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Abstract

We earlier identified a developmental series of seven isoforms/polymorphs of microparticulate

inulin by comparing non-covalent bonding strengths. Their pharmaceutical utility lies in

modulation of cellular immunity, exploited as vaccine adjuvants (Advax™) especially for delta

inulin (DI). As such particles cannot be sterilized by filtration we explore the effect of 60Co

gamma radiation (GR) on inulin isoforms, particularly DI. Its adjuvant activity and overt physical

properties were unaffected by normal GR sterilizing doses (up to 25 kGy). Heating irradiated

isoform suspensions near their critical dissolution temperature revealed increased solubility

deduced to reflect a single lethal event in one component of a multi-component structure. Local

oxidative effects of GR on DI were not found. The observed DI loss was almost halved by re-

annealing at the critical temperature: surviving inulin chains apparently reassemble into smaller

amounts of the original type of structure. Colorimetric tetrazolium assay revealed increases in

reducing activity after GR of raw inulin powder, which yielded DI with normal physical properties

but only 25% normal recovery yet 4× normal reducing ability, implying final retention of some

GR-changed inulin chains. These findings suggest minimal inulin chain cleavage and confirm that

GR may be a viable strategy for terminal sterilization of microparticulate inulin adjuvants.
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1. Introduction

Inulin's applications [1] include immune-active semi-crystalline isoforms (microparticulate

inulin, MPI) acting as vaccine adjuvants [2 - 5]. Adjuvant technology based on delta inulin

microparticles (Advax™) was successful in a Phase 2 human trial of a pandemic influenza

vaccine [6], as well as enhancing humoral and cellular immunogenicity and improving

protection across a broad range of preclinical vaccine models including human

immunodeficiency virus-1 and malaria [7 - 15]. A key property especially for human

vaccines is that Advax™ is non-inflammatory, with low reactogenicity and high human and

animal safety, contrasting with more traditional inflammatory-pathway adjuvants [16, 17].

Inulin (α-D-[2→1] poly(fructo-furanosyl) β-D-glucose) comprises mostly linear

polyfructose chains [18] with one terminal glucose. Our chicory-derived inulin (‘Raw

Material’, RM) has chains of 15-100 fructose residues with a number-average degree of

polymerization (DPn) ∼30. These spontaneously crystallize in seven MPI polymorphs [2],

the most biologically useful being delta inulin [4]. Key to which form emerges is the

temperature of formation or treatment. Preparation to Good Manufacturing Practice standard

is straightforward and MPI is of clinical (BP/USP) purity and sterility. Such preparations

can comprise true polymorphic forms of identical molecular content but distinguishable by

strength of non-covalent bonding, defined by a critical dissolution temperature (Tc). The

same seven phenotypes may also be assumed by MPI of analogous compositions but

different DPn termed isoforms, which are inulin's usual presentation but carry a range of

longer chains [2].

The particulate nature of inulin adjuvants rules out filtration to sterilize the final vaccine

product. Gamma radiation (GR) sterilization is now in industrial use for pharmaceuticals

[19] and may offer an alternative for this purpose. It may also throw light on MPI structure,

with inulin particles conceived as layers of crystalline lamellae [2, 20 - 22] each comprising

chains helically folded into rigid rods in parallel arrays. The arrays form broad sheets with

the rods perpendicular to the lamellar plane, isoforms presumably reflecting variations in the

rods’ makeup. Much is now known of low-dose ionizing radiation effects on biological

materials [23]. We here analyze effects of calibrated GR of selected inulin isoforms and

discuss relevancies to structural concepts of MPI.

2. Materials and methods

2.1. Inulin preparation and assay

Chicory inulin (Raftiline HP) was supplied as a single large batch in powder form by

BENEO-Orafti, Tienen, Belgium. Isoform samples were purified to BP/USP compliance [2].

