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Introduction

Schistosomiasis is one of the most important parasitic 
helminth infections of humans. Up to 400–600 million people 
may be infected with at least one species of schistosome,1 with 
greater than 90% of the infections occurring in Africa; of these, 
the majority are caused by either Schistosoma hematobium or 
Schistosoma mansoni or by a co-infection of both.2 S. hematobium 
causes approximately two-thirds of the cases in Africa and 
accounts for a disproportionate impact on girls and women, as 
it leads in many cases leading to female genital schistosomiasis 
and increased host susceptibility to acquiring HIV/AIDS.3 
The current approach to schistosomiasis control in Africa relies 
primarily on periodic and frequent mass drug administration 
with praziquantel, an approach that until recently has been 
hampered because of lack of access to this essential medicine. 
Following the January 2012 London Declaration for Neglected 
Tropical Diseases,4 Merck KgaA has pledged to greatly expand 

its praziquantel donations. Even with the prospect of widespread 
administration of praziquantel mass treatments, it is not 
expected that this approach will interrupt the transmission 
of human schistosomiasis, nor lead to the elimination of the 
disease as a public health problem.2 Ultimately, the elimination 
of schistosomiasis from the African continent will likely require 
the development and delivery of a schistosomiasis vaccine, ideally 
one that would simultaneously target both S. hematobium (the 
cause of urogenital schistosomiasis) and S.  mansoni (the cause 
of intestinal-hepatic schistosomiasis). To date, two candidate 
vaccines are in clinical trials, including Sh28GT targeting 
S. hematobium and Sm14 targeting S. mansoni.5,6

The Sabin Vaccine Institute Product Development Partnership 
(PDP) is developing a recombinant vaccine comprised of the 
extracellular domain of the S. mansoni tetraspanin surface 
antigen known as Sm-TSP-2 (Fig. 1). Proof of concept for the 
efficacy of the antigen in preclinical studies was summarized 
in a companion piece to this article (Curti et al., 2013, 

*Correspondence to: Maria Elena Bottazzi; Email: bottazzi@bcm.edu
Submitted: 04/02/2013; Revised: 07/02/2013; Accepted: 07/17/2013
http://dx.doi.org/10.4161/hv.25788

Biophysical and formulation studies of the 
Schistosoma mansoni TSP-2 extracellular domain 

recombinant protein, a lead vaccine candidate 
antigen for intestinal schistosomiasis

Weiqiang Cheng1, Elena Curti2,3, Wanderson C Rezende2,3, Clifford Kwityn2,3,†, Bin Zhan2,3, Portia Gillespie2,3,  
Jordan Plieskatt4, Sangeeta B Joshi1, David B Volkin1, Peter J Hotez2,3,5, C Russell Middaugh1, and Maria Elena Bottazzi2,3,*

1Macromolecule and Vaccine Stabilization Center; Department of Pharmaceutical Chemistry; University of Kansas; Lawrence, KS USA; 2Departments of 
Pediatrics and Molecular Virology and Microbiology; National School of Tropical Medicine; Baylor College of Medicine; Houston, TX USA; 3Sabin Vaccine 

Institute and Texas Children’s Hospital Center for Vaccine Development; Houston, TX USA; 4Department of Microbiology; Immunology and Tropical 
Medicine; the George Washington University; Washington, DC USA; 5James A. Baker III Institute for Public Policy; Rice University; Houston, TX USA

†Current affiliation: Beckman Coulter Inc.; Chaska, MN USA

Keywords: schistosomiasis, Schistosoma mansoni, Sm-TSP-2, vaccine, neglected tropical diseases, tropical medicine, vaccinology

A candidate vaccine to prevent human schistosomiasis is under development. The vaccine is comprised of a recom-
binant 9 kDa antigen protein corresponding to the large extracellular domain of a tetraspanin surface antigen protein 
of Schistosoma mansoni, Sm-TSP-2. Here, we describe the biophysical profile of the purified, recombinant Sm-TSP-2 pro-
duced in the yeast PichiaPink™, which in preclinical studies in mice was shown to be an effective vaccine against intestinal 
schistosomiasis. Biophysical techniques including circular dichroism, intrinsic and extrinsic fluorescence and light scat-
tering were employed to generate an empirical phase diagram, a color based map of the physical stability of the vaccine 
antigen over a wide range of temperatures and pH. From these studies a pH range of 6.0–8.0 was determined to be 
optimal for maintaining the stability and conformation of the protein at temperatures up to 25 °C. Sorbitol, sucrose and 
trehalose were selected as excipients that prevented physical degradation during storage. The studies described here 
provide guidance for maximizing the stability of soluble recombinant Sm-TSP-2 in preparation of its further development 
as a vaccine.
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accompanying article) and includes studies in mice challenged 
with S.  mansoni cercariae and human immunoepidemiological 
studies.7-9 Tran et al., 2006, showed that the vaccination of mice 
with the recombinant proteins formulated with an equivalent 
volume of Freund complete or incomplete adjuvant followed 
by challenge infection with S.  mansoni resulted in reductions 
of 57% and 64% (TSP-2) for mean adult worm burdens and 
liver egg burdens, respectively, over two independent trials.8 

