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Abstract

To date there is no clinically approved adjuvant to drive a protective T-helper cell 17 (Th17)
immune response against Mycobacterium tuberculosis (Mth). Trehalose Dimycolate (TDM) is a
glycolipid molecule found in the cell wall of Mtb and similar species. Our team has discovered
novel synthetic TDM derivatives that target Mincle receptors and when presented on the

surface of amine functionalized silica nanoparticles (A-SNPs) adopt the requisite supramolecular
structure for Mincle receptor agonism. Here we describe the preparation and characterization
methods for these critical silica nanoparticles (SNPs) co-loaded with Mincle agonists (MAS)
and a model antigen. In this work, A-SNPs with a particle diameter of 246 + 11 nm were
prepared and examined for co-adsorption of two synthetic MAs along with ovalbumin (OVA).
Due to the insolubility of the studied MAs in aqueous environment, aggregation of the MAs
made separation of the adjuvant-loaded SNPs from the free-form MAs via centrifugation

very challenging. To facilitate separation, we synthesized modified SNPs with comparable
amine surface functionalization to the original A-SNPs, but with a superparamagnetic iron
oxide core (M-A-SNPs), to allow for magnetic separation. We also substituted Alexa Fluor
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488-labeled ovalbumin (AF 488 OVA) for the un-tagged OVA to improve the sensitivity of

our quantitation method. A RP-HPLC method was developed to simultaneously determine the
amount of adsorption of both the Mincle adjuvant and the model antigen to the A-SNPs. AF488
OVA demonstrated higher than 90% adsorption, with or without the co-adsorption of MAs.
Likewise, MAs exhibited higher than 80% adsorption in the presence or absence of antigen.

The developed formulations were tested /n vitro using murine RAW cells and human peripheral
blood mononuclear cells, exhibiting good cytokine induction in both cell lines. Results from these
studies indicate that A-SNPs could be used as a customizable presentation platform to co-deliver
antigens along with different MAs of varying structural features and biophysical properties.
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1. Introduction

Pattern recognition receptor (PRR) binding and activation represent a key first step
implicated in the protection against pathogens that cause a significant disease burden

including Mycobacterium tuberculosis (Mtb), Staphylococcus aureus, and others [1]. C-type

lectin receptors (CLRs) are important PRRs involved in pathogen detection and innate
immune activation leading to induction of adaptive immunity [2]. Therefore, targeted
stimulation of CLRs holds promise for driving a superior protective immune response
against these diseases [3, 4]. It is hypothesized that protection against major intracellular
pathogens, such as Mth, requires the induction of potent antigen-specific CD4* T cell
responses [5, 6]. Ongoing research efforts seek to co-deliver antigens and adjuvants with
various delivery systems to enhance both cell-mediated and humoral immunity. After
several decades typified by the use of aluminum salts as the main adjuvant approved

for boosting responses to the adsorbed antigen, there is now a growing list of adjuvants
and multicomponent nanoparticle-based vaccine formulations emerging which represent
promising approaches for improving next-generation vaccines [7].

Poor uptake of soluble protein antigens reduces vaccine immunogenicity and efficacy.
As a result, nanoparticle delivery platforms have emerged as the leading candidates for
improving both efficacy and safety profiles of subunit vaccines [8, 9]. It is important for
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the safety of a vaccine that the adjuvant(s) used do not trigger adverse side effects or
systemic reactogenicity. One strategy for preventing this is to physically link or co-deliver
the adjuvant and antigen. This can be accomplished by directly linking or confining both
components via association with a particle carrier. This holds the dual benefit of limiting

the introduction of soluble antigens and adjuvants and enabling co-delivery of the vaccine
components to the same cell to produce a more robust and specific immune response [7, 10].

Previous studies have revealed the criticality of inflammatory cytokines and co-stimulatory
molecules like CD40 and CD80/86 help bridge innate and adaptive immunity resulting

in higher numbers of antigen-specific CD4+ and CD8+ T cells [11]. A major challenge
underlying the use of hanomaterials in vaccines lies in identifying particle designs that

can efficiently target and activate antigen-presenting cells (APCs), especially dendritic cells
(DCs) [9]. The physical linkage between adjuvants and antigen was postulated to reflect
the need for both components to target the same APCs, thus enhancing antigen uptake

and presentation [7]. This is particularly important when targeting Mtb, which requires

the induction of potent antigen specific CD4+ T cell responses [12]. Targeting of resident
lymph node (LN) DCs by free antigen prior to their activation by CLR adjuvant molecules
should be avoided to elicit potent Th1/Th17 anti-mycobacterial responses. Early DC uptake
of soluble antigen can result in nonactivated antigen-pulsed DCs which do not effectively
support the survival and differentiation of CD4 Th1/Th17 effector memory cells [7, 13].

SNPs can be engineered to adopt a wide array of shapes, sizes, and customized surface
functionalities with variable porosity and payload capacity, which makes them effective
carriers of both antigens and adjuvants. Recent studies have demonstrated that antigen
and/or adjuvant-loaded SNPs can drive both humoral and cellular immune responses while
maintaining good biocompatibility and a low cost of production [9, 14-18]. Antigen loaded
SNPs accumulate in APCs in the draining LN after injection leading to dramatically
enhanced induction of antigen-specific B and T cell responses as compared to soluble
vaccine formulations [9, 19]. For example, cationic SNPs were able to efficiently co-load
and present multiple copies of a negatively charged oligonucleotide adjuvant and Ovalbumin
(OVA) antigen through electrostatic interactions. That strategy enhanced immunogenic
responses [20]. The FDA has classified silica as “Generally Recognized as Safe” and

silica has been used as a food additive and in cosmetics. Amorphous silica particles are
degraded into water-soluble orthosilicic acid (Si(OH)4) that can be excreted in the urine.
According to several reports, SNPs at concentrations less than or equal to 20 mg/ml exhibit
no cytotoxicity or inflammatory responses [21]. Despite prior reports showing favorable
properties, the co-delivery of Mincle ligands and antigens on SNPs has not been described
previously.

