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Abstract
Aluminium (Al) toxicokinetics after intramuscular (IM) injection of Al-adjuvanted vaccines is unknown. Since animal data 
are required for modeling and extrapolation, a rat study was conducted measuring Al in plasma and tissues after IM injection 
of either plain Al-hydroxide (pAH) or Al-phosphate (pAP) adjuvant (Al dose 1.25 mg), single human doses of three Al-
adjuvanted vaccines (V1, V2, and V3; Al doses 0.5–0.82 mg), or vehicle (saline). A significant increase in Al plasma levels 
compared to controls was observed after pAP (AUC (0–80 d), mean ± SD: 2424 ± 496 vs. 1744 ± 508 µg/L*d). Percentage of 
Al dose released from injected muscle until day 80 was higher after pAP (66.9%) and AP-adjuvanted V3 (85.5%) than after 
pAH and AH-adjuvanted V1 (0 and 22.3%, resp.). Estimated absolute Al release was highest for pAP (836.8 µg per rat). Al 
concentration in humerus bone was increased in all groups, again strongest in the pAP group [3.35 ± 0.39 vs. 0.05 ± 0.06 µg/g 
wet weight (ww)]. Extrapolated amounts in whole skeleton corresponded to 5–12% of the released Al dose. Very low brain 
Al concentrations were observed in all groups (adjuvant group means 0.14–0.29 µg/g ww; control 0.13 ± 0.04 µg/g ww). 
The results demonstrate systemically available Al from marketed vaccines in rats being mainly detectable in bone. Al release 
appears to be faster from AP- than AH-adjuvants. Dose scaling to human adults suggests that increase of Al in plasma and 
tissues after single vaccinations will be indistinguishable from baseline levels.

Keywords Aluminium · Adjuvants · Systemic availability · Rats · Intramuscular · Vaccine

Introduction

Aluminium (Al) compounds have been widely used for 
decades as adjuvants in vaccines. They mainly consist of 
complex morphologies of crystalline Al-oxyhydroxide or 
amorphous Al hydroxyphosphate (Hem and HogenEsch 
2007) referred to below for the ease of reading as Al-hydrox-
ide (“AH”) and Al-phosphate (“AP”). The poorly soluble 

adsorbents are commercially available as wet gel suspen-
sions (e.g.,  Alhydrogel® or Adju-Phos®) or are produced 
by vaccine manufacturers themselves. Many human vac-
cines are adsorbed on AH or AP, e.g., the toxoid vaccines 
against diphtheria and tetanus, acellular pertussis, hepatitis 
B, pneumococcal and meningococcal vaccines, potentiat-
ing the immune response to the poorly immunogenic anti-
gens, thereby enabling successful vaccination. Al content 
in human vaccines is limited to 1.25 mg per dose by WHO 
(WHO 2016) and European Pharmacopeia (Ph. Eur. 2018), 
and is labeled in the product information.

Although to date there is no scientific evidence for a 
causal relationship between Al containing vaccinations 
and acute or chronic neurological impairment or diseases 
(Immunization Safety Review 2001, 2004; WHO 2012), 
there is still concern about the potential toxicity on the cen-
tral nervous system or bone deriving from vaccine exposure.

Remaining uncertainty could at best be erased by better 
knowledge of toxicokinetics after intramuscular (IM) injec-
tion of Al-adjuvanted vaccines. While Al bioavailability 
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after parenteral administration is supposed to be 100%, the 
rate of absorption and thus potential Al increase in plasma 
and tissues over time in man is unknown. A few investiga-
tions in rabbits and monkeys suggest that AP has a higher 
rate of bioavailability than AH (Flarend et al. 1997; Verdier 
et al. 2005).

A physiology-based toxicokinetic (PBTK) model is 
urgently needed for extrapolation of animal data to humans 
(Krewski et al. 2007). However, relevant animal data on Al 
absorption and distribution after administration of Al-adju-
vanted products to inform such a model are lacking (Weisser 
et al. 2017; Masson et al. 2018).

