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Therapeutic cancer vaccines elicit an immune response within existing tumours. Our research introduces
a strategy to address the low efficacy of peptide-based therapeutic cancer vaccines by employing alumi-
num-complexed alginate nanoparticles (nAl-Alg) as an adjuvant. Characterisation of nAl-Alg revealed a
hydrodynamic diameter of 242.1 + 126.33 nm. Cytocompatibility studies using the murine macrophage
cell line RAW 264.7 demonstrated no change in percentage viability up to 100 pg ml™ compared to the
untreated control. Cell uptake studies conducted in RAW 264.7 macrophages demonstrated an enhanced
uptake of nAl-Alg compared to Alhydrogel®, a commercially available adjuvant. In vivo toxicity studies in
mouse models also revealed the absence of adverse reactions in haematological analysis after treatment
with nAl-Alg. Subsequent in vivo mouse melanoma model studies showed a notable delay in tumour
growth in animals treated with nAl-Alg combined with the tumour antigen compared to groups treated
with the tumour antigen alone, adjuvant alone, and untreated controls. The median survival time
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increased from 17 days in untreated animals to 33 days for the nAl-Alg and tumour antigen combination-
treated group. Treatment with nAl-Alg and the tumour antigen alone resulted in median survival times of
23 days and 24 days, respectively. These findings highlight the potential therapeutic impact of nAl-Alg in

Open Access Article. Published on 19 September 2025. Downloaded on 2/14/2026 10:12:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/RSCPharma

1. Introduction

Therapeutic cancer vaccines (TCVs) are a promising approach
to cancer treatment, designed to target and destroy malignant
tumours present in the body with minimal effects on other
tissues.”””> TCVs primarily focus on tumour-specific cellular
immune responses crucial for directly eliminating cancer
cells.”® They are categorised mainly into cell-based, virus-
based, peptide-based, and nucleic acid-based vaccines.* They
hold promise, but these vaccines encounter drawbacks such as
limited T-cell responses and the risk of antigen evasion.*>°
Researchers are exploring novel approaches to address
these challenges, such as incorporating advanced adjuvants to
enhance antigen presentation and stimulate anti-tumour
T-cell response.”® The use of adjuvants, including nano-
materials, has been explored to enhance the immune response
to antigens.”® The traditional adjuvants used in TCVs include
alum and lipid-based adjuvants. Alum adjuvants, commonly
used in vaccines, have been shown to induce innate immune
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enhancing the immune response against tumours.

pathways, producing cytokines such as IL-1p and Th2-type
immune responses.'® However, alum adjuvants fail to induce
strong Thi-type and cellular immune responses that have been
shown to enhance anti-tumour immunity."""*> Therefore, the
use of alum adjuvants in therapeutic cancer vaccines is
limited." Liposome-based adjuvants are a promising strategy
to stimulate Th1-biased immune responses.®'*'> However, the
manufacturing techniques for liposomal adjuvants are labour-
intensive, need better reproducibility, and may need to be
more cost-effective. These challenges can impact the scalability
and commercial viability of lipid-based adjuvants.'®"”
Nanoparticle-based formulations offer unique advantages
for enhancing vaccine efficacy. Nanoparticles have a high
surface area-to-volume ratio compared to larger particles,
making them efficient delivery vehicles for antigens.'®'® The
smaller size of the nanoparticles facilitates improved traffick-
ing to lymph nodes and enhanced uptake by antigen present-
ing cells.”®* Furthermore, nanomaterials promote cross-pres-
entation of antigens to cytotoxic T lymphocytes (CTLs) which
is critical for therapeutic cancer vaccine development.”®
Aluminium based nanoparticles have shown promise in
enhancing anti-tumour immune responses by promoting the
activation and proliferation of CTLs.>* Unlike conventional
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alum adjuvants, nano-alum exhibits superior immunostimula-
tory properties and has been shown to improve cytotoxicity
against cancer cells in preclinical studies.*® Furthermore,
recent research by Mark T. Orr et al. has revealed the efficacy
of nano-alum in eliciting Th1l immune responses, which
include the production of pro-inflammatory cytokines like
interferon-gamma (IFN-y) and tumour necrosis factor (TNF),
which are critical for anti-tumour immunity.*® Given the
limited biodegradability of alum-based materials,*” we investi-
gated the adjuvant properties of a polymer-based formulation
incorporating aluminium. Alginate was chosen as the polymer
due to its biocompatibility, biodegradability, and potential
adjuvant properties.”®*® A previous study demonstrated that
combining alginate with the BCG vaccine as an adjuvant sig-
nificantly enhanced the immune response in mice, as evi-
denced by increased IFN-gamma and immunoglobulin
production.>®

In this study, our primary objective was to design and evalu-
ate aluminium-complexed alginate nanoparticles (nAl-Alg) as
potential adjuvants for TCVs. We conducted cytocompatibility
and in vivo toxicity studies to assess the safety profile of these
nano-adjuvants. Furthermore, we investigated the efficacy of
these adjuvants through in vivo anti-tumour experiments utilis-
ing tumour lysate as the antigen source.