Sm-TSP-2 elicited an endpoint IgG1 and IgG2a titer in excess of 
1:1 600 000 for IgG1 and 1:1 400 000 for IgG2a as evaluated by 
ELISA.8 Simultaneously, it was shown that the level of IgG1 and 
IgG3 were significantly high in individuals that were putative 
resistant, and chronically infected, compared with individual 
that had never been exposed to Schistosoma infection. Additional 
studies are underway to determine whether immunization with 
Sm-TSP-2 will cross protect against S. hematobium challenge 
infections. The Sm-TSP-2 vaccine consists of the 9 kDa large 
extracellular domain of Schistosoma mansoni TSP-2 protein, 
which is formulated on an aluminum salt adjuvant, together 
with a synthetic Toll-like receptor 4 agonist. Aluminum based 
hydrated gels, namely aluminum hydroxide and aluminum 
phosphate are by far the most widely used, licensed for human 
use, adjuvants.10 A number of biophysical analyses specifically 
looking at the structure of model antigens bound to aluminum 
based hydrated gels, have revealed none or subtle effects upon 
the bound protein.11-16 Even though alum adjuvantation is not 
expected to affect the properties of Sm-Tsp-2, future studies will 
be able to address and document that this indeed is the case.

In the companion paper (Curti et al., 2013), the 20L scale 
up expression and fermentation of the soluble recombinant 
Sm-TSP-2 in the yeast PichiaPink™, followed by the purification 
(to a purity of > 97% and yield of recovery of > 30%,) is described. 
Critical to the development of the Sm-TSP-2 schistosomiasis 
vaccine are studies aiming to identify optimal buffer conditions, 
such as pH, and excipients, which can maximize the long-term 
storage stability of the recombinant antigen.

In this manuscript, we provide a summary of a series of 
biophysical profiling studies performed on the yeast-expressed 
Sm-TSP-2 extracellular loop recombinant protein to develop 
a suitable formulation that would provide long-term storage 
stability of the antigen while permitting compatibility with 
and binding to an aluminum based adjuvant. In addition, 
these studies also provide important protein physical stability 
information that is useful for process development and scale-up 
efforts. Taken together, the overall aim is to ultimately ensure 
a consistent, reproducible formulation of a stable recombinant 
protein vaccine.

Results

Analytical and biophysical characterization of the 
recombinant Sm-TSP-2 protein

Process development of any recombinant protein relies on 
a robust portfolio of assays for product characterization (e.g., 
appearance, identity, integrity, and purity), identification of 
contaminants and evaluation of stability, all performed according 
to a quality control program. The process development strategy 
to produce the recombinant Sm-TSP-2 extracellular loop protein 
included a 20L scale fermentation, and two-step chromatography 
purification as described in detail in the accompanying Curti 
et al., 2013. The purified protein had an estimated purity of 
97%, and was stored frozen at -80 °C in a solution consisting 
of 10 mM Imidazole, 15% sucrose and 2 mM phosphate at 
pH 7.4. A broad range of assays were used for the purpose of 

Figure  1. Amino acid sequence of the recombinant Sm-TSP-2 protein 
antigen.

Figure 2. Circular dichroism analysis of Sm-TSP-2 as a function of solu-
tion pH and temperature. (A) Averaged CD Spectra of Sm-TSP-2 at 10 °C 
before thermal treatment (n = 2). Error bars are from duplicate mea-
surements. (B). Average Ellipticity of Sm-TSP-2 at 222 nm as a function 
of temperature (n = 2). Error bars are from duplicate measurements. (C). 
Average CD Spectra of Sm-TSP-2 at 10 °C after thermal treatment (n = 2). 
The error bars were removed.
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characterizing the protein antigen, including 
multiple methods for identity (Immunoblot, 
N-terminal sequencing, mass spectrometry, 
amino acid analysis), integrity (SDS-PAGE 
and RP-HPLC) as well as purity (SDS-PAGE, 
host cell protein assay) as described in detail in 
Curti et al., 2013. The amino acid sequence of 
the recombinant Sm-TSP-2 extracellular loop 
protein is shown in Figure 1.

To ensure that the conditions of maximum 
protein physical stability were known and 
chosen for long-term storage of Sm-TSP-2, 
a comprehensive approach to the physical 
characterization and stabilization of the 
vaccine antigen was undertaken. Collectively, 
these studies provide specific information 
concerning the physical state of the protein as 
a function of temperature and pH. The data 
gathered from such methods and techniques 
were then used to generate an empirical phase 
diagram of Sm-TSP-2, which describes in 
the form of a colored map the higher-order 
structural integrity and conformational 
stability of the Sm-TSP-2 protein. This 
empirical phase diagram approach has also 
been used to generate conformational stability 
information on several other vaccine antigens 
as well as with other conditions that can stress 
the structural integrity of protein molecules, 
such as protein concentration and ionic 
strength as a function of temperature.15-19

