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 Abstract: Apoferritin is a complex protein potential for drug delivery application. The 
advantage of apoferritin lies in its core-shell structure, its nano size, and its pH-sensitivity. 
This study was aimed to characterize the structure of apoferritin due to the pH alteration 
effect in a solution using dynamic light scattering (DLS) and small-angle neutron 
scattering (SANS). Both DLS and SANS can observe protein size in solution near its 
physiological condition. The results show that apoferritin possesses a core-shell structure 
with a diameter of around 12–13 nm at pH 7. The dissociation of apoferritin occurs at 
pH 1.9. The SANS data shows the apoferritin at pH 1.9 was dissociated into the smaller 
oligomer. The structure of this smaller oligomer has a different configuration than the 
configuration of apoferritin subunits at pH 7. It can cause the failure of reassembly of 
apoferritin if the apoferritin is neutralized back to pH 7 after dissociation from pH 1.9. 
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■ INTRODUCTION 

Ferritin is a core-shell complex protein that has a 
role in iron storage and detoxification in mammalian and 
maintains the iron excess in the body [1-2]. Without iron 
inside, ferritin is called apoferritin. The inner space of 
apoferritin can be used to transport some organic or 
inorganic compounds in the body. Apoferritin is non-
toxic, biodegradable, and biocompatible in the body, has 
a nano-size inner core, and high thermal stability [3-4]; 
thus, promising for a drug delivery application. 
Moreover, the apoferritin structure has a sensitivity to pH 
conditions, which can be used to develop a controlled 
released drug delivery system [5-6]. 

Apoferritin dissociates into its monomers at pH 2 
and can reversibly associate in neutral pH, which is used 
to encapsulate a cancer drug called doxorubicin [7]. 
However, a native-PAGE test of apoferritin and 
apoferritin-doxorubicin at pH 4 and pH 7 showed that the 
molecular weight for both remained the same after the 
dissociation process through pH 2. The molecular weight 

data of the native-PAGE test did not show the 
mechanism of the dissociation itself. 

This work will observe the structural change of the 
apoferritin in various pH using dynamic light scattering 
(DLS) and small-angle neutron scattering (SANS). 
Analysis of protein using DLS allows us to know the 
general size of protein in solution via its dynamic light 
scattering characteristic [8-10]. Meanwhile, SANS analysis 
will give more detail about the low-resolution three-
dimensional structure of the protein in the solution 
based on the small-angle scattering phenomenon. The 
observation of protein structure in the solution provides 
important information to reveal its structure near its 
native condition [11]. Therefore, the structural change 
of apoferritin regarding its dissociation-association 
properties can be better understood. 

■ EXPERIMENTALSECTION 

Materials 

Apoferritin in 25 mg/mL saline solution (no. A3641)  
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and deuterium oxide/D2O (no. 151882) were purchased 
from Sigma-Aldrich. Potassium dihydrogen 
phosphate/KH2PO4 (no. 104873), potassium hydrogen 
phosphate/K2HPO4 (no. 105104), sodium chloride/NaCl 
(no. 106400), and hydrochloride acid/HCl (no. 100317) 
were purchased from Merck. All chemicals were used 
without further purification. 

Instrumentation 

Dynamic Light Scattering (DLS) measurements 
were carried out using Particle Size Analyzer (Zetasizer 
Nano ZS-Malvern) with light of wavelength 633 nm. This 
instrument provides the ability to measure particle size 
and zeta potential of particles or molecules in a liquid 
medium. The Zetasizer system determines the size by 
measuring the Brownian motion of the particles in a 
sample. The fundamental principle is that small particles 
move more quickly in a liquid than larger particles. 
Therefore, measuring the Brownian motion of particles or 
molecules, it can interpret their size. 

Small Angle Neutron Scattering (SANS) 
measurements were carried out using the SANS BATAN 
spectrometer [12]. SANS is a technique which utilizes the 
scattered neutron from particles or molecules in small 
angle region. The neutron scattering data provides 
information about size, distribution of particles or 
molecules in 1–100 nm. Since neutron can deeply 
penetrate into material, SANS can measure any form of 
sample such as gel, liquid or solid. 