2. Materials and methods

2.1. Materials

Alginic acid sodium salt from brown algae with low viscosity
(A0682) and aluminium chloride hexahydrate (AICl;-6H,0,
237078, CAS Number 7784-13-6) were procured from Sigma-
Aldrich. The B16-F10 murine melanoma cell line and RAW
264.7 murine macrophage cell line were purchased from the
National Centre for Cell Science, Pune, India, and were used
for in vitro and in vivo studies. B16-F10 and RAW 264.7 cell
lines were cultured in Dulbecco’s modified Eagle’s medium
with high glucose (AL007-Himedia), supplemented with 10%
fetal bovine serum (10270106-Gibco™) and 1% penicillin-
streptomycin solution (P4333-Sigma-Aldrich). Bicinchoninic
acid (Sigma Aldrich, reagent A # B9643, reagent B #C2284) and
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT, Invitrogen™) were purchased for protein estimation
and cytocompatibility analysis. Lumogallion (TCI, CAS RN
4386-25-8, A5060), 4',6-diamidino-2-phenylindole (DAPI)
(HiMedia PCT1539), piperazine-N,N‘-bis(2-ethanesulfonic acid)
(PIPES) buffer (HiMedia RM659), Alhydrogel® adjuvant 2%
(InvivoGen, CAS number: 21645-51-2), paraformaldehyde
(HiMedia, TCL119), and Fluoroshield™ (Sigma Aldrich, F6182)
were also used.

2.2. Animals

C57BL/6 mice aged 4-8 weeks were acquired from the Division
of Laboratory Animal Science, Sree Chitra Tirunal Institute of
Medical Science and Technology, Trivandrum. All animals
were housed at the Small Animal Facility of the Cochin
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University of Science and Technology. All animal procedures
were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Cochin University of Science
and Technology and approved by the Animal Ethics
Committee of the Cochin University of Science and
Technology.

2.3. Synthesis and characterization of nAl-Alg

nAl-Alg was synthesised by dropwise addition of 0.9 mM
AICl;-6H,0 to an equal volume of 0.3% (w/v) sodium alginate
solution placed on a magnetic stirrer at room temperature
(24-26 °C). The solution was agitated for 15 min. The mixture
was then transferred to a centrifuge tube and centrifuged at
19 000 rpm in a WX ULTRA 100 centrifuge for 30 min at 4 °C.
The supernatant liquid was collected, and the pellet was resus-
pended with 5 ml Milli-Q water. This washing process was
repeated thrice. The pellet was finally dispersed in 2-5 ml
Milli-Q water and stored at 4 °C.

Inductively coupled plasma mass spectrometry (ICP-MS).
ICP-MS analysis was carried out to determine the percentage
incorporation of aluminium into nAl-Alg. 10 ml of the super-
natant liquid collected during synthesis and washing steps
was analysed using a Thermo Fisher Scientific iCAP RQ.

Field emission scanning electron microscopy (FE-SEM). For
FE-SEM analysis, the sample was diluted to 2 pg ml™" after
sonication and spotted on a metallic foil for air drying. The
sample was mounted onto a stub and gold sputtered. The
images were taken wusing a Field Emission Scanning
Microscope, Zeiss Sigma.

Dynamic light scattering (DLS). The size distribution of
nAl-Alg was assessed using Anton Paar Litesizer. Sonicated
samples were diluted using Milli-Q water, and the instrument’s
protocol was followed for analysis. For reliability, each experi-
mental procedure was conducted in triplicate. Probe soni-
cation was avoided on day 15 and day 55 for stability analysis.

Energy dispersive X-ray (EDX) analysis. Elemental analysis
was performed using an Oxford XMX N. Approximately 1-2 mg
of dried nAl-Alg sample was affixed to the holder, consisting of
adhesive carbon tape secured onto a brass stub. This assembly
was inserted into the scanning electron microscope chamber.
The working voltage was adjusted to 20 keV for sample
analysis.