Circular dichroism, CD
Changes in secondary structure of the 

Sm-TSP-2 proteins were studied by monitoring 
the change in the far UV-CD signal as 
a function of both pH and temperature. 
Figure 2A shows the pH dependence of the secondary structure 
of the Sm-TSP-2 extracellular loop protein at 10 °C. In general, 
a broad peak from 200 to 240 nm was observed for most of the 
pH values examined suggesting a mixture of secondary structure 
types. At pH 6.0–8.0 and 10 °C, the protein shows two negative 
peaks at approximately 207 nm and 223 nm, a typical feature of 
α-helical structure and content. The CD spectra of the protein at 
pH 4.0 and 5.0 did not vary significantly from the one measured 
at pH 6.0–8.0, with respect to the molar ellipticity at 205–
240 nm (Fig. 2A) In contrast, the CD spectrum of the protein at 
pH 3.0 was significantly different, indicating that the secondary 
structure was altered at this pH even at low temperature. 
Figure 2B shows the molar ellipticity of Sm-TSP-2 at 222 nm as a 
function of temperature. At pH 6.0 to 8.0, the Sm-TSP-2 protein 
manifests a gradual decrease of ellipticity starting from 45 °C, 
while at pH 4.0 and 5.0, the structural transition temperature 
started at approximately 20–40 °C, much lower than that at pH 
6.0–8.0. At pH 3.0, there was little to no change in the CD 
signal at 220 nm as a function of temperature probably due to 
the already fully altered and unfolded structure of the protein 

even at low temperatures (e.g., 10 °C). At higher temperatures 
(75–80 °C) and pH 4.0–8.0, Sm-TSP-2 showed low ellipticity 
values across the entire pH range indicating that under these 
conditions, the protein is fully unfolded. After thermal treatment 
of the sample at 87.5 °C followed by cooling the sample down 
to 10 °C, the CD spectra appeared to be different from those 
of untreated samples, as shown in Figure  2C, indicating that 
the alterations in protein structure by exposure to elevated 
temperature were not reversible.

Fluorescence and light scattering studies
Intrinsic fluorescence
Changes in the tertiary structure of the Sm-TSP-2 protein were 

monitored by analyzing changes in the intrinsic fluorescence 
emission peak position (Fig.  3A) and in the fluorescence 
peak intensity (Fig. 3B) as a function of pH and temperature. 
Because tryptophan residues are not present in the Sm-TSP-2 
extracellular loop primary structure, and there are two tyrosine 
residues in Sm-TSP-2 sequence, tyrosine was used as a probe 
despite its relative insensitivity to local environmental change. A 
subtle red shift of the tyrosine peak was observed with increasing 

Figure 3. Intrinsic fluorescence spectroscopy analysis of Sm-TSP-2 as a function of solution 
pH and temperature. Tyrosine fluorescence peak position (A) and intensity (B) of Sm-TSP-2 as 
function of pH and temperature. Solutions containing Sm-TSP-2 at indicated pH values were 
heated from 10–87.5 °C and the fluorescence emission maximum was determined after excita-
tion at 280 nm. Error bars are from duplicate measurements.
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temperature at all pH conditions examined, suggesting that the 
phenol side chains were exposed to a more polar environment 
upon thermal unfolding. The tyrosine peak position was at 
lower wavelength at pH 3.0 and 4.0 than that at pH 5.0–8.0, 
suggesting that the tyrosine residues were overall exposed to a 
less polar microenvironment at pH 3.0–4.0. Though the peak 

shifts for tyrosine fluorescence across the different pH conditions 
and temperatures were very small, the trend appears to be clear. 
This magnitude of the peak shifts for tyrosine fluorescence as 
well as ANS fluorescence (see below), however, could be related 
to its small size and high hydrophilicity and is not expected to 
be routinely observed for most large and hydrophobic proteins. 

Figure 4. Extrinsic ANS fluorescence spectroscopy analysis of Sm-TSP-2 as a function of pH and temperature. Representative ANS fluorescence emission 
spectra in the presence and absence of Sm-TSP-2 at 10 °C (A), ANS peak wavelength (B) and ANS intensity at 480 nm upon biding to Sm-TSP-2 as function 
of temperature. Error bars are from duplicate measurements.
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Nonetheless, there were no obvious thermal transitions observed 
under the solution conditions tested. Peak intensity data (Fig. 3B), 
however, shows a clear, but gradual, pH dependent transition. The 
initial decrease of fluorescence peak intensity is presumably due 
to the well-known intrinsic effect of temperature on fluorescence 
quantum yield and internal non-radiative thermal conversion 
processes.20 At pH 3.0, there was no clear structural transition. A 
transition was, however, observed at pH 4.0–8.0. The Tm of the 
transition was approximately 60 °C for pH 6.0–8.0, 55 °C for pH 
5.0, and 37.5 °C for pH 4.0, respectively.