We therefore aimed at collecting data on Al bioavailabil-
ity from adjuvants in vivo by injecting a full human dose of 
unmodified marketed vaccine products IM into rats. Vac-
cines should represent both adjuvant types at the highest 
available Al content per dose. Since most studies investigat-
ing Al toxicokinetics from soluble species have been con-
ducted in rats (Weisser et al. 2017, 2019), also with regard 
to model building this species was considered most appro-
priate. We monitored Al concentrations in plasma, at the 
injection site, in bone, and in whole brain hemisphere up to 
80 days post-injection.

Materials and methods

Animals

In vivo studies in male Wistar rats (approx. 2 months; body 
weight 350 g ± 65 g, Charles River Labs, Sulzfeld) were con-
ducted by preclinics GmbH (Potsdam, Germany).

Rats were randomly assigned to treatment groups (no 
allocation parameter) and were allowed free access to tap 
water and standard diet [R/M-H, extruded (V1536), Ssniff, 
Soest, Germany]. The animals were kept under 12 h/12 h 
light–dark cycle conditions. After 19 days of acclimati-
zation following arrival, animals were anesthetized with 
5 vol % isoflurane (IsoFlo 100%; Ecuphar GmbH, Greif-
swald) and blood was collected from the lateral tail vein to 

obtain the blank value. Thereafter, treatment preparation or 
vehicle solution was administered according to the schedule 
described under treatment.

Rats were housed and handled according to guidelines 
from the Federation of Laboratory Animal Science Asso-
ciations (FELASA). The animal study was performed in 
compliance with the German animal protection law and was 
registered at the Landesamt für Umwelt, Gesundheit und 
Verbraucherschutz Brandenburg.

Treatment preparations

Vaccine products (V1, V2, V3) were purchased at a local 
pharmacy. All three products are marketed in the EU, adju-
vanted with either AH (V1), AP (V3) or both AH and AP 
(V2). A single human dose (0.5 mL) of each vaccine was 
applied containing 0.5–0.82 mg Al (Table 1). If applica-
ble, fresh preparation was done as indicated in the product 
information.

Plain adjuvant suspensions (pAH and pAP) were prepared 
from commercial gels  (Alhydrogel® 2% and Adju-Phos®; 
Brenntag Biosector A/S, Frederikssund, Denmark) by dilu-
tion with sterile saline to achieve an Al concentration of 
1.25 mg per 0.5 mL. Suspensions were freshly prepared 
within 24 h and thoroughly vortexed before administration.

Treatment

Each rat received 0.5 mL of either a self-prepared plain 
adjuvant suspension (pAH or pAP) or a vaccine (V1, V2, 
or V3; Table 1). A control group receiving 0.5 mL sterile 
saline (vehicle) was run to monitor the underlying plasma 
Al steady-state concentration over time (“baseline”) result-
ing from dietary Al intake. Al contamination of the saline 
vehicle solution was controlled and found negligibly small 
(≤ 2.5 ng in 0.5 mL). In all rats the injection volume of 
500 μL was administered intramuscularly via six injection 
sites (100 μL each into both M. quadriceps and M. gastroc-
nemius of the hind limbs and 50 μL each into both M. triceps 
of the front limbs).

Table 1  Overview of study groups and treatment

a Administered via 6 sites

Group ID Animals per 
group (N)

Treatment preparation Route of admin-
istration

Injection  volumea Al dose (mg per 
animal)

Al dose 
(mg/kg)

pAH 7 Alhydrogel®-suspension IM 0.5 mL 1.25 3.6
pAP 6 Adju-Phos®-suspension IM 0.5 mL 1.25 3.6
V1 7 AH-adjuvanted vaccine IM 0.5 mL 0.6 1.7
V2 7 AH/AP-adjuvanted vaccine IM 0.5 mL 0.82 2.3
V3 6 AP-adjuvanted vaccine IM 0.5 mL 0.5 1.4
Vehicle 6 Saline IM 0.5 mL – –
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Sample collection

Blood samples (approx. 300 µL) were collected from the 
lateral tail vein at pre-dose, and at day 1, 5, 10, 15, 20, 
30, 45, 60, and 80 post-dose using K3-EDTA Multivette 
600 collection tubes (Sarstedt, Nümbrecht) connected to 
a 23G cannula. Blood was centrifuged at 4 °C for 10 min 
at 3220×g. Plasma was pipetted into 1.5 mL microtubes 
and stored at − 20 °C. In all rats, at time of euthanasia 
[80 days p.i. (post-injection)] the right hemisphere of the 
brain, whole muscle M. triceps and whole humerus bone 
of the right front leg were dissected, transferred into 5 mL 
tubes, weighed, and stored at − 70 °C.