Trehalose dimycolate (TDM) is a glycolipid molecule found in the cell wall of
Mycobacterium tuberculosis (Mtb) and similar species [22]. We recently reported that a
lipidated trehalose scaffold could potentially be used to generate new libraries of potent
TDM derivatives with improved physicochemical properties for application as vaccine
adjuvants [3, 23]. In an extension of this work we have synthesized an asymmetric MA
using a robust click chemistry-based process allowing for the synthesis and testing of an
asymmetric lipidated triazolyl-functionalized trehalose derivative, UM1128 [24]. In this
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report, UM1128 was compared to UM1024, a potent diaryl trehalose derivative [23, 24],

in terms of loading efficiency on A-SNPs and biological activity /n7 vitro either in the
presence or absence of a model antigen. The chemical structures of the studied MAs

are presented in Figure 1. Furthermore, a custom-designed procedure to produce and
characterize SNP-based vaccine delivery platforms is described. First, a mixture of A-SNPs
and the amphiphilic MAs were deposited as a thin film in a round-bottomed flask by
evaporation of the organic solute. Then, the MAs were adsorbed onto the surface of A-SNPs
via bath sonication in aqueous media. This was followed by the presentation of a model
antigen, OVA or Alexa Fluor 488-labeled OVA (AF488 OVA), to the A-SNPs to allow

for adsorption through the association of the negatively charged antigen to the positively
charged A-SNP. MAs were observed as insoluble aggregates in aqueous solutions that

pellet with the A-SNPs during centrifugation making the separation of the A-SNPs-adsorbed
MAs from the free-form MAs aggregates challenging. This separation issue was resolved
by using superparamagnetic iron oxide nanoparticles with a silica shell (M-A-SNPs) of
comparable surface functionalization, surface area, and zeta potential to the A-SNPs. The
use of M-A-SNPs in place of A-SNPs allowed for separation of loaded particles from
free-form MAs using a magnet and thus an accurate determination of adjuvant adsorption

to A-SNPs in both the presence and absence of the model antigen. The presence of MAs
interferes with commonly used protein quantitation techniques such as the bicinchoninic
acid assay (BCA), so a different analytical technique was required to measure the adsorption
of OVA to A-SNPs in this vaccine formulation. In addition to the preparation protocol,

a RP-HPLC separation method was developed which enabled simultaneous quantitation

of AF488 OVA and MAs co-adsorption to M-A-SNPs. The developed RP-HPLC method
permitted separation and concurrent quantitation of both analytes from a mixed sample

by using a combination of UV and fluorescence detection. Antigen demonstrated high
adsorption, with no indication the presence of MAs interfered with its adsorption efficiency.
MAs also exhibited high adsorption in the presence or absence of antigen.

The developed formulations were tested /n vitro in murine RAW cells and human peripheral
blood mononuclear cells (hPBMCs) where they exhibited good cytokine induction. The
tested formulations also showed a good ability to engage the Mincle receptor. The SNPs-
based vaccine antigen and adjuvant co-delivery formulation described here can be easily
customized to co-deliver antigens along with different MAs of varying structural features
and biophysical properties with the potential to improve both humoral and cell-mediated
immunity in an /n vivo system, which is currently under investigation.

2. Materials and methods

2.1. Materials

All chemicals used were of Analytical Reagent grade and all solvents were of HPLC grade.
Trifluoroacetic acid (TFA) and ammonium hydroxide were obtained from J.T. Baker, NJ,
USA. Water for irrigation (WFI) was obtained from Baxter Healthcare Corp, IL, USA.
Methanol, anhydrous ethanol, isopropyl alcohol, Triton X-100, and sodium hydroxide
were obtained from Fisher Scientific, NJ, USA. Tetraethyl orthosilicate (TEOS), and
(3-Aminopropyl)triethoxysilane (APTES) were obtained from Sigma-Aldrich, MO, USA.

Int J Pharm. Author manuscript; available in PMC 2023 May 23.
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FeCl3 anhydrous (98%) was obtained from Alfa Aesar, MA, USA. FeCl,-4H,0 and citric
acid monohydrate (CA) were obtained from Acros Organics, USA. OVA and AF488 OVA
were purchased from Invitrogen by ThermoFisher Scientific, OK, USA.

2.2. Synthesis of MAs

Reactions were monitored by TLC-analysis on Merck Silica gel 60 F254 plates and
visualized by UV at 254 nm and dipping in vanillin (vanillin/water/ethanol/sulfuric acid,
0.2 g:5 mL:5 mL:1 mL) or phosphomolybdic acid in ethanol (PMA) and developed with
heat. The two compounds were confirmed to be >95% pure by TLC, NMR, and high-
performance liquid chromatography-mass spectrometry (HPLC-MS) analyses. 1H and 13C
NMR spectra were recorded on a Bruker 500 MHz instrument and were referenced to
TMS or a solvent peak. High-resolution HPLC-MS analysis was obtained on an Agilent
6520 Q-TOF mass spectrometer utilizing electrospray ionization source in positive or
negative mode. Chromatography was performed on Grace or Biotage automated medium
pressure chromatography instruments with preloaded Buchi silica gel cartridges. UM1024
was synthesized according to our previous report [23] and UM1128 was synthesized as
described in Scheme 1 [24].

Synthesis of 2-((6-(azidomethyl)-3,4,5-tris(benzoyloxy)tetrahydro-2H-pyran-2-yl)oxy)-6-
((tosyloxy)methyl)tetrahydro-2H-pyran-3,4,5-triyl tribenzoate (1). 2,2",3,3",4,4’-Hexa-
benzoyl-a,a-D-trehalose [25] (6 g, 6.2 mmol) was combined in dichloromethane (0.1M)
with p-toluene sulfonyl chloride (3.3 g, 17 mmol) at ambient temperature and triethyl amine
(3.3 g, 17 mmol) was added dropwise. Upon reaction completion the solution was poured
into ice water (50 mL) and extracted with MTBE (2 x 75 mL). The combined organic
extracts were concentrated and the resulting mixture was purified by chromatography

on silica gel (linear gradient of 0% to 50% ethyl acetate/heptane) yielding 2,2",3,3",4,4’-
Hexa-0-Benzoyl-6,6"-bis(p-toluensulfonyl)-a.,a- D-trehalose (5.6 g, 4 mmol) as a white
solid. This intermediate was combined in DMF (0.3 M) with NaN3 (0.404 g, 0.62 mmol)
and heated to 65 °C and monitored by TLC (50% ethyl acetate/heptene). After 6 hours

the bis-tosyl intermediate had been consumed and the reaction was cooled to room
temperature, poured into ice water (50 mL) and extracted with MTBE (2 x 75 mL). The
combined organic extracts were concentrated and the resulting mixture was purified by
chromatography on silica gel (linear gradient of 0% to 50% ethyl acetate/heptane) to yield
1 as a white solid (1.575 g, 1.3 mmol, 32%) in addition to the diaza product as a solid
(0.972 g, 0.95 mmol, 22%). 1H NMR (400 MHz, CDCl3) 6 8.09 (d, /= 7.9 Hz, 2H),