ANS fluorescence
Extrinsic fluorescence using the fluorescent probe ANS is often 

employed to study changes in tertiary structure of proteins as a 
function of temperature. ANS fluorescence is quenched in aqueous 
solutions, while its intensity increases in apolar environments.21 
Interpretation of structural changes can, however, be complicated 
by electrostatic interactions of the negatively charged sulfonate 
group of ANS with positive charged amino acid residues within 
proteins, such as lysine, arginine and histidine.22,23 Nevertheless, 
ANS is often used as an indicator of the exposure of hydrophobic 
regions upon conformational perturbation of a protein. Since ANS 
binds to apolar sites in a protein, an increase in the fluorescence 
intensity of the emission maximum, accompanied by a blue shift 
in the peak position, is frequently observed. Figure  4A shows 
representative ANS fluorescence spectra of ANS in the presence 
and absence of 0.2 mg/mL Sm-TSP-2 protein. The fluorescence 
emission peak position was around 475–480 nm and 510–520 nm, 
respectively, in the presence and absence of Sm-TSP-2, indicating 
that ANS did bind to the protein and the binding of ANS to 
Sm-TSP-2 is at least partially due to hydrophobic interactions.21 
The fluorescence spectra as a function of temperature overall 
paralleled each other with small peak shift (data not show). Instead 
of a blue shift, the ANS fluorescence peak position at pH 4.0–
8.0 showed a slight red shift along with increases in temperature 
(Fig.  4B). This slight red shift in fluorescence peak position as 

the temperature increased may be due to a decreasing number of 
ANS molecules bound to Sm-TSP-2 rather than the decreasing 
fluorescence quantum yield of a constant number of bound ANS 
molecules. This assumption is consistent with the observation 
that ANS fluorescence intensity (Fig.  4C) increased less in the 
presence of Sm-TSp-2 in comparison with other proteins. The 
smaller difference for ANS fluorescence intensity in the presence 
and absence of the protein could also be reflected by the relatively 
larger error bars, suggesting the presence of the protein resulted in 
only relatively small changes in ANS fluorescence quantum yield. 
Increases in temperature resulted in the peak intensity of ANS in 
the presence of Sm-TSP-2 becoming slightly higher or comparable 
to the peak intensity of the buffers (Fig. 4C). At low ANS intensity 
in the presence of Sm-TSP-2 when the temperature increased, the 
peak wavelength data was not reliable. Unlike the ANS intensity 
profiles as a function of temperature at pH 4.0–8.0, ANS peak 
intensity at pH 3.0 decreased more rapidly when the temperature 
increased from 10 to 20 °C, indicating that the binding of ANS to 
Sm-TSP-2 was affected more by temperature compared with other 
pH conditions. A possible reason for this observation is that the 
structure of Sm-TSP-2 at 10 °C at pH 3.0 might be less favorable 
than that at pH 4.0–8.0 for ANS binding. For all pH values 
tested, ANS intensity gradually decreased to zero probably due 
to weak binding of protein-ANS complex along with decreasing 
fluorescence quantum yield while the temperature increased 
although no obvious structural transition was observed.

Light scattering
The temperature dependent static light scattering of Sm-TSP-2 

under different pH conditions was also measured (Fig. 5). The 
static light scattering intensity of Sm-TSP-2 after subtraction 
from that of buffer was overall very weak. Furthermore, given 
the low scattering intensity and experimental error, no significant 
increase in scattering intensity was observed across the entire pH 
and temperature range, indicating that Sm-TSP-2 at 0.2 mg/mL 
did not notably aggregate when heated in the pH range of 3–8.

Figure 5. Static light scattering of Sm-TSP-2 solutions as a function of pH and temperature. Sm-TSP-2 was heated from 10 to 87.5 °C and the scattering 
intensity was monitored at 280 nm. Error bars are from duplicate measurements.
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Empirical phase diagram
An empirical phase diagram (EPD) was created using a 

combination of the biophysical data described above to produce an 
overall picture of Sm-TSP-2 conformational stability as a function 
of temperature and pH (Fig. 6). Using this approach, the spectral 
data from the multiple characterization methods (CD, tyrosine 
fluorescence intensity, and ANS fluorescence intensity) are 
graphically represented using a multi-dimensional vector space. 
Since no aggregation was observed, the light scattering data were 
not used. For every combination of pH and temperature at which 
measurements were taken, a 3-dimensional vector was created. 
The assignment to the components of each vector of a different 
color (red, green, and blue) produces a combined unique color. 
Analysis of the EPD leads to the identification of several different 
apparent phases or stability regions. Regions of continuous color 
represent similar structural states while abrupt changes in color 
can be used to identify changes in the physical state of the protein 
due to temperature or pH stress. For Sm-TSP-2, the EPD could 
be divided into three well defined regions (Fig.  6). The first 
phase (Region I) displayed in orange-green color and represents 
the protein in its native folded state. This region encompasses 
mainly pH 6.0 to 8.0 in the temperature range of 10 to 25 °C. 
The major unfolding events begin around 35 °C at pH 7.0 and 
8.0, and at lower temperatures at pH values below 6.0. In Region 
II, the Sm-TSP-2 protein exists in partially structurally altered 
states as shown in purple, which spans across all pH conditions at 
temperatures ranging from 12.5 °C at pH 4.0 to 65 °C at pH 8.0. 
The third phase (Region III) represents an extensively structurally 
altered state due to thermal unfolding events. Overall, the EPD 
of Sm-TSP-2 shows relatively better conformational stability at 
higher pH (6.0–8.0) with the highest thermal stability observed 
at pH 7.0 and 8.0. Within this pH range the folded state was 
maintained up to a temperature of approximately 35 °C. The 
structural transition temperature, even under the most stable pH 

condition, is far lower than that of many proteins,24,25 indicating 
that Sm-TSP-2 requires precise conditions to ensure stability.

