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ABSTRACT

Permanganate-Based Synthesis of Semiconducting Metal Oxide Nanoparticles
in the Protein Ferritin

Cameron Olsen
Department of Physics and Astronomy, BYU

Bachelor of Science

This thesis investigates the reactions of Mn2+ and Co2+ with permanganate as a route for man-
ganese and cobalt oxide nanoparticle synthesis in the protein ferritin. Permanganate serves as the
electron acceptor and reacts with Mn2+ and Co2+ in the presence of apoferritin to form manganese
and cobalt oxide cores inside the protein shell. Manganese loading into ferritin was studied un-
der acidic, neutral, and basic conditions and the ratios of Mn2+ and permanganate were varied at
each pH, while cobalt loading was studied at pH 8.5 only. The manganese and cobalt-containing
ferritin samples were characterized by transmission electron microscopy, UV/Vis absorption, and
by measuring the band gap energies for each sample. Manganese cores formed in both the acidic
and basic conditions, while a mixed cobalt-manganese core formed at the desire pH. New man-
ganese oxide cores formed in the acidic manganese trials and have absorption profiles and band
gap energies that are different from the Mn(O)OH cores synthesized by the traditional method of
using oxygen. These new manganese cores have indirect band-gap transitions ranging from 1.63
to 1.68 eV, which differ from the band gap energy of 1.53 eV for Mn(O)OH ferritin. In addition,
an increased absorption around 370 nm was observed for the new manganese cores, suggestive of
MnO2 formation inside ferritin. The mixed cobalt-manganese samples showed band gaps ranging
from 1.48 eV up to 1.75 eV, which correlated with the final ratio of cobalt and manganese present
in the material.
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Chapter 1

Introduction

1.1 Overview of Thesis

Energy production is a major concern for modern society. Difficulties lie in finding a renewable

and efficient means to produce clean and sustainable energy. The majority of the global economy

is fueled by fossil fuels, which are both nonrenewable and harmful to the environment. Due to the

environmental impact and limited nature of fossil fuels, researchers and governments worldwide

are seeking new ways to harvest energy.

The protein ferritin has been studied for over half a century. While many things are known

about ferritin, there are still areas that are not well understood. Its ability to store iron in the blood

as a ferrihydrite nanoparticle endows it with unintended properties, including its potential to act

as a semiconducting material. By replacing the iron interior with other transition metals, we are

able to change the band gap energy of the ferritin nanoparticle. Ferritin is thus able to operate as a

substrate for solar energy absorption with possible applications in fuel cell technologies.

My goal is to expand the current minerals available inside of ferritin to increase the efficiency

of solar energy absorption. The metals inside of ferritin are some of the most common transition

1



1.2 The Protein Ferritin 2

metals found in the earth, and this combined with the organic nature of the protein leads to an

environmentally friendly and cheap way to capture solar energy.

By using the molecule permanganate I will study new minerals inside of ferritin. This thesis

will follow the introduction, synthesis, and analysis of these ferritin minerals, and discuss their

applicability in absorbing light from the solar spectrum.

1.2 The Protein Ferritin

Ferritin is a protein found in many living organisms. The protein is composed of 24 subunits ar-

ranged into a sphere, which collectively weigh approximately 450 kDa [1,2]. The sphere measures

12 nm in diameter, with an 8 nm diameter hollow interior. Two different subunits called the light

chain and the heavy chain make up the protein shell. Their names refer to the relative molecular

weight of each subunit, and they are cited in literature as the L-chain and H-chain, respecitvely.

Either chain can be used independently to form ferritin, though each chain is used for different

purposes [3,4]. The H-chain is responsible for the ferroxidase activity of ferritin (meaning the ox-

idation of iron), while the L-chain is home to nucleation sites for iron mineral growth [3]. The site

for iron oxidation in the H-chain is called the ferroxidase center. The specific amino acid residues

inside the H-chain bind the iron and facilitate their oxidation by oxygen. The structure of ferritin

enables it to withstand temperatures up to 70°C and a pH range varying from 3.4-10 [5–7]. Though

the ferritin shell remains intact for a pH value as low as 3.4, the protein will precipitate around its

isoelectric point (pI) at pH 4.4 [8–10], which can be reversed by again raising the pH.

Ferritin’s primary role in nature is to store excess iron as a ferrihydrite mineral [Fe(O)OH] and

act as a buffering system throughout the body. Iron enters through the channels formed between the

individual subunits and makes its way to the H-chain ferroxidase center. Each ferroxidase center

can hold two iron atoms. Oxygen then oxidizes both iron atoms from their Fe2+ state to Fe3+ ions
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Figure 1.1 The protein ferritin is a spherical protein consisting of 24 subunits. Model
generated using UCSF Chimera software package, PDB code 1FHA.

inside of the protein shell. The Fe3+ ions migrate to the L-chain where the ferrihydrite mineral

forms. Once a mineral has begun forming, the iron will deposit on the surface of the mineral itself.

The inside of ferritin can load up to 4500 iron atoms, giving ferritin a great capacity for iron uptake

in the blood [4,5]. Lastly, oxygen is converted into hydrogen peroxide upon acceptance of the two

electrons.

In addition to the oxidation of lower-oxidation state transition metals, ferritin also has the

capacity to incorporate oxoanions such as phosphate into its interior [11–14]. Their addition affects

both the loading and the properties of the mineral core [15].

1.3 Non-Native Nanoparticles in Ferritin

Removing the native iron core makes room for incorporating other transition metals into ferritin.

Dialyzing the ferritin against thioglycolic acid removes the ferrihydrite mineral, and the resulting

ferritin shell is termed apoferritin. The thioglycolic acid chelates the iron, meaning it pulls it away
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from the core and binds it, and the resulting Fe(III)-thiolate complex causes the solution to turn

purple.

Once apoferritin has been formed and isolated, non-native transition metals can be inserted into

the core by two methods. The first of these methods involves the gradual deposition of the mineral

into the apoferritin shell. This often occurs through the use of the ferroxidase center, though it

does not preclude the possibility that the core could form independently inside the shell. Similar

to the ferrihydrite production, molecular oxygen is used as the standard electron acceptor, though

hydrogen peroxide can be used in situations where oxygen is insufficeint [7].

A second, though less utilized method, involves the disassembly and reassembly of the ferritin

subunits [16]. The nanoparticle cores are formed independently of ferritin, and the ferritins are

dissassembled by lowering the pH of the solution. Reassembly occurs upon increasing the pH of

the solution, and some of the ferritins will form around the nanoparticle cores themselves. Though

this is a viable route for nanoparticle synthesis, it is generally not the preferred method for inserting

cores into ferritin as incomplete protein formation may occur [5].

Many non-native nanoparticles have been formed inside of ferritin, including Co(O)OH, Mn(O)OH,

Ti(O)OH, PbS, FeS, CdS, and noble metal nanoparticles [16–23]. The majority of these nanopar-

ticles have been formed through the first method of mineral deposition inside ferritin.

Smith et al. recently observed that using permanganate results in the formation of an iron-

manganese core inside of ferritin [15]. This discovery indicates a new possible route for the in-

corporation of metals into apoferritin. As stated above, the use of oxygen or peroxide has been

the typical approach for the oxidation of the lower transition state metals (typically a 2+ state).

However, the observation by Smith et al. suggests that permanganate is able to replace oxygen as

the electron acceptor and simultaneously be incorporated into the ferritin core.

Using a similar technique we can also observe a bimetal, or mixed metal, oxy-hydroxide core in

ferritin. Literature has shown how ferritin can load a bimetal core consisting of iron and manganese
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[24]. However, this was done follwing standard sythesis procedures with iron and manganese as

electron donors in the 2+ state, while this new method would use manganese in a high, 7+ oxidation

state.

These results led me to synthesize a new manganese oxide nanoparticle inside of ferritin using

permanganate. Additionally, I used permanganate to create a new bimetal core consiting of cobalt

and manganese in the protein ferritin.

1.4 Permanganate as the Oxidant for Nanoparticle Synthesis

Permanganate is a polyatmoic anion consisting of one manganese metal bound to four oxygen

atoms, written as MnO−4 (see Fig. 1.2). The manganese ion is a semi-stable cation in the 7+

oxidation state, and if dissolved in water turns the solution a deep, vibrant purple color. Due

to the high positive charge on the manganese atom, permanganate is a strong oxidizing agent,

meaning it is able to take or accept electrons from a wide host of molecules. As permanganate is

reduced, or receives electrons, the oxidation state of the metal decreases and it is able to form new

manganese minerals. Manganese is relatively stable in the 2+, 3+, and 4+ states. Mn2+ is generally

quite soluble in water, while Mn3+ and Mn4+ are more likely to form insoluble compounds with

oxygen [25]. Mn4+predominantly forms MnO2, which is completely insoluble in water, though

under reducing conditions it can accept electrons and form Mn2+ [26].

Since manganese can be in multiple oxidation states, it can undergo what is termed a com-

proportionation reaction. In this reaction, there are two separate manganese reactants, one at a

high oxidation state and one at a lower oxidation state. With the right amount of each reagent, the

reaction can result in a single manganese compound with one oxidation state. One such compro-

portionation reaction,

3Mn2++2MnO−4 +2H2O→ 5MnO2 +4H+, (1.1)
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Figure 1.2 The molecule permanganate consists of a central manganese ion surrounded
by four oxygen molecules.

results in the formation of a single Mn4+ compound. As shown in Eq. 1.1, this reaction forms

a single manganese compound with one oxidation state from two separate manganese ions with

different oxidation states.

The reaction of permanganate with either Mn2+ or Co2+ has the potential to undergo two

reactions to incorporate itself into the interior of ferritin. The first pathway involves the ferroxidase

center in ferritin. As is the case for its natural substrate iron, the ferroxidase center binds two

divalent ions, where they await oxidation. Rather than oxygen, permanganate accepts the electrons

and allows the trivalent metal to be incorporated into the metal core. After accepting two electrons,

permanganate results in a Mn5+ species. This Mn5+ either recycles to accept two more electrons

and form a Mn3+ compound, namely Mn(O)OH, as shown in Eq. 1.2, or is too unstable to be

recycled and reacts by other pathways [25]. These reactions are purposefully left unbalanced

because the reactions are performed under acidic, neutral, and basic conditions, which alters the

stoichiometry of the equations. These equations are outlined below as

Apoferritin+4Mn2++MnO−4 → 5Mn(O)OH (1.2)

Apoferritin+2Mn2++MnO−4 → 2Mn(O)OH+Mn5+. (1.3)

Note that divalent manganese can be replaced with cobalt, which is similarly incorporated into the

ferritin core as the oxyhydroxide Co(O)OH [7].
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The second pathway involves the direct reaction of the metal ion and permanganate inside of

ferritin. As previously stated, oxoanions like permanganate have the ability to diffuse into ferritin.

Divalent metal atoms also can diffuse into the ferritin cavity [27–31]. Once these have diffused

into the interior, they react and form metal oxide nanoparticles inside of ferritin, using the shell

as a template for mineralization rather than a catalyst. Following is a comproportionation reaction

where the final mineral is a 4+ state (see Eq. 1.4). Though Eq. 1.4 is the most likely reaction,

the comproportionation of Mn2+ and permