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Abstract

Quil-A and cholesterol can, under certain conditions, form nanoparticles, but
the conditions for the formation of a homogeneous population of a particular
kind of particles with the same morphology and size have remained elusive.
However, a well-defined uniformity, as well as a high degree of batch-to-batch
consistency, are prerequisites for adjuvant formulations to be used for prac-
tical vaccines. To accomplish the above stated tasks in the present study, we
demonstrated that Quil-A and cholesterol form well-defined worm-like stable
particles with a mean diameter of around 40 nm by dynamic light scattering
(DLS) under carefully controlled thermodynamical conditions with little or
no Quil-A degradation. The nanoparticles thus prepared possessed a signifi-
cantly reduced hemolytic effect in comparison to unformulated free Quil-A.
However, when the same conditions were applied to QS-21/cholesterol nano-
particle formation the morphology achieved was coil spring-like particles with
a mean diameter of around 70 nm. This discrepancy in particle morphology
and size was attributed to the differences in hydrophobicity of the Quil-A,
being a heterogenic fraction of acylated as well as deacylated saponins, and
the QS-21. With the process optimizations leading to a standardized particle
size distribution and nanoparticle morphology presented here, NanoQuil F70
holds the potential as a well-tolerated vaccine adjuvant for veterinary use
raising a Th1/Th2 balanced immune response.
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1. Introduction

The triterpene saponin mixture Quil-A has been used as vaccine adjuvant in
animals for many years, but its lytic and surfactant activity introduce limitations
for the dose to be applied in order to balance the adjuvant effect against the local
adverse reactions at the injection site [1] [2] [3]. This problem was at least par-
tially overcome by Morein et al in 1984 by incorporating the Quil-A saponin
into cage-like ISCOM particles when combined with cholesterol and phospholi-
pids (PC) [4] and later with the ISCOMATRIX formulation [5]. Lately, the abil-
ity of triterpene saponins to interact with cholesterol alone was used by Morein,
Hu et al. to design a novel Quil-A containing nanoparticle, originally referred to
as G3 and later re-named NanoQuil.

This formulation of Quil-A + cholesterol, when used as a vaccine adjuvant,
generated an immune response overall similar to that of the traditional ISCOM
formulation with a balanced Th-1/Th-2 profile. In addition, this new adjuvant
formulation when supplemented with the diterpene, Stevia glycoside, known as a
commonly used and GRAS food additive (sweetener) [6], could even induce
cross-protective immunity again a range of influenza virus strains and stimu-
lated a vast array of innate immune response parameters in vitro.

However, G3-nanoparticles made in accordance with the original method
gave lead to preparations with a heterogenous particle size distribution and mor-
phology (Figure 1) which turned out to be the main obstacle for transforming
such a concept into a credible and standardized product with a uniform and re-

producible particle morphology and particle size distribution.

Size (d.nm): % Intensity: St Dev (d.nm):

Z-Average (d.nm): 29.19 Peak 1: 3125 40.6 182.1
Pdl: 0.841 Peak 2: 4227 335 19.31
Intercept: 0.760 Peak 3: 7.330 224 2.167

Result quality: Refer to quality report
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Figure 1. The original method of preparation involving incubation of Quil-A and cholesterol at 37°C overnight, demonstrated
various morphologies and a heterogenous particle size distribution of NanoQuil particles when analyzed by TEM (a) and DLS (b).

Although triterpene saponins, and QS-21 in particular, are known to be heat
labile [7], we here present data that identified thermal treatment as the single
most important factor for obtaining a uniform morphology and particle size dis-

tribution and the ability to maintain an acceptable low tissue lytic effect.
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2. Materials and Methods

2.1. Materials for NanoQuil Formation

Quil-A: lyophilized manufactured by CRODA Denmark A/S.

QS-21: AB 801/QS-21, 5 mg/ampule, Batch No. A010-023, Manufacturing Date:
18 July 2018.

Stock solutions of Quil-A (100 mg/mL) and QS-21 (10 mg/mL) in water were
prepared and stored at —25°C.

Cholesterol. Lot. SCOL129-2, material code: C1231, Sigma-Aldrich.

PBS: pH 7.4, D8662-500ML, Sigma-Aldrich.

Acetone: 32201-2.5L-M. Ph. Eur., 299.5%, Sigma-Aldrich.

Safe-lock Eppendorf tubes: Eppendorf AG, Hamburg, Germany.

Vortex Mixer: VELP wizard, advanced IR, VELP scinetifica, Italy.

Air pump: Eheim 200, type 3702010.

Thermoshaker and block thermostats with smart control: MKR13 from Het-
tich Lab Technology, The Netherlands.

Sorvall ST16R centrifuge: Thermo Scientific.

Vacuum filtration: 1000 mL, SFCA, 0.22 uM sterilized, VWR European article
No 514-1058.

2.2. Formation of NanoQuil Particles at 70°C

1.25 mg of plant-derived cholesterol was dissolved in 1 mL acetone. 0.1 mL of
the cholesterol solution was transferred to a 1.5 mL Eppendorf tube. The ace-
tone was removed while rotating the tube on a vortex mixer at 300 rpm,
gradually forming a cholesterol membrane covering the V-bottom part of the
Eppendorf tube. 1 mL or 0.9 mL of 70°C PBS was added quickly to the tubes
with the cholesterol deposit, followed by 10 uL Quil-A stock solution (100
mg/mL) or 100 uL QS-21 stock solution (10 mg/mL) respectively, resulting in
a final saponin concentration of 1 mg/mL, and cholesterol concentration of
0.125 mg/mL (the weight ratio of Quil-A: cholesterol at this stage is 8:1). The
tubes were incubated at 70°C for 60 minutes, then cooled down to 4°C fol-
lowed by storing the tubes at 4°C overnight. The tubes were centrifuged at
10.000 x G for 20 minutes followed by filtration through a 0.22 uM filter next
day. The Quil-A + cholesterol complexes, named NanoQuil F70, were stored

at 4°C until use.

2.3. Negative Staining Electron Microscopy (TEM) for Morphology

The TEM was commercially run at BioVis Platform of Uppsala University.

A 5 pL drop of the sample was placed on a formvar and carbon coated
200-mesh copper grid. After 30 seconds, the excess solution was removed by blot-
ting with filter paper. The sample was then directly stained for 10 seconds with
2% uranyl acetate. Excess of uranyl acetate was removed by blotting on filter pa-
per. Dried grids were examined by TEM (FEI Tecnai G2 operated at 80 kV).

DOI: 10.4236/wjv.2022.121001

3 World Journal of Vaccines


https://doi.org/10.4236/wjv.2022.121001

K.F. Huetal.

2.4. Dynamic Light Scattering (DLS) for Particle Size Distribution

A sample of NanoQuil colloid (100 uL) was transferred to a Quartz p-cuvette
(Art. No. 105-203-1085-40, Hellma Analytics) and put into the instrument (Ze-
taSizer Nano ZS90, Malvern Instruments). Measurements were performed at
25°C after a period of equilibration of 2 minutes. Instrumental settings: 173"
backscatter detection, 3 measurements per sample, a refractive index of 1.4 and
absorption coefficient of 0.001; for the dispersant, the default settings for 1 x PBS
buffer. Data are presented as intensity distributions as function of particle size
(d.nm).

2.5. Quil-A Quantification

The Quil-A content of the Quil-A/cholesterol nanoparticles was determined by
orcinol test, which is based on a color reaction caused by both pentose and hex-
oses as parts of Quil-A molecules. A Quil-A standard curve was created ranging
from 1.75 mg/mL, 1.50 mg/mL down to 0.00 mg/ml (0.25 mg/mL per step, 8
steps in total). 100 pL sample + 200 uL orcinol reagent per well were incubated
at 100°C for 20 minutes. The result was read spectrophotometrically at 570 nm.
The Quil-A content in the unknown samples was extrapolated from the standard

curve according to their OD values.

2.6. Cholesterol Quantification

Cholesterol content in the Quil-A + cholesterol products was determined using a
commercially available cholesterol assay kit (ab65359 cholesterol/cholesteryl es-

ter quantitation kit) from ABCAM according to its instruction manual.

2.7. Hemolysis Test

160 pL 5 times diluted sheep whole blood (Statens Serum Institute, Denmark)
were mixed with 40 uL Quil-A standard or NanoQuil F70 sample and incubated
at 37 °C for 45 minutes. After centrifugation at 500 x G for 5 minutes. The su-
pernatant of 100 uL/well x 3 wells for each sample was analyzed spectrophoto-
metrically at 540 nm. The degree of hemolysis reduction was calculated as the
percentage of untreated Quil-A at the same concentration according to their re-

spective OD values.

3. Results

3.1. Morphology and Size of NanoQuil Particles

3.1.1. Quil-A + Cholesterol Particles Prepared in Accordance with the
Original Method

Initially, Quil-A + cholesterol particles were formulated during overnight incu-

bation at 37°C, corresponding to body temperature, which was the highest tem-

perature to think of due to concerns of saponin degradation. Under these condi-

tions, various particle morphologies were generated, including worm-like, helic-

es/double helices, coil spring-like etc., as shown by TEM (Figure 1(a)), and
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three major peaks were seen in DLS (Figure 1(b)), demonstrating a shortage of

homogeneity and reproducibility

3.1.2. Optimization of F70 Protocol

When Quil-A and cholesterol were incubated at 70°C for 30 minutes, an identic-
al population of worm-like particles was formed (Figure 2(a), Figure 2(b)). At
temperatures lower than 70°C, it was not possible to form such a homogeneous
population. Further studies showed that prolonging the time of incubation to 60
minutes, an optimized result was achieved judging from TEM (Figure 2(c)) and
DLS (Figure 2(d)). After this, we settled for a protocol referred to as NanoQuil
F70 (incubation at 70°C for 60 minutes).

Size (d.nm): % Intensity: St Dev (d.nm):

Z-Average (d.nm): 41.96 Peak 1: 117.6 97.2 168.9
Pdl: 0.461 Peak 2: 4397 28 926.2
Intercept: 0.864 Peak 3: 0.000 0.0 0.000

Result quality: Refer to quality report

Size Distribution by Intensity
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Z-Average (d.nm): 31.70 Peak 1:  43.32 97.3 23.57
Pdl: 0.248 Peak2: 6.250 2.7 1.379
Intercept: 0.937 Peak 3:  0.000 0.0 0.000
Result quality: Good
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Figure 2. A homogenous population of NanoQuil particles was created after incubation of Quil-A and cholesterol at 70°C for 30
minutes (a) for TEM and DLS result for the same formulation (b). (c) and (d) show TEM and DLS results for a NanoQuil F70
Quil-A formulated with the optimized protocol (at 70°C for 60 minutes).
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3.1.3. NanoQuil Particles Generated with QS-21 at 70°C for 60 Minutes

After incubation with the optimized protocol for Quil-A ie., at 70°C for 60 min,
QS-21 and cholesterol formed coil spring-like particles (Figure 3(a), Figure 3(b)),
distinctly different from the worm-like particles seen with Quil-A + cholesterol

under the same conditions.

Size (d.nm): % Intensity: St Dev (d.nm):

Z-Average (d.nm): 49.80 Peak 1:  68.17 100.0 30.32
Pdl: 0.249 Peak2: 0.000 0.0 0.000
Intercept: 0.925 Peak 3:  0.000 0.0 0.000

Result quality: Good
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Figure 3. Coil spring-like NanoQuil particles were formed after incubation of QS-21 and cholesterol at 70°C for 60 minutes. (a)
For TEM and (b) for DLS result for the same formulation (b).

3.2. Quil-A Recovery in the Quil-A + Cholesterol Products

The Quil-A content in the Quil-A containing NanoQuil F70 products was meas-
ured by the orcinol test, which gave, on average, a recovery rate around 97% in
comparison to that of the starting materials used (Table 1) Ze, only 3% of the
Quil-A was lost in the production process. The 3% Quil-A was trapped and de-
tected (data not shown) in the pellets of cholesterol aggregates after the centri-

fugation step.

Table 1. Quil-A recovery in five different batches of NanoQuil F70 products.

F70 Batch Quil-A recovery
# (% of starting material)
180301 92.3
180326 97.3
180508 100.0
180614 100.0
190126 94.0
Mean + SD 96.7 + 3.5

3.3. Cholesterol Recovery in the Quil-A + Cholesterol Products

The cholesterol recovery rate was low Ze., only about 19% (Table 2).

DOI: 10.4236/wjv.2022.121001

6 World Journal of Vaccines


https://doi.org/10.4236/wjv.2022.121001

K.F.Huetal.

Table 2. Cholesterol recovery in five different batches of NanoQuil F70 products.

F70 Batch Cholesterol recovery rate
# (% of starting material)
180301 19.2
180326 18.4
180508 17.6
180614 16.0
190126 24.0
Mean + SD 19.0 + 3.0

3.4. Quil-A/Cholesterol Ratios in the Products

On average, a Quil-A/cholesterol ratio in the F70 preparations is about 42:1 on
weight basis (Table 3) in comparison to that of the starting ratio between Quil
A/cholesterol 8:1, resulting a 5-fold reduction in cholesterol content in the final
F70 products.

Table 3. Quil-A/cholesterol ratio in NanoQuil F70 products.

F70 Batch Quil-A/cholesterol
# (ratio)
180301 38.5
180326 42.3
180508 45.5
180614 49.5
190126 313
Mean + SD 412 +6.9

3.5. Reduction of Hemolysis Effect after Formulating Quil-A with
Cholesterol into F70

A significant reduction of hemolysis was recorded when Quil-A was formulated
into F70 nanoparticles with cholesterol as demonstrated with 5 batches of F70
with a mean hemolysis reduction value of around 31% (Table 4) in comparison
to the hemolysis effect of the same concentrations of Quil A in unformulated

form.

Table 4. Reduction of hemolysis effect achieved by F70.