7.90 (d, /=7.27 Hz, 2H), 7.83 (d, J=7.93 Hz, 1H), 7.73 (d, J= 7.93 Hz, 1H), 7.64

(d, J=7.93 Hz, 1H), 7.56 (t, J=7.27 Hz, 1H), 7.50-7.27 (m, 7H), 7.22 (d, /=7.27

Hz, 1H), 6.25-6.09 (m, 1H), 5.63-5.45 (m, 2H), 4.20-3.98 (m, 1H), 3.64-3.47 (m, 1H),
2.95-2.75 (m, 1H), 2.35 (s, 1H); 13C NMR (100MHz, CDCl5) & 165.5, 165.1, 165.0,
164.9, 164.4, 144.9, 133.6, 133.5, 133.2, 132.2, 129.9, 129.8, 129.7, 129.5, 128.9, 128.7,
128.6, 128.5, 128.4, 128.3, 128.0, 97.7, 71.1, 71.0, 70.1, 70.0, 69.7, 69.0, 68.0, 67.7,

66.3, 49.9, 21.6. Synthesis of 2-((4-(((1,3-bis(octyloxy)propan-2-yl)oxy)methyl)-1H-1,2,3-
triazol-1-yl)methyl)-6-((3,4,5-tris(benzoyloxy)-6-((tosyloxy)methyl)tetrahydro-2H-pyran-2-
yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl tribenzoate (2). Compound 1 (0.100 g, 0.090
mmol) was dissolved in Dioxane/water (5:1, 0.015M). 1-(3-(octyloxy)-2-(prop-2-yn-1-
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yloxy)propoxy)octane (0.030 g, 0.10 mmol), Cu(11)SO4 (0.003 g, 0.02 mmol), and sodium
ascorbate (0.011 g, 0.05 mmol) were added and the reaction was heated to 50°C and
monitored by TLC. Upon completion the reaction was cooled to room temperature, filtered
and chromatographed on silica gel (linear gradient of 0% to 50% ethyl acetate/heptane)

to yield 2 as a white solid in (0.075 g, 0.05 mmol, 58%). 1H NMR (400 MHz, CDCl5)

8 8.07 (t, /= 8.3 Hz, 4H), 7.86 (d, /= 6.73 Hz, 4H), 7.80 (d, J= 7.52 Hz, 2H), 7.66

(d, J=7.52 Hz, 2H), 7.60 (d, J= 7.52 Hz, 2H), 7.57-7.24 (m, 18H), 7.18 (d, /= 8.31

Hz, 2H), 6.20-6.05 (m, 2H), 5.57 (d, /=3.60Hz, 1H), 5.49-5.41 (m, 2H), 5.32-5.24 (m,2H),
5.15 (t, /= 9.21 Hz, 1H), 4.82 (s, 2H), 4.33-4.26 (m, 1H), 4.15-4.03 (m, 2H), 4.01-3.93
(m,1H), 3.80-3.73 (m, 1H), 3.62-3.38 (m, 9H), 2.33 (s, 3H), 1.99-1.86 (m, 1H), 1.62—
1.50 (m, 4H), 1.37-1.17 (m, 19H), .86 (t,J =6.54Hz,6H): 13C NMR (100MHz, CDCl3) &
165.4, 165.0, 164.9, 164.6, 164.4, 146.1, 144.8, 71.6, 70.9, 70.8, 70.7, 70.6, 70.1, 70.0,
68.7,68.1, 67.6, 66.1, 63.7, 49.2, 31.8, 29.6, 29.4, 29.2, 26.1, 22.6, 21.6, 14.1. Synthesis of
2-(azidomethy1)-6-((6-((4-(((1,3-bis(octyloxy)propan-2-yl)oxy)methyl)-1H-1,2,3-triazol-1-
yhmethyl)-3,4,5-trihydroxytetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-3,4,5-trio
(UM1128). Intermediate 2 (0.075 g, 0.05 mmol) was dissolved in DMF (0.02M) followed
by the addition of NaN3 (0.016 g, 0.25 mmol). The reaction was heated to 65°C

for 15 hours, cooled to ambient temperature, poured into ice water (10 mL) and extracted
with ethyl acetate (2x 20 mL). The combined organic extracted were concentrated

and the residue was dissolved in methanol (5 mL). NaOMe (17uL, 0.30 mmol) was

added and the reaction was stirred until complete by TLC (30% methanol in chloroform).
The reaction was concentrated to 1/3 volume and the product isolated by chromatography
on silica gel (linear gradient of 0% to 40% MeOH/DCM) to yield UM1128 (0.032

g, 0.04 mmol, 86%). 1H NMR (400 MHz, CDCl3) & 7.78 (s, 1H), 5.07 (d, /= 5.31 Hz, 1H),
4.83-4.68 (m, 3H), 4.61-4.48 (m, 1H), 4.22 (t, /= 8.35 Hz, 1H), 4.02-3.69 (m, 11H), 3.58—
3.27 (m, 11H), 3.11 (t, /=9.87 Hz, 1H), 1.61-1.52 (m, 3H), 1.37-1.19 (m, 18H), .87 (t, /=
7.02 Hz, 6H); 13C NMR (100MHz, CDCls) 6 144.8, 93.5, 86.7, 82.9, 79.1, 72.5, 72.4, 71.5,
71.3,71.1,70.8,70.7,70.2, 70.0, 63.1, 51.2, 41.8, 31.6, 29.2, 29.1, 29.0, 25.8, 22.4, 13.7.

2.3. Preparation of A-SNPs

A-SNPs were prepared according to a modified Stober method [26, 27] by adding a
premixed ethanol solution (51 mL) with ammonium hydroxide aqueous solution (30%) (6
mL) to a TEOS solution (2.6 ml) in 10 mL ethanol under stirring in a 100 mL round bottom
flask. The mixture was stirred for 1 hour and further sonicated for 10 min. The flask was
then charged with 65 pL TEOS and an equal volume of APTES. The reaction solutions were
left to stir overnight at 120 rpm and room temperature. The obtained particles were isolated
by centrifugation (3500 rcf, 30 min) and washed several times with ethanol and water for
irrigation (WFI) to remove any unreacted APTES. After washing, particles were dried under
reduced pressure at 60 °C for 8 hours using a vacuum oven.

