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Alginate is a natural polysaccharide obtained from brown algae and has been shown to have numerous ap-
plications in biomedical science, such as wound healing, delivery of bioactive agents, and cell transplantation.
Ovalbumin (OVA) peptide 323-339 has been reported to be involved in immune response.

This work investigated the use of alginate particles as a carrier and adjuvant for the immune therapy of can-
cer. Alginate particles loaded with OVA peptide were produced via emulsion. A tumor model was established
in C57BL/6) mice via subcutaneous injection of 3x10° B16-OVA tumor cells. The effect of alginate/OVA pep-
tide on cell viability was analyzed by use of the CCK-8 assay kit. Activation of macrophages was examined by
checking cell surface makers CD40 and CD86 by FACs.

Alginate/OVA peptide inhibited tumor progression more effectively than using the peptide alone. The viability
and uptake study illustrated that this particle is safe and non-toxic. The activation study demonstrated that al-
ginate particles can promote the activation of surface markers on macrophages. ELISA assay showed that the
particles with peptide can promote the secretion of inflammatory and effector cytokines from macrophages.
This study demonstrated that alginate has dual functions in immune therapy of cancer, serving both as a car-
rier and an adjuvant.
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Background
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Material and Methods

Biomaterials have been attractive in addressing challenging
diseases such as cancer, infectious disease, and injuries [1].
Biomaterials have several unique advantages for these appli-
cations, such as biosafety, low cost,and easy accessibility [2].
Due to these advantages, biomaterials have been employed
in biological system for drug delivery, tissue repair, and aug-
mentation in the body [3, 4]. Alginate is a negatively charged
polysaccharide usually extracted from seaweed [5]. Alginate
is bio-compatible, low-cost, and non-toxic. In particular, algi-
nate can interact with Ca* ions to form hydrogels. These hy-
drogels have a structure similar to extracellular tissues, and
have been employed for wound healing [6,7]. In addition, algi-
nate materials have also been used to encapsulate living, cells
such as islet cells, for diabetic treatment [8,9].

In the interface of immunology and materials, alginate have
been used to interact with immune cells for different biomed-
ical applications. For example, alginate and poly-L-lysine have
been assembled into thin structures to interact with macro-
phages and lymphocytes, where increased levels of IL1-B and
TGF-B were stimulated from the cells [10]. Similarly, another
study demonstrated that alginate can stimulate lymphocytes
proliferation and promote IL-1 and TNF-a. In addition, other
studies also demonstrated that alginate can promote both in-
nate and adaptive immunity in a time- and dose-dependent
manner [12]. Together, these studies demonstrated that al-
ginate materials can affect immune cell functions. Many bio-
logically active materials have been found to have anti-tumor
effects [13], but sometimes they need to be delivered to the
tumor site through carriers.

Ovalbumin (OVA) mainly exists in egg white and has been wide-
ly studied in allergy research. Several OVA peptides have been
used for studies of immune response, such as 257-264 and
323-339 [14]. It has been demonstrated that OVA 257-264
peptides can be used to detect a strong CD8+ cytolytic T cell
response. OVA 323-339, which encompasses an allergenic and
antigenic epitope of the ovalbumin protein, has been used to
study both T cell and B cell responses [15,16], but no stud-
ies have been performed to assess the effect of OVA 323-339
peptide in innate immune response.

In this work, alginate was used as a carrier to deliver OVA
323-339 peptide (NP/OVA) for cancer treatment. The alginate
materials were synthesized into particle forms (nanoparticles,
NP) and used in vitro and in vivo. The studies demonstrated
that alginate particles can promote cytokines production in vi-
tro, activate macrophages, and inhibit tumor progression. Our
study indicates that alginate might be a bio-safe carrier for de-
livery of biological agents to target locations.
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Materials

Low viscosity alginate (medical grade) was from VWR.
Ca,Cl,-2H,0 was obtained from Sigma. Phosphate-buffered
saline (PBS 1x) was from VWR. ACK (Ammonium-Chloride-
Potassium) cell Lysing Buffer was obtained from Thermo scien-
tific. DAPI (4’,6-diamidino-2-phenylindole) was from Invivogen.
Cell culture medium RPMI and fetal bovine serum (FBS) were
from VWR. Penicillin and streptomycin were from Invivogen.