Sterilization of raw (dry) inulin samples with 25 kGy gamma irradiation or ethylene oxide

was done by Steritech, Dandenong, Victoria, Australia.
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2.2. Calibrated gamma irradiation

Samples were irradiated with measured doses at 50 mg inulin/ml in PBS pH 7.0 except

where indicated, held in sterile, sealed polycarbonate tubes in holders ensuring uniform

dosage. These were exposed to 60Co radiation from a Gammacell 220 irradiator at 4.2

kGy/h, monitored using ceric-cerous dosimetry [24]. The expanded uncertainty in the

absorbed doses was calculated to be 3.5 % (k=2) [25]. The temperature during GR for all

samples varied between 27 - 30 °C.

2.3. Adjuvant potency

Female BALB/c mice, 6-8 weeks old, were bred under specific pathogen-free conditions

(Flinders University animal facility). All procedures were in accordance with the Animal

Experimentation Guidelines of the National Health and Medical Research Council of

Australia and approved by the Flinders Animal Welfare Committee. Mice (5 per group)

were immunized twice intramuscularly at a 14-day interval with 1 μg hepatitis B surface

antigen (HBsAg) alone or with 1 mg of un-irradiated or 10, 15, 20 or 25 kGy GR DI.

Adjuvant potency of control and irradiated DI formulations was assessed by antigen-specific

IgG1 measured in serum samples taken 14 days after the second immunization, and

expressed as OD450nm read from direct ELISA assay [4].

2.4. Colorimetric assay of reducing activity

One g tetrazolium blue chloride (1.37 mmol) dissolved. (60 °C) in 500 ml of 0.1 M NaOH,

and a 500 ml solution of 2M K/Na tartrate, both filtered through a Durapore (Millipore)

filter, were combined in equal volumes [26]. Inulin solutions (10 mg/ml, dissolved at 85 °C

in 1 mM Na bicarbonate) were diluted to 500 μl, mixed with 2 ml of combined reagent, re-

heated (85 °C, 5 min) and rapidly cooled to 20 °C. Absorbencies at 660nm in the linear

range (< 0.4) of triplicate tubes were read against a blank of parallel reagent alone.

3. Results

3.1. Lack of overt effects of GR

We used three separate GR runs, the first using metered doses of 0, 10, 15, 20 and 25 kGy

(the range usual for microbial sterilization [27]). The isoforms selected were gamma, delta

and epsilon inulins (GI, DI and EI, respectively), their sequence in the polymorph

development series [2]; each may be derived from its precursor by simple heat treatment.

GR produced no changes in these preparations measurable at room temperature (RT: ∼20

°C), monitoring: a) dissolved inulin (refractive index, RI, of supernatant), b) particle light

scattering as measured by OD700nm at a concentration of 0.5 mg/ml, a sensitive parameter

for monitoring inulin suspensions [2, 4, 28, 29], c) particle size (centrifugation behaviour

and optical microscopy), and d) physical appearance. An exception at 25 kGy was a faint

yellowish tinge in the GR material. Notably, adjuvant activity of DI in vivo (ability to

enhance immunogenicity of hepatitis B surface antigen in Balb/c mice) was not affected by

GR (Fig. 1).
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3.2. GR damage revealed by isoform analysis

More informative was analysis with the sensitive OD700nm assay at 0.5 mg/ml and higher

temperatures around the Tc, as previously used to differentiate isoforms. The second and

third GR runs included doses up to 120 kGy. Fig. 2A compares the Tc as 50% OD700nm

thermal transition points for the three forms used here, and for alpha-2 inulin (AI-2) from

which they were originally derived. The Tc is the critical dissolution temperature at which

particle disassembly begins, analogous to a melting point. Such OD700nm thermal transition

curves were repeated on every irradiated sample of each isoform, re-expressing data in terms

of GR dose (Figs. 2B, C, D) at particularly informative temperatures. Each point is

referenced to the starting OD (OD700nm at 20 °C and zero dose). Particle structures appeared

largely unaffected up to 25 kGy when tested for solubility at 20 °C and were only detectably

affected by GR when testing solubility near each variant's Tc (GI: 45 °C; DI: 53 °C; EI: 64

°C). There GR particles were more prone to dissolution (compare especially the irradiated

DI solubilities at 50 °C and 51 °C). Thus despite internal GR–induced changes MPI

structure remained intact until tested at higher temperatures, revealing covert differences

from the un-irradiated (control) particles near the Tc. This suggested multiple structures in

MPI where some component(s) could maintain overall particle integrity at 20 °C even

though another component was affected by GR.