2.4. Preparation of M-A-SNPs

M-A-SNPs were prepared in four steps; Stepl: superparamagnetic iron oxide nanoparticle
(SPION) seeds with diameters of about 8 nm were prepared according to the Massart’s
co-precipitation method with some modifications [28]. A mixture of 5.19 g of anhydrous
FeCls and 3.12 g of FeCl,.4H,0 were dispersed in 25 mL WFI and sonicated for 1 hour.

Int J Pharm. Author manuscript; available in PMC 2023 May 23.
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This mixture was added, portion wise, into 250 mL of a solution of 1.5 M NaOH and
thermostatized at 50 °C in a double-neck 1000 mL round bottom flask. The mixture was left
to react for 30 min under N, atmosphere with mechanical stirring. The sudden change in the
pH affects the iron ion solution leading to the formation of black iron oxide nanocrystals.
These magnetic nanoparticles were separated by magnetic decantation and then washed
with WFI several times. The final product was dried and re-dispersed in chloroform at a
concentration of 5 mg/mL. Step 2: modifying the surface of the washed SPIONs from step
1 with citric acid to improve their dispersion in the reaction media used in the following
steps according to the work of Yao et al [29]. 0.2 g SPIONs were diluted in 40 mL WFI
containing 2 g citric acid monohydrate (CA). The CA modified SPIONs (CA-SPIONS) were
obtained after ultra-sonication at room temperature for 3 h. Step 3: forming a silica shell
around the CA-SPIONSs [29]. A mixture containing 0.1 g CA-SPIONs, 10 mL WFI, 40

ml ethanol, and 1 mL of NH4OH was ultra-sonicated and mechanically stirred at room
temperature for 30 min before adding another mixture of TEQOS (2.5 mL) and ethanol

(10 mL) dropwise into the above reaction system using a syringe pump at a rate of 0.1
mL/min. After reaction at room temperature for 6 hours, the magnetic SNPs (M-SNPs)
were separated using a magnet and washed with ethanol and WFI several times. Step 4:
Modifying the surface of M-SNPs with APTES. A solution of 53 mg M-SNPs and 6 mL
WFI was added to a 25 mL round bottom flask and sonicated for 10 min. The reaction flask
was then charged with 5.3 uL. APTES. The reaction flask was sonicated and stirred for 3
hours at 60 °C. The M-A-SNPs were collected using a magnet and washed two times with
WFI and 5 times with ethanol before drying under reduced pressure in a vacuum oven at 60
°C for 8 hours.

2.5. Characterization of the nanoparticles

2.5.1. Size characterization by transmission electron microscopy (TEM)—
Electron microscopy was performed at the EMTrix core facility at the Division of
Biological Sciences, University of Montana. The surface morphology and microstructures
were analyzed using TEM (Hitachi H-7100 transmission electron microscope). For TEM
analysis, 5 uL of 0.1 mg/mL nanoparticle solution in WFI was dropped onto a 400-mesh
carbon-supported copper grid and dried. The grid was transferred in a TEM holder and
inserted into the microscope. The microscope was operated at 75 kV. 5-10 images were
acquired with a magnification of at least 15,000X. The average particle diameter and SD
was taken for n=21 particles.

2.5.2. Zeta potential—To measure the zeta potential of nanoparticles, dynamic light
scattering (DLS, Zetasizer, Malvern) was used with an He-Ne laser (633 nm) at 90 °C
collecting optics at 25 °C. 0.1 mg/mL nanoparticle solutions were prepared in 10 mM NaCl
(pH 5.5). 700 pL of each solution were transferred in a folded capillary cuvette and used for
sample acquisition. Three measurements were recorded and the average was reported.

2.6. Loading MAs and antigen onto the surface of A-SNPs using a custom-designed film
coating technique.

Stock solutions of A-SNPs (20 mg/mL) and the MAs, UM1024 and UM1128 (2 mM) were
prepared in ethanol and THF:MeOH (9:1, v/1), respectively. Aliquots from the A-SNPs and

Int J Pharm. Author manuscript; available in PMC 2023 May 23.
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Mincle ligand stock solutions were transferred quantitatively into 2 ml round-bottom glass
vials and mixed for 10 seconds to prepare final concentrations of 20 mg/ml A-SNPs and
0.2 mM MAs, respectively. The thin film formation for these components was achieved by
evaporating the organic solvent under reduced pressure using a rotary evaporator connected
to a vacuum system at 50 °C. Following the addition of WFI to rehydrate the films, regular
bath sonication was used for 60 min at 55-65 °C. An aliquot from the model antigen
prepared at 0.2 mg/mL in WFI was then added to the suspended, adjuvant-coated A-SNPs
followed by mixing using a rotator for 2 hours at room temperature to allow adsorption of
the anionic antigen to the cationic particles, mainly via electrostatic interactions. The final
concentration of the antigen in these formulations was 20 Mg/mL.

2.7. Determination of co-adsorption of MAs and antigen to M-A-SNPs

2.7.1. Samples preparation—The MAs and AF488 OVA were co-adsorbed to M-A-
SNPs following the same procedures described in section 2.6. 400 uL from each sample
were transferred to a 2 mL glass vial after vortexing to suspend the M-A-SNPs. To separate
the liquid in each sample from the magnetic particles, the vials were placed against a
STEMCELL Technologies EasyEights EasySep magnetic separation tube rack for 1 minute.
All of the liquid was removed and transferred to separate 2 mL glass vials (Sample 1). 50

pL from Sample 1 was diluted 4 times in 1% Triton X-100 and vortexed for 10 seconds
before running the samples on RP-HPLC. An equal volume of WFI (400 pL) was added to
the original vials containing only the M-A-SNPs (after removal of the supernatant), followed
by resuspension of the particles by vortexing for 10 seconds. Immediately the homogenously
suspended particles in WFI were transferred to pre-weighed glass vials. The liquid was
separated from the beads using a magnet, transferred back to the original vial, vortexed to
resuspend any SNPs remaining in the original vial, and subsequently transferred back to

the pre-weighed glass vial along with the suspended SNPs. The previous two steps were
repeated by recycling the same liquid until no more particles could be transferred. Then the
liquid only was transferred to different glass vials after separating the beads using a magnet
(Sample 2). 50 pL from Sample 2 were diluted 4x in 1% Triton X-100 and vortexed for 10
seconds before running the samples on RP-HPLC. 100 pL 1% Triton X-100 were added to
the particles left after the previous step in the same vial to extract the MAs. This vial was
briefly sonicated and then vortexed for 10 seconds. The liquid extract was separated from
the particles using a magnet and transferred into a 2 ml HPLC vial. The extraction step

was repeated three more times each with 100 pL 1% Triton X-100 and all the extracts were
combined in a single vial and analyzed by HPLC undiluted (Sample 3). The vial left after
the previous step containing the M-A-SNPs beads was dried off under reduced pressure for 2
hours, then weighed again to determine the mass of M-A-SNPs transferred.