Excipient screening to improve protein physical stability
The biophysical profiling data obtained above was used to 

design a high-throughput screening assay for the identification 
of potential excipient based stabilizers for Sm-TSP-2. It is 
often the case that optimization of solution pH and buffering 
species alone is not sufficient to ensure long-term stability of a 
vaccine protein antigen. Therefore, identification of stabilizing 
excipients is also required. Compounds were defined as having 
a stabilizing effect when they increased the thermal melting 
temperature (Tm) values of the first structural transition, as 
seen in the empirical phase diagram of the protein, which is 
often correlated with storage stability.26 Screening employed a 
library of GRAS compounds. The conditions of the screening 
were determined by inspection of the apparent phase boundaries 
established by the EPD. A solution pH of 7.0 was selected as the 
optimum pH of this protein since higher pH often results in 
unfavorable chemical degradation such as deamination,27,28 and 
pH 7.0 was therefore used to evaluate if excipients could further 
improve physical stability of Sm-TSP-2 under thermally stressed 
condition (i.e., the structural transition of the protein at this 
pH initiates at higher temperature). To this end, the intrinsic 
fluorescence of Sm-TP-2 as a function of temperature in the 
presence of excipients was monitored as a function of excipient 
type and concentration. Figure 7 and Table 1 show respectively 
the normalized tyrosine fluorescence intensity of Sm-TSP-2 as 
a function of temperature and the corresponding Tm values 
when formulated with various compounds. The fluorescence 
intensity profiles as a function of temperature for each excipient 
were parallel to each other except for Brij-35. The reason Brij-35 
manifested a different intensity profile is not currently known. It 
might be related to its micelle status as a function of temperature 
which results in a different fluorescence quenching mechanism 

Figure 6. Empirical Phase Diagram of Sm-TSP-2. A combination of circular dichroism, tyrosine fluorescence intensity and ANS fluorescence intensity data 
were used to generate an empirical phase diagram. Region I represents the protein in its native folded state, Region II is a partially structurally altered 
state, while Region III is an extensively structurally altered state due to thermal unfolding events.
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other than temperature induced internal conversion. Sm-TSP-2 
in 20 mM of imidazole buffer at pH 7.0 showed a Tm value at 
60.3 °C. In the presence of 20% sorbitol, trehalose and sucrose, 
the Tm value increased by 5.0–7.8 °C, and were among the most 
effective stabilizers identified in this study (Table  1). Among 
these excipients, sucrose can potentially hydrolyze releasing 
dextrose and fructose during long-term storage (especially at 
lower pH). As a reducing sugar, dextrose can potentially react 
with the free amine side chain at the N-terminal of Sm-TSP-2 
as well as with the amino group of lysine residues (Malliard 
reaction).29-31 Arginine and guanidine hydrochloride decreased 
the Tm value by 6.4 and 12.3 °C, respectively. These compounds 
are therefore considered to be strong destabilizers of Sm-TSP-2. 
These results are consistent with the results of many similar 
studies with other protein molecules.25,32,33 Glycerol appeared 
to be a potential stabilizer; however, due to its much higher 
osmolarity at a comparable weight amount of sugar molecule, it 
was not further pursued as a stabilizer. Less effective stabilizing 
effects were observed for aspartic acid, possibly due to charge-
charge interactions between the positive charged side chains of 
the antigen and the negatively charged carboxylic groups. Brij 35 
appeared to stabilize the antigen better than other surfactants, 
such as Tween-80 and Tween-20. The different effects of various 
non-ionic surfactants is consistent with an earlier study with the 
EBA-175 RII-NG antigen, a candidate for a malaria vaccine.24 
Other excipients, such as glycine and lysine, had little effect on 
the physical stability of Sm-TSP-2.

The stabilizing effect of trehalose, sorbitol, Brij-35, and 
sodium citrate as a function of their concentrations was further 
examined. Table  2 shows that trehalose and sorbitol have 

a concentration dependent stabilization effect with higher 
concentrations producing increased physical stabilization of 
Sm-TSP-2. Other stabilizers, such as Brij-35 and sodium citrate 
at different concentrations show a less obvious concentration-
dependent effect. A further study concerning the effect of 
a combination of Brij-35 with 10% trehalose and sorbitol 
suggested that Brij 35 might have a slight additive effect on the 
stabilization of Sm-TSP-2 (Table  3). Sugars like sorbitol and 
trehalose as well as Brij-35, are unlikely to interfere with the 
adsorption to Alhydrogel®,24 an aluminum adjuvant currently 
under consideration for use in a final formulation. In contrast, 
sodium citrate at pH 7.0 could reduce the positive charge on 
the surface of the aluminum adjuvant and potentially result in 
decreased binding of the antigen to the adjuvant. Therefore, 
the use of sodium citrate in combination with other stabilizing 
excipients was not further explored.