3.3. Nature of the GR event

GR-induced solubility changes were explored using DI as example. Fig. 3 (logarithmic plot)

shows that replicate GR runs were quantitatively reproducible (un-modified samples,

circles). The rate of change closely approximated first-order (‘single-hit’) characteristics

according to classical target theory when uncompromised by repair or bystander effects [30,

31]. Fig. 2 shows single-hit characteristics for all three inulin isoforms at doses up to 25

kGy. Although there could be oxidative effects by free radicals generated by ionization of

water, inclusion in parallel samples of free radical scavengers (100 mg/ml glucose or

fructose, or 5 mg/ml sodium ascorbate) had little effect on GR-induced solubility changes to

DI. Oxidation might be catalytically enhanced by traces of metals e.g. Fe3+ [32] but

inclusion during GR of chelating agents at pH 7 (10 mM EDTA or 10 mM sodium citrate)

had no effect either (data not shown). GR using DI at 50 or 80 mg/ml, or formulated in PBS

at pH 7 or pH 9, or water alone, or formulated as a hybrid particle with aluminium

phosphate using GI or DI [29], similarly did not affect sensitivity to GR (data not shown).

3.4. Re-annealing repair of GR damage

Heat conversion of an inulin isoform/polymorph to the next higher in the series [2, 4, 28]

resembles a snap re-crystallization in which some polymer chains are dissolved, re-forming

on nearby chains a new structure more stable at the higher temperature. This has a higher

Tc/aggregate strength of polymer-polymer non-covalent bonding, while lower DP chains are

removed. We hypothesized that the complex of intact and GR-altered inulin chains could

also be re-organised by heating to rescue undamaged chains, remove changed chains and

reform the original isoform structure.

Fig. 4A, 4B (linear plots) confirms this with exemplar DI preparations. Portions of untreated

and irradiated samples were heat-converted as if preparing DI from GI (2 h, 55 °C).

Cooper et al. Page 4

Vaccine. Author manuscript; available in PMC 2015 January 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Comparing OD700nm (0.5 mg/ml, 50 °C) at each GR dose point, the portion of 50 °C-soluble

material generated after GR was approximately halved by re-annealing at the Tc of DI (Fig.

4A, the average amounts lost after GR and rescued by re-annealing of each of 15 replicate

dose point DI pairs). The overall mean ratio lost: recovered was 2.24 ± 0.65 SD,

representing 44.6% recovery. Fig. 4B compares the DI samples qualitatively, showing that

although the quantity (Fig. 4A) of 50 °C-insoluble DI, both before and after repair,

progressively drops with increasing GR dose, the quality (% DI content as measured by the

ratio OD700nm 50 °C: 37 °C) of the rescued DI is essentially 100% DI. That is, half the DI

lost is recovered and the recovered material is in as-new condition. A single series of dose

comparisons gave similar results for GI using the Tc of GI (45 °C) for annealing repair

(Figs. 4C, 4D), and so re-annealing repair was not restricted to the DI isoform. The quality

of the rescued GI (OD700nm ratios 37 °C: 20°C: Fig. 4D) was poor at high doses and

inactivation departed from exponential.

3.5. Effect of GR on ‘DI potential’

The amount of e.g. DI that can be obtained by heat conversion (2 h, 53 - 55 °C) from its

precursor preparation (GI) is termed its DI potential, which in turn depends on how the GI

was made. All four preparations in GI format were re-precipitated at 5 °C in high yield from

one lot of DI dissolved at 80 °C so that the GI and DI inulin chain contents were identical.

