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Abstract 
 

The effectiveness efficacy of a  gold nanoparticle delivery system for the the rF1 
plague antigen was assessed by immunising mice with a coupled vaccine 
formulation. In this study, we describe a method for conjugating a capsular protein 
(F1-antigen) from Yersinia pestis onto gold nanoparticles as a potential delivery 
vehicle for subunit vaccines. The gold nanoparticles used in the experiment were 15 
nm citrate-reduced particles and were decorated with the antigen using N-
hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide coupling 
chemistry and characterised. The immunogenicity was assessed in BALB/c mice 
showing that F1-antigen  conjugated 15 nm gold nanoparticles produced an 
enhanced specific IgG response compared with the unconjugated nanoparticle 
control, The IgG-specific antibody titre was further elevated when the F1-
functionalised nanoparticles were co-administered with an alhydrogel adjuvant. The 
antisera raised competiatively displaced antibodies from an rF1 previously identified 
protective Macaque serum?. When delived in  in PBS without an adjuvant, the F1 
conjugated gold nanoparticles induced a significantly increased IgG2a response 
compared with  unconjugated F1 in PBS (p<0.05). The conjugation of F1 to gold 
nanoparticles altered the IgG1: IgG2a ratio from 14.04 for F1/PBS to 6.72 for F1  
conjugated to gold nanoparticles  and administered in PBS (p<0.01).  All treatment 
groups developed a cellular memory response to F1, the polarity of which was 
inflenced by formulation in alhydrogel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
 
Yersinia pestis is a Gram-negative, facultative intracellular bacterium belonging to 
the enterobacteriacae – should this be in italic? family. It is the causative agent of 
plague which, throughout history, has killed over 200 million people worldwide (1). 
There is currently no vaccine against plague and the isolation of multi-drug resistant 
strains as well as the concern for its use in bioterrorism has led to resurgence in Y. 
pestis research in recent years.??? 

The field of nanotechnology has, in recent years, expanded with growing 
applicability to medical biotechnology. One area of interest includes the use of 
nanoparticles (NPs) in drug delivery. Since they were first proposed in the 1970’s, 
liposome’s have been studied for their use in drug encapsulation. Ordinarily 
composed of amphiphilic phospholipids and cholesterol, liposome’s self-associate to 
form spherical micelles, typically 400 nm in diameter, with an aqueous interior (2). 
Using a variety of methods, this process can be manipulated to encapsulate drugs 
within the aqueous interior offering a route of delivery for water-insoluble drugs. 
There are however some limitations associated with liposomes such as weak 
stability, poor drug loading, toxicity and polydispersal (3-5). To overcome some of 
these restrictions, people have turned to polymeric micelles which can be made 
from inert materials or biodegradable polymers such as poly-L-lactide (PLA) or poly-
L-lactide-co-glycolides (PLGA). In much the same way, these formulations offer drug 
encapsulation within a hydrophobic core as well as a hydrophilic shell to which polar 
molecules can absorb. Traditionally a solvent is used to improve solubility of water-
insoluble drugs however this is often toxic and will limit the dose at which the drug 
can be given. An example of such a drug where nanoencapsulation has overcome 
this problem is the Food and Drug Administration (FDA)-approved Abraxane; an 
albumin bound NP formulation of paclitaxel (6). A mitotic inhibitor drug, it is given to 
treat breast cancer although due to its poor solubility, it was previously dissolved in 
Cremophor EL for administration. Nanoencapsulation is also a very important tool 
for protection of a transported antigen, particularly if it is susceptible to degradation, 
such as DNA. 
 Solid NPs have also been explored for their use in drug delivery, ranging from 
cadmium to chitosan and encompassing all sizes from 1-100 nm. Much of the work 
in this field has focused onto site directed drug delivery, which has been most useful 
in cancer therapy where it is paramount to distinguish between cancerous and 
normal cells. One way in which this has been demonstrated is by taking advantage of 
the impaired lymphatic recovery system associated with tumours. By conjugating a 
NP copolymer of styrene and maleic acid to the antitumor protein neocarzinostatin, 
the authors were able to demonstrate that NPs of 10-100 nm avoid uptake by the 
reticuloendothelial system and accumulate within tumours (7). Another type of 
targeted delivery using NPs uses the unique optical properties of metals on a nano-
scale which often behave differently to that on a macro-scale. Gold, for example, has 
become a very popular choice for nano-medicine (refs). It has a high atomic number 
allowing for in vivo electron microscope and X-ray imaging – what does that mean? 
but also its surface plasmon resonance will absorb light at a specific wavelength and 
convert it to heat. This too has been used in cancer therapy where a cancer-specific 
antibody has been conjugated onto 20 nm gold NPs (AuNPs) and then irradiated with 



