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Original article

Comparative evaluation of gold
nanoparticles and Alum as immune
enhancers against rabies vaccine
and related immune reactivity,
physiological, and histopathological
alterations: /n vivo study

Purpose: The present study aimed to compare the immune-enhancing potential of gold nano-
particles (AuNPs) to Alum against rabies vaccine and the related immunological, physiologi-
cal, and histopathological effects.

Materials and Methods: Alum and AuNPs sole and in combination with rabies vaccine were
used at 0.35 mg/mL and 40 nM/mL, respectively. Rats used were categorized into six groups
(20/each): control rats, rabies vaccine, aluminum phosphate gel, rabies vaccine adsorbed to
Alum, AuNPs, and rabies vaccine adjuvant AuNPs.

Results: Liver and kidney functions were in the normal range after AuNPs and Alum adju-
vanted vaccine compared to control. Interleukin-6 and interferon-y levels were significantly
increased in groups immunized with Alum and AuNPs adjuvanted vaccine, the peak level was
in the case of AuNP adjuvanted vaccine on the 14th day. Ninety days post-vaccination, total im-
munoglobulin G (IgG) against adjuvanted rabies vaccine showed a significantly elevated anti-
rabies IgG with AuNPs and Alum adsorbed vaccine compared with unadjuvanted one. The
total antioxidant capacity, malondialdehyde (MDA) levels, superoxide dismutase, and gluta-
thione peroxidase activities were significantly increased post-adjuvanted AuNPs adjuvanted
vaccine vaccination than in Alum adsorbed vaccine, while MDA was significantly decreased.
The histopathological examination revealed detectable alterations post-AuNPs and Alum ad-
juvanted vaccine immunization compared with liver and kidney profiles post-administration of
unadjuvanted and non-immunized groups, meanwhile, splenic tissue revealed hyperplasia of
lymphoid follicles indicating increased immune reactivity.

Conclusion: The AuNPs are promising enhancers of the immune response as Alum, and the
undesirable effects of AuNPs could be managed by using suitable sizes, shapes, and concen-
trations.

Keywords: Rabies, Vaccines, Gold nanoparticles, Alum, Interferons, Interleukin-6, Pathology,
Physiology

Rabies is a preventable zoonotic disease and causes acute encephalitis. In resource-
limited and resource-poor countries, endemic rabid dogs result in an ongoing risk of
transmission to humans due to their bites. Prevention of human rabies through the
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control of domestic rabid dogs is a realistic goal for large parts
of Africa and Asia. Pre-exposure immunization in people is
recommended for travelers to high-risk areas in rabies-affect-
ed countries, and for people in certain high-risk occupations
such as laboratory workers dealing with the live rabies virus
and other lyssa viruses, and veterinarians and animal han-
dlers in rabies-affected areas [1].

Alum-based adjuvant remains the only adjuvant approved
for human use. Aluminum compounds are used as immuno-
logic adjuvants to increase the effectiveness of many vaccines.
In some cases, these compounds were associated with red-
ness, itching, and low-grade fever, but their use in vaccines
was not associated with serious adverse events [2]. The quali-
ty of vaccine production could be improved by incorporating
immune modulators or adjuvants with modified delivery ve-
hicles. liposomes, immune-stimulating complexes, and mi-
cro/nanosphere apart from Alum, being used as a gold stan-
dard [3].

The use of nanoparticles, particularly metal nanoparticles
has expanded in biomedical research, diagnosis, therapeu-
tics cosmetics, electronics, innovative food products, and en-
vironmental remediation [4]. They are used in various areas
due to their unique properties of small size, large surface area
to volume ratio, high reactivity to the living cells, stability over
high temperatures, and translocation into the cells. They are
available in different sizes and shapes due to their ability to
react and agglomerate with other nanoparticles in their sur-
roundings. Gold nanoparticles (AuNPs) were reported to be
inert and relatively less cytotoxic. Gold was used for various
applications including drug and gene delivery indicating the
enormous growth in this field [3]. The present study aimed to
investigate the use of AuNPs as an Alum alternative adjuvant
and to find out the related biological alterations including liv-
er and kidney functions, humoral and cellular immunity; to-
tal immunoglobulin G (IgG), interleukin-6 (IL-6), and inter-
feron-gamma (IFN-y), respectively. Also, histopathological
alterations of the liver, kidney, and spleen were considered.

Aluminum phesphate gel (Alum)

Aluminum chloride hexahydrate (0.63 M AlC13.6H.0) and
sodium phosphate dodecahydrate (0.3 M NasPO..12H,O) were
prepared in 40 mL of normal saline each. Prepared solutions
were filtered using a 0.2 um filter (Millipore, Burlington, MA,
USA). Contents were stirred (Saurt, Stone, UK) continuously

during the procedure at 40 to 60 rpm; 0.3 M NasP0..12H.0
solution was added to a mixing bottle. And 300 mL normal
saline was added, and the antigen was added followed by the
addition of 0.63 M AlC13.6H:0 solution to the mixing bottle.
pH was maintained between 6.5-6.8. The final volume was
adjusted with sterile normal saline. The suspension was mixed
for 2 hours at 37°C [5].

Sphere gold nanoparticles (AuNPs)

Sphere AuNPs were kindly purchased at 1 mM from Nano-
Tek, Giza, Egypt on October 6th. Nanoparticles were diluted
to contain 40 nm final concentrations.

Inactivated rabies vaccine
B-propiolactone (BPL) inactivated rabies vaccine (Vero Rab)
was kindly supplied from the Holding Company for Produc-
tion of Vaccines, Sera and Drugs (VACSERA, Giza, Egypt). The
rabies vaccine was purchased from Pasteur, France. Vaccine
potency was >2.5 [U/dose.

Challenge virus standard virus

The challenge virus standard virus was kindly supplied by the
National Control Authority (VACSERA). The vaccine infectiv-
ity titer was 106.5/mL, which was used for vaccine potency
evaluation.

Anti-rabies immunoglobulin
Home reference rat anti-rabies immunoglobulin was obtained
from Rabies Vaccine Research Unit, VACSERA.

Inactivated rabies vaccine potency (ED50)

The potency of BPL inactivated rabies vaccine was evaluated
using a mice immunization assay [6]. The effective dose of
vaccine that can protect 50% of infected mice was measured,
where the experimental vaccine batch was 5-fold serially di-
luted (1/5-1/625) using sterile phosphate-buffered saline, pH
7.2+2 in addition to the concentrated vaccine. Each dilution
was inoculated intraperitoneally as 0.3 mL/mouse using 10
weaning mice of 21 days old (14-16 g) per dilution. Another
set of 10 mice was left as a negative control. One week later
the 2nd dose of the vaccine dilutions was inoculated as previ-
ously. Fourteen days after the 1st shoot, a challenge dose of
12.5-50 minimum inhibitory concentration 50% lethal dose/
mL was intracerebrally inoculated. Five weaning mice of the
negative control group were challenged in the same way, and
the rest of the control mice group was left as the negative con-
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trol. Mortality was recorded throughout 14 days and the po-
tency of inactivated rabies viral vaccines was determined [6].

Experimental animals

A total of 120 male Sprague-Dawley albino rats were supplied
by the animal house, VACSERA (EGyVac, Giza, Egypt). Rats
aged 8-16 weeks with body weights ranging from 80-100 g
were housed in metallic cages. All rats were kept in a labora-
tory animal facility under standard laboratory conditions of
12 hours light/12 hours dark system and a fixed temperature
of 27°C. Rats were fed on a standardized pelted chow com-
posed of 11.2% moisture, 25.4% protein, 4.8% crude fibers,
8.5% ash, and 3.4% fat, and tap water was supplied ad libitum.
Animals were kept under observation for 1 week for adapta-
tion before the onset of the experiment. Care and cleaning
were maintained to keep the animals in a normal healthy state.
All experiments were done according to the approval of the
VACSERA Ethical Committee (approval no., VAC-EC-22-65/
R/2020).

Animals grouping and blood sampling

Laboratory animals used were categorized into six rat groups:
group 1: negative control group; group 2: sole rabies vaccine
(Vac) group; group 3: Alum adjuvanted vaccine (Alum-Vac)
group; group 4: sole Alum group; group 5: AuNPs-rabies vac-
cine mix (AuNP-Vac) group; and group 6: sole AuNPs group.
Rats received vaccine formulae, sole adjuvants, and normal
saline subcutaneously at 0.5 mL/rat.

Immune sera preparation

Collected blood samples were kept overnight at 4°C for re-
traction of blood clots. Collected blood samples were cold
centrifuged for 15 minutes at 3,500 rpm, using a cold centri-
fuge (Jouan-Ki-22; Jouan, Jarzé, France). Sera were removed
to empty tubes and re-centrifuged for another 10 minutes to
remove any remaining blood clots or red blood cells. Collect-
ed sera were liquated and stored at -80°C until use [7].

Evaluation of liver and kidney functions

Estimation of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and alkaline phosphatase (ALP) activity,
as liver functions parameters, were undertaken in sera sam-
ples using a kinetic rate method, purchased from Spectrum
(catalog number 263002 and 261005) for ALT and AST activi-
ty. Meanwhile, ALP activity was estimated using commercial
kits from Biodiagnostics (Cairo, Egypt). The kidney function

was carried out by measuring urea level in rats’ sera using kits
from Biodiagnostics, while creatinine level was determined
by kits purchased from Randox Laboratories (Crumlin, UK).

Evaluation of cellular immune markers

IL-6 and IFN-y were estimated in sera samples using rat en-
zyme-linked immunosorbent assay (ELISA) kits purchased
from BD Biosciences Pharmingen (San Diego, CA, USA; cata-
log number 551216).

Immunoglobulin-G level

Specific total anti-rabies immunoglobulin developed against
the rabies vaccine was detected using home reference ELISA
kits based on the antibody capture technique using polyvinyl
chloride (PVC) plates. The antigen was bound to the PVC wells,
and the antibodies were allowed to bind to the antigen. The
unbound antibodies/antigen were washed out using a wash
buffer. The antigen-antibody complex was detected using
anti-rat IgG coupled to peroxidase enzyme used as 1/1,000 fi-
nal dilution. This method was performed, with some modifi-
cations [8].

Evaluation of oxidant/antioxidant biomarkers

The malondialdehyde (MDA) content and the total antioxi-
dant capacity (TAC) were estimated in rats’ sera using kits from
Global Institute Research Services Solution (Cairo, Egypt).
Both superoxide dismutase (SOD) and glutathione peroxi-
dase (GPx) activity were determined using kits from Global
Institute Research Services Solution. Biochemical assays were
performed in triplicates.

Histopathological examinations

Fresh specimens of the spleen, liver, and kidney were collect-
ed from the control, and the treated groups were prepared [9].
The specimens were examined using an oil lens and cellular
changes were pictured using a digital camera (Canon, Tokyo,
Japan) with a magnification of x200.

Statistical analysis

Analysis of data were performed using the IBM SPSS ver. 26.0
(IBM Corp., Armonk, NY, USA) to compare all the treated
groups, using one way analysis of variance [10]. Data were ex-
pressed as mean +standard errors of the mean. The quantita-
tive results with a parametric distribution of Leven’s test were
determined for analysis data. Statistical differences with val-
ues of p<0.05 were considered statistically significant. Per-
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centage differences representing the percent of variation with
respect to the control group were also calculated.

Ethics approval

All experimental protocols and steps of the tests were con-
ducted in compliance with the regulations of the Research
Ethics Committee of Egyptian Ethical Guidelines for the use
of animals in research. Additionally, all animal experiments
were obtained from the animal house of VACSERA, in accor-
dance with protocols approved by the US National Institutes
of Health (1978).

Vaccine potency

The effective dose 50 (EDs) of the Vero cell rabies vaccine was
4.5 IU/mL, which complied with the World Health Organiza-
tion recommendations that the potent vaccine EDs is not less
than 2.5 IU/dose.

Evaluation of liver functions

As illustrated in Fig. 1, Alum and AuNPs, as adjuvants used
either in sole form or in combination with Vero cell rabies
vaccine, showed variable levels of ALT and AST values of liver
functions. Although the variation was detected, these values
were in the normal range compared with the unvaccinated
control group. The % of ALT change on the 3rd day post-ad-
ministration of Vac, Alum, and AuNPs treated groups was sig-
nificant (p<0.05) compared with unvaccinated control group
values recording a percentage difference of 20.83%, 17.26%,
and 20.83%, respectively; while on the 7th day, only AuNPs
group showed an increase of 15.68% with a significant change
at p<0.05. ALT levels post-vaccination with Alum-Vac at the
3rd, 7th, and 14th days, showed an increase in the order of
20.24%, 15.68%, and 16.04%, respectively, and in the case of
immunization with AuNPs-Vac, the change recorded was
22.62%, 17.30%, and 18.72%, respectively, with significant
change at p<0.05 as compared to control. Both Alum-Vac
and AulNP-Vac adjuvanted groups indicated a significant
(p<0.05) increase in ALT level on the 14th day of immuniza-
tion compared to the ALT level of the sole vaccine immunized

group.

Estimation of aspartate aminotransferase activity
As depicted in Fig. 1, sera from rats collected on the 3rd, 7th,
and 14th days indicated a significant change (p<0.05) in AST

activity in the order of 27.60%, 28.30%, and 51.90% post-ad-
ministration of rabies vaccine, and of 43.52%, 43.62%, and
51.90% post-administration of Alum and 55.41%, 54.89%, and
64.43% in case of AuNPs administration compared to control
group AST values. Moreover, recorded data revealed that AST
level at the 3rd, 7th, and 14th days was significantly changed
(p<0.05) recording 45.44%, 52.55%, and 61.97%, respectively
post-administration of Alum-Vac, and AST increased level
was 57.32%, 53.40%, and 61.07%, respectively post-adminis-
tration of AuNP-Vac compared to control AST values.

Estimation of alkaline phosphatase activity

As indicated in Fig. 1, analysis of data collected from different
rat groups concerning ALP activity showed a significant (p<
0.05) elevated ALP activity post-sole vaccine administration
on the 3rd and 7th days, recording 19.63% and 15.61%, re-
spectively, compared to control values. Meanwhile, sole ad-
ministration of Alum and AuNPs showed a significant change
(p<0.05) recording (18.16%, 21.62%, and 12.97%) and (20.74%,
23.00%, and 13.75%) post-administration of Alum and AuNP,
respectively, compared to control group values. On the con-
trary, no changes were detected on the 14th day. In the mean-
time, Alum-Vac and AuNPs adjuvanted rabies vaccine indi-
cated a significant change (p<0.05) in ALP levels recording
(33.25%, 33.02%, and 11.23%) and (40.86%, 24.26%, and 23.04%)
post-immunization with Alum-Vac in AuNPs on the 3rd, 7th,
and 14th day, respectively, compared to control group values.
Meanwhile, Alum-Vac exhibited a significant increase in ALP
level on the 7th day of vaccination compared to the level of
the sole vaccine immunized group, while immunization with
AuNP-Vac indicated the same effect on the 3rd and 14th days
versus the same group.

Evaluation of kidney functions

Sole rabies vaccine and Alum administration, exerted a nor-
mal variation in urea level at the 3rd, 7th, and 14th compared
with its level in the control group and around the border lev-
els of kidney function levels, on the contrary, there was a sig-
nificant elevation post-administration of AuNPs and AuNPs-
Vac as illustrated in Fig. 2; recording (42.38%, 55.76%, and
54.14%), (38.49%, 59.93%, and 56.07%), (53.15%, 66.79%, and
60.39%), (57.96%, 63.97%, and 52.78%), and (60.94%, 69.36%,
and 64.47%) for the sole vaccine, Alum, Alum-Vac, AuNPs,
and AuNPs-Vac immunized groups, respectively, compared
to control values. Urea levels of the AuNPs-Vac-immunized
group increased significantly (p<0.05) versus the sole vac-
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Fig. 1. (A1) Comparative evaluation of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) activ-
ity (U/L) in sera of adult male rats immunized with either Alum, gold nanoparticles (AuNPs) sole, or adjuvant with rabies vaccine at the 3rd, 7th,
and 14th days after vaccination. *Significant changes at (p<0.05) compared to control (Cont) group. ®Significant changes at (p<0.05) compared
to vaccine (Vac) group. “Significant changes at (p<0.05) compared to Alum group. “Significant changes at (p<0.05) compared to AuNPs group.

cine-immunized group on 3rd day of immunization.

As shown in Fig. 2, serum creatinine levels post-adminis-
tration of the sole vaccine, sole adjuvants, and adjuvanted
vaccine showed a non-pathological variation and recorded
values were within the normal range of kidney function throu-
ghout the defined durations.

Interleukin-6 levels

As depicted in Fig. 3, on the 3rd day post-sole rabies vaccine
administration induced a decreased IL-6 level (-8.74%), fol-
lowed by a significantly (p>0.05) increased level (78.79% and

36 https://www.ecevr.org/

270.87%), on the 7th and 14th days post-vaccination, respec-
tively, compared to their control group values. Sole Alum and
AuNPs administration induced a significant (p<0.05) elevat-
ed IL-6 level on the 3rd, 7th, and 14th days recording (12.94%,
19.00%, and 5.55%) and (27.74%, -25.39%, and -14.39%), re-
spectively, compared to control group values. Likely, Alum-
Vac and AuNPs-Vac immunized groups induced a significant
(p<0.05) elevation of IL-6 level, compared to control, sole
Vac, Alum, and AuNPs groups on the 3rd, 7th, and 14th days.
Moreover, the Alum-Vac group indicated a significant eleva-
tion in IL-6 levels (p<0.05), compared to IL-6 level post-im-

https://doi.org/10.7774/cevr.2023.12.1.32
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Fig. 2. (A—F) Comparative evaluation of urea and creatinine levels (mg/dL) in sera of adult male rats immunized with either Alum, gold nanopar-
ticles (AuNPs) sole, or adjuvant with rabies vaccine at the 3rd, 7th, and 14th days after vaccination. @Significant changes at (p<0.05) compared
to control (Cont) group. "Significant changes at (p<0.05) compared to vaccine (Vac) group. ®Significant changes at (p<0.05) compared to Alum
group. “Significant changes at (p<0.05) compared to AuNPs group. ®Significant changes at (p<0.05) compared to Alum-Vac group.

munization with AuNPs-Vac.

Interferon-y levels

INF-y levels in rats’ sera showed a significant (p<0.05) incre-
ment at different time intervals post-vaccination in all groups,
and the highest increase was noticed post-administration of
AuNPs-Vac group as clearly demonstrated in Fig. 3. The re-
corded increase of INF-y level was (15.13%, 147.58%, and
375.81%), (36.31%, 15.84%, and 31.59%), (65.40%, 160.26%,
and 292.34%), and of (81.04%, 198.61%, and 307.26%) and
(119.71%, 219.02%, and 471.14%) sole vaccine, sole Alum,

sole AuNPs, Alum-Vac, and AuNPs-Vac, respectively, com-
pared with IFN-y of the unvaccinated control group.

Immunoglobulin G levels

Regarding the immune potential of the prepared rabies vac-
cine, data represented in Fig. 4 revealed the immunogenicity
of the inactivated rabies vaccine which was monitored 90 days
post-vaccination. The antibody IgG level showed an elevation
of 111.96% with a significant change at p<0.05, compared with
the control value. A positive enhancement of the immune re-
activity was recorded in either the ALUM group or AuNPs group,
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Fig. 3. (A—F) Comparative evaluation of interleukin-6 (IL-6) and interferon-y (IFN-y) levels (pg/mL) in sera of adult male rats immunized with
either Alum, gold nanoparticles (AuNPs) sole, or adjuvant with rabies vaccine at the 3rd, 7th, and 14th days after vaccination. ?Significant
changes at (p<0.05) compared to control (Cont) group. ®’Significant changes at (p<0.05) compared to vaccine (Vac) group. “Significant changes
at (p<0.05) compared to Alum group. “Significant changes at (p<0.05) compared to AuNPs group. ®Significant changes at (p<0.05) compared

to Alum-Vac group.
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Fig. 4. Comparative evaluation of anti-rabies immunoglobulin (IgG)
concentrations (ng/mL) in sera of adult male rats immunized with either
Alum, gold nanoparticles (AuNPs) sole, or adjuvant with rabies vaccine
at 90 days post-vaccination. ?Significant changes at (p<0.05) compared
to control (Cont) group. ®Significant changes at (p<0.05) compared
to vaccine (Vac) group. “Significant changes at (p<0.05) compared
to Alum group. “Significant changes at (p<0.05) compared to AuNPs
group. Significant changes at (p<0.05) compared to Alum-Vac group.

with values of 79.35% and 68.48%, respectively versus the con-
trol group, with significant change at (p<0.05). Meanwhile,
the immune reactivity was not elevated in the VAC-immu-
nized group. Whereas, injection of either Alum or AuNPs ad-

38

sorbed vaccine recorded strong enhancing effects in the total
antibody level IgG post-immunization, with values 171.74%
and 138.04%, respectively, with a significant increase at p<0.05,
compared to the control group and significant versus VAC
group. Therefore, both Alum & Vac and AuNPs-Vac groups
revealed a significant increase in antibody IgG level estimat-
ed post-immunization compared with either sole Alum or
AuNPs groups as well. In addition, the long-lasting immune
response indicated significant high levels of IgG in the Alum-
Vac group than in the AuNPs & Vac group.

Evaluation of oxidant/antioxidant biomarkers

Total antioxidant capacity level

Exploration of data on the 90th-day post-vaccination with sole
Alum and unadjuvanted rabies vaccine indicated no change
in the antioxidant capacity level in their sera. Meanwhile, sera
of the AuNPs injected rats group showed an increase in TAC
level of 33.33% with significant change at p<0.05, compared
with the control group value. Both Alum-Vac and AuNPs-Vac
groups recorded increased TAC levels in their sera, of values
66.67% and 50.0%, respectively, with a significant change at

https://doi.org/10.7774/cevr.2023.12.1.32
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Table 1. Comparative evaluation of antioxidant/oxidant status in sera of adult male rats immunized with either Alum, AuNPs sole, or adjuvant

with rabies vaccine at 90 days post-vaccination

Variable Control Vac Alum

TAC (mmol/L) 0.06+0.00 0.06+0.00(0) 0.06+0.00 (0)
MDA (nmol/mL) 476+0.03 4.02+0.18(-15.55  4.30+0.05(-9.66)"
SOD (U/mL) 95.15+0.23  97.33+0.37 (2.29¢ 102.2+0.40 (7.39)"
GPx (mU/mL) 5.13+0.08 5.46+0.07 (6.43)" 6.48+0.13(26.32f"

AuNPs

0.08+0.00 (33.33"

2.62+0.26 (-44.96
105.9+0.5(11.32

6.53+0.09(27.29F

AuNPs+Vac

0.09:0.00 (50.01

3.30+0.10(-30.67)
1134041 (19.12)0

7.52+0.04 (465970

Alum+Vac

0.10+0.00 (66.67)0
3.17+0.10(-33.40
110.3+0.20 (15.94f
7.31+0.04 (42,500

Values are presented as meanz+standard errors of the mean (% difference with respect to control value).
AuNPs, gold nanoparticles; Vac, vaccing; TAC, total antioxidant capacity levels; MDA, malondialdehyde contents; SOD, superoxide dismutase activity; GPx, glutathione

peroxidase activity.

?Significant changes at (p<0.05) compared to control group. "Significant changes at (p<0.05) compared to Vac group. “Significant changes at (p<0.05) compared to
Alum group. ?Significant changes at (p<0.05) compared to AuNPs group. ®Significant changes at (p<0.05) compared to Alum-Vac group.

p<0.05 versus the control value, but both groups showed a
significant slight increase versus Vac group as shown in Table 1.

Malondialdehyde content

Results illustrated in Table 1 showed that sera of Vac, Alum,
and AuNPs groups exhibited a decrease in MDA level, with
values -15.55%, -9.66%, and -44.96%, respectively with a sig-
nificant change at p<0.05, compared to the control group val-
ue. Meanwhile, both Alum & Vac and AuNPs-Vac groups ex-
hibited a sharp decrease in sera MDA contents of values of
-33.40% and -30.67%, respectively, compared against the con-
trol group value with significant change at p<0.05 versus the
control value in the Vac, Alum, and AuNPs treated groups.

Superoxide dismutase activity

Rabies vaccination, Alum, and AuNPs administration showed
significantly (p<0.05) elevated SOD levels by 2.29%, 7.39%,
and 11.32%, respectively, compared to control group value
(Table 1). Likely, Alum-Vac and AuNP-Vac groups induced a
significant elevation of SOD level as well (p<0.05) recording
(15.94%) and (19.12%), respectively versus control. In addi-
tion, the AuNP-Vac group indicated a significant elevation in
sera SOD activity compared with the Alum-Vac group.

Glutathione peroxidase activity

Data illustrated in Table 1 revealed that AuNP level post-ad-
ministration of the sole vaccine, Alum, AuNPs, Alum-Vac, and
AuNP-Vac groups recorded significant (p<0.05) increased val-
ues in the order of 6.43%, 26.32%, 27.29%, 42.50%, and 46.59%,
respectively, compared with the negative control value. Also,
glutathione level detected post-Alum-Vac and AuNPs-Vac
administration showed a significant increase (p<0.05), com-
pared to Vac, Alum, and AuNPs group values.

Histopathological examinations

Photomicrographs of rats’ liver tissue (Fig. 5) specimens tak-
en from the control group showed a normal arrangement of
hepatic lobules which comprised radiating plates or strands
of polyhedral hepatocytes vertical to the central vein with bile
canaliculi between adjacent hepatocytes (Fig. 5A). Sections
from animals exposed to rabies non-adjuvant vaccine showed
mild swelling of hepatocytes. Dilatation of hepatic sinusoids
and central veins was also noticed (Fig. 5B). Animals exposed
to Alum showed mild swelling of hepatocytes and hyperpla-
sia of Kupffer cells (Fig. 5C). Alum adjuvant rabies vaccine
group revealed swelling and granularity of cytoplasm (Fig.
5D). Sections from the AuNPs group showed swelling and
granularity of hepatocytes. The hepatic sinusoids appeared
narrow with hyperplasia of Kupffer cells. (Fig. 5E). Livers of
animals exposed to AuNPs adjuvant rabies vaccine showed
degenerative changes of hepatocytes and hyperplasia of Kupffer
cells (Fig. 5F). Sections of kidney tissue (Fig. 6) got from the
control group showed the normal histological structure of re-
nal parenchyma which characterized by intact glomeruli and
renal tubules (Fig. 6A). Kidneys of animals exposed to rabies
non-adjuvant vaccine in the VAC group showed a mild shrink-
age of glomerular tufts and swelling of the epithelial lining of
tubules (Fig. 6B). On the other side, kidney sections from the
Alum group & Alum adjuvant rabies vaccine group showed
resemblance to the control group (Fig. 6C, D). Meanwhile,
kidney sections obtained from the AuNPs group showed in-
tact glomeruli and capillary tufts. The renal tubules, especial-
ly the proximal convoluted, showed degenerative changes of
the epithelial lining (Fig. 6E). Animals of the AuNPs-Vac group
revealed shrinkage of glomerular tufts and necrosis of tubular
epithelial lining (Fig. 6F). Investigation of spleen tissue sec-
tions (Fig. 7) of the control group showed the normal histo-
logical structure of the spleen parenchyma tissue character-
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Fig. 5. (A—F) Histopathological changes in liver tissue sections of adult male rats immunized with either Alum, gold nanoparticles (AuNPs) sole,
or adjuvant with rabies vaccine after 90 days post-vaccination, stained with hematoxylin and eosin (x200). (A) Photomicrograph of liver from
control group showed a normal histological structure of hepatic lobules (H&E, x200). (B) Photomicrograph of liver from AuNPs group showed
swelling and granularity of hepatocytes (H&E, x200). (C) Photomicrograph of liver from AuNP-Vac group showed degenerative changes of
hepatocytes and mononuclear infiltration (H&E, x200). (D) Photomicrograph of liver from naive vaccine (Vac) group showed a mild swelling
of hepatocytes with vesiculated nucleus (H&E, x200). (E) Photomicrograph of liver from Alum-Vac group showed swelling hepatocytes with
granularity of cytoplasm (H&E, x200). (F) Photomicrograph of liver from Alum group showed a mild swelling of hepatocytes and hyperplasia of
Kupffer cells (H&E, x200).

Fig. 6. (A—F) Histopathological changes in kidney tissue sections of adult male rats immunized with either Alum, gold nanoparticles (AuNPs)
sole, or adjuvant with rabies vaccine after 90 days post-vaccination, stained with hematoxylin and eosin (x200). (A) Photomicrograph of kid-
ney from the control group showing a normal histological structure of both renal glomerulus and tubules (H&E, x200). (B) Photomicrograph of
kidney from AuNPs group showing degenerative changes and necrosis of tubular epithelial lining arrows (H&E, x200). (C) Photomicrograph
of kidney from AuNP-Vac group showing necrosis of tubular epithelial lining arrows (H&E, x200). (D) Photomicrograph of kidney from vaccine
(Vac) group showing a mild shrinkage of glomerular tufts (arrows) (H&E, x200). (E) Photomicrograph of kidney from Alum-Vac group showing
mild degenerative changes of the tubular epithelial lining (H&E, x200). (F) Photomicrograph of kidney from Alum group showing intact tubular
epithelial lining with a clear lumen (H&E, x200).
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Fig. 7. (A-F) Histopathological changes in spleen tissue sections of adult male rats immunized with either Alum, gold nanoparticles (AuNPs)
sole, or adjuvant with rabies vaccine after 90 days post-vaccination, stained with hematoxylin and eosin (x200). (A) Photomicrograph of spleen
from control group showing a normal histological structure (H&E, x200). (B) Photomicrograph of spleen from AuNPs group showing hyperplasia
of lymphoid follicles and numerous numbers of macrophages arrow (H&E, x200). (C) Photomicrograph of spleen from AuNP-Vac group show-
ing hyperplasia of lymphoid follicles and deposition of hemosiderin granules arrows (H&E, x200). (D) Photomicrograph of spleen from vaccine
(Vac) group showing proliferation of lymphocytes with thickening of arterioles vein wall arrow (H&E, x200). (E) Photomicrograph of spleen from
Alum-Vac group showing moderate hyperplasia of lymphoid follicle (H&E, x200). (F) Photomicrograph of spleen from Alum group showing mild

hyperplasia of lymphoid follicle (H&E, x200).

ized by clear red and white pulps with distinct central arteri-
oles (Fig. 7A). Spleen of animals exposed to rabies non-adju-
vant vaccine showed proliferation of lymphocytes (Fig. 7B).
Spleen of sole Alum and Alum adjuvant rabies vaccine groups
showed mild-to-moderate hyperplasia of lymphoid follicles
(Fig. 7C, D). Examination of sections from the AuNPs group
showed hyperplasia of lymphoid follicles (Fig. 7E). Mean-
while, animals inoculated with AuNPs adjuvant rabies vac-
cine group revealed hyperplasia of lymphoid follicles (Fig. 7F).

Discussion

Understanding how an adjuvant activates the immune re-
sponse is important for rational vaccine design to tailor the
response based on the antigen and type of immunity neces-
sary to protect against infection [11]. Therefore, the present
work was planned to evaluate the possible chance of using of
AuNPs as an adjuvant for rabies virus vaccine against the
nowadays used Alum adjuvanted rabies vaccine. ALT and
AST were assessed as the determinants for liver diseases, es-
pecially ALT which is the most reliable biochemical value to
show hepatocytes injury. Liver and kidney function indices
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of adult rats were variable within the normal ranges. These
elevations could be attributed to the little damage of hepato-
cytes which is reflected by increased ALT levels more than
AST, as ALT is densely located in the cytosol of liver cells [12].
A previous study on AuNPs indicated that 3 days post-injec-
tion of male rats had no adverse effect on serum ALT, AST,
ALP activities, urea, and creatinine levels, but documented
elevated ALT, AST, and urea levels 7 days post-injection and
were returned to normal levels on 60th-day post-injection
[13]. Although rabies vaccination is considered safe, a rare
case in humans was reported to induce glomerular and renal
tubular disorders of glomerulonephritis after immunization
with the anti-rabies vaccine, which in alignment with the
present results indicating different variations in serum levels
of urea and creatinine after 3, 7, and 14 days, and despite the
values were increased, they were still within the normal rang-
es of kidney functions compared to control. These variations
could be attributed to hypersensitivity, resulting from exces-
sive immune stimulation which led to the production of a
pathogenic immune complex [14].

In accordance with the present results, it was reported that
creatinine level depends on the speed of renal glomeruli func-
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tion, which indicates renal performance [15]. An elevated
creatinine level above the normal value revealed a chronic
kidney disease. Moreover, a lower concentration of AuNPs
did not show severe toxicity in terms of creatinine and blood
urea levels. Meanwhile, higher concentrations of AuNPs caused
significant changes in organ indices [16], and the distribution
of AuNPs in tissues is shape-dependent and the most affect-
ed organs are the heart, lungs, liver, spleen, kidney, thymus,
brain, reproductive organs, and blood as well [17].
Concerning the cellular immune markers (IL-6 and IFN-y)
data recorded was in agreement with those who indicated
that effective delivery of antigens to antigen-presenting cells
eliciting a prolonged immune response still remains a signifi-
cant challenge for vaccination [4]. In the same way, enhanced
eosinophil activation, post-administration of Alum was re-
ported [18], promoting an influx of neutrophils and enhanc-
ing the secretion of pro-inflammatory cytokines and chemo-
kines. The viral infection produces pro-inflammatory cyto-
kines (various pro-inflammatory cytokines such as tumor
necrosis factor [TNF]-o, IL-1, and IL-6) causing a hyperin-
flammatory response by recruiting macrophages, T and B
cells, enhancing the transcription or translation of IL-6 from
cells (fibroblast, mesenchymal, endothelial, and many other
cells) and binding of TNF-q, IL-6, and IFN-B to their recep-
tors, and leading to activation of the JAK/STAT pathway which
initiate IFN transcription via hundreds of genes. IFN-y (a pleio-
tropic cytokine) has a variety of biological responses includ-
ing protection from viral and bacterial infections, anti-tumor
effects, and as a key link and regulator of effector cells in in-
nate and adaptive immunity. IFN-y is produced by natural
killer cells and other specialized cells of the immune system.
JAK signal transducer/STAT transcription activator pathway
activates IFN-y signals via its binding to its receptor which is
expressed in most cells. It is considered a master switch of cy-
tokine cascade containing large numbers of separate mole-
cules operating through different receptors. Moreover, IFN-y,
inhibits intracellular viral replication via potentiation of nitric
oxide induction, resulting in efficient viral clearance [19].
Moreover, Alum was found to induce endogenous danger
signals via cellular necrosis which elicits inflammation-asso-
ciated cytokines resulting in humoral immunity [11]. Further-
more, the aggregated forms of aluminum salts present in Al-
um based adjuvants caused an oxidative or inflammatory re-
sponse in brain-derived astrocytes in comparison to periph-
erally-derived macrophages immune-competent cells were
reported, suggesting a decreased cell viability accompanied

with a specific profile of cytokine secretion [20]. The use of
nanoparticles as vaccine delivery platforms showed signifi-
cant progress, playing an essential role in novel vaccine de-
sign and a significant role, in improving vaccines efficacy, and
offering unique advantageous properties as vaccine carriers,
as these nanoparticles prevent premature antigen release
while prolonging antigen presentation for potent immunity
against infectious diseases [4]. Moreover, nanotechnology
was incorporated into vaccine development due to the low
immunogenicity, toxicity, and instability of some vaccines.
These advantages result from their comparable size giving
nanoparticles the ability to attach to biological entities with-
out changing their functions, while the high surface-area-to-
volume ratio of nanoparticles permits strong bonds with sur-
factant molecules [21]. In the present study, 40 nm spherical
AuNPs as an adjuvant for rabies vaccine induced an elevation
of IL-6 levels on the 3rd- and 7th-day post-vaccination but
continued to increase till the 14th day of AuNPs adjuvant vac-
cine immunization exceeding that detected post-Alum adju-
vanted vaccine. Similarly, 40 nm spherical AuNPs injections
were found to induce inflammatory cytokine production [22],
including TNF-q, IL-6, IL-12, IL-10, and granulocyte-macro-
phage colony-stimulating factors, suggesting that AuNPs are
effective vaccine adjuvant can enhance the immune response
via different cytokine pathways depending on their sizes and
shapes.

AuNPs activate the production of proinflammatory cyto-
kines via penetrating various immune cells [23]. INF-y is main-
ly secreted by T helper (Th)1 cells that play a central role in
many immunoregulatory processes, including the activation
of mononuclear phagocytes, and Th1 signature cytokines
(INF-y and IL-2) were detected in sera samples at an early
time during infection [24], suggesting that Th1 responses
were facilitated following infection. It was observed, in the
current study, that an extreme elevation of INF-y level in rats’
sera during the 3rd, 7th, and 14th days post-immunization
Alum adjuvanted vaccine compared to control and sole vac-
cine group (non-adjuvant vaccine), which may reflect the
important role of INF-y as an antiviral agent that protects rats
against virus challenge, in agreement with who reported that
enhanced Th1-cell responses in vivo increased IFN-y induc-
tion by Alum salts [25]. TNF-y levels in rat sera immunized
with AuNPs adjuvanted vaccine showed a high elevation com-
pared with Alum adjuvanted vaccine, these results are in ac-
cordance with Zhou et al. [26] who indicated enhanced ele-
vated secretion of Th1 cytokines, such as IFN-y with sphere
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AuNPs, and exaggerated increased production of IL-1, IL-6,
and IFN-y by AuNPs, as animal immunization with AuNPs
displayed a Th1/Th2 (IFN y and IL-10, respectively) immune
response indicating the ability of these animals to develop
memory T cells for protection against subsequent challenges
in the future, suggesting the effectiveness of AuNPs as vac-
cine adjuvants in enhancing the immune response. General-
ly, data herein concerning AuNPs suggesting that efficient
AuNPs based vaccines should be a mixture of particles of vary-
ing sizes and shapes designed to induce more broad and ro-
bust immune responses. As specific antibodies are important
for protection against viral infection. The most effective type
of antibody is the neutralizing one which binds to the virus,
either the viral envelope or capsid proteins and blocks the vi-
rus from binding and gaining entry to the host cell [27]. The
humoral immune response against rabies virus antigen as
the increased humoral immune response induced by Alum-
BPL inactivated rabies vaccine was time dependent, and the
Alum adjuvant selectively stimulate Th2 immune response
and other immunomodulatory molecule which lead to in-
creased production of B cells that secrete Th2-cell-associated
antibody isotypes IgG and immunoglobulin E (IgE) [28].

Although aluminum-based adjuvants may provide a very
important and useful tool in eliciting the immunogenicity of
vaccines, there may be a select group of individuals who may
be predisposed to adverse consequences of Alum-containing
vaccines. These consequences include its ability to exert neu-
rological responses by only low concentrations [20], as Alum-
based adjuvants were found to have minimal induction of
cell-mediated immunity and elicit undesirable IgE responses.
Moreover, an in-vivo study revealed that AuNPs activate B
cells stimulating antibody synthesis and enhancing IgG se-
cretion which is in agreement with the presented data [29].
In-vivo and in-vitro studies, the immune response by AuNPs
was indicated to be shape and size-dependent, as the highest
level of antibodies was found to induce after the use of spher-
ical AuNPs [22], suggesting that AuNPs cause a greater total
antigen-specific antibody response and considered AuNPs is
an ideal adjuvant enhancing long-term protective immunity
(30].

Several mechanisms enable any mammalian organism to
defend itself against oxidative stress, including the small mo-
lecular antioxidants, such as glutathione, and antioxidant scav-
enging enzymes, such as GPx, SOD, and catalase [31]. In the
present study, TAC level, SOD, and GPx activities increased
in AuNPs adjuvanted rabies vaccine group compared to con-

trol values, while MDA levels (indicating lipid peroxidation)
were decreased. These results agreed partially with Abdel-
halim et al. [32] who found an increase in the GPx, TAC, glu-
tathione, and MDA in rat kidney, liver, and lung after intra-
peritoneal administration of 10 nm AuNPs for 3 and 7 days,
while the SOD levels significantly decreased and the level of
MDA could be organ dependent. The GPx plays a crucial role
in protecting cells from the damage induced by the free radi-
cals formed by peroxide decomposition. The lipid compo-
nents of the cell are especially susceptible to reactions with
free radicals, resulting in lipid peroxidation. The GPx enzymes
reduce peroxides to alcohols using glutathione as a substrate,
thus preventing the formation of free radicals. Under physio-
logical conditions, glutathione reductase rapidly reduces any
oxidized glutathione to its thiol form (glutathione) [32]. The
current results suggest an antioxidant effect of AuNPs, reflect-
ed by an increase in TAC, SOD, and GPx. As SOD is one of the
most important antioxidant enzymes, it plays a central role in
the defense against oxidative stress by catalyzing the dismu-
tation of superoxide to hydrogen peroxide and oxygen [31].

MDA, the main product of fatty acid peroxidation, was also
confirmed to act as a mutagen and carcinogen and causes
DNA damage by the production of deoxyguanosine, deoxy-
adenosine, and deoxycytidine by triggering the signal trans-
duction pathways leading to cell death or apoptosis [33]. Here-
in, the MDA levels were decreased by AuNPs injection which
suggests increased GPx levels. The potential antioxidant abil-
ity of AuNPs and its effectiveness in quenching reactive oxy-
gen species (ROS) included H,O: and the superoxide anion
radical (O-) in a dose-dependent manner [34].

The presented results indicated no change in TAC level,
decreased MDA content, and increased SOD and GPx activi-
ties, after Alum injection, and the decline in MDA level and
elevation of SOD and GPx activities were more pronounced
in the AuNPs group than in Alum immunized group. In con-
sistent with the present results, increased glutathione reduc-
tase, GPx, and SOD activities after treating rats with alumi-
num sulfate (1,000 ppb) in drinking water were reported [35].
They attributed these changes to Al concentration and route
of administration which lead to oxidative stress and lipid per-
oxidation in tissues causing their damage [35], as it circulates
in the blood and interferes with Fe homeostasis by displacing
it from transferrin, resulting in the release of Fe into the blood-
stream which interacts with molecular oxygen and generates
the superoxide anion, generating highly reactive hydroxyl
radical.
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Alum and AulNPs adjuvanted rabies vaccine administra-
tion, induced elevated TAC levels, SOD, and GPx activities
while the MDA levels declined 90 days post-vaccination com-
pared to control and sole vaccine groups. The SOD activity
increased post-AuNPs administration than post-Alum ad-
ministration indicating its higher ability to eliminate free rad-
icals. On the other hand, non-specific ROS formation after
Alum-based adjuvants in vitro was measured and an increased
ROS accompanied by decreased cell viability after 72 hours
post-Alum administration was reported [20].

The histopathological profile of the liver, kidney, and spleen
was examined in all groups post-vaccination. Liver sections
post-Alum administration illustrated mild swelling of hepa-
tocytes and hyperplasia of Kupffer cells [36]. In the mean times,
administration of AuNPs induced mild swelling, hyperplasia
of Kupffer cells, and dilation of the central vein. A cloudy swell-
ing in the rat liver post-treatment with AuNPs was observed
which might attribute to the defect in liver cell membrane
function [32]. Meanwhile, rats’ liver tissue examined post-ad-
ministration of rabies vaccine, Alum-adsorbed vaccine, and
AuNPs adjuvanted rabies vaccine showed swelling of hepato-
cytes. The swelling observed in all groups might be accompa-
nied by leakage of lysosomal hydrolytic enzymes that lead to
cytoplasmic degeneration and macromolecular crowding
[32]. The histopathological picture of the liver in all treated
groups of this study, as well as the liver function parameters,
indicated a hepatotoxicity that may be induced 8 weeks later
which could be attributed to accumulation of Alum or AuNPs
in liver tissue depending on particle size and the duration [32].

The histopathological changes detected in the kidney re-
vealed that both AuNPs and AuNPs adjuvanted rabies vac-
cine groups showed signs of kidney damage than other groups
which may be attributed to the irreversible accumulation of
AuNPs that differ from in the case of Alum as reported before.
Renal injury represented by shrinkage of glomerular tufts and
degenerative changes of the epithelial lining of the proximal
convoluted tubule appeared in form of swelling and some-
times necrosis. The distribution of AuNPs in the kidneys de-
pends on their sizes and concentration [32]. The increase in
concentration and aggregation of nanoparticles can cause ir-
reparable damage to the function and tissues of the kidneys.
So, the application of small quantities of AuNPs at low con-
centrations in the medical field does not create serious haz-
ards [37].

The present study revealed that the splenic rat tissues of
Alum, Alum-adsorbed vaccine, and AuNPs groups showed

hyperplasia of lymphoid follicles. Their germinal center con-
tained numerous numbers of “tingible body” macrophages.
The splenic tissue of the AuNPs vaccine mix group showed
hyperplasia of lymphoid follicles and deposition of golden
yellow hemosiderin granules. The result observed post-ad-
ministration of AuNPs groups was in agreement with Fu et al.
[38] who found an increase in the proliferation of lympho-
cytes of the splenic tissue post-treatment with AuNPs which
was dose-dependent. It was confirmed that the spleen devel-
ops and produces mature immune cells which can identify
and destroy pathogens [39]. Therefore, the hyperplasia of
lymphoid tissues observed in this study enhanced by Alum,
AuNPs sole administration or adjuvanted to rabies vaccine
stimulated the immune response.

From the present data, it could be concluded that both Al-
um and AuNPs as adjuvants are good enhancers of the im-
mune responses manifested by the elevation of IL-6, INF-y,
and total anti-rabies IgG levels. The AuNPs-based adjuvant
elicits more immune responses which are indicated by a high
increase in the INF-y and IL-6 levels. In addition, AuNPs
showed antioxidant properties evidenced by the increase of
TAC and very low levels of MDA. Furthermore, the SOD ac-
tivities were more increased in the AuNPs rabies vaccine mix
group than in Alum adsorbed vaccine. Also, both Alum and
AuNPs-based adjuvants caused alterations around the bor-
der of liver and kidney functions despite the little degenera-
tion in liver and kidney tissues. Finally, the greater immuno-
logical responses showed that AuNPs as an immune enhanc-
er make it better for long-term immune-enhancing potential.
The undesirable effects of AuNPs may be overcome by choos-
ing more suitable sizes, shapes, and concentrations that make
them more appropriate for use in vaccine delivery.
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