Discussion

Developing a vaccine candidate is a complex and costly 
undertaking. Because of the complexity in manufacturing 
vaccine products, it is important to have a good understanding 
of environmental factors that can enhance efficacy, safety and 
stability of the vaccine antigen even at the early stages of process 
development. A key consideration in ensuring long-range success 
in stability testing is a rational approach for the development 
of a robust antigen formulation which includes comprehensive 
biophysical characterization of the antigen and identification 
of optimum pH and excipients that can maximally stabilize the 
antigen. This approach was previously successful for optimizing 

Figure 7. Normalized average Tyr fluorescence intensity of Sm-TSP-2 formulated with indicated excipients (type and concentration) in 10 mM imidazole 
buffer at pH 7.0 containing 145 mM NaCl. Replicates were n = 2, but the error bars were removed for a clear presentation of the data.
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the stability of EBA-175 RII-NG, a malaria vaccine24 and a 
human hookworm vaccine antigen,34 which is now in clinical 
trials.

Using a similar approach, the ongoing development of 
Sm-TSP-2 recombinant protein subunit vaccine antigen has 
included a comprehensive biophysical characterization of the 
antigen. These studies were focused on identifying an optimal pH 
and excipients that enhanced the thermal stability of the antigen. 
An empirical phase diagram approach was undertaken not only 
to better visualize and identify the optimal pH conditions, but 
also as a starting point to screen conditions, a library of GRAS 
compounds was evaluated for their potential to further stabilize 
Sm-TSP-2.

Multiple biophysical techniques that monitor conformational 
alterations at the secondary and tertiary structure level, upon 
changes in temperature and pH, were adopted to study the 
impact of these parameters on the stability of Sm-TSP-2. CD, 
intrinsic fluorescence and extrinsic ANS fluorescence were 
used to monitor protein stability and these large data sets were 
summarized and visualized by constructing an empirical phase 
diagram. The EPD generated for Sm-TSP-2 clearly indicated 
that the protein’s extracellular loop is in its native conformation 
from pH 6.0–8.0, while its conformational stability significantly 
decreased below pH 5 to an extensively unfolded state at pH 
3.0. The conformational stability of Sm-TSP-2 was very sensitive 
to temperature. The native folded state was maintained from 

Table 1. Thermal unfolding temperature (Tm) values of Sm-TSP-2 formulated in at pH 7.0 with indicated excipients (type and concentration) as measured 
by normalized tyrosine fluorescence intensity of Sm-TSP-2 formulated with excipients

Excipients Concentration Tm average (n = 2) δTm SD

Dextrose 20.0% 68.1 68.1 0.8

Trehalose 20.0% 67.1 67.1 0.1

Sorbitol 20.0% 67.1 67.1 0.6

Lactose 20.0% 66.8 66.8 0.0

Sucrose 20.0% 65.3 65.3 0.1

Mannitol 10.0% 63.9 63.9 0.9

Aspartic acid 0.075 M 63.5 63.5 1.6

Glycerol 20.0% 63.3 63.3 0.4

Brij 35 0.10% 62.6 62.6 0.1

Sodium citrate 0.20 M 62.5 62.5 0.0

Glycine 0.30 M 62.1 62.1 0.0

Glutamic acid 0.15 M 62.0 62.0 0.7

Malic acid 0.15 M 60.8 60.8 0.0

Lactic Acid 0.15 M 60.8 60.8 0.1

Protein alone 60.3 60.3 0.0

Proline 0.30 M 60.0 60.0 0.4

Tween 20 0.10% 59.9 59.9 0.2

Dextran T70 Molar ratio 0.1 59.7 59.7 0.0

Dextran T70 Molar ratio 1.0 59.6 59.6 0.1

Tween 80 0.10% 59.5 59.5 0.4

Dextran T70 Molar ratio 2.5 59.4 59.4 0.3

Pluronic F-68 0.10% 59.4 59.4 0.2

Arginine/Glutamic acid 0.075 M 58.9 58.9 0.4

Lysine.HCl 0.30 M 58.4 58.4 0.9

Calcium chloride 0.015 M 58.0 58.0 0.3

2-OH propyl g-CD 10.0% 56.4 56.4 0.3

a Cyclodextrin 2.50% 56.2 56.2 0.7

Dietanolamine 0.30 M 56.1 56.1 0.6

2-OH propyl b-CD 10.0% 55.0 55.0 0.4

Arginine 0.30 M 53.9 53.9 1.3

Guanidine.HCl 0.30 M 48.0 48.0 1.4
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pH 6.0 to 8.0 up to only 30 °C, while pH 7.0 appeared to be 
an acceptable pH condition when the potential for chemical 
instability is also taken into account.

A wide variety of compounds were used to screen for stabilizing 
agents. Each excipient was individually tested for its ability to 
stabilize the protein’s structure against thermal stress. A high 
throughput intrinsic protein fluorescence based spectroscopic 
assay was developed and utilized for this purpose. A number of 
compounds stabilized the Sm-TSP-2 extracellular loop protein in 
its native conformation. These compounds primarily belonged to 
the class of sugars and polyols, with sucrose, trehalose and sorbitol 
ranking among the best candidates. The stabilizing effect of 
sugars on proteins is generally thought to be due to preferential 
exclusion, which results in the smallest, more thermodynamically 
favorable, surface area of a more ordered native structure with 
lower conformational mobility in the presence of sugars.35-37 These 
sugars have been exploited extensively as pharmaceutical excipients 
in liquid as well as lyophilized formulations of therapeutic 
proteins.35,36,38,39 Although sucrose can slowly hydrolyze to fructose 
and glucose under acidic conditions, potentially leading to non-
enzymatic glycation of proteins, this degradation pathway could 
be a lesser concern in a Sm-TSP-2 formulation if it is formulated 
at neutral pH and/or subsequently lyophilized to a dried cake at a 
low water content.27 Sorbitol and trehalose appeared to be better 
alternatives as stabilizing excipients, since they are unlikely to 
display chemical reactivity of sucrose, yet have comparable ability 
to physically stabilize Sm-TSP-2.

In summary, this pre-formulation characterization study was 
conducted to better understand the physical stability of Sm-TSP-2 
as a function of pH and temperature, and to identify excipients 
that can potentially improve the long-term storage stability of the 
antigen. Sm-TSP-2 is a relatively unstable protein in solution with 
structural transitions occurring at ambient or slightly elevated 

temperatures, depending on solution pH. Sm-TSP-2 at pH 6.0–
8.0 exhibited enhanced conformational stability compared with 
lower pH values such as 4.0 to 5.0. Sm-TSP-2 is least stable at 
pH 3.0 with structurally altered protein observed even at low 
temperatures. Screening for stabilizing excipients found that 
sorbitol and trehalose are among the best compounds for further 
improving the stability of Sm-TSP-2. Sorbitol and trehalose 
displayed a concentration dependent stabilization effect. When 
0.1% Brij-35 was combined with 10% sorbitol and trehalose, 
a slight additive stabilization effect was seen. Overall, these 
results provide comprehensive picture of the physical stability 
of Sm-TSP-2 as a function of pH and temperature, and provide 
useful information for further formulation development of 
Sm-TSP-2 as a promising anti-schistosomiasis vaccine.

Materials and Methods

Expression and purification of the Sm-TSP-2 recombinant 
protein

The DNA sequence of the large extracellular domain of 
Sm-TSP-2 was codon optimized for expression in PichiaPink™ 
as previously described.8 A two-step chromatography process was 
used to purify the Sm-TSP-2 protein, which includes a strong 
cation exchange SP Sepharose XL column (GE healthcare) and 
a Q Sepharose HP anion exchange resin (GE healthcare). While 
SP Sepharose XL resin was selected as for actively binding the 
Sm-TSP-2 protein and removing the host cell proteins and low 
molecular weight product derived contaminants, the Q Sepharose 
HP medium was used as a negative capture resin during this 
process. Details of the expression, purification and analytical 
characterization of Sm-TSP-2 (with an estimated purity of 97%) 
are provided in the accompanying paper.

Biophysical characterization and profiling
Sample and buffer preparation
Purified Sm-TSP-2 was stored frozen at -80 °C in a 

solution containing 10 mM imidazole, 10% sucrose and 2 mM 
phosphate at pH 7.4 at approximately 1 mg/mL. Samples were 
thawed at room temperature and dialyzed with a dialysis cassette 
(MWCO 3K, Millipore) against 20 mM citrate-phosphate 
buffers at different pH values, but at a constant ionic strength of 
0.15, obtained by altering the amount of sodium chloride added. 
Buffers at pH values ranging from 3 to 8 were obtained by mixing 
0.4 M citric acid and sodium phosphate dibasic stock solutions 
in different ratios. After dialysis, the absorbance of Sm-TSP-2 
was measured at 280 nm, and the protein concentration 

Table 2. Summary of thermal unfolding temperature (Tm) values for 
Sm-TSP-2 formulated at pH 7.0 with different concentrations of candidate 
stabilizers (n = 2–3) as measured by of normalized tyrosine fluorescence 
intensity

Excipients Conc. Tm ( °C) SD ( °C) Δ Tm ( °C)

trehalose

20.0% 67.2 0.9 6.8

15.0% 65.6 0.2 5.2

10.0% 63.3 0.7 2.9

7.5% 62.4 0.4 2.0

Sorbitol

20.0% 67.2 0.6 6.8

15.0% 64.6 0.6 4.2

10.0% 63.3 0.3 2.9

7.5% 63.0 0.8 2.6

Brij-35

0.10% 62.5 0.0 2.1

0.05% 61.8 0.3 1.4

0.01% 61.6 0.1 1.2

Sodium citrate
0.20 M 62.5 0 2.1

0.10 M 60.1 0.5 -0.3

TSP-2 Alone 60.4 0.2 0.0

Table 3. Effect of 10% trehalose or 10% sorbitol on the thermal unfolding 
temperature Tm values of Sm-TSP-2 in the presence or absence of 0.1% 
Brij 35 at pH 7.0 in 20 mM imidazole buffer as measured by normalized 
tyrosine fluorescence intensity measurements

Formulation Tm ( °C) SD

10.0% trehalose
0.1% Brij 35 64.0 0.3

- 63.3 0.7

10.0% Sorbitol
0.1% Brij 35 64.2 0.4

- 63.3 0.3
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was determined using a theoretical extinction coefficient of 
8312 M-1cm-1. The protein was then diluted to 0.2 mg/mL with 
the respective buffers in the pH range of 3–8 in one pH unit 
increments.