Bioanalytical method

Measures taken for contamination control and the bioana-
lytical method used for determination of total Al concen-
tration in plasma and tissues (AAS) were as described in 
detail in a previous publication (Weisser et al. 2019). The 
whole pre-analytical and analytical process was designed 
and controlled for minimizing Al contamination. All deter-
minations in the analytical laboratory were conducted in 
blinded manner. Al concentration in bone was determined 
as µg/g wet weight (ww), in muscle and brain samples as 
both µg/g ww and µg/g dry weight (dw).

Data analysis

Individual area under the curve (AUC) of Al in plasma 
from zero to day 80 (AUC (0–80 d)) was calculated by the 
linear trapezoidal rule (MS excel).

Individual Al concentration (µg/g) measured in muscle 
samples were multiplied by the wet weight of the muscle 
sample (g) to give the absolute Al amount in whole M. 
triceps (µg). Al dose “remaining” (%) was calculated as 
the ratio between Al amount in whole M. triceps (sub-
tracted by vehicle group mean) and Al dose injected into 
M. triceps. Al dose “released” (%) was calculated as  
100 - Al dose “remaining” (%). Under the assumption of 
equal absorption behavior in all six injection site muscles 
total absolute Al “release” in µg per rat was estimated as 
percentage Al dose “released” in M. triceps/100 × total Al 
dose injected on day 0. Individual negative ratios were not 
set to zero.

Statistical analysis

If not otherwise indicated, data are presented as means ± stand-
ard deviation (SD). Statistical tests were calculated for a 

two-sided significance level α = 0.05, adjusted for multiple 
comparisons where necessary.

Two plasma and one muscle sample showing implausi-
ble high Al concentrations were eliminated as outliers (con-
firmed by Dixon’s outlier test).

To investigate stability of Al plasma concentration in the 
vehicle group over time, a linear trend curve was fitted to the 
data from day 0 up to day 80 by means of a linear model for 
repeated measures (animal) with fixed factor day.

Testing for a significant difference of Al plasma exposure 
after treatment compared to vehicle group was done by com-
parison of total AUC (0–80 d) (Wilcoxon–Mann–Whitney test, 
two-sided). Percent remaining Al concentration at injection 
site was tested for a significant difference from 100% by the 
Wilcoxon signed rank test.

Al concentration in bone or brain samples was compared 
between groups using a linear model (ANOVA) with fixed 
factor “treatment” based on logarithmized values. The sta-
tistical analysis was performed with  SAS®/STAT software, 
version 9.4, SAS System for Windows, and software R.

Linear regression and correlation (Pearson r) analysis 
were done by GraphPad  Prism® (Version 7.04) software.

Results

All rats tolerated treatments well and did not show any sign 
of toxicity throughout the study.

Al in plasma

Mean total Al plasma concentrations over time up to day 80 
and calculated plasma AUC (0–80 d) for all treatment groups 
are shown in Fig. 1 and Table 2.

Mean pre-treatment levels of Al concentration in plasma 
were similar in all groups (overall mean 12.4 ± 7.8 µg/L). 
The mean concentration of the vehicle control group over 
80 days was 19.8 µg/L (95% CI 14.4–25.3; CV 82%; geomet-
ric mean: 14.3 µg/L; 95% CI 10.8–19.0) showing a slightly 
positive slope of the time course (0.177, p = 0.0298).

Al plasma time courses after treatment did not exhibit 
profiles distinctive from that of the vehicle group, except 
the pAP curve showing an apparent peak on day 10 with a 
maximum Al difference to baseline of about 30 µg/L. Total 
Al plasma exposure in terms of AUC (0–80 d) was significantly 
enhanced in the pAP, but not in other groups, compared to 
vehicle with a mean absolute difference of 681 µg/L*d.