2.7.2. Simultaneous quantitation of MAs and AF488 OVA using RP-HPLC—
Quantitation was performed using a Waters Acquity Arc UHPLC chromatograph system
(MA, USA) equipped with a quaternary solvent manager-R, FTN-R sample manager and
injector valve with 20 UL loop, a 2475 FLR detector, and 2998 PDA detector. Empower

3 for LC systems [Rev.B.03.01-SR1 (317)] software was used for instrument control, data
analysis and acquisition. Separation and quantitation were made on a Waters Symmetry C18
column, 100A, 5 um, 4.6 mm x 250 mm. A mixture of sol-A: 0.1% TFA in water, sol-B:
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IPA, and sol-C: 0.1% TFA in methanol in gradient elution mode (0-1 min. sol-A: 50-50,
sol-B:20-20; 1-5 min. sol-A: 50-0, sol-B: 20-90; 5-7 min. sol-A: 0-0, sol-B: 90-90; 7-8
min. sol-A: 0-50, sol-B: 90-20; 8-12 min. sol-A: 50-50, sol-B: 20-20) was used, (Figure
S1). Flow rate was maintained at 0.6 mL min~L. All determinations were performed at
ambient temperature. The system was equilibrated and saturated with the mobile phase for
30 min before the injection of the solutions. Quantification was achieved for the MAs with
PDA detection at 216 or 254 nm and for the AF488 OVA with a fluorescence detector at
520 nm after excitation at 495 nm. 15 uL of the solutions were injected in duplicates. All
samples were quantitated by peak area based on interpolation from a five-point dilution
series in Triton X-100 of the corresponding standard.

2.8. Transgenic HEK cell SEAP Assays.

Human and mouse Mincle expressing HEK cells were obtained from Invivogen (San Deigo,
CA). Cells were cultured according to the manufacturer’s instructions in DMEM with 10%
FBS, 50 U/ml penicillin, 50 mg/ml streptomycin, 100 mg/ml Normocin, 2 mM L-glutamine,
30 pg/ml blasticidin, 1 ng/ml puromycin and 1x HEK-Blue™ CLR Selection. For assay,
indicated formulations were serially diluted into a 96-well tissue culture plate. HEK cells
were applied to the plates at a density of 3x10° cells/well and incubated for 18-24 h at 37°C.
Cell supernatants were harvested and analyzed via the manufacturer’s instructions using
Hek-BlueTM Detection. SEAP activity was assessed by reading the optical density (OD) at
620-655 nm with a microplate reader; data are expressed as the fold change in OD over
vehicle treated cells.

2.9. Cell culture and cytokine analysis

Raw264.7 cells were obtained from ATCC (Manassas, VA). Cells were cultured in 50%
DMEM with 10%FBS/50% AIMV media (Gibco). Cells were added to serially diluted
compounds in AIMV media at 3x10° cells/well. Peripheral blood samples were collected
from healthy adult donors. The samples were collected after approval by the University

of Montana Institutional Review Board, and signed written informed consent was obtained
from each donor. PBMCs were isolated from peripheral blood using Ficoll-Paque. Cells
were added at 5x108 cells/well in RPMI with 5% human plasma to the serially diluted
formulations. Supernatants were harvested from treated cells 18-24 h post-cell application.
Supernatants were analyzed using either a DuoSet ELISA (R&D Systems, Minneapolis,
MN) for human IL6 or a Luminex multiplex panel for analytes TNFa, IL-1pB, IL-6, IFNy,
IL12p70 and IL-23 (R&D Systems) per the manufacturer’s instructions. Multiplex analysis
was performed using a Luminex 200 instrument (Luminex Corporation). ELISAs were read
on a SpectraMax® M5 Multi-Mode Microplate Reader at 450 nm and raw OD plotted
directly.

3. Results and discussion

Few nanoparticle delivery systems are capable of delivering MAs in a fashion that can
present them to their targeted receptors in an active conformation while at the same time
achieve a synchronized targeting and activation of DCs by both the antigen and the Mincle
adjuvant [7]. The scope of this work focused mainly on the preparation and characterization
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of MAs and antigen co-loaded A-SNPs as a novel vaccine candidate. In particular, this
report describes the preparation and characterization of MAs, A-SNPs, and M-A-SNPs,
then, co-loading of MAs and a model antigen onto the surface of the A-SNPs or M-A-SNPs
as illustrated in Figure 2. In addition to the preparation protocol, methods for separation
and accurate quantitation of co-adsorption of both components to the magnetic particles are
described. Furthermore, we included the synthesis and characterization of UM1128, a novel
synthetic TDM derivative.

As shown in Figure 1, the MAs, UM1024 and UM1128 have distinct structural features as
well as different physicochemical properties and critical packing parameters. The packing
parameter takes into account the volume of the hydrophobic chain, the equilibrium area

per molecule at the aggregate interface, and the length of the hydrophobic chain [30].
UM1024, a brartemicin derivative, has been reported to induce strong vaccine mediated
humoral and cell mediated Th17-type response against the TB antigen, M72 making it a
strong candidate for use as a TB vaccine adjuvant [23]. UM1128 is an asymmetric lipidated
trehalose derivative made via an efficient click chemistry, which also has a free azide group
at the 6 position. UM1128 has a lower hydrophobicity, and a smaller packing parameter than
UM1024 [24]. These two novel MAs were evaluated for loading efficiency on A-SNPs in the
presence or absence of a model antigen as well as biological activity /n vitro.

3.1. Preparation of M-A-SNPs and particle characterization

The studied MAs are water insoluble and consequently self-assemble into aggregates when
in aqueous environment presenting unique challenges for evaluation of loading efficiency.
M-A-SNPs of comparable surface functionalization, surface area, and zeta potential to A-
SNPs (Table 1, Figure 3) were prepared to allow for separation of the A-SNPs-loaded MAs
from the free-form aggregates and facilitate accurate determination of adjuvant adsorption to
A-SNPs in both the presence and absence of the model antigen. M-A-SNPs were prepared in
four steps as illustrated in Figure 3b. Stepl: preparation of the superparamagnetic iron oxide
nanoparticle seeds with diameters of about 8 nm according to the Massart’s co-precipitation
method [28]. Step 2: modifying the surface of the SPIONs from step 1 with citric acid

to improve their dispersion in the reaction media in the following step according to Yao

et al. work [29]. Step 3: forming a silica shell around the CA-SPIONs to obtain M-SNPs
[29]. Step 4: Modifying the surface of M-SNPs with APTES to get a cationic surface

on the magnetic particles resembling that of A-SNPs. Post-functionalization showed SNP
size remained similar, while surface zeta-potential was tunable via functionalization. The
successful surface functionalization with APTES was confirmed by measuring the zeta
potential for the modified particles and comparing it with the zeta potential of bare SNPs,
(Table 1).