F70 Batch Hemolysis reduction
# (% of raw Quil-A)
180301 25.8
180326 31.9
180508 46.0
180614 25.0
190126 26.0
Mean £ SD 30.9 + 8.9
DOI: 10.4236/wjv.2022.121001 7 World Journal of Vaccines
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4. Discussion

NanoQuil particles consisting of Quil-A and cholesterol, originally referred to
as G3 particles (indicating that they constituted the third generation of sapo-
nin-containing nanoparticles after the ISCOMs [4] (as the 1st generation) and
ISCOMATRIX [5] [6] (as the 2nd generation), have shown interesting and
promising results in several studies since 2014. Van de Sandt et a/ [8], Hjertner
et al [9] and Hellmann et al [10] [11] demonstrated that this new adjuvant
formulation supplemented with DT could induce cross-protective immunity again
influenza virus and in vitro stimulated a vast array of innate immune response
respectively, including Thl immunity [9]. Initially, Quil-A + cholesterol nano-
particles gave lead to mixed populations of several different kinds of particles af-
ter overnight incubation at 37°C. Incubation temperatures higher than that had
not yet been tested before the present study, largely due to the risk for saponin
hydrolytic degradation. This is particularly true with QS-21 since it is highly
sensitive to environmental changes such as pH, temperature etc. Table 5 sum-
marizes all the particles that could be generated by ISCOMs (Quil-A + cholesterol
+ PC), Quil-A + cholesterol and QS-21 + cholesterol.

Table 5. Structures created with Quil-A/QS-21 + Cholesterol (CHO) with/without Pho-
nspholipid (PC).

Morphologies ISCOM method NanoQuil method
created Quil-A + CHO + PC  Quil-A + CHO QS-21 + CHO
1. Ring-like X F37
2. Worm-like X F37, F70
3. Helices X F37
4. Double helices X F37
5. Coil spring-like F37 F70
6. ISCOM X
7. Cage-like X
8. Lamellae X

In the present study, to generate a homogeneous particle population, we did
the unthinkable by incubating Quil-A or QS-21 with saturated amounts of cho-
lesterol at 70°C for 60 minutes. Two distinct populations of particles were gen-
erated ie.,, worm-like and coil spring-like particles for Quil-A + cholesterol and
QS-21 + cholesterol complexes, respectively. This approach solved once and for
all both homogeneity in terms of particle morphology and size, and reproduci-
bility problems while changes of other parameters such as pH, ion strength,
NaCl concentration and addition of detergents etc. did not result in any signifi-
cant improvement (results for these parameters are not shown). Quil-A alone, as

a control, was also treated under the same conditions and result showed that its
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HPLC profile was largely unchanged.

Producing a homogeneous population of such complexes in a reproducible
manner is a prerequisite for transforming such a concept into a standardized
product.

After optimizing the preparation protocol, we saw a recovery rate of approx.
20% of cholesterol, indicating around 80% loss was seen when particles were
made according to the current protocol. Part of this may have been lumps of
cholesterol retained on the sterility filter. Solubility of cholesterol in water/PBS is
very low (in water, 0.095 mg/L at 30°C [12]), and only solubilized cholesterol
can be utilized to form the Quil-A + cholesterol complexes, cholesterol in excess
is the key to providing enough solubilized cholesterol molecules to feed the in-
teraction between Quil-A and cholesterol.

Hemolysis effect has been used for in vitro evaluation of potential tissue lysis
after injection of saponin products. NanoQuil alone can significantly reduce
such an effect in comparison to Quil-A alone. Addition of DT to NanoQuil re-
duced hemolysis even further (unpublished data). This is of interest because
when using Quil-A saponin in veterinary vaccines the dosing of Quil-A consti-
tutes a balance between the adjuvant effect and the local tissue reactogenicity.
Consequently, a formulation like NanoQuil F70 with reduced tissue lytic effect
will allow increasing the dose of Quil-A with the aim of achieving a higher de-
gree of immunostimulation.

This is the first detailed study to characterize the morphology and particle size
distribution of the cholesterol-containing dual component nanoparticles made
from either Quil-A saponin or QS-21 with cholesterol. We have identified ther-
mal treatment as the decisive parameter for particle morphology and size. We
have devised a method for obtaining a high degree of standardization, compris-
ing a homogenous particle morphology and size distribution for NanoQuil F70,
by thermal treatment, without causing heat-derived degradation of the saponin
molecules.

Taken together, NanoQuil F70 formulated with Quil-A with or without DT
could be used as a more cost-friendly, simplified version of ISCOM:s for use as a
veterinary vaccine adjuvant. On the other hand, the same adjuvant formulated
with QS-21 needs to be further investigated before being considered for human

use.
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