Al in tissues

Injection site muscle

None of the IM-treated animals showed palpable indurations 
at the injection sites throughout the study.
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Results of total Al amounts measured in one injection site 
muscle (M. triceps) on day 80 and calculated fractions of Al 
dose “remaining” and “released” from M. triceps compared 
to the injected dose (1/10 of total Al dose) are shown in 
Table 2 and Fig. 2.

After treatment with pAH total injected Al amount was 
completely recovered in M. triceps at day 80 (102.1%), 
whereas mean percentage Al “remaining” in the pAP group 
was 33.1% only. In contrast to V1 (77.7%), the percentage 
Al “remaining” was also significantly below 100% in groups 
V2 and V3 (68.2 and 14.5%, respectively; Fig. 2a).

The highest percentage Al dose “released” from the injec-
tion site was found in group V3 (85.5%) followed by pAP 
(66.9%). Due to the higher Al dose injected, the highest 
absolute Al amount released from all injection site muscles 
was estimated for pAP (836.8 µg) followed by 427 mg for 
V3 (Fig. 2b and Table 2).

Bone

In all treatment groups geometric mean Al bone concentra-
tion at day 80 p.i. was significantly higher than in the vehicle 
controls (all p values < 0.001; Table 2 and Fig. 3a). Vari-
ability in the treatment groups was low (CV 11.6–62.4%). 
Maximum geometric mean Al concentration found was 
3.33 µg/g ww (pAP group) which amounts to an absolute 
difference of 3.28 µg/g ww compared to GM in vehicle con-
trols (0.05 µg/g ww). Absolute GM differences were 2–15 
times lower (1.40, 1.23, 0.76, and 0.22 µg/g ww) in V3, V2, 
pAH, and V1 group, respectively.

Brain

Geometric mean Al concentration in the right brain hemi-
sphere was below 0.3 µg/g ww (1 µg/g dw) in all groups 
with low inter-individual variability (CV < 36%; Table 2 
and Fig. 3b). In three groups (V1, V2, and V3) statistically 
significant differences to vehicle were observed (Table 2).

Relationship between estimated Al release 
and plasma/tissue exposure

A positive relationship was found between esti-
mated Al amount released from all injection sites and 
exposure observed in plasma and bone in all adju-
vant treated rats (Fig.  4). For both plasma AUC (0–80  d) 
(y = 0.57x + 1737; r = 0.35; Fig. 4a) and bone Al concentra-
tion (y = 0.0025x + 0.61; r = 0.78; Fig. 4b), a linear increase 
with total Al release was found.

Discussion

To our knowledge this are the first data demonstrating sys-
temic increase of Al concentrations, particularly in bone, 
after IM administration of marketed Al-adjuvanted human 
vaccines in vivo. Though Flarend et al. (1997) investigated 
short-term plasma and various tissue Al concentrations in 
two rabbits, they did not evaluate Al levels in bone and used 
intramuscular (IM) injection of plain self-prepared 26Al-
adjuvants (Masson et al. 2018). Their results indicated an 
increase in Al plasma levels of 1–2 µg/L after a dose of 
0.28 mg Al/kg in rabbits. Going beyond, we administered 
the highest Al adjuvant dose allowed in human vaccines 
(1.25 mg; WHO 2016; Ph. Eur. 2018) as well as full human 
doses of marketed human vaccines in rats reaching much 
higher Al doses in relation to body weight (1.4–3.6 mg/kg). 
Furthermore, we measured Al in bone being the major stor-
age compartment of Al in both animals and humans (Yokel 
and McNamara 2001; Priest 2004; Krewski et al. 2007).

Fig. 1  Mean (+SD) Al plasma concentration–time course (a) and Al 
plasma AUC (0–80 d) (b) in rats after IM administration of pAH (filled 
circles), pAP (filled triangles), V1 (filled squares), V2 (asterisks), V3 
(filled diamonds), or vehicle (open diamonds; dotted line). *p < 0.05 
(Wilcoxon–Mann–Whitney test on difference to vehicle)
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The treatment preparations comprised plain suspensions 
of the two adjuvant types AH and AP which are commonly 
used in vaccine production (HogenEsch et al. 2018) as well 

as three authorized vaccine products either solely based 
on AH (V1) or AP (V3), or both (V2). As these products 
contain the natural 27Al-isotope, our study was designed to 