Fourier transform infrared (FTIR) spectroscopy. FTIR spec-
troscopic analysis was conducted using a Thermo Nicolet iS50
FTIR spectrophotometer with a resolution of 0.2 ecm™. Dried
and powdered nAl-Alg were examined using a KBr window.
KBr-sample pellets were prepared, and 32 scans per sample
were taken within the 400 to 4000 cm™" spectral range. Initial
background spectra were collected, and atmospheric correc-
tions were applied using software.

Solid-state nuclear magnetic resonance (sSNMR) spec-
troscopy. Magic Angle Spinning NMR (MAS-NMR) spectra were
acquired on an ECZR Series 500 MHz NMR spectrometer
equipped with a 3.2 mm HXMAS probe capable of high-speed
magic-angle spinning (MAS) up to 20 kHz. A finely powdered
adamantane (C;oH;6) sample (used as the chemical shift refer-
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ence standard), weighing approximately 10-15 mg, was packed
into a 1 mm rotor and inserted into the stator of the solid-state
probe. After calibration, adamantane was removed from the
probe, and the sample to be analyzed (nAl-Alg/sodium algi-
nate) was inserted. To record the 'H NMR spectrum, a single-
pulse experiment was employed with 256 scans and a 5-second
relaxation delay, while maintaining a spinning speed of 6 kHz.
For '®C spectra, a cross-polarization MAS experiment with a
spinning speed of 10 kHz was conducted, utilizing 1024 scans
and a 5-second relaxation delay. Sodium (**Na) spectra were
acquired with 512 scans, a 3-second relaxation delay, and a
spinning speed of 10 kHz. Finally, aluminum (*’Al) spectra
were obtained with 512 scans, a 1.5-second relaxation delay,
and a spinning speed of 10 kHz.

2.4. Bacterial endotoxin test of nAl-Alg

An E-TOXATE™ kit (Sigma) was used to detect bacterial endo-
toxins in nAl-Alg, with a sensitivity limit of 0.05-0.1 endotoxin
units (EU) per mL. The provided kit contained E-TOXATE™
Reagent, E-TOXATE™ endotoxin standard (Escherichia coli
055:B5 lipopolysaccharide) and endotoxin-free water. All the
procedures were followed as per the manufacturer’s manual.
The testing procedure involved labelling four tubes as follows:
tube A - nAl-Alg, tube B - nAl-Alg + endotoxin standard, tube C
- endotoxin free water (negative control), and tube D - endo-
toxin standard (positive control). 100 pl of test solutions were
added to the tubes, followed by E-TOXATE™ Reagent Working
Solution (100 ul). After gentle mixing, the tubes were covered
and incubated at 37 °C for 1 hour. Following incubation, each
tube was inverted to check for gelation. A hard gel indicates a
positive test for endotoxin, while soft gels, turbidity, or clear
liquids are considered negative. A clot in the inhibitor tube B
shows that no inhibitor is present in nAl-Alg.

2.5. Cytocompatibility analysis of nAl-Alg

Cytocompatibility analysis was performed by MTT assay on
RAW 264.7 macrophages. RAW 264.7 cells (1 x 10* cells per
well) were seeded into a 24-well plate and incubated for
12 hours in DMEM containing 10% FBS and 1% penicillin/
streptomycin. Varying concentrations of nAl-Alg (10-200 pg
ml™") were added to the cells and then they were incubated for
48 hours. After incubation, the MTT reagent was added, fol-
lowed by the addition of DMSO to dissolve the formazan crys-
tals. The absorbance was measured at 570 nm in a Tecan
Spark multimode plate reader. The data from the MTT cyto-
toxicity assay were obtained from three independent experi-
ments, each comprising three replicates (n = 9).

2.6. Evaluation of nAl-Alg cellular uptake by lumogallion
staining

Cellular uptake of nAl-Alg was investigated and compared with
Alhydrogel®, a commercially available adjuvant. RAW 264.7
cells (2 x 10%) were seeded onto coverslips in a 24-well plate.
After 24 hours, the cells were observed and treated with 50 ug
of nAl-Alg and 5 pL (~50 pg Al) of Alhydrogel. After 3 hours, all
media were removed, and the cells were washed with 50 mM
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2,2'-piperazine-1,4-diylbisethanesulfonic acid (PIPES) buffer
three times. Subsequently, 250 pl of paraformaldehyde (PFA)
was added to each well, covered with aluminum foil, and left
at room temperature for 20 minutes. The PFA was then
removed, and the cells were rewashed with PIPES buffer thrice
for 5 minutes each. The cells were stained with 50 uM lumo-
gallion (TCI, A5060) in 50 mM PIPES buffer and incubated at
room temperature for 30 minutes. After incubation, the cells
were washed with PIPES buffer thrice for 5 minutes each. A
1:500 DAPI solution in 1x PBS was prepared and added to
each well, followed by a 20-minute incubation at room temp-
erature. The cells were washed with 1x PBS thrice for
5 minutes each. The slides were labelled with each group, and
10 pl of FluoroShield™ (Sigma-Aldrich, F6182) was added to
each slide. The coverslips were carefully removed from the
wells and placed inverted on the slides (cell side facing the
FluoroShield™). After drying, the edges were sealed with color-
less enamel paint. Cell images were captured at 20x and 60x
(oil immersion) magnifications using a Nikon Eclipse Ti2
inverted fluorescent microscope. Lumogallion analysis used
fixed exposure settings of 100 ms and DAPI at 20 ms in all
images, with preset light transmission values. Images were
captured and analyzed, and fluorescence and light channels
were overlaid using Nikon NIS Elements software. The mean
fluorescence intensity (MFI) of 100 cells in each group (n =
100) was quantified using Image] software.

2.7. In vivo toxicity studies

Toxicity studies were conducted on six C57BL/6 mice aged five
weeks. The animals were randomly divided into two groups,
each containing 3 animals (n = 3). They were subcutaneously
injected with nAl-Alg (8.6 mg ke™') and saline on the left
flank. The treatment was repeated on day five and day ten. On
day 11, the animals were euthanised, and blood was collected
by cardiac puncture. The collected blood was analysed for
whole blood cell count and renal and hepatic function
parameters.

2.8. In vivo tumour model study

The melanoma tumour model was developed following the
protocol described in our previous work on therapeutic cancer
vaccines.>® Tumor induction was achieved by subcutaneous
injection of 1 x 10° B16-F10 melanoma cells into the right
flank of the animals. On day 5, the animals were divided into
four groups, four animals per group (n = 4): (1) untreated
control, (2) animals treated with B16-F10 melanoma cell lysate
as the antigen, (3) animals treated with nAl-Alg alone (8.6 mg
kg™"), and (4) animals treated with a combination of B16-F10
cell lysate and nAl-Alg. The physical randomisation method
was used to allocate animals to four different groups. B16-
F10 melanoma cell lysate was prepared using the freeze-thaw
method, and the protein estimation was done using BCA ana-
lysis.*® Subcutaneous injection of the samples was adminis-
tered to the left flank of the animals on days 5, 10, and 15
post-tumor induction. The concentration of nAl-Alg adminis-
tered in both the adjuvant alone group and the adjuvant plus
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tumor lysate group was 8.6 mg kg™ '. A total volume of 100 pL
of the sample was injected subcutaneously. Tumour measure-
ments were taken from day five, once every 2-5 days, until the
tumour volume reached 2 cm® using a vernier calliper.
Animals were euthanized upon reaching the humane endpoint
of a 2 cm® tumor volume. Tumours were subsequently
collected.

2.9. Statistical analysis

Results are expressed as mean + SEM. Data presentation and
statistical analysis were performed using GraphPad Prism 8
software. Statistical significance was determined using one-
way ANOVA (cell viability and cell uptake), Kaplan-Meier survi-
val analysis (anti-tumor study) and Student’s ¢-test (in vivo tox-
icity analysis). For one-way ANOVA, Dunnett’'s multiple com-
parison test (cell viability) and Tukey’s multiple comparison
test (cell uptake) were used as appropriate. The degree of sig-
nificance is indicated by asterisks where appropriate: *P < 0.05
and ***P < 0.0005 for Student’s t-test. In ANOVA, significance
was represented by **P < 0.01 and ****P < 0.0001.

3. Results and discussion

3.1. Synthesis and characterization of nAl-Alg

Engineered nanomaterials with immunostimulatory properties
hold great promise as adjuvants in therapeutic cancer vac-
cines. nAl-Alg was synthesised via the reaction of AlCl;-6H,0
with linear copolymer sodium alginate. The concentration of
the precursors was optimised to obtain nano-sized aluminium
alginate particles. ICP-MS analysis of the supernatant liquid,
collected during the synthesis of nAl-Alg, was carried out to
quantify the percentage of Al** incorporation into the nAl-Alg
complex. As shown in Fig. 1A, 44.7 + 5.1% of AI*" ions were
complexed into nAl-Alg. The FE-SEM image of nAl-Alg (Fig. 1B)
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Fig. 1 (A) ICP data showing the average percentage of aluminium
incorporated into three batches of nAl-Alg expressed as mean + SEM.
(B) FE-SEM image of nAl-Alg. (C) Intensity weighted particle distribution
of nAl-Alg from DLS analysis. (D) Percentage intensity plot of nAl-Alg at
different time intervals: day 0, day 15, and day 55.
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shows particles with an average particle size of ~114 nm. The
hydrodynamic size of the nanoparticles was also assessed by
DLS. The percentage intensity plot of redispersed nAl-Alg in
Milli-Q water (Fig. 1C) showed an average hydrodynamic dia-
meter of 242.5 + 126.33 nm. The obtained PDI value of 0.19
showed that nAl-Alg has a relatively narrow size distribution.
The stability of nAl-Alg on storage was studied by conducting a
DLS analysis of the sample at three different time points (0",
15", and 55™ days). The intensity-weighted plots of nAl-Alg,
Fig. 1D, showed an increase in the particle size diameter from
242.5 + 126.33 nm on day 0 (the same data as Fig. 1C) to 299.8
+ 129.54 nm on day 55. The corresponding number weighted
data presented in Fig. S1 (SI) demonstrate an increase in dia-
meter from 82 + 16 nm on day 0 to 156 + 36 nm on day 55. The
stability data showed no significant agglomeration of particles
during the storage of nAl-Alg for 55 days. As observed, there is
a significant difference in particle diameters mentioned from
FE-SEM and intensity weighted DLS data. Previous studies
have reported better correlation between particle sizes
measured using electron microscopy and number weighted
DLS data.*' The broader size variation we observe in intensity
weighted distribution compared to number weighted distri-
bution might be due to the comparatively lower percentage of
larger sized particles that contribute more significantly to
intensity signals in DLS measurements.”® Given the low PDI
value of 0.19, the observed size distribution of the formulation
is relatively narrow. Therefore, we anticipate that size hetero-
geneity will have minimal impact on the in vitro and in vivo
responses of the nanomaterial. Considering the relevance of
lyophilization for the long term storage of vaccines and
improving the stability of the formulation, we lyophilized nAl-
Alg using sucrose as the cryoprotectant. The control sample
without cryoprotectant exhibited a larger mean particle size
(336 £ 40 nm) and a PDI of 0.5 (Fig. S2). When an nAl-Alg to
sucrose weight ratio of 1: 1 was used, the size decreased to 219
+ 83 nm (PDI = 0.25). Further increasing the sucrose ratio to
1:20 reduced the mean size to 195 + 75 nm and the PDI to
0.1, demonstrating a monodisperse suspension (Fig. S2).

The EDX spectrum of nAl-Alg was compared with that of
sodium alginate to confirm the elemental composition of nAl-
Alg. The spectrum confirmed the successful incorporation of
aluminium (Al), as evidenced by the replacement of the
sodium (Na) peak with the Al peak at 1.5 keV (Fig. 2A).

To gain further insight into the bonding between alu-
minium and alginate, the FTIR spectrum of nAl-Alg was com-
pared with that of sodium alginate. The FTIR spectrum of
sodium alginate in Fig. 2B exhibits various characteristic
peaks corresponding to specific vibrational modes of func-
tional groups. The peak at 3415 cm™" signifies the stretching
vibrations of hydroxyl groups (-OH), while the peak at
2922.1 ecm™' is attributed to the stretching vibrations of
carbon-hydrogen bonds (C-H).** Similarly, the 1617.9 cm™*
and 1420 cm™' peaks correspond to the carboxylate group’s
asymmetric and symmetric stretching vibrations (-COO).*?
Additionally, the peak at 1303.2 cm™" indicates C-C-H defor-
mation and the peak at 1085 cm™" is observed due to the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00111k

Open Access Article. Published on 19 September 2025. Downloaded on 2/14/2026 10:12:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

“ 2501 o SodiumAlginate E 100 Sodium Alginate

)
N
S
3

@
S

F3
3

ozv

8
]

3
8
z

% Transmittance
N &
8 3

0 . 4000 3500 3000 2500 2000 1500 1000 500

nAl-Alg 100
350
2 300 80
~ c 8
250
Se60
200 £
150 Al 240
8 100 850
=
50 -
®
[ ol 2
1.2 3 4 5 6 7 8 4000 3500 3000 2500 2000 1500 1000 500
Energy(KeV) Wave number(cm)

Fig. 2 (A) EDX spectra of sodium alginate and nAl-Alg. (B) FTIR spectra
of sodium alginate and nAl-Alg.