Procedure 

Sample preparation 
Apoferritin was dialyzed in K2HPO4-KH2PO4 buffer 

(pH 7.4) for 24 h as an apoferritin native state. Apoferritin 
in pH 1.9 was prepared by dialyzed it in a KCl-HCl buffer 
for 24 h. The apoferritin for the DLS experiment was 
dissolved in H2O. Meanwhile, for SANS, the apoferritin 
was dissolved in D2O to gain contrast match. 

DLS measurement 
The DLS measurements were conducted by set the 

detector at 173° in order to avoid the direct beam 
scattering interference. All samples were measured at 
room temperature. 

SANS measurement 
All samples were measured using neutron with a 

wavelength of 3.9 Å at room temperature. Each 
measurement was conducted at two detector positions, 
i.e., at 2 m for 8 h and 6 m for 20 h. This configuration 
was set to cover q range from 0.01 Å–1 to 0.2 Å–1. All 
measured samples were corrected from its background 
and electronic noise. 

Experimental scattering data were corrected with 
GRASP [13] and analyzed with Igor SANS Analysis [14]. 
The ab initio molecular shape determination programs 
GNOM, DAMMIF, and DAMAVER [15] were used to 
reconstruct molecular shapes of the proteins in solution. 
This reconstruction undergoes the Fourier-transform 
calculation and gains the pair distribution function of the 
small-angle neutron scattering data. The pair distribution 
function represents the distribution of each pair 
scattering body in the protein. Furthermore, the three-
dimensional model of the protein can be reconstructed. 

■ RESULTS AND DISCUSSION 

Apoferritin consists of 24 protein subunits 
arranged in several symmetries to create a core-shell 
structure with eight hydrophilic channels from three-
fold symmetry and six hydrophobic channels from four-
fold symmetry [16]. The interactions between all of its 
protein subunits are physical interaction without any 
chemical covalent bonding [17]. Due to its subunits 
interaction, the stability of the apoferritin structure 
depends on its environment, such as pH conditions. DLS 
experimental data of apoferritin at pH 7 show a sharp 
peak on 13 nm (Fig. 1). The peak was observed to be 
shifted to 7 nm when the environment of apoferritin is 
set to an acidic solution at pH 1.9. This data indicated 
that the apoferritin had been dissociated into a smaller 
part of its oligomer. When the solution becomes acidic 
(at pH 2 or lower), the protonation occurs in the 
carboxyl group at the surface of the apoferritin [18]. The 
protonation disturbs the stability of the tertiary structure 
of the subunits through the stability of the whole 
apoferritin core-shell structure. The protonation to 
carboxyl groups goes further to the hydroxyl group at 
tryptophan  residue,  which has an  important role in the 
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Fig 1. DLS data of the apoferritin size at pH 7 (solid line) and pH 1.9 (dot line) 

 
hydrophobic channel structure [18]. As the hydroxyl 
group is being exposed by solution, it gives the 
dissociation effect for the apoferritin. 

The alteration of the hydroxyl group, which has a 
role on the hydrophobic channel, break the four-fold 
symmetry of the apoferritin. The break of interaction 
between subunits in this four-fold symmetry initiated the 
dissociation of the apoferritin into the smaller part. This 
smaller part of the apoferritin was confirmed by DLS 
measurement from the decreasing of the particle size 
shown in Fig. 1. 

The dissociation of apoferritin in acidic solution was 
also confirmed by SANS. The SANS scattering profile of 
apoferritin at pH 7 shows the typical ripple of the core-
shell structure (Fig. 2). Data analysis using a spherical 
core-shell model with Igor SANS Analysis results in the 
core size of apoferritin of 7.98 nm and the shell thickness 
of 2.06 nm, suggesting that the overall diameter of 
apoferritin is 12.1 nm, which are coincided with the DLS 
data. The analysis of apoferritin at pH 1.9 was well-fitted 
with the triaxial ellipsoid model and gained 1.2, 3.5, and 
6.7 nm for the three-axis of the ellipsoid. 

Further analysis of the SANS scattering profile was 
conducted to construct the three-dimension low-
resolution model of the apoferritin at pH 7 and pH 1.9. 
The SANS scattering data were Fourier-transformed into 
pair distribution function as the real space function from 
SANS scattering data. The pair distribution function 

expresses the distance of each scattering body (r) of the 
apoferritin and the probability of each value. This 
analysis was done using the GNOM program. The 
information on the distribution of the r values extracted 
from the function in the GNOM is then modeled into 
three-dimensional form. The reconstruction of three-
dimensional models from the data is built by dummy 
atoms and a dummy particle with a volume using 
DAMMIF and DAMAVER program. The program will 
arrange the dummy atoms in a certain position and 
volume based on the pair distribution function. 

The pair distribution function of the apoferritin at 
pH 7 and pH 1.9 show that Dmax of the apoferritin is 
larger at pH 7 than at pH 1.9 (Fig. 2(c)). Since the Dmax 
in pair distribution function represents the longest 
distance of the two-scattering body, it indicates that 
apoferritin was disassembled in an acidic solution. 
Apoferritin at neutral pH (pH 7) has Dmax of 12 nm and 
decreases to 7 nm at pH 1.9. The Dmax of apoferritin at 
pH 7 represents the apoferritin core-shell structure 
diameter, while at pH 1.9, the Dmax represents the longest 
distance of its structure. 

The three-dimensional structure of the apoferritin 
at pH 7 and pH 1.9 generated by the DAMMIF program 
and visualized by pyMOL [19-20] are shown in Fig. 3 
and Fig. 4, respectively. The three-dimensional model 
structure of the apoferritin at pH 7 corresponds with the 
other work [16-17,21]. 
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Fig 2. SANS scattering profile of apoferritin at (a) pH 7and (b) pH 1.9. (c) The pair distribution function of apoferritin 
at pH 7 and pH 1.9 
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Fig 3. (a) The three-dimensional model of apoferritin at 
pH 7 generated by DAMMIF and visualized by pyMOL and 
(b) the core-shell model based on Igor SANS analysis data 

 
Fig 4. The three-dimensional model of apoferritin at pH 
1.9 based on SANS data from (a) side view and (b) top 
view after 90° rotation 

The core-shell structure of the apoferritin is 
disrupted at acid condition, which is depicted in its three-
dimensional model. The molecular weight of the 
dissociated apoferritin at pH 1.9 cannot be confirmed since 
the SANS data is not analyzed by absolute scale. However, 
the model generated from SANS is still reliable as the 
structure of protein depends on the profile of the neutron 
scattering intensity at certain scattering vector (q). 

The Rg,p(r) of apoferritin at pH 7 is 5.25 nm, while the 
Rg,p(r) of apoferritin at pH 1.9 is 3.66 nm. This result is 
similar to the Rg,p(r) of apoferritin at pH 1.9 and pH 7 that 
was reported by Kim et al. [22]. However, the three-
dimensional structure of apoferritin at pH 1.9 is not 
consistent with the one proposed in Ref. 22. In this work, 
the three-dimensional model of apoferritin at pH 1.9 
shows the smaller part of instead of maintains its diameter 
with semi-circle structure which is showed in Ref. 22. This 
dissociation is due to the protonation of the apoferritin to 
its four-fold symmetry subunits. They exist at six 
positions in all around of the apoferritin core-shell 
structure. Therefore, the alteration of those sites at a very 

rich proton condition, pH 1.9, makes the apoferritin 
dissociated into the smaller oligomer. 

The dimension of the small oligomer of the 
apoferritin at pH 1.9 obtained by SANS data analysis is 
about three times of its monomer (PDB:5erk) [23]. As 
the SANS analysis is not conducted by absolute intensity 
mode, this dimension does not represent its molecular 
weight. Therefore, it cannot conclude the number of 
subunits in this small oligomer. However, the 
arrangement of the apoferritin subunits oligomer at pH 
1.9 is different with four-fold, three-fold or four-fold 
symmetry in its core-shell oligomer at pH 7. It indicates 
that the protonation induces the disruption of the 
tertiary structure of the apoferritin subunit and changes 
its configuration. Furthermore, it can cause failure in the 
reassembly of the apoferritin from acidic to neutral pH. 
This assumption should be further studied to clarify the 
reassembly ability of apoferritin from acidic conditions 
to neutral pH conditions. 

■ CONCLUSION 

The data from DLS and SANS revealed the 
dissociation process of apoferritin as the effect of the 
change of pH. Instead of being dissociated into its 
monomers, the dissociation of apoferritin at pH 1.9 was 
like small oligomers with the dimension of three times 
of apoferritin’s monomer. The three-dimensional 
structure of this small oligomer, which indicated a 
configuration change, can cause the failure of apoferritin 
to reassembly in neutral pH. 
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