Table 2  Al plasma AUC (0–80 d) and Al amounts measured in injection 
site muscle, bone and brain on day 80 after injection of plain adju-
vants (pAH, pAP), adjuvanted vaccines (V1–V3), or vehicle in rats 

(mean and standard deviation (SD); coefficient of variance (CV); geo-
metric mean (GM))

Mean values were kept in bold for better visualization
a Wilcoxon test (two-sided) on difference to vehicle group or to 100%
b n = 6 only
c Evaluation based on linear model for logarithmized values with fixed factor treatment compared to vehicle group
d  < 0.00025 µg (see “Methods”)

Treatment 
group

Plasma Injection site muscle Bone Brain

Al plasma AUC 
(0–80 d) (µg/L*d)

Al amount 
injected into M. 
triceps (µg)

Al amount in M. 
triceps on day 
80 p.i. (µg)

Al “remaining” 
in M. triceps (% 
admin. dose)

Extrapolated Al 
release from all 
injected muscles 
(µg per rat)

Al concentra-
tion on day 80 
p.i. (µg/g ww)

Al concentration 
on day 80 p.i. 
(µg/g ww [dw])

pAH (n = 7)
 Mean 1593 125 127.7b 102.1 – 0.86 0.17 [0.60]
 SD 193 17.4 14.0 0.25 0.06
 CV (%) 12.1 13.7 28.8 35.7
 GM 1549 126.7 0.81 0.16 [0.56]
 p-value  0.77a  1.00a < 0.001c  0.41c

pAP (n = 6)
 Mean 2424 125 41.4 33.1 836.8 3.35 0.14 [0.50]
 SD 496 14.9 11.9 148.8 0.39 0.05
 CV (%) 20.4 35.9 11.6 33.7
 GM 2382 38.5 3.33 0.13 [0.48]
 p-value  0.02a 0.03a < 0.001c  0.98c

V1 (n = 7)
 Mean 1654 60 46.7 77.7 134.1 0.34 0.23 [0.81]
 SD 407 27.6 46.1 276.3 0.21 0.06
 CV (%) 24.6 59.2 62.4 27.7
 GM 1607 28.7 0.27 0.22 [0.78]
 p-value  0.73a  0.38a < 0.001c  0.007c

V2 (n = 7)
 Mean 2147 82 56.0 68.2 261.1 1.30 0.29 [1.02]
 SD 682 7.2 8.8 72.0 0.30 0.09
 CV (%) 31.8 12.9 23.3 32.3
 GM 1979 55.5 1.28 0.28 [0.99]
 p-value 0.18a 0.02a < 0.001c < 0.001c

V3 (n = 6)
 Mean 1776 50 7.3 14.5 427.4 1.47 0.24 [0.80]
 SD 359 1.8 3.6 18.0 0.19 0.08
 CV (%) 20.2 24.5 13.2 32.0
 GM 1748 7.2 1.45 0.23 [0.77]
 p-value  0.53a  0.03a < 0.001c 0.006c

Vehicle (n = 6)
 Mean 1744 –d 0.08 – – 0.05 0.13 [0.43]
 SD 508 0.04 0.06 0.04
 CV (%) 29.1 47.4 125 31.7
 GM 1673 0.08 0.02 0.12 [0.41]
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monitor Al “baseline” levels in plasma and tissues resulting 
from dietary Al intake by use of a control group throughout 
the whole study period.

After IM application of adjuvanted preparations, only 
the group treated with plain AP adjuvant showed a sig-
nificant increase in total Al plasma AUC (0–80 d) which is a 
robust quantitative measure of plasma exposure. The mean 
80d-baseline plasma level of 19.8 µg/L in our control rats 
is somewhat higher than that expected in healthy humans 
(0.5–8 µg/L; Krewski et al. 2007). A lower Al baseline level 
might have been desirable for the purpose of higher sensitiv-
ity to detect AUC differences after treatment. However, we 
decided against dietary depletion of Al in order not to unbal-
ance the Al equilibrium in the body. The observed slight 
trend of the baseline towards an increase in slope over time 
did not have impact on our results, since statistical evalu-
ation in plasma was based on comparison of total AUCs 
between treatment and control group.