Animals and cells

All the studies that involved use of animal followed local and
governmental regulations on animal protections. Macrophages
were isolated from mouse spleens. Briefly, spleens were dis-
sected, ground, and filtered through a 40-pym nylon strainer. A
single splenic cell suspension then was obtained. F4/80-positive
and CD11c-negative cells were acquired by FACS sorting and
cultured in complete RPMI1640 medium supplemented with
10% FBS at 37°C.

Alginate particle preparation

Alginate particles were prepared by ionic gelation method.
Briefly, 5 mL 0.5 mM CaCl,was added into 15 mL alginate so-
lution drop by drop. The mixture was stirred at 800 rpm at
room temperature for 2 h. The particles were then collected by
centrifugation (17 500 G, 25 min). Extra-large particles were
removed by filtration (40 pm porous filter, STEMCELL, USA).
The particles were then washed twice with DI water, lyophi-
lized, and stored at —80°C before use.

Tumor model

C57BL/6) mice were raised in the pathogen-free mouse room
at the Medical School at Shanghai Jiaotong University. We
injected 3x10° B16-OVA tumor cells into the flanks of mice
through subcutaneous injection. Tumor dimensions were mea-
sured daily using a caliper. Mice were sacrificed upon tumor
size reaching 1.5 cm?

Viability study

The cells were seeded and analyzed using CCK-8 assay (YEASEN)
following the manufacturer’s instructions. The Cell Counting Kit-
8 (CCK-8) allows very convenient assays by utilizing Dojindo’s
highly water-soluble tetrazolium salt. WST-8 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra-
zolium, monosodium salt) produces a water-soluble formazan
dye upon reduction by dehydrogenase in mitochondria in the
presence of an electron carrier. Color depth is proportional to
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Figure 1. Characterization of alginate particles carrying OVA peptide (NP/OVA). (A) Dynamic light scattering showing the size
distribution of alginate particles with OVA peptide. The particles have a diameter of about 135 nm. (B) Scanning electron
microscopy showing the morphological features of alginate particles carrying OVA peptide.

the cell proliferation. The absorbance value at 450 nm wave-
length by enzyme standard instrument indirectly reflects the
number of living cells.

Macrophage activation tests

Activation of macrophages was tested by assessing the ex-
pression of cell surface markers. Fluorescence-labeled anti-
bodies against cell surface markers CD40+ (FITC) CD86+ (APC)
were used to stain the cells by following the manufacturer’s in-
struction. Briefly, the cells were detached from the plates and
washed with PBS 3 times. Then, cells were treated with CD40
and CD86 antibodies. The cells were then analyzed with flow
cytometry (BD FACSCanto Il Analyzer, BD Bioscience).

ELISA

Cell culture medium was collected after treatment and the
level of cytokines IL-8, IL-1B, and G-CSF in the medium were
tested using an ELISA kit (R&D Systems) by following the pro-
ducer’s instructions. Costar 96-well ELISA plates were coated
with specific antibodies overnight (4°C) and blocked for 1 h, RT.
Supernatants diluted 1: 10 and standard concentration of cy-
tokines (100 pL/well) were incubated overnight at 4°C, washed
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3 times, and incubated with detection antibodies. After further
triple washing, substrates were added for machine reading.

Result

The study began with producing the alginate nanoparticles
loaded with peptide. Dynamic light scattering was also used to
assess particle sizes. The particles had a diameter of 135+27
nm (Figure 1A). The particles were first imaged under a scan-
ning electron microscope. Under a microscope, the particles
have a spherical shape (Figure 1B). Loading of the OVA pep-
tide is around 15.6 ug OVA per mg of carrier.