stretching vibrations of C-O and C-C bonds within the pyra-
nose ring.** The peak at 817.1 cm™" represents a characteristic
peak of mannuronic acid.****** A comparison of the FTIR
spectra of sodium alginate and nAl-Alg revealed no significant
changes in the observed peaks, suggesting that the major func-
tional groups remained unaltered upon crosslinking with alu-
minium. This lack of significant alterations can be attributed
to the close ionic radii of Na* and AI**, indicating that the ion
exchange reaction minimally impacts the stretching vibrations
of carboxylate groups (-COO-).**

ssNMR spectroscopy was utilized to further investigate the
structural changes in nAl-Alg compared to sodium alginate. 'H
MAS-NMR spectra of sodium alginate and nAl-Alg exhibited
peaks at —3.7 and —3.36 ppm, respectively (Fig. 3A). The peak
width was reduced from 1.45 kHz in sodium alginate to 1.18
kHz in nAl-Alg. The observed shift in the peak can be attribu-
ted to the interaction of aluminium ions and the carboxyl
groups of alginate. The overall peak pattern largely remains
unchanged, suggesting that the basic structure of alginate
remains the same. >*C MAS-NMR reveals a broadening of the
NMR peaks in nAl-Alg compared to sodium alginate, which
may be attributed to variations in local environments, includ-
ing conformational heterogeneity and differences in hydrogen
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Fig. 3 (A) *H MAS-NMR spectra of sodium alginate and nAl-Alg. (B) *C
MAS-NMR spectra of sodium alginate and nAl-Alg.
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bonding interactions (Fig. 3B).*® Furthermore, **Na and *’Al
solid-state NMR spectroscopy were employed to characterize
the compositional changes in alginate upon crosslinking with
aluminium ions. As expected, the intensity of the sodium peak
in the **Na MAS-NMR spectrum of nAl-Alg was significantly
reduced compared to that of sodium alginate (Fig. S3A - SI),
confirming the successful replacement of sodium ions with
aluminum during the crosslinking process. The emergence of
a prominent peak near —6.2 ppm in the >’Al NMR spectrum of
nAl-Alg, absent in the sodium alginate spectrum (Fig. S3B -
SI), indicates the successful incorporation of aluminum within
the alginate matrix.

3.2 Bacterial endotoxin test of nAl-Alg

Prior to in vitro and in vivo studies, it is important to assess
the endotoxin levels within the nAl-Alg formulation. The pres-
ence of endotoxins can alter the immune response elicited by
the vaccine. While chromogenic assays generally offer higher
sensitivity for endotoxin detection, potential interference from
aluminum ions necessitated the use of the Limulus
Amebocyte Lysate (LAL) assay in this study.’” The LAL assay
relies on the ability of LAL to form a gel-like clot in the pres-
ence of endotoxins. The nAl-Alg sample did not produce a clot,
indicating the absence of detectable endotoxins within the
limits of the assay sensitivity (0.05-0.1 EU mL"). The inhibitor
tube (nAl-Alg + endotoxin standard) produced a clot, which
indicates that no inhibitors for clot formation are present in
nAl-Alg. The positive control exhibited clot formation, confirm-
ing the assay’s functionality. The negative control, as expected,
did not form a clot. Importantly, this study demonstrates that
the nAl-Alg sample, within the sensitivity limits of the
E-TOXATE™ LAL assay, is free from detectable endotoxins.

3.3. Cytocompatibility analysis of nAl-Alg

To evaluate the cytocompatibility of nAl-Alg, an MTT assay was
conducted on the RAW 264.7 cell line. A macrophage cell line
was selected because macrophages are among the first antigen
presenting cells to respond to vaccine adjuvants initiating an
immune response. Cell viability was assessed after a 48-hour
incubation period with varying concentrations of nAl-Alg. As
shown in Fig. 4A, the percentage of cell viability revealed that
nAl-Alg concentrations up to 100 pug ml™" did not cause any
statistically significant change in viability compared to the
untreated control. However, a reduction in cell viability to 59%
was observed at 200 pg ml™". The results show the cytocompat-
ibility of nAl-Alg up to a concentration of 100 pg ml~". This
information is critical for assessing the safety and suitability
of nAl-Alg for further preclinical studies.

3.4. Evaluation of nAl-Alg cellular uptake by lumogallion
staining

Macrophage uptake of nAl-Alg was compared to that of
Alhydrogel®, a clinically approved alum-based adjuvant, using
the RAW 264.7 cell line. Lumogallion, a fluorescent probe that
selectively binds aluminum was used to track intracellular
aluminum distribution. Lumogallion exhibits fluorescence
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Fig. 4 (A) Percentage viability of RAW 264.7 following incubation with
nAl-Alg at varying concentrations relative to untreated control cells.
Data are presented as mean + SEM (n = 9). The degree of significance is
indicated where appropriate: **P < 0.01 and ****P < 0.0001 (one-way
ANOVA, Dunnett multiple comparison test). (B) Cell uptake study: mean
fluorescence intensity of lumogallion for each group. Data are presented
relative to untreated control as mean + SEM, when n (number of cells) =
100, indicated where appropriate: **P < 0.01 and ****P < 0.0001 (one-
way ANOVA, Tukey's multiple comparison test). (C) Representative fluor-
escence images of lumogallion staining in RAW 264.7 macrophages.