The apparent peak (“Cmax”) observed at day 10 after 
pAP injection is not considered compatible with simple 
first order absorption kinetics as attempts to estimate an 
absorption rate constant for pAP by adjusting ka_IM in 
the recently established model for IM administration of Al 
citrate (Weisser et al. 2019) was not successful. However, 
the input process of  Al3+ions after injection of insoluble 
adjuvant particles is probably not characterized by a single 
kinetic function describing dissolution of the Al complex. 
Several processes may be involved in parallel [e.g., lym-
phatic transport of undissolved particles, Al release from 
immune cells after phagocytosis (He et al. 2015)] causing a 
substantial delay in the absorption process.

In line with its increase of plasma AUC the pAP 
group also showed the highest increase of Al concen-
tration in bone (3.28 µg/g ww). However, in contrast to 
plasma, bone results also indicated systemic availability 
of Al, though at least twofold less, for all other (including 

Fig. 2  a Mean (+SD) Al amount (difference to vehicle group mean) 
found in injection site muscle M. triceps of rats 80 days after treat-
ment (light/colored bars) compared to Al amount injected into this 
muscle on day 0 (black bars). *p < 0.05 (Wilcoxon signed rank test on 
difference to 100%). b Mean (+SD) extrapolated Al release from all 
injection site muscles per rat at day 80 p.i

Fig. 3  Al concentration in bone (a) and brain (b) at day 80 after IM injection of plain adjuvants (pAH, pAP), adjuvanted vaccines (V1–V3), or 
vehicle in rats. Individual and mean (± SD) levels are depicted. * p < 0.05, **p < 0.001 (ANOVA compared to vehicle)
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AH-based) formulations. Bone Al levels in the vehicle group 
(0.05 ± 0.06 µg/g) were extremely low compared to the ref-
erence value of 0.53 µg/g ww for healthy rats (mean for all 
ages; Hirayama et al. 2011). The estimate for the y-intercept 
of the linear relationship found between Al release and bone 
Al concentration (0.61 µg/g) suggests a higher “true” control 
level more in line with the reference value.

A more visible increase in bone exposure rather than 
plasma is not surprising: fast renal Al plasma clearance pre-
vents a sharp rise of plasma levels above a relatively high 
baseline level, whereas elimination of Al from bone is very 
slow, thus, Al amounts reaching bone build a long-term 
deposit which facilitates detection (Yokel and McNamara 
2001; Priest 2004; Krewski et al. 2007).

The findings in plasma and bone were confirmed by the 
injection site release results as an indirect measure of bio-
availability up to day 80. A high Al release was noticed for 
plain AP (66.9%) and AP-adjuvanted V3 (85.5%) in contrast 
to very small dose fractions of the  Alhydrogel®-adjuvanted 
preparations pAH and V1 (0 and 22.3%, resp.). In accord-
ance with its mixed composition V2 showed a degree of 
release between both extremes (31.8%). Thus, we observed 
a remarkable difference in the degree of Al release up to day 
80 between AP and AH after injection of plain adjuvants as 
well as vaccines containing the respective adjuvant type. 
Crude linear extrapolation from 100% on day 0 through the 
mean dose fraction of V1 remaining at the injection site on 
day 80 (77.7%) predicts that complete absorption of Al from 
AH-adjuvanted vaccines will take at least 350 days (1 year). 
In contrast, linear extrapolation through the remaining dose 
fraction for V3 (14.5%) suggests that Al from AP-adjuvanted 
vaccines might be completed much earlier after ca. 120 days.

Our results are in line with injection site muscle meas-
urements after vaccination in macaques by Verdier et al. 
(2005) who still observed substantial Al concentration in 
M. quadriceps after injection of the AH-adjuvanted vaccine 

at 6 months p.i., in contrast to low but significant Al con-
centrations above control at 3 months (90 d) but no longer 
at 6 months (180 d) after injection of an AP-adjuvanted vac-
cine. In contrast to Verdier et al., we collected the whole 
injected muscle being able to quantify the percentage of 
injected dose. Our quantitative differences suggest a 3- to 
4-fold higher rate of systemic availability for AP than AH. 
The results are fully in line with the threefold Al plasma 
AUC (0–28 d) found after self-prepared plain AP compared to 
AH in rabbits (Flarend et al. 1997). We could demonstrate 
that this difference also applies to marketed adjuvanted 
vaccines.