Circular dichroism (CD) spectroscopy
CD spectra were obtained using a Jasco J-810 spectropolarimeter 

equipped with a Peltier controlled 6-position cell holder. Spectra 
from 260 to 190 nm were collected at temperature increment of 
2.5 °C with the temperatures ranging from a minimum of 10 °C 
to a maximum of 87.5 °C. A temperature ramp rate of 2.5 °C/
min and an incubation time of 120 sec were used. Measurements 
were taken using a 0.1 cm path length quartz cuvette, with a 
scanning speed of 50 nm/min and a resolution of 1 nm. The 
CD data were converted into molar ellipticity after subtracting 
signals from buffer blanks at each pH. The CD signals at 222 nm 
were extracted and plotted as an indicator of change in secondary 
structure as a function of temperature. After a thermal treatment 
at 87.5 °C, the CD spectra were measured again at 10 °C to 
monitor reversibility.

Static light scattering and intrinsic fluorescence spectroscopy
Static light scattering intensities and intrinsic tyrosine 

fluorescence spectra were acquired using a Photon Technology 
International (PTI) spectrofluorometer equipped with a turreted 
four-position Peltier-controlled cell holder and a xenon lamp. Since 
there are no tryptophan residues present in the Sm-TSP-2 protein, 
the overall intrinsic fluorescence of the two tyrosine residues was 
monitored. An excitation wavelength of 280 nm at a slit width set 
at 1.0 nm was used, and emission spectra from 285–385 nm at a 
slit width set at 1.0 nm were collected by a photomultiplier at right 
angle to the excitation radiation. A second photomultiplier, placed 
at 180° to the emission detector was used to record light scattering 
intensity from 275–375 nm at slit width of 0.2 nm. A rectangular 
cuvette (10 × 10 mm) containing 1.0 ml of sample was used. 
Spectra were obtained at 2.5 °C intervals at temperatures ranging 
from 10–87.5 °C. The spectrum of the corresponding buffer was 
subtracted from the spectra of each protein prior to data analysis 
using Microsoft Excel software. Fluorescence intensity and peak 
positions were obtained using a polynomial-derivative method 
in which peak positions and intensities are determined from the 
point at which the first derivative of emission intensity crosses the 
wavelength axis.

Extrinsic fluorescence spectroscopy
The dye 8-Anilino-1-naphthalene sulfonate (ANS) stock 

solution at 1.0 M concentration was prepared in dimethylformide 

and then diluted with water to 20 mM. Eleven µl of 20 mM ANS 
were added to 1.0 ml of 0.2 mg/ml of Sm-TSP-2 under each pH 
condition. ANS fluorescence spectra in the presence of Sm-TSP-2 
were collected using the PTI spectrofluorometer. An excitation 
wavelength of 375 nm was used, and spectra from 400–600 nm 
were collected every 2.5 °C from 10–87.5 °C with the slit width 
for both excitation and emission set at 1.0 nm. A spectrum of 
the buffer containing ANS was subtracted from each spectrum 
prior to data analysis using Microsoft Excel software. Maximum 
fluorescence intensities were plotted as a function of temperature 
to evaluate binding of ANS to the protein.

Empirical phase diagram
CD, tyrosine fluorescence intensity and ANS fluorescence 

intensity spectral data were used to generate an empirical 
phase diagram (EPD). The EPD technique is a vector-based 
multidimensional analysis method used for summarizing large 
data sets from a variety of biophysical techniques. For every 
combination of pH and temperature at which measurements 
were taken, a 3-dimensional vector was created. The assignment 
to each vector of a different color (red, green, and blue) produces 
a combination of unique colors representative of a particular 
structural state of the protein. Although the color itself has no 
physical meaning, a change in color in the EPD represents a 
structural change within the protein molecule, in this case as a 
function of solution pH and temperature.18,40

Protein stability screening using a GRAS excipient library
The Sm-TSP-2 protein at around approximately 1.0 mg/

mL was dialyzed against 10 mM imidazole buffer, pH 7.0 
containing 0.145 M sodium chloride. Concentrated solutions of 
GRAS (generally regarded as safe) excipients were prepared in 
the imidazole buffer, and the pH was adjusted to pH 7.0. The 
Sm-TSP-2 protein was mixed with the concentrated excipient 
solutions to adjust the Sm-TSP-2 final protein concentration to 
0.2 mg/mL and excipients to selected concentrations. Tyrosine 
fluorescence intensity was measured as previously described. 
Fluorescence intensity was normalized between 0 and 100 
using the minimal fluorescence intensity as 0 and the maximal 
fluorescence intensity as 100 in the transition phase. The thermal 
unfolding (Tm) values of the protein in the various solutions were 
determined as the temperature at which 50% of the normalized 
change intensity occurs. 
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