a low power laser at the site of interest to destroy the tumour cells (8). Despite the 
exciting possibilities NPs offer to medicine, one should not forget the safety issues 
associated with such materials. Indeed some, including TiO2 and Cu2O, have 
demonstrated harmful effects in terms of tissue damage due to reactive oxygen 
species and accumulation within cells (9-12). 
 Herein we describe a method for conjugating a previously identified vaccine 
candidate against Y. pestis, capsular protein (F1-antigen) [10], onto citrate reduced 
AuNPs (13), to test whether the presentation of the antigen on the AuNP surface 
area will encourage opsonisation and therefore improve immunogenicity. 
 
2. Materials and methods 
 
2.1 Nanoparticle synthesis 
Gold(III) chloride trihydrate (HAuCl4 · 3H2O, 99.9%), sodium citrate dihydrate (C6H5O7 
· 2H2O, 99%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS, 98%) were purchased from Sigma-Aldrich Co. Ltd. 
(Gillingham, UK). 

AuNPs were synthesised using the Turkevich method (14). Briefly, all 
glassware used was first washed in aqua regia (three parts concentrated HCl to one 
part of concentrated HNO3) before heating 90 ml 1mM HAuCl4.3H2O to 90°C whilst 
stirring vigorously. Next, 10 ml 90 mM Na3C6H5O7 was quickly added to the gold 
solution before cooling to room temperature in the dark. Characterisation of the 
particles was carried out using Ultraviolet-Visible spectroscopy and their diameter 
determined by transmission electron microscopy (TEM), yielding a mean value of 
15.6 nm. 
 
2.2 Conjugation of protein onto gold nanoparticles 
Recombinant F1-antigen (rF1) was immobilised onto the gold spheres using 
carbodiimide chemistry. To a NP solution, 0.1 mM 16-mercaptohexadecanoic acid 
(MHDA) was added followed by 0.1% (vol/vol) Triton®-x 100 and left to incubate for 
two hours at room temperature. To purify the carboxylated nanospheres, the 
sample was centrifuged at 13,000 x g for 10 min after which the supernatant was 
removed and the pellet re-suspended in phosphate buffered saline (PBS). N-
hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC), 0.15 mM and 0.6 mM respectively, was then added to the functionalised NPs 
before adding 20 µg/ml rF1. The solution was left to incubate at room temperature 
for 2 h. Later, this was centrifuged as before to isolate the conjugated NPs which 
were resuspended into PBS. The conjugates were characterised using spectrometry, 
with a peak absorption at 532 nm. 
 
 2.3 Protein quantification 
Conjugated protein was released from NPs using 0.1 mM mercaptoethanol (Sigma-
Aldrich) which displaces the MHDA linker from the gold surface. The sample was 
then run through a 1 mm NuPAGE® 4-12% Bis-Tris gel at 180 V for 50 min, alongside 
known amounts of protein, before staining with Coomassie. The density of the 
resulting band was then compared against a concentration gradient to determine 
the amount of protein originally conjugated. 



 
2.4 Immunisation 
Groups of 5 female BALB/c mice, aged 6-8 weeks old were immunized  by the intra-
muscular (i.m.) route in 0.1 ml per mouse as follows: group 1 received  0.93 µg rF1-
antigen conjugated NPs formulated in 0.26% w/v alhydrogel (AuNP-F1/alhy); group 2 
received 0.93 µg rF1-antigen conjugated NPs in PBS (AuNP-F1/PBS); group 3 received 
empty nanoparticles in PBS (NP/PBS); group 4 received 0.93 µg rF1 formulated in 
0.26% w/v alhydrogel (F1/alhy); and group 5 received 0.93 µg rF1 in PBS (F1/PBS). All 
groups were immunised on a single occasion only. The animals were closely 
observed following immunisation and were bled from the lateral tail vein each week 
to isolate sera for antibody analysis. The animals were euthanized after six weeks 
with terminal blood sampling and splenectomy. 
 
2.5 Immunoanalysis 
Sera from individual animals were assayed for F1- specific IgG titre by standard ELISA 
technique, as previously described (15). Briefly, serum samples were aliquoted to 
microtitre wells pre-coated in 5 µg/ml F1 (in PBS). Binding of serum was detected 
using an HRP-conjugated goat anti-mouse IgG (abcam; 1:5000 in 1% skimmed milk in 
TBS) followed by incubation (37°C, 1 h). Plates were washed prior to the addition of 
ABTS substrate (Pierce) with subsequent reading of the absorbance at 415 nm. The 
relative concentrations of the isotypes IgG1 and IgG2a with F1 specificity were also 
determined by ELISA and a ratio of IgG1: IgG2a determined.  Optical density was 
determined using a Multiskan plate reader and titres were determined by 
comparison with a standard curve on each ELISA plate, using Ascent software. 
Geometric mean titres were determined ± standard error of the mean for each 
treatment, allowing the statistical comparison of mean titres between treatment 
groups, using the Student’s t-test. 
 
The detection of antibody which competed for binding to F1 antigen in vitro with a 
protective macaque polyclonal antibody was determined as previously described 
(16). Briefly, rF1 antigen was coated (5 µg/ml) onto wells of a microtitre plate 
followed by binding of protective macaque sera. Individual serum samples were then 
added in duplicate in a 2-fold dilution starting with 1:100 in 1% (w/v) skimmed milk 
powder in TBS. Non-protective macaque sera was used as a negative control. The 
assay was developed with HRP-conjugated goat anti-mouse IgG (abcam; 1:5000 in 
1% skimmed milk in TBS) followed by incubation (37°C, 1 h). Plates were washed 
prior to the addition of ABTS substrate (Pierce) with subsequent reading of the 
absorbance at 415 nm. 
 
2.6 Flow cytometric analysis 
Spleens from individual mice were homogenised in Dulbecco’s Modified Eagles 
Medium (DMEM) supplemented with L-glutamine, penicillin and streptomycin and 
the suspension of mixed splenocytes was washed by centrifugation (10,000 rpm; 5 
min) prior to collecting the cell pellet and re-suspending the cells in DMEM 
supplemented as described above, with additional 10% v/v foetal calf serum. Live 
splenocytes were enumerated and 200 µl of each was aliquoted in duplicate to the 
wells of a 96-well plate, and rF1 was added to each well at a final concentration of 



25µg ml-1. Plates were incubated overnight (37oC/ 5% CO2). Next day, plates were 
centrifuged to collect non-adherent cells and cell culture supernatants were 
collected and rapidly frozen (-80oC) pending analysis of cytokines by cytometric bead 
assay (CBA, BD, UK). The non-adherent splenocytes were washed by centrifugation, 
collected and stained with a mastermix of antibodies specific for surface markers 
CD3, CD4, CD8 and CD45, and each labelled with a different chromophore   (Becton-
Dickenson, UK). Subsequently, antibody-bound cells were analysed by fluorescence 
activated cells sorting (FACS, Cantifluor, BD, UK) and the percentage and activation 
status of cells in the mixed splenocyte suspension was determined. 
 
2.6 Statistical analysis 
Student T-test was used to determine the significance of difference between 
treatment groups at the 95% confidence limit?. 
  
3. Results  
 
3.1 Preparation of gold nanoparticles 
Synthesis of AuNPs followed the Turkevich method of gold chloride reduction using 
citrate ions, where the diameter of the particles is controlled by the concentration of 
the citrate. The particles then remain stable due to the repulsion of the anionic 
surface in the citrate solution. Characterisation of the particles using spectrometry 
showed them to be monodisperse with a λmax of 519 nm (Fig. 1B). The particles were 
imaged using transmission electron microscopy (TEM) and shown to have a mean 
diameter of 15.6 nm, and the concentration measured using NP tracking analysis was 
1.37 x 108 particles mL-1 (Fig. 1A). 
 
