membrane disruption, enabling a favor-
able balance between safety and functional potency in vivo. The
dimensions of P123/QS-21 assemblies (~21 nm) fall within
a size range generally associated with uptake by APCs and
lymphatic drainage, facilitating antigen transport to lymph
nodes where adaptive responses are initiated.®*** Thus,
nanoscale organization achieved through cooperative assembly
appears to be both structurally and biologically relevant.

Together, these observations support a structure-interfacial
activity-immune response relationship, in which cooperative
nanoscale organization may influence QS-21 bioavailability at
immune-relevant interfaces. Enhanced mucosal and systemic
responses emerge as a downstream consequence of controlled
supramolecular organization, rather than arising solely from
independent formulation effects.

The adjuvant-only control group (P123/QS-21, n = 3) was
included as an exploratory reference; while this may limit
statistical power for this specific comparison, the overall
conclusions are supported by larger experimental groups and
consistent trends across independent immunological readouts.

Within this framework, it is also important to note that the
present study was designed as a controlled system to establish

results

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

structure-function relationships within polymeric micellar
platforms. Accordingly, direct comparison with -clinically
benchmarked adjuvants (e.g.,, ASO1 or Alhydrogel-based
formulations) was not included here, but will be important to
further contextualize the translational relevance of the observed
responses.

3.5 Supramolecular implications and translational context

QS-21 is incorporated into multiple licensed and clinical-stage
platforms, including AS01, AS02, AS05, AS015, and ISCOM-
based systems.**"*495%64%¢ While highly effective, these plat-
forms largely rely on lipid-based assemblies and cholesterol-
mediated stabilization strategies, which may introduce scale-
sensitive manufacturing constraints.®”*® In this context, the
present platform explores polymer-driven cooperative supra-
molecular organization as an alternative means to modulate QS-
21 activity through architecture-dependent interfacial posi-
tioning within PEO-PPO micelles.

QS-21 appears to contribute to the supramolecular organi-
zation of the micelles, linking polymer architecture to interfa-
cial membrane activity and downstream immune responses.

Comparative analysis of P123- and F127-based systems
demonstrates that nanoscale organization correlates with
dilution stability, membrane modulation, and emergent
immune responses, supporting a structure-interfacial activity—
immune function relationship and highlighting cooperative
molecular integration as a promising biomaterials design
strategy for tunable nanoadjuvants.

Beyond hemolytic modulation, QS-21 is known to undergo
pH- and temperature-dependent hydrolytic degradation of its
ester functionalities in aqueous environments.***”** No detect-
able hydrolysis of QS-21 was observed either in free solution or

RSC Adv, 2026, 16, 22897-22915 | 22911
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within the micellar formulations under the experimental
conditions employed. Although detailed stability studies were
beyond the scope of the present work, cooperative integration
within PPO-rich micellar domains may also influence the
interfacial exposure of hydrolytically sensitive motifs, a posi-
tioning that may be particularly relevant under physiological
formulation conditions where preservation of adjuvant integrity
is required for consistent immunological performance.
Collectively, these findings support a perspective in which
QS-21 formulation can be approached not only through stabi-
lization strategies but also through controlled supramolecular
organization which may contribute to biological activity.
Ongoing studies are aimed at further elucidating the molecular
basis of copolymer-saponin cooperativity using complementary
spectroscopic and kinetic approaches. Together, these results
support cooperative self-assembly as a rational and potentially
transferable strategy to improve the safety, performance, and
manufacturability of QS-21-based subunit vaccine adjuvants.

4. Conclusions and perspectives

This work shows that QS-21 can be incorporated into PEO-PPO
PMs through cooperative assembly, generating structurally
coherent mixed PMs in which the saponin appears to partici-
pate in the supramolecular organization of the assemblies. By
systematically comparing P123 and F127 architectures, we show
that copolymer composition influences nanoscale organization,
dilution stability, and interfacial behavior.

Among the systems evaluated, P123/QS-21 assemblies
exhibited superior structural robustness, monodispersity, and
resistance to dilution, together with controlled attenuation of
hemolytic activity. Importantly, this architecture-dependent
modulation of membrane interaction preserved immunosti-
mulatory function and was associated with enhanced systemic
and mucosal anti-Spike responses, as well as functional
neutralizing antibodies in vivo. These findings suggest
a connection between supramolecular organization and bio-
logical performance.

In contrast to strategies based on partial or complete stabi-
lization of QS-21 within cholesterol-rich assemblies, this
strategy introduces cooperative integration as a controllable
interface-engineering approach for membrane-active immuno-
modulators. Cooperative organization may therefore emerge
not merely as a structural feature, but as a factor contributing to
adjuvant safety and potency.

Given the thermoresponsive nature of PEO-PPO copolymers
at higher concentrations, future studies may explore transitions
between lymphatic-draining nanoadjuvants and in situ-forming
depot systems, enabling additional spatiotemporal control over
antigen-adjuvant presentation.®>>%

Collectively, these results support copolymer-saponin mixed
micelles as a scalable and versatile nanoadjuvant platform
compatible with simplified co-formulation strategies and
adaptable manufacturing routes. Beyond QS-21, this coopera-
tive supramolecular framework may be extended to other
amphiphilic immunomodulators whose biological activity
depends on interfacial presentation, providing a conceptual
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and translational basis for the development of next-generation
subunit vaccine adjuvants.
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