3.2. Simultaneous determination of adsorption of MAs and antigen to M-A-SNPs using

HPLC

The studied MAs can be classified as trehalose glycolipids with an amphiphilic nature [31].
Although we suspect that hydrogen bonds play a role in adhesion of the weakly charged
MAs to A-SNPs, it is likely that van der waals and hydrophobic interaction forces contribute
to the rapid and efficient coating of the A-SNPs surface. In addition, the amphiphilic
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properties of these compounds aided their coating onto the surface of A-SNPs using a lipid
film-like procedure, [32]. In this procedure, A-SNPs suspended in ethanol were mixed with
the MA solution in THF: MeOH (9:1, v/v), then thoroughly dried under reduced pressure

to form a thin film surface coated on a round-bottom flask or glass vial. It is reported that
surface enrichment with amphiphilic lipids may be sensitive to ionic strength [33]. WFI

was used as the rehydration diluent to prevent any possible interference from inorganic salts
with the Mincle ligand’s packing properties, which might affect their adsorption to A-SNPs.
Different sonication conditions and temperatures were investigated and 60 min of sonication
at 55-65°C was found to be optimal. After resuspension of the MA-coated A-SNPs, the
model antigen was added and adsorbed to the MA-coated A-SNPs by end-over-end mixing
at room temperature for 2 hours. Of note, it was determined that trehalose glycolipids tend
to aggregate in aqueous environment and adhere strongly to the glass wall of the container
during formulation development, which was minimized significantly by adsorbing them onto
the high surface area provided by SNPs.

OVA is an anionic monomeric phosphoglyco-protein with a molecular weight of 44.5 kDa
and an isoelectric point (IEP) of 4.5 [34]. These physicochemical properties make OVA a
good model antigen for the purposes of TB antigen adsorption to A-SNPs. 20 ng/ml of either
OVA or AF488 OVA adsorbed to a similar degree (higher than 90%) onto 5 mg/ml A-SNPs,
which corresponds to a mass ratio of 1:250 w/w. This was confirmed after spinning down
the particles via centrifugation at 600 rcf for 10 min and checking for the free, un-adsorbed
antigen using micro BCA assay (data not shown). It should be noted that the presence

of MAs interfered with the micro BCA assay and it was not possible to determine the

free antigen for samples containing MAs. To solve this problem, AF488 OVA was used as
the model antigen so we could reliably quantitate the protein at low concentration ranges
(0.3-20 pg/ml) using HPLC coupled with both PDA and fluorescence detectors. This also
allowed for simultaneous quantitation of the studied MAs and AF488 OVA in the same
HPLC run using a single analytical method.

3.2.1. Samples preparation—As mentioned in the previous section, the separation

of the free antigen and MAs was made feasible by using M-A-SNPs instead of A-SNPs
(Figure 4). Different solvents were tried in order to dissolve both the MAs and antigen while
avoiding the use of organic solvents such as THF, acetone, ethanol and methanol which can
precipitate the antigen (water wasn’t a suitable choice to dissolve the water insoluble MAS).
Solutions composed of surfactants, Tween 80 or Triton X-100, in WFI were tested and found
capable of dissolving both components. Triton X-100 was ultimately chosen as it didn’t
interfere with the peak resolution of UM1128, which doesn’t have a strong chromophore,
and resulted in a better peak shape for AF488 OVA during HPLC analysis, (Figure 5). As
illustrated in Figure 4, a magnet was used to separate the supernatant (Sample 1), which
should show any free MAs or antigen, from the M-A-SNPs-adsorbed components. Then, the
M-A-SNPs were resuspended in water and transferred to a clean vial to separate them from
any of the free-form components that might be sticking to the walls of the original glass
vial. This was accomplished using several washes while recycling the water wash in order to
avoid diluting the analytes (Sample 2). MAs were then extracted from the separated beads
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obtained after the previous steps using Triton X-100 several times and the extracts were
collected and analyzed undiluted (Sample 3).

3.2.2. RP-HPLC analysis—Several trials were carried out to obtain a simple, accurate,
and reliable LC method for the simultaneous determination of the studied MAs in
combination with the model antigen. Different columns with varying length and internal
diameter were evaluated and a satisfactory separation was obtained on a Waters Symmetry
C18 column (100 A, 5 pm, 4.6 mm x 250 mm). Different mobile phase compositions and
gradient elution methods were tried to achieve good performance in terms of peak shape and
selectivity for the model antigen as well as different MAs with varying structural features,
(Figure 5 and Figure S2). The use of buffer was not necessary in this method and the
aqueous phase consisted of 0.1% TFA in WFI (sol-A). Methanol, acetonitrile, and IPA were
examined as organic modifiers and a combination of IPA (sol-B) and 0. 1% TFA methanol
(sol-C) were found to be more suitable for achieving good peak shapes for the MAs with
avoiding a high backpressure if only IPA was used. Different gradient elution modes were
tested to achieve proper separation of the cited analytes in a reasonable run time, less than
12 min. The described gradient elution mode (0-1 min. sol-A: 50-50, sol-B:20-20; 1-5
min. sol-A: 50-0, sol-B: 20-90; 5-7 min. sol-A: 0-0, sol-B: 90-90; 7-8 min. sol-A: 0-50,
sol-B: 90-20; 8-12 min. sol-A: 50-50, sol-B: 20-20) was selected, (Figure S1). Different
flow rates were studied and a flow rate of 0.6 mL/min was found to be optimum under

the conditions evaluated. A linear relationship was established by plotting the peak areas
against the corresponding analyte concentration in the range of 2-200 uM and 10-200 pM
for UM1024 and UM1128, respectively, as well as 0.3-20 pg/mL for AF488 OVA, (Figure
S3). Statistical analysis of the data gave high value (0.9999) for the correlation coefficient
(R2) of the regression equation, as well as a small relative standard deviation and % Error
except for UM1128 that is lacking a strong chromophore (Table 2).This data indicates the
good linearity of the calibration graphs. LOD was considered as the minimum concentration
with a signal to noise ratio of at least three (S/N~3), while LOQ was taken as a minimum
concentration with a signal to noise ratio of at least ten (S/N~10). The results of the system
suitability tests assure the adequacy of the proposed RP-HPLC method for routine analysis
of the studied analytes (Table 2). The system suitability data was summarized in Table S1.
The values of the capacity factor (k”) indicate that all peaks are well resolved with respect
to the void volume. The values of % RSD of five consecutive injections performed for

each analyte show good injection repeatability. The tailing factor (T) reflects good peak
symmetry. The theoretical plate numbers (N) demonstrate good column efficiency. The
lower retention time of UM1128 (6.8 min) in comparison with UM1024 (7.5 min) as shown
by RP-HPLC using a CI8 column indicates the higher polarity for the asymmetric molecule,
UM1128 (Figure 5).