That is, these GI format preparations were true polymorphic forms of their parent DI format

inulin [2]. Their content of chains in the DI format (OD700nm ratio 50 °C: 20 °C) was 1 - 2%

before conversion to DI but increased to 96% after 55 °C conversion. We then compared the

sensitivity to GR of the DI potential of GI with that of DI itself by measuring the DI

potential of the irradiated GI samples depicted in Figs. 2 and 4C, 4D (Fig. 5, logarithmic

plot). The ‘mean DI repaired (55 °C) after GR of DI’ data points from Fig. 4A are included

for comparison, although these were only available up to 25 kGy. Fig. 5 shows no obvious

difference in the GR sensitivity of the inulin chains able to form DI, whether they were

originally present in GI or DI formats. Thus, as expected, it is the polymer chain lengths that

represent the GR target rather than the polymorphic form in which they reside.

3.6. GR effect on reducing activity

We probed the chemical basis of GR effects on MPI by measuring changes in ability to

reduce tetrazolium blue chloride [26], expecting that reducing groups may be generated by

inulin chain cleavage yielding new terminal fructose residues, or by damage to furanose

rings yielding groups functioning as aldehydes or ketones. This method benefits from a

rapid single reaction combining redox and colour chemistries. The untreated RM itself had

innate reducing activity and yielded a standard curve that was reproducibly linear with inulin

concentration between 0.1 and 2.0 mg/ml, measuring absorbance (Abs660nm). Lacking

appropriate standards, all assays compared parallel standard RM curves and the results

expressed as a percentage of the equivalent RM absorbance. Samples tested were the dry

RM powder either untreated, or sterilized by GR (GR-RM, 25 kGy) or with ethylene oxide

(ETO-RM), and DI then prepared from the RM, GR-RM or ETO-RM by the standard

production protocol [2].
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These samples were compared with 12 routine lots (‘standard DI’) prepared in the same way

from untreated RM (Fig. 6), whose mean properties were normalized at 100%. The small

error bars of the standard DI values show the reproducibility of the routine production

method. All DI batches had typical DI content (mean ± SD of 92 ± 5 %) and solubility

properties. Standard DI had a mean ± SD of 53 ± 3% of the reducing activity of the RM,

from which DI was recovered in a yield of 38 ± 2% by dry weight. The reducing activity of

the RM was unaffected by ETO as expected, while GR increased it more than 2-fold. DI

made from ETO-RM had the same reducing activity as standard DI with normal overall dry

weight recovery but DI made in the same way from GR-RM had ∼4-fold the reducing

activity of standard DI with only ∼25% of standard DI dry weight recovery. The DPn of

GR-DI was 48.2 as measured by end-group analysis using 1H nuclear magnetic resonance

spectroscopy [33], compared with 40 ± 1 (38.9 - 41.1) for standard DI. GR had no

significant effect on the NMR 1H resonance spectrum.

4. Discussion

Functionally, adjuvant activity and overt phenotype of DI MPI were unaffected by normal

sterilizing doses of GR (15 - 25 kGy). Internal structural changes at 10 - 25 kGy were shown

in all samples by isoform analysis.

The lack of effect of free radical scavengers or chelating agents makes GR damage by

indirect oxidation an unlikely cause of these changes. The linear fructose polymer backbone

does not pass through the furanose ring but comprises a polyethylene oxide chain (- C - C -O

-) of the anomeric C2 carbon, the C1 carbon and its attached oxygen. Covalent bond

breakage could occur by direct atomic ionization either in the chain backbone creating lower

DP material, or in the furanose moiety affecting H-bonding, chain folding or charge

distribution. Local thermal hydrolysis of the glycosidic bond is possibly the most likely

damage event, a conclusion echoed for GR of β-glucan [34] and of lignocellulose [35].