The disparity is most probably attributed to well-
known physicochemical differences between AP and AH, 
mainly the degree of crystallinity, chemical composition 
and surface charge: AH consists of crystalline Al-oxyhy-
droxide (AlOOH), whereas AP is chemically composed of 
Al(OH)x(PO4)y in which the ratio of hydroxyls to phosphate 
depends on the precipitation conditions. As a consequence, 
AP is non-crystalline (amorphous), because the incorpora-
tion of phosphate interferes with the crystallization process, 
and, in contrast to AH, has a negative surface charge at neu-
tral pH (HogenEsch et al. 2018; Powell et al. 2015; He et al. 
2015). Higher solubility of AP compared to AH is clearly 
seen in dissolution experiments with adjuvants in vitro 
(Seeber et al. 1991; personal unpublished data). Thus, we 
conclude that our finding is mainly attributed to these phys-
icochemical differences favoring release and dissolution of 
Al from AP adjuvant.

A further reason for the high recovery of AH-adjuvants 
80 days after injection could be the development of granu-
loma as a foreign body reaction subsequently preventing 
Al dissolution. Although more commonly seen after SC 
application of AH-adjuvants, development of persistent 
granuloma at the injection site has also been reported after 
IM application, often accompanied by Al contact allergy 

Fig. 4  Relationship between Al amount released from all injection sites and (a) Al plasma AUC (0–80 d) or (b) bone Al concentration on day 80 
after injection in individual rats (solid line: linear regression curve; dotted lines: 95% confidence limits)
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(Netterlid et al. 2013). Since IM granuloma is less palpa-
ble, occurrence might be underestimated. For example, a 
100% frequency of granuloma was observed in the neck of 
31 pigs after IM injection of AH-adjuvanted vaccines (Valtu-
lini et al. 2005). Also in mice a high number was found after 
IM injection of  Alhydrogel® or HBV  Engerix® vaccine (93% 
at day 45 decreasing to still 35% at day 270 p.v.; Crépeaux 
et al. 2015).

The highest estimate of absolute Al release from all 
injection sites for pAP is fully consistent with the highest 
increase in plasma AUC and bone Al concentration found for 
this group. Corresponding correlations obtained for all rats 
between estimated Al amount released from the injection 
site and both plasma and bone Al exposure confirm that Al 
release can be interpreted as systemically available amount 
and increase in bone and plasma exposure are fairly propor-
tional to this amount. However, we cannot exclude overes-
timation of systemically available amounts as the total Al 
release might include a fraction of still undissolved Al par-
ticles phagocytosed and transported to the draining lymph 
node by antigen-presenting immune cells (He et al. 2015).

The highest total bone Al concentration measured in our 
rats (3.35 µg/g ww) is far below levels of toxicological con-
cern. Studies conducted by Sun et al. (2015, 2016) indicated 
that rats with bone Al concentrations up to 15 µg/g (ww) 
were without abnormal findings, whereas above 
20 µg/g (ww) bone formation markers decreased and oxida-
tive stress markers increased, and in groups > 30 µg/g (ww) 
bone mineral density (BMD) decreased significantly.

Also in humans bone Al levels below 10–15 µg/g are not 
associated with “Al-overload” or any signs of bone toxicity 
(Klein 2019; Hellström et al. 2005, 2006; Van Landeghem 
et al. 1998).

Extrapolating the Al increase found in humerus bone 
to the whole rat skeleton (using 25 g skeleton weight for 
a 350 g rat [Brown et al. 1997; O’Flaherty 1991)], a mean 
treatment-related Al amount “added” to the skeleton of 82.6, 
7.1, 31.3, and 35.4 µg per rat is estimated for groups pAP, 
V1, V2, and V3, respectively. These amounts represent 
5.3–12.0% of the corresponding total Al amounts released 
from the injection site (Table 2). These percentages are in 
line with dose fractions of 3–20% found in rat skeleton dur-
ing 1 year after a single IV dose of 26Al-chloride (Stein-
hausen 1997).