3.2 Gold nanoparticle functionalisation 
In order to conjugate F1-antigen onto the NPs a linker consisting of 16-
mercaptohexadecanoic acid (MHDA) was first bound to the NP. The MHDA was 
covalently attached via a gold-sulphur bond, and formed a self-assembled monolayer 
(SAM) projecting a carboxyl group for linkage to the protein. Carboxylated NPs were 
purified from the bulk material, by centrifugation and washing, and then 
characterised by spectrophotometry, which revealed a shift in λmax from 519 nm to 
525 nm (Fig. 1B).  
 
Carbodiimide coupling chemistry was used to conjugate the 15 kDa F1-antigen onto 
the MHDA linker. First, the concentration of F1-antigen required to saturate the NP 
surface was determined. Increasing concentrations of F1-antigen, in the range 0-50 
µg/ml, were added to similar amounts of AuNPs. The binding of F1-antigen was 
assessed by monitoring the change in the wavelength of maximum absorption of 
visible light and also by the change in refractive index of the NPs (17). This revealed 
that the NPs were saturated when 30 µg/ml of F1-antigen was added (Fig. 2). The 
amount of protein conjugated onto the NPs was measured by purifying the nano-
conjugates, using the centrifugation and wash method, and re-suspending into 2-
mercaptoethanol. The alkanethiol solution displaced the thiol linker by competitively 
binding to the gold, releasing the F1-antigen. The released protein was analysed by 
4-12% Bis-Tris gel stained with Coomassie blue, where the relative intensity of the 



protein band could be quantified against a standard curve of known concentrations 
(Fig. 3). The amount of protein detected using this method was 0.3 µg of protein 
released from 10 µl NPs, equating to approximately 158 molecules per NP. Other 
proteins were also tethered onto AuNPs using this method including bovine serum 
albumin where 0.2 µg of protein was detected on a 4-12% Bis-Tris gel from a 10 µl 
sample. These findings suggest that loading is largely determined by steric 
(molecular weight), and compositional (lysine content) factors. 
 
3.2 Immunisation study 
To evaluate the immunogenicity of the F1-antigen AuNP conjugated vaccine, BALB/c 
mice were immunised intramuscularly with the purified nano-antigen with or 
without an aluminium hydroxide adjuvant (alhydrogel). The animals were observed 
for six weeks and the development of antibody to F1-antigen in sera was measured 
using an ELISA (Fig. 4). Control mice received F1-antigen in either alhydrogel or PBS, 
or AuNPs alone. After 14 days, mice given F1-antigen bound to NP in alhydrogel 
generated the greatest F1-antigen-specific antibody response (P < 0.01). This was 
followed by mice immunised with unbound F1-antigen in alhydrogel which 
generated a greater immune response than those in the groups with PBS instead of 
alhydrogel (P < 0.01). This suggests that it was not the addition of NPs alone that was 
generating a greater response but rather the combination of NPs with alhydrogel. 
Moreover there is a significant decline in IgG titres from mice immunised with 
unconjugated F1-antigen with or without alhydrogel from days 35 or 21 days 
respectively, post immunisation (p < 0.01). Mice given F1-antigen bound to NPs 
showed no decline in IgG titre at 42 days post-immunisation. Mice immunised with 
empty AuNPs alone did not develop antibody against F1-antigen (data not shown). 
Analysis of the IgG subclasses revealed that for all immunised groups, F1-specific 
IgG1 exceeded IgG2a (Table 1). However, the concentration of F1-specific IgG2a in 
mice immunised with AuNP-F1/PBS was significantly increased compared with mice 
administered unconjugated F1 in PBS (p < 0.05). Formulation of AuNP-F1/alhy 
significantly increased both IgG1 and IgG2a responses, (p < 0.01 and p < 0.05, 
respectively), compared with AuNP-F1/PBS. 
 