emission between 520 nm and 650 nm when excited at
490 nm. In this study, RAW 264.7 cells were incubated with
nAl-Alg and Alhydrogel® for 3 hours followed by lumogallion
staining. Fig. 4B shows the mean fluorescence intensity (MFI)
of 100 cells in each group, quantified using Image] software.
The MFI of nAl-Alg (32 683.68 + 1109) was significantly higher
than that of control cells (9928.31 + 573) and Alhydrogel®-
treated (19 751.31 + 1581.756) cells, indicating enhanced cellu-
lar uptake of nAl-Alg. This may be attributed to the smaller
size of nAl-Alg compared to micron sized Alhydrogel. Fig. 4C
depicts representative 60x fluorescence images of untreated
cells, cells treated with Alhydrogel®, and cells treated with nAl-
Alg. Previous studies have reported enhanced cellular uptake
of nano-alum compared to alum, leading to improved antigen-
specific immune responses.*® Based on the observed enhanced
cellular uptake of nAl-Alg compared to Alhydrogel®, we
hypothesize that this may translate into improved antigen-
specific immune responses in vivo.
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3.5. In vivo toxicity studies

To assess the in vivo toxicity, two groups of C57BL/6 mice
received nAl-Alg and saline on days 0, 5, and 10, according to
the dosing schedule illustrated in Fig. 5A. 24 hours after the
final dose (day 11), all animals were euthanised, and blood
parameters of both saline-treated and nAl-Alg-treated animals
were analysed. The evaluation involved parameters such as
haemoglobin (Hb), red blood cell count (RBC), platelet count,
and total white blood cell count (WBC), as depicted in Fig. 5B
(i-iv). The figures indicate no significant difference between
nAl-Alg-treated and saline-treated animals for any of these
parameters. These findings suggest that nAl-Alg did not
induce acute haematological toxicity within the tested time
frame and dosage levels. Furthermore, the hepatic function
was evaluated by analysing aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) levels, as shown in Fig. 5B
(v and vi). Renal function was assessed through blood urea
nitrogen (BUN) and creatinine tests, as illustrated in Fig. 5B(vii
and viii). The results displayed no significant difference in con-
centrations between the treated and control groups, suggesting
that nAl-Alg did not induce any detectable hepatic or renal tox-
icity at the administered dose. The absence of toxicity in blood
parameters associated with the administered nAl-Alg dose sup-
ports further evaluation of its therapeutic potential in tumour
models. To comprehensively assess nAl-Alg safety, hematoxylin
and eosin staining of all major organs can be performed follow-
ing vaccination as an additional evaluation of potential toxicity.

3.6. In vivo tumour model study

Furthermore, nAl-Alg was investigated for its efficacy as an
adjuvant in therapeutic cancer vaccines using a subcutaneous
B16-F10 mouse melanoma model. The B16-F10 lysate was used
as the antigen for this study and was mixed with nAl-Alg to for-
mulate the vaccine. Although tumor antigen loading within
the nanomaterial is possible, we obtained a very low encapsu-
lation efficiency (7.5-15.3%, Fig. S4) using bovine serum
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Fig. 5 (A) Immunization schedule for in vivo toxicity studies. (B) A com-
parison of different blood parameters — (i) Hb (ii) RBC (iii) Platelet Count
(iv) Total WBC (v) AST (vi) ALT (vii) BUN (viii) Creatinine — of nAl-Alg
treated animals with the saline-treated animals, as mean + SEM, where n
= 3. The degree of significance is indicated where appropriate: *P < 0.05
and ***P < 0.0005 (Student'’s t-test).
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albumin as a model antigen; the methods and detailed results
are discussed in section S4. Therefore, for this work, tumor
antigens were mixed with nAl-Alg immediately prior to use.