The particles with OVA peptide were then used for in vivo an-
ti-cancer tests. For this study, the mice were immunized with
different formulations on day 0 and day 14. On day 21, the
mice were induced with B16-OVA tumor by implanting 3x10°
tumor cells. Tumor sizes in 3 different groups (CTRL, NP, and
NP/OVA) were monitored daily. The mice treated with NP/OVA
had more dramatic inhibition of tumor progression compared
to the other groups. The empty NP had a slight impact on tu-
mor progression compared to CTRL (Figure 2A). Similar results
were also revealed on the survival information: the mice treated
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Figure 2. In vivo assessment of the anti-cancer functions of alginate particles carrying OVA peptide in a B-16 OVA mouse tumor model.
Four groups of mice were used in this study: Control (mice with no treatment), NP (mice treated with alginate nanoparticles),
OVA in soluble form (mice treated with soluble OVA), and NP/OVA (mice treated with alginate particles carrying OVA).
(A) Tumor size over time in the 4 groups of mice. (B) Survival curve of the 4 groups of mice.

with NP/OVA had the longest survival time compared to the
other 2 groups; there was a slight but not dramatic, difference
in the other 2 groups (CTRL and NP) (Figure 2B). In both stud-
ies, the OVA in soluble form also inhibited tumor progression
and extend mouse survival time compared to CTRL and emp-
ty NP, indicating the anti-cancer capacity of this soluble pep-
tide (Figure 2A, 2B).

To determine the anti-cancer mechanism from NP/OVA, in vi-
tro tests were performed. The particles were first interacted
with macrophages to test the impact on cell viability. The mac-
rophages isolated from mouse spleens were incubated with
macrophages for 48 h for the viability tests. Our tests showed
that nanoparticles loaded with OVA peptide did not affect cell
viability (Figure 3A). In the viability tests, LPS, which is a mac-
rophage stimulator, was used as positive control. Untreated
cells were used as controls. We observed no difference between
the NP/OVA and untreated groups in cell viability (Figure 3A).
This study indicated that NP/SIIN are bio-safe for the in vi-
tro tests. The NP/OVA were then used to interact with mac-
rophages for the uptake tests. The tests began by using 400
ug NP/OVA-rhodamine to interact with the cells. A series dilu-
tion (1x, 2x, 8%, 8x, and 16x) was used to test the uptake. The
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flow cytometry study showed that the ratio of cells with algi-
nate nanoparticles depended on the number of particles fed
to the cells (Figure 3B). This result indicated that the macro-
phages can take up the particles very effectively.

The next in vitro test in this study was the macrophage acti-
vation. Macrophages were treated with different formulations
for 24 h, and then harvested for activation tests. Two surface
markers, CD86 and CD40, were selected for this study. Flow cy-
tometry assay showed that the particles can activate the 2 sur-
face markers compared to cells with no treatment; the peptide
alone has slight functions in activating these 2 markers. The
NP/OVA kept the marker activation functions (Figure 4A, 4B).
In both studies, LPS was selected as a control sample to indi-
cate the successful activation of these markers.

After the in vitro uptake tests, the particles with peptide were
then used to treat the mice in vivo. Peripheral blood was col-
lected from the mice 48 h after the treatment to test the lev-
el of serum. We first tested the production of cytokines IL-8
and IL-1B (Figure 5A). Compared to the mice with no treat-
ment (CTRL), there was an obvious increase in IL-8 and IL-1
levels (Figure 5A). We also observed that the naked particles
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Figure 3. In vitro assessment of the effect of alginate particles carrying OVA on macrophage cell viability and uptake. (A) Cell viability
after different treatments. (B) uptake of alginate particles by macrophages.

A B

90 7 90 7

2 2
2 S 601

5 S

2 2

S S
0 0

Notreat LPS PolylC LV.  HV. Particles Notreat  LPS

PolylC

(D40*/CD11C/live

LV.  HV. Particles

04
No treat  LPS

LV.  HV. Particles PolylC

Figure 4. Activation of macrophage surface markers from different treatments. Activation of (A) CD86+ and (B) CD40+ cells.

(particles with no peptide loading) also promoted the pro-
duction of these 2 cytokines, and the levels were lower than
with particles with peptide loading. We also tested cytokine
G-CSF effector cytokines, which are responsible for anti-can-
cer immune responses (Figure 5B). We observed that the par-
ticles, either with or without the peptide, promoted the pro-
duction of these cytokines. Our study also revealed that the
levels of these 2 cytokines were higher than in the positive
control (LPS), indicating alginate nanoparticles could be use-
ful as vaccine adjuvants.

Discussion

Alginate is a naturally occurring material that is being stud-
ied for a variety of biomedical applications. In addition to its
dramatic advantages, such as biocompatibility and low-toxic-
ity, another feature of this material is that, upon encounter-
ing divalent cations (e.g., Ca%), alginate can form hydrogel or
particles. In tissue engineering, this material has been exploit-
ed for wound-healing applications. Recent studies used algi-
nate to deliver antigen for immune therapies [17]. For exam-
ple, diphtheria toxoid, which is used against diphtheria, has
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been encapsulated into alginate particles in an anti-infection
study. Upon interacting with the immune system, this material
induced potent humoral response. In another relevant study,
it was reported that alginate material can promote the pro-
duction of inflammatory cytokines from macrophages [12].

Melanoma, a type of cancer that develops from the pigment-
containing cells, is the most dangerous type of skin cancer.
High-risk melanomas may require adjuvant therapy other
than surgery, such as chemotherapy and immunotherapy. In
this work, we studied the use of alginate materials for deliv-
ering OVA peptide for anti-cancer research. In vivo, we found
that NP/OVA can inhibit tumor progression more effectively
than soluble OVA, and extended the survival time of mice with
tumors (Figure 2A, 2B). To investigate the anti-tumor mech-
anism, a variety of in vitro studies were performed, which re-
vealed that macrophages, which are important in both innate
and adaptive immune responses, played vital roles. The via-
bility study confirmed this material is bio-safe and did not in-
duce observable toxicity upon their uptake (Figure 3A, 3B).

To further explore the immunity from NP/OVA and macrophage
interactions, we investigated the activation of macrophages
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Figure 5. Production of cytokines from macrophages with different treatments: no treatment, LPS, OVA (in soluble form), empty NP,
and NP/OA (alginate particles carrying OVA). Secretion of (A) IL-8 and IL-1B, and (B) G-CSF.

and production of cytokines. For the activation study, 2 sur-
face markers (CD86 and CD40) were assessed through flow
cytometry. We found both surface markers are expressed at
relatively high levels compared to CTRL. Comparing the acti-
vation of these markers in cells treated with OVA peptide, we
conclude that the activation was mainly from the alginate par-
ticles (Figure 4A, 4B).

Similarly, the production of IL-8 and G-CSF cytokines also con-
firmed that alginate particles can promote cytokine secretion
(Figure 5A, 5B). These results indicated that alginate particles
can serve as an adjuvant to treat tumors, not only for melano-
mas, but also other tumors such as ovarian cancers, for which
several biomarkers have been recently found [18-23]. We only
investigated macrophages in this study, but during the immune
responses to vaccination, other cells, especially dendritic cells,
B cells, and natural killer cells, also have important functions.
The roles of these cells will be studied in our future research.
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Conclusions

Our work indicated that alginate particles are nontoxic, pro-
mote the activation of macrophages, and enhance the se-
cretion of inflammatory and effector cytokines against can-
cer. Alginate particles loaded with OVA peptide inhibit tumor
progression more effectively than using alginate or OVA pep-
tide individually. This study provides a preliminary basis for
using alginate as a carrier and adjuvant for anti-cancer ther-
apy. Future studies needed to be done to clarify the underlin-
ing mechanism of alginate/OVA peptide, since our study only
focused on the effect on macrophages. Other cells, such as
dendritic cells, natural killer cells, and B cells, may also be in-
volved in the anti-cancer effect.
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