The GR changes were dose-dependent with first-order (‘single-hit’) characteristics,

resembling the random ‘lethal hit’ of classical target theory [31] where one component is

made completely non-functional by a single damage event. Target theory holds that a ∼37%

(e-1) ‘survival’ of any component means not only that by definition 37% received zero lethal

hits, but by Poisson distribution statistics the overall distribution of lethal hits is on average

one per unit. The 37% survival doses for GI, DI and EI were about 80, 60 and 40 kGy

respectively (Figs. 2 and 5). These rough estimates indicate that the number of lethal hits

delivered by 25 kGy to MPI is not large, apparently on average well under 1 per unit for the

smaller targets of GI and DI.

MPI behaves like a multiple structure in which some component(s) maintain the basic

formation even though another component is disabled by GR. The minimal lethal hit is

inferred to comprise a single event in just one chain, but is not detected until the particle

approaches its Tc. There its entire structure abruptly becomes unstable and begins to

disassemble, while GR change exposes the structure to greater instability at temperatures

just below its Tc. Irradiated preparations are partly repaired by a process resembling

reshuffling H-bonding to re-assort damaged and un-damaged chains. Original variant-type
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material is rescued in an as-new state, almost exactly halving the amount lost at each dose

point. A 50% recovery of lost material implies some duplex arrangement in the pre-damage

structure, i.e. some kind of pair-wise ‘special relationship’ between two adjacent chains.

While the crystal unit cell of inulin involves complex H-bonding between two anti-parallel

helical chains [21], it is not yet clear whether this arrangement is sufficient to account for the

two-fold repair observed here.

Colorimetric analysis shows innate reducing activity of the dry RM that is increased further

by GR, where oxidative radiation effects are negligible without participation of water. The

RM is free of short-chain fractions, has a DPn ∼30 and negligible free fructose.

Unfractionated chicory inulin contains small amounts of glucose-free fructose polymers

[18], presumably offering reducing end-groups. The RM may well have retained some of

these, while DI preparation appears to decrease their proportion. To estimate the scale of

reducing-end content, we find the absorbance from 1 mg/ml RM (∼ 0.25) equals that of 2.5

μg/ml fructose, representing hexose-hexose molar ratios of ∼400: 1. Fructose or reducing

di- and tri- saccharides of [26] behaved similarly. A DPn of ∼30 then implies that the RM

chains carrying a reducing group are a small minority. The multiplier effect of GR on this

proportion (∼2-fold) is not significant. The DPn of GR-DI (48 ± 1) compared with 40 ± 1

for standard DI suggests that some longer glucose-free chains may be retained to increase

the fructose: glucose ratio on which DPn assay depends, but the aggregate thermal

properties were not affected.

5. Conclusions

Bond vulnerability, the losses of DI remaining after annealing rescue and reducing-group

assay make minor chain cleavage seem most likely as the GR damage event. GR-DI appears

not to differ qualitatively from standard DI. Overall, GR is a viable strategy for terminal

sterilization of Advax™ microparticulate inulin adjuvants. These studies provide a basis for

the parameters to be used for commercial application.
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Abbreviations

AI-2 alpha-2 inulin

BP British Pharmacopeia

DI delta inulin

DP degree of polymerization

DPn number average degree of polymerization

EDTA ethylene diamine tetra acetate

EI epsilon inulin

GI gamma inulin

GR gamma radiation

kGy kilo Gray
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PBS phosphate buffered saline

RI refractive index

RT room temperature (20-21 °C)

Tc critical temperature of an isoform/polymorphic variant

SD standard deviation

USP United States Pharmacopeia
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Highlights

1. Advax™ adjuvant (delta inulin-based) has uniform particles ∼1-2 μm diameter

2. Micro particles this size cannot be terminally sterile-filtered

3. 60Co sterilization (25 kGy) does not overtly affect adjuvant action or structure

4. Isoform and reducing-end analyses show single-hit cleavage of some inulin

chains

5. Gamma irradiation appears a viable strategy for Advax™ terminal sterilisation
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Fig. 1.
Lack of effect of GR on adjuvant activity of delta inulin. The DI samples were those

described in Fig. 2C. Balb/c mice (5 per group) were immunized with 1 μg recombinant

hepatitis B surface antigen (HBsAg) alone or in combination with 1 mg of DI either

unirradiated or irradiated as indicated (kGy), and boosted with the same inocula at 14 days.