The different groups tested for the anti-tumour study were
(i) an untreated control group, (ii) a group treated with nAl-
Alg alone, (iii) a group treated with tumour lysate alone, and
(iv) a group treated with a combination of tumour lysate and
nAl-Alg. In the tumour model study depicted in Fig. 6A,
tumour measurements were taken from the 5th day following
tumour induction. Animals were subcutaneously vaccinated
on days 5, 10, and 15 post-tumor implantation. Euthanasia
was performed after tumours reached a maximum size of
2 cm®,

Notably, the group treated with a combination of tumour
lysate and nAl-Alg exhibited a slower tumour growth rate com-
pared to all other groups, as shown in Fig. 6B. This obser-
vation was further supported by Kaplan-Meier survival plots
created for each group, as depicted in Fig. 6C. Median survival
significantly increased from 17 days in the untreated control
group to 24 and 23 days in groups treated with tumor lysate
alone and nAl-Alg alone, respectively. Remarkably, the combi-
nation of tumor lysate and nAl-Alg extended median survival
to 33 days, demonstrating a 94% increase compared to
untreated controls. These results highlight the potential of
nAl-Alg to augment the efficacy of tumor antigen-based vac-
cines by slowing the tumor growth rate and prolonging survi-
val time in animal models. The observed increase in median
survival time in the tumor lysate alone treated group is
expected, as tumor lysate provides a complex mixture of tumor
antigens that can stimulate antigen-specific immune
responses.”® The nAl-Alg alone treated group also exhibited
reduced tumor growth and improved survival compared to the
untreated control, likely due to a non-specific activation of the
immune response. These findings align with those reported by
Liu et al., who observed similar tumor growth inhibition using
silica nanoparticles.’® The inclusion of alum plus antigen con-
trols is highly relevant for a comprehensive evaluation of
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Fig. 6 (A) Schematic representation of the anti-tumor study in a sub-
cutaneous mouse melanoma model. (B) Tumour volume of the respect-
ive groups in mm? (mean + SEM). (C) Kaplan—Meir survival plot showing
the survival curves of each group. Curve comparison was performed
using the log-rank (Mantel-Cox) test. n = 4.
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the present study. Therefore, subsequent investigations will
incorporate these controls. Analysis of tumour-infiltrating
CD3e'CD8a" double positive cells revealed an increase in the
nAl-Alg plus tumour lysate treated group (2.9 + 0.54%) com-
pared to the nAl-Alg alone (1.24 + 0.59%), tumour lysate alone
(0.59 + 0.15%) and untreated control groups (0.33 = 0.21%)
(Fig. S5). These results indicate that the use of nAl-Alg as an
adjuvant in therapeutic cancer vaccines enhances cytotoxic T
cell infiltration within tumours, an essential mechanism for
effective anti-tumour immunity. One limitation of this study is
the absence of cytokine profiling following nAI-Alg treatment;
future work will investigate the cytokine-mediated mecha-
nisms in greater detail.

Previous studies have demonstrated the efficacy of alumi-
num-based nanoparticles as adjuvants in therapeutic cancer
vaccines. For instance, aluminum oxide nanoparticles have
shown superior tumor growth inhibition compared to alum in
the H22 mouse hepatocellular carcinoma model.*® A similar
study utilizing aluminum-based layered double hydroxide as
an adjuvant in a melanoma vaccine reported a 76% tumor sup-
pression rate when administered via a combination of intrave-
nous and subcutaneous routes.”’ Compared to alum-based
adjuvants, which exhibit slow in vivo degradation,®” alginate-
based formulations, such as nAl-Alg, offer the potential for
improved biodegradability and clearance.>®

4. Conclusion

In conclusion, our study presents a promising strategy to
enhance the efficacy of peptide-based therapeutic cancer vac-
cines using nAl-Alg as an adjuvant. DLS analysis confirmed
that we optimised the synthesis parameters to achieve
~242 nm sized nAl-Alg. EDX and NMR spectra confirmed the
successful incorporation of aluminium within nAl-Alg. FTIR
spectroscopy revealed minimal alteration in functional
groups upon crosslinking with aluminium. The cytocompat-
ibility was confirmed through in vitro studies, ensuring its
suitability for further investigation. Cellular uptake studies of
nAl-Alg demonstrated significantly higher uptake of nAl-Alg
compared to that of Alhydrogel®, a commercially available
aluminium hydroxide adjuvant. This enhanced cellular
uptake suggests the possibility for better antigen specific
immune responses. Additionally, in vivo toxicity assessments
revealed no adverse effects on haematological parameters,
indicating the safety of nAl-Alg administration in animal
models. The therapeutic efficacy of nAl-Alg as an adjuvant
was demonstrated in the B16-F10 mouse melanoma model.
Mice treated with a combination of nAl-Alg and the tumour
antigen exhibited slower tumour growth and a prolonged
median survival time of 33 days compared to 17 days in the
untreated control group and 24 and 23 days in groups treated
with tumor lysate alone and nAl-Alg alone, respectively.
Overall, these results underscore the potential of nAl-Alg to
enhance the immune response of therapeutic cancer vaccines
against tumours.
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