Sera collected from individual treatment groups were assesed for their ability to 
compete with protective macaque antibody from rF1. In all cases, with the exception 
of AuNP, the mouse sera was able to displace the macaque sera over a series of 
dilutions. Sera from animals immunised with AuNP-F1/alhy competed most 
succesfully with the macaque antibody, with a significantly greater percentage bind 
than any other group for the intial two dilutions (p < 0.01). Whereas mice immunised 
with AuNP-F1 and unconjugated F1 competed with the macaque sera to the same 
degree, when immunised with the addition of alhydrogel the AuNP-F1/alhy group 
competed twice as well as those given F1/alhy. 
 
3.3 Flow cytometric analysis 
Flow cytometric analysis showed that a high percentage of cells positive for the 
activation/maturation marker CD45 existed in all treatment groups (Table 2). CD4+ 
cells as a percentage of cells bearing the pan T-cell marker (CD3)  exceeded CD8+ 
cells as a percentage of the CD3+ population, for all treatment groups, with no 



significant differences between groups. Analysis of IFNγ in the culture supernatant of 
splenocytes re-stimulated ex vivo with F1, revealed a significantly reduced level from 
cells obtained from mice immunised with AuNP-F1/alhy, compared with those from 
mice administered F1/PBS (P < 0.05), indicating the anti-inflammatory influence of 
alhydrogel in the vaccine formulation. 
   
4. Discussion  
 
Yersinia pestis is the causative agent of plague, a human disease which is associated 
with a high level of mortality (18). Although the bacterium no longer causes 
pandemics of disease,  WHO estimates that there are approximately 3000 cases of 
plague annually world-wide, mainly in N. America, S. E. Asia and Africa (18). The F1-
antigen is a major component of the surface of Y. pestis and forms a capsule-like 
structure which is visible after negative staining of bacteria (19). 
 
Intramuscular immunisation with recombinant F1-antigen, purified from E. coli has 
previously been shown to induce a protective immune response against Y. pestis (15, 
20, 21) and a subunit vaccine composed of Y. pestis F1-antigen and recombinant V 
antigen (a secreted Y. pestis protein) shows potential as a replacement for the 
current killed whole cell vaccine (15, 22).  However, alternative delivery systems 
which would permit either a simplified immunisation regimen (fewer doses) or a 
more appropriate immune response for protection (a balanced Th1/Th2 response 
with the establishment of cellular memory) are desirable. 
 
We have used carbodiimide chemistry to link the F1-antigen to a MHDA linker which 
had first been immobilised onto the surface of the AuNP. We found this one-step 
conjugation to be a quick and reliable method for conjugating the F1-antigen, in 
contrast to electrostatic binding or maleimide chemistry, without modifying the 
protein. By ensuring that a non-ionic detergent, such as Triton X-100, was present 
during the conjugation process, we were able to separate NP-bound and free F1-
antigen by centrifugation, avoiding inefficient gel chromatography steps. With the 
inclusion of Triton X-100, the particles were far more stable in close proximity to 
each other once pelleted and could be resuspended with ease. This method may be 
useful to other workers aiming to generate gold nanoconjugate vaccines. 
 
The presentation of F1-antigen on the surface of AuNPs induced antibody responses 
which were superior to the responses induced by F1-antigen alone. NP conjugated 
F1 also generated higher IgG2a titres which would suggest activation of Th1 cells 
however when IFNγ was measured there was a significant decrease in output from 
AuNP-F1/alhy compared to F1/PBS. Since AuNP-F1/PBS had a similarly high IFNγ 
output as F1/PBS this indicates that IFNγ is being supressed by the presence of 
alhydrogel. Previous work has shown that immunisation with multimers of F1-
antigen provides enhanced protective immunity (13) and attenuated Salmonella 
Typhimurium??? expressing F1-antigen on their surface are potent immunogens 
(19). Therefore, it is possible that the enhanced responses we have seen reflect the 
ability of NPs to present F1-antigen on their surface in a form which is similar to that 
on the surface of the bacterial cells. How about some mention of surface density? 



Additionally, the nano-particulate nature of the AuNPs renders them strongly 
immunogenic and readily taken up by macrophages for presentation to T-cells to 
induce cell-mediated immunity. 
 