The 28 day sera were assayed for HBsAg-specific IgG1 using ELISA colorimetric assay

(Methods). Error bars are SD; * = significantly different from Nil dose (p < 0.001, t test); the

irradiated doses did not significantly differ from each other.
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Fig. 2.
GR changes to inulin isoforms revealed at higher temperatures. A. Typical OD700nm

temperature curves of un-irradiated AI-2, GI, DI and EI samples. Glass tubes containing

isoform dilutions (0.5 mg/ml PBS) were progressively heated and the OD700nm measured

after 10 min equilibration at the indicated temperatures. B, C, D. Similar dilutions of the

isoform samples irradiated in PBS alone were heated (10 min) at the indicated temperatures

and their OD700nm expressed as % of the OD700nm of the control (un-irradiated sample

measured at 20 °C).
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Fig. 3.
Analysis of the effect of GR on DI preparations. Samples of DI were irradiated in PBS alone

(circles, GR runs 1 and 2) or in presence of glucose (100 mg/ml), fructose (100 mg/ml) or

ascorbate (10 mg/ml) as indicated. Diluted samples (0.5 mg/ml) were then heated (10 min,

50 °C), and the OD700nm expressed as % of zero dose (logarithmic plot). The exponential

trend-lines of DI Runs 1 and 2 are both shown and overlap identically.
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Fig. 4.
Re-annealing repair of irradiated DI and GI. A. Data presentation similar to Fig. 3 but linear

plot. Means of individual dose points of four replicate GR runs comparing DI before (open

circles) and after (filled circles) re-annealing repair at 55 °C (50 mg/ml, 2 h). Diluted

samples (0.5 mg/ml in PBS) were then heated (10 min, 50 °C) and their OD700nm expressed

as % of zero dose. The ratio given is the mean of ratios of the 15 before-and-after dose point

pairs in these repeats. B. The data of Fig. 4A re-expressed as % DI content (ratio of

OD700nm at 50 °C: OD700nm at 20 °C) of each irradiated and irradiated/repaired sample. C.
Effect of GR on GI before (□) and after (■) repair at 45 °C (50 mg/ml, 2 h). Control and

irradiated samples before and after repair were diluted (0.5 mg/ml PBS) and heated (10 min,

37 °C). Their OD700nm was expressed as % of zero doses (logarithmic plot). D. The data of
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Fig. 4C re-expressed as % GI content (OD700nm ratio 37 °C: 20 °C) of each irradiated and

irradiated/repaired sample.
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Fig. 5.
Sensitivity to GR of the potential of GI to be heat-converted to DI. Portions of the irradiated

GI samples of Fig. 4C, 4D were converted to DI (2 h, 50 mg/ml, 55 °C) and the OD700nm of

diluted samples (0.5 mg/ml PBS heated 10 min at 50 °C) expressed as % DI per dose (○).

The mean values of repaired DI (●) are from Fig. 4 A.
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Fig.6.
Reducing activities and physical properties of inulin preparations. The RM was compared

with the RM commercially sterilized with ethylene oxide (ETO-RM) or with 25 kGy (GR-

RM), and with DI made from these three sources using the standard production protocol. In

the cases of yields and absorbencies the results are standardized taking the value of the RM

as 100%. ‘Yield’ is compared w/w, ‘Abs660’ is the absorbance of the colour produced after

reduction of tetrazolium blue (Methods), and ‘DI content’ = (OD700nm at 49 °C/OD700nm at

40 °C) × 100 of a 2 mg/ml suspension [2]. Error bars are SD of a set of 12 replicate routine

standard DI preparations.
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