No antigen or MA were detected in sample 1 (supernatant) or sample 2 (wash) for all of

the tested formulations, which indicates a high loading efficiency of both components onto
A-SNPs. Furthermore, AF488 OVA showed adsorption higher than 90% to A-SNPs, relative
to an AF488 OVA only control that was processed similarly, where the presence of MAs
didn’t interfere with these adsorption rates, (Table 3). Analyzing sample 3 for the extracted
MAs revealed that UM1024 showed 87.9 £ 5.7 % adsorption in the presence of AF488 OVA
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and 81.8 + 3.2 % adsorption in the absence of AF488 OVA whereas UM1128 showed 88.0
+ 3.5 % adsorption in the presence of AF488 OVA and 85.5 + 11.1 % adsorption in the
absence of AF488 OVA, (Table 3). The excellent co-adsorption results indicate that A-SNPs
can be used as a co-delivery platform for anionic antigens along with different MAs of
different structural features and biophysical properties.

3.3.  Immunogenicity of formulations

Biologically active formulations for MAs are very limited. The most commonly cited
presentation in literature is plate coated for these water insoluble molecules. Plate coated
presentation entails dissolving compounds in a suitable solvent such as ethanol or isopropyl
alcohol, applying a solution to a plate and allowing the solvent to evaporate leaving

the compound on the plate. Although, the plate coating method is typically used for

initial compound screening and SAR studies it is not readily transferrable to an /n vivo
system. Figure S4 shows human IL-6 production from plate coated, DMSO and A-SNPs
formulations of UM1024 where A-SNPs showed a very good potency for the loaded water
insoluble adjuvant. Thus, we have explored the use of SNPs-based formulations to get
around the MAs water insolubility issue and deliver MAs both in vitroand in vivo. MAs
induce inflammatory cytokines, such as tumor necrosis factor a (TNFa) and interleukin
(IL-6), and promote the development of a Th1/Th17 immune response in association with
innate cytokines such as IL-6, IL-1p, IL-12 and IL-23 [3, 23]. To check the ability of

the new SNPs-based formulations for driving such responses, cryopreserved PBMCs were
thawed, treated with UM1024-adsorbed A-SNPs and incubated at 37°C. The supernatant
was harvested 24 hours later and analyzed for TNFa, I1L23, IL-1p, INFy, IL12p70, and
IL-6 via a multiplex cytokine array (Luminex). UM1024-loaded A-SNPs were able to drive
a strong induction of those cytokines from human PBMCs in comparison to the unloaded A-
SNPs (Figure S5), demonstrating that A-SNPs are effective at delivering MA to the targeted
receptors/cells. It is worth mentioning that we have not noted any cytotoxicity /in vitro with
the addition of A-SNPs or MAs loaded A-SNPs at the doses evaluated. All cells appeared
healthy following incubation with these formulations (in comparison to untreated PBMCs).
Furthermore, we conducted additional studies with human PBMCs assessing viability using
Cell Titer Glo® 2.0. where A-SNPs did not impact Cell viability after incubation with
freshly isolated hPBMCs for 24 hours, (Figure S6). Of note, we have not observed overt
toxicity to date with /n vivo studies in mice using up to 2000 ug dose of A-SNPs (data

not shown). To compare the immunostimulatory activity of UM1024 and UM1128 adsorbed
to A-SNPs in both murine and human cell lines, A-SNPs formulations were assessed for
cytokine production from mouse monocytic cell line RAW 264.7. Some very interesting
structural features correlating with activity were immediately obvious. UM1128 showed a
higher potency than UM1024 in both cell types (Figure 6). In addition, the co-adsorption of
OVA along with UM1128 onto A-SNPs didn’t affect the hIL6 induction in hPBMCs, (Figure
S7).

The Mincle-selective activity of UM1024 and UM1128 adsorbed to A-SNPs was evaluated
using human embryonic kidney (HEK) cells expressing the human or mouse Mincle receptor
along with an NF-KB-driven secreted embryonic alkaline phosphatase (SEAP) reporter.
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Both UM1024 and UM1128 induced production of SEAP in a dose dependent manner
clearly demonstrating these formulations are Mincle receptor specific (Figure 7).

These new formulations are intriguing based on the novelty of this platform, the ability to
formulate insoluble PRR agonists such as MAs, the observed efficient antigen and adjuvant
coadsorption, and its strong potential for achieving a synchronized delivery of antigens and
adjuvants. Testing the release kinetics of MAs-loaded A-SNPs as well as testing the humoral
and cell-mediated immune responses in combination with a clinical-stage Mtb antigen, M72
[35], are currently under investigation. The preliminary data that we collected so far clearly
demonstrates the efficacy of this delivery system for inducing both cell mediated (Th17)
and humoral immunity. We found that MAs and antigen co-adsorbed on A-SNPs at various
coating densities elicited significantly increased antigen-specific antibody concentrations
over the matched control groups in a dose-dependent manner. Furthermore, Splenocytes
from MAs and antigen-loaded A-SNPs-vaccinated mice were found to produce I1L-17 in
response to TB antigen whole protein restimulation 5 days post-tertiary of vaccination
(Unpublished data).

Conclusions

Innovative formulations and delivery systems are urgently needed for the co-delivery of
antigens and adjuvant to promote humoral and cell-mediated immunity. Of particular interest
are safe and scalable delivery methods for insoluble PRR adjuvants, such as MAs. Here, we
describe a simple, but effective procedure for the preparation and thorough characterization
of A-SNPs loaded with MAs and a model antigen. In addition, we developed a RP-HPLC
method to assess the adsorption of the studied adjuvants and antigens on A-SNPs. These
SNP-based formulations have a strong potential to achieve an efficient co-delivery of MAs
of different structural features along with antigen for synchronized targeting and activation
of antigen presenting cells. Our model antigen demonstrated higher than 90% adsorption to
M-A-SNPs, while the presence of MAs didn’t interfere with antigen adsorption efficiency.
In addition, the MAs demonstrated more than 80% adsorption to M-A-SNPs in both the
presence or absence of the model antigen. The formulations were tested /n7 vitro in murine
RAW cells and hPBMCs where they exhibited strong cytokine induction from both cell
types. The tested formulations also demonstrated the ability to engage the Mincle receptor.
In this fashion, A-SNPs can be used as a versatile platform for tunable delivery of MAs
and/or other PRR ligands and antigens. This could be very beneficial when co-delivery of
antigen and adjuvant are desired.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TEOS Tetraethyl orthosilicate
TNFa tumor necrosis factor a
TLR toll-like receptor
TFA Trifluoroacetic acid
WFI sterile water for irrigation
UM University of Montana
UV/Vis Ultraviolet/visible light spectra
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Highlights

Nanoparticles can achieve an efficient co-delivery of adjuvants and antigens
to immune cells.

First reported use of A-SNPs for co-delivery of synthetic Mincle agonist
(adjuvant) and antigen.

A-SNPs are capable of presenting MAs in the proper spatial arrangement and
surface density for enhanced immune response.

Novel RP-HPLC method was developed to assess the loading efficiency of
Mincle agonist and antigen to A-SNPs.

This SNPs-based vaccine formulation demonstrated good bioactivity /in vitro
from PBMCs and RAW cells.
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The structures of the MAs studied (a) UM1024 and (b) UM1128.
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Figure 2.
Overview of the MAs and antigen co-adsorption process to A-SNPs. MAs were adsorbed to

A-SNPs first using a lipid film-like procedure followed by absorbing the antigen later using
gentle conditions to maintain it conformational stability.
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Figure 3.

TEM images for (a) A-SNPs and (b) preparation of M-A-SNPs including Stepl: preparation
of the superparamagnetic iron oxide nanoparticle seeds. Step 2: modifying the surface of the
SPIONSs from step 1 with citric acid to improve their dispersion in the reaction media. Step
3: forming a silica shell around the CA-SPIONSs to obtain M-SNPs. Step 4: Modifying the
surface of M-SNPs with APTES to get a cationic surface on the magnetic particles.
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Figure 4.
Overview of the separation process using AF488 OVA and M-A-SNPs. A magnet was used

to separate the supernatant (Sample 1), which should show any free MAs or antigen. Then,
the M-A-SNPs were resuspended in WFI and transferred to a clean vial to separate them
from any of the free-form components. This was accomplished using several washes while
recycling the water wash (Sample 2). MAs were then extracted from the separated beads
obtained after the previous steps using Triton X-100 several times and the extracts were
collected and analyzed undiluted (Sample 3).
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Figure 5.
RP-HPLC chromatograms for (a) UM1024 standards at 254 nm (b) UM1128 standards at

216 nm, and (c) AF488 OVA standards at 520 nm after excitation at 495 nm. The analytes
were dissolved in 1% Triton X-100 and analyzed under the described chromatographic
conditions.
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Figure 6.
TNFa cytokine production from mouse RAW 264.7 cells (a) and IL6 cytokine production

in hPBMCs (b) in response to stimulation with serially diluted 20 uM UM1128 or UM1024
adsorbed to 2 mg/mL A-SNPs. Two replicates (from two independent donors) mean +/—
SEM.
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Figure 7.

Activation of Mincle in response to MAs-coated A-SNPs. HEK cells transfected with (a)
mouse Mincle, or (b) human Mincle. An NF-KB-driven SEAP reporter were added to

the indicated formulations in 96 well plates and incubated with the compounds for 18-24
h followed by assessment of the supernatants for SEAP levels. Data are represented as
fold change in OD650 over vehicle treated cells. Three replicates (from three independent
donors) mean +/— SEM.
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Scheme 1: Reagents and reaction conditions.

i) Tosyl-Cl, TEA, DCM ii) NaN3, DMF, 65 °C. iii) 1-(3-(octyloxy)-2-(prop-2-yn-1-
xyloxyl)propoxy)octane), CuSOy4, Na ascorbate, dioxane/water, 65 °C. iv) NaN3, DMF, 65
°C v) NaOMe, methanol.
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Table 1.

Characterization of the developed SNPs-based formulations. Zeta-potential was determined for SNPs
formulations diluted 10 X in 10 mM NaCl. Zeta potential is given as the mean + SEM (n =3).

SNPs OVA Particle

SNPs Conc. MA M,(Am(iﬁl);c. Conc. diameter + SD Tg:z;s(w:}:;;e pH zeta po(tﬁqn\t/i)al +SD
[mg/mL] [ug/mL] (nm)

Bare SNPs 20.0 5.5 -58+4

Bare M-SNPs 20.0 55 -48+9
A-SNPs 20.0 246 + 11 2.7 x 107 5.4 52+3
M-A-SNPs 20.0 — 362 +29 1.7 x 10%7 53 46+5
A-SNPs 20.0 UM1024 0.2 5.3 58+ 4
A-SNPs 20.0 uM1128 0.2 5.5 55+4
A-SNPs 20.0 UM1024 0.2 20 - - 53 32+3
A-SNPs 20.0 uM1128 0.2 20 5.3 33+4
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Table 2.
Characteristics and results of the RP-HPLC method.

Item UM1024 UM1128 AF488 OVA
Detection wavelength (nm) 254 216 486 (Ex) and 520 (Em)
Linearity range 2-200 UM 10-200 pM 0.3-20 pg/mL
LOD (ug mL™1) 114 1.85 0.24

LOQ (ug mL™?) 3.44 5.61 0.72
Intercept (a) -4165.0 -4684.3 -3581717
Slope (b) 9474.3 3206.2 37389187
Correlation coefficient (R?) 0.9999 0.9999 0.9999
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Table 3.

% adsorption of 200 UM MAs and 20 pg/ml AF488 OVA to 20 mg/ml M-A-SNPs.

Formulation % antigen adsorption % adjuvant adsorption
M-A-SNPs + UM1024 + AF488 OVA 95.6+01% 879457
M-A-SNPs + UM1024 818+ 328
M-A-SNPs + UM1128 + AF488 OVA 958+ 797 88.0 + 357
M-A-SNPs + UM1128 855+ 11.17

a . L A
Mean and relative standard deviation for 3 determinations
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