We have not tested whether mice immunised with F1-antigen on AuNPs are 
protected against an experimental Y. pestis challenge. However, when compared 
with protective sera isolated from macaques, AuNP-F1/alhy competed for the same 
F1 epitopes displacing the macaque sera. This suggests that the mouse sera is 
functional and raised against the same epitopes as the macaque sera. The antibody 
levels we have measured in immunised mice and their ability to displace protective 
macaque sera indicate that the immunised mice would be protected against Y. pestis 
infection. 
 
There have also been numerous studies, including those listed, have shown that 
antibody and appropriate CMI is important in protection against plague (23-26). This 
is in accordance with the intracellular lifestyle of Y. pestis. Immunisation of mice with 
the plague sub-unit (F1 and V antigens) vaccine resulted in a strong total IgG1 
response, which correlated with protection (25, 27). Furthermore, transfer of mouse 
hyperimmune serum into naıv̈e mice protected them against plague challenge (25, 
27).  
 
Previously, polylactide microspheres have been used to encapsulate F1-antigen, and 
immunisation with these microspheres resulted in the induction of protective 
immuntiy against a Y. pestis challenge (15). However, the authors noted that the 
response was slow to develop, which they atrributed to the slow release of antigen 
from the polylactide microspheres; something which is true of many encapsulation 
strategies (28-30). The AuNPs we have used in this study are easily prepared in the 
laboratory and the data we report here indicates there was no delay in the induction 
of protective immunity. This observation suggests that the F1-antigen is not released 
from the surface of the NP after dosing. Rather, it seems likely that each NP is taken 
up and processed by antigen presenting cells.  
 
A wide variety of NP delivery systems have been proposed including polymeric NPs, 
solid lipid NPs, nanostructured lipid carriers, dendrimers, cyclodextrins, fullerenes, 
gold and silica NPs, and quantum dots. Some of these, including AuNPs, are being 
assessed as drug delivery systems (31-37). More recently there has been interest in 
the use use of AuNPs to deliver protein vaccine antigens.  
 
Previous workers have shown that the size of the AuNP used to deliver vaccines can 
have a profound influence on uptake into mamalian cells and on the antibody 
response (38-40). Although responses to a Foot and Mouth Disease Virus peptide 
were observed using 2-17nm AuNP carriers, the optimal response was elicited using 
8nm AuNPs. Peptides linked to larger (37 or 50nm) AuNPs failed to elicit antibody 
responses. Like us, other workers have used 15nm AuNPs as the carrier for 
merozoite surface protein 1 (41) or Nogo-66 receptor (42) to elicit antibody 
responses. 
 



Other workers (38, 41, 42) have reported the ability of AuNPs to enhance the ability 
of antigen to evoke antibody responses compated with antigen given alone. In the 
case of merozoite surface protein 1 or Nogo-66 receptor the use of AuNPs as a 
delivery vehicle resulted in the induction of antibody responses exceeding those 
elicited by the antigen given with Freunds adjuvant (41, 42). Some workers have 
reported that the use of alum as an adjuvant further enhanced the responses elicited 
by antigen bound to AuNPs (41) but others have used antigen bound to AuNPs 
without an additional adjuvant (38, 42). Similarly we also found in our study that the 
use of alum as an adjuvant to antigen linked to AuNPs enhanced the antibody 
response to F1-antigen. 
 
Whilst our results are encouraging, the utility of NPs as vaccine carriers requires 
significant additional investigation. Although gold has been used widely in medicine, 
there are some recent publications that suggest AuNPs can accumulate within 
tissues and elicit toxic effects in vivo (10, 43). These recent reports of toxicity involve 
studies where high doses of NPs are repeatedly given intraperitoneally. Clearly, 
toxicity may not be a concern when single doses of NPs are given intramuscularly 
and there is also literature to suggest that there is no evidence of toxicity associated 
with AuNPs (42, 44). 
 
In addition, further work is required to determine the fate of AuNPs given 
intramuscularly and, the mechanisms by which AuNPs are taken up into antigen 
presenting cells require clarification. Our results show that the ratio of serum IgG1 to 
IgG2a was similar in mice that had been dosed with free F1-antigen or F1-antigen 
coupled to AuNPs.  This finding suggests that both antigens  are taken up by a similar 
pathway into antigen presenting cells.  
 