Very low brain Al concentrations were observed in 
all groups. Geometric mean level in the control group 
(0.12 µg/g ww) was well in line with reported control levels 
in rat brain of 0.02–0.8 µg/g ww (Ogasawara et al. 2002; 
Veiga et al. 2013; Lin et al. 2015). Statistical significance 
of brain Al levels in the vaccine groups is not consistent 
with the ranking of the products regarding Al release from 
injection site or Al concentration in bone. Of note, despite 
its highest bioavailable Al amount and highest increase in 

bone and plasma Al exposure pAP did not show any increase 
in Al concentration in brain. From 26Al-kinetic data in rats it 
is known that in contrast to bone only a very small fraction 
of dose (< 0.01%) retains in brain (Yokel and McNamara 
2001; Walker et al. 1994; Yumoto et al. 1997). Several ani-
mal studies demonstrated that brain has much lower Al con-
centrations than many other tissues, also in normal human 
beings (Yokel and McNamara 2001). A fraction of 0.01% 
of the highest bioavailable amount in our study (836.8 µg) 
would correspond to 0.084 µg Al as the maximum amount 
supposed to have reached brain. Equal distribution in a rat 
brain weighing 2 g (estimate for a male 350 g rat; Brown 
et al. 1997) would lead to a maximum brain concentration 
increase of 0.042 µg/g ww. Considering our control group 
mean level (0.13 ± 0.04 µg/g ww), this small difference is 
unlikely to be detected. Overall, this rather supports the 
notion that the small increases in brain Al concentration 
found for V1–V3 are chance findings.

As we determined Al concentration in a whole brain 
hemisphere Al clusters due to focal accumulation which 
have been reported for human brain tissues (House et al. 
2012) could not be missed. Furthermore, as determination 
by AAS comprises dissolved  Al3+ ions as well as insoluble 
Al species, our results would also capture any Al particles 
transported into the brain by macrophages which has been 
postulated by some authors (Gherardi et al. 2015; Crépeaux 
et al. 2015; Shardlow et al. 2018). Based on our results, we 
conclude that contribution of such particulate Al amounts, 
if any, are marginal.

In summary, the present study for the first time revealed 
systemically available Al from IM injected adjuvants and 
adjuvanted vaccines in vivo through increase of Al levels 
mainly in bone. The findings were corroborated by signifi-
cant correlations with total Al release from the injection 
site. Moreover, our results clearly indicate that the rate of 
systemic availability of Al is markedly higher from AP- than 
from AH-adjuvanted vaccines. We are aware that tissue 
determination on day 80 is only a cross-sectional view and 
that different bone levels might only reflect different rates 
of absorption. This would imply that, once Al absorption is 
completed, two products with comparable Al doses might 
reach comparable cumulative Al concentrations in bone, 
however, at different time points.

Increases of Al exposure in plasma and bone observed in 
rats cannot one-to-one be translated to humans, this is espe-
cially true for bone allometry with inter-species differences 
in bone architecture and remodeling (Bagi et al. 2011; Barak 
et al. 2013). In relation to body weight the doses applied to 
our rats (mean body weight 350 g) were 170 times higher 
compared to application to a 60 kg human adult. Consid-
ering an allometric scaling factor of 6.2 which is usually 
applied for dose conversion on mg/kg basis between rats and 
humans in pharmacology (FDA 2005; Nair and Jacob 2018), 
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this ratio is still 27. Thus, we may expect that after a single 
vaccination in adults Al levels in bone, and even more valid 
in plasma and brain, will be indistinguishable from baseline 
levels. With respect to children simple allometric dose scal-
ing is not adequate, in particular for infants below 2 years of 
age due to complex age-related developmental changes (Lu 
and Rosenbaum 2014). For that purpose, physiology-based 
modeling is required as it is increasingly used in pediatric 
drug development and toxicologic evaluations (Sharma and 
McNeill 2009; Barrett et al. 2012). The results of this study 
will be highly valuable for establishment of a physiology-
based toxicokinetic (PBTK) model for Al exposure from 
adjuvants (Weisser et al. 2017).
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