In conclusion our findings add to the growing body of evidence showing that the use 
of AuNPs as carriers can markedly enhance the ability of protein antigens to elicit 
antibody responses. 
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Figure 1. Characterisation of AuNPs (A) Optical extinction- yes this is the right word but the 
graph is labelled as absorbance profile of gold nanoparticles using a UV-visible 
spectrophotometer. λ max for AuNP is 519nm (solid), carboxylated AuNP is 525nm (dashed) and 
F1 conjugated AuNP is 532nm (dotted). (B) Image of gold nanoparticles taken with a Jeol JEM-
1400 transmission electron microscope measured average diameter of 15.6 nm. 
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FIGURE 2 Minimum protein concentrations required for AuNP saturation can be concluded 
from measuring λmax over a range of F1-antigen concentrations. Graph shows a 
representative data set from three replicates. All measurements were made using a UV-
visible spectrophotometer to 0.1 nm. 
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Figure 3. Quantification of gold nanoparticle conjugated protein (A) Plot 
showing relationship between density of protein band from gel and 
relative concentration. Standard curve is used to calculate protein 
concentration released from nanoconjugate (B) Coomassie gel showing 
protein displacement from gold nanoparticles a: Marker, b: AuNP-F1 
treated with 11-mercapto 1-undecanol (AuNP at top of lane), c: 0.2 µg F1. 

kDa 
 
 
 
 

150 
 
100 
 
 
 

50 

75 
 
 
 
 
35 
 
25 
 
 

15 

    a     b       c   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 4. Relative concentrations of F1-specific total IgG in sera from BALB/c mice. After 
14 days, mice immunised with gold nanoparticle -conjugated F 1 in alhydrogel generated 
a significantly higher IgG titre compared with gold nanoparticle -conjugated F 1 in PBS 
and unconjugated F1 in PBS (P < 0.01). Gold nanoparticle – conjugated F1 in alhydrogel 
mice were the only ones not to show a decline in total IgG at 42 days post-immunisation. 
Each point is the mean of values from five mice 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

  

Antigen IgG1 (µg/ml) IgG2a (µg/ml) 

 
Ratio 
IgG1:IgG2a 

AuNP-F1/alhy 22.95±3.83 1.67±0.11 
 
13.75 

AuNP-F1/PBS 6.59±0.86 0.98±0.13 
 
6.72 

F1/alhy 12.53±3.15 0.86±0.18 
 
14.57 

F1/PBS 6.46±0.39 0.46±0.07 
 
14.04 

Table 1. Analysis of F1-specific IgG1 and IgG2a isotypes in sera taken from immunised 
mice. The concentration of F1-specific IgG2a in mice immunised with gold nanoparticle -
conjugated F 1 in PBS was significantly increased compared with mice administered 
unconjugated F1 in PBS (p<0.05). Formulation of F1-conjugated gold nanoparticles in 
alhydrogel significantly increased both IgG1 and IgG2a responses, (p<0.01 and p<0.05, 
respectively), compared with F1-conjugated gold nanoparticles in PBS. 
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Figure 5. Competitive ELISA for binding to F1. After 14 days, mice immunised with gold 
nanoparticle -conjugated F 1 in alhydrogel generated a significantly higher IgG titre 
compared with gold nanoparticle -conjugated F 1 in PBS and unconjugated F1 in PBS (P < 
0.01). Gold nanoparticle – conjugated F1 in alhydrogel mice were the only ones not to 
show a decline in total IgG at 42 days post-immunisation. Each point is the mean of 
values from five mice 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Group CD45+ (% of CD3+ cells ± 

s.e.m.) specifically activated 
by F1 ex vivo 

IFNγ  output (ng/ml ± s.e.m.) 
in recall response specific 
for  F1 

AuNP-F1/alhy 89.8±2.2 
 

327±24 

AuNP-F1/PBS 86.0±5.0 
 

704±187 

F1/alhy 82.04±10.3 
 

542±121 

F1/PBS 74.8±14 
 

775±113 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. References 

Table 2.  Percentage of CD3+ splenocytes displaying the activation marker CD45 on ex vivo 
re-stimulation with rF1. For all treatment groups, CD3+CD4+ cells outnumbered CD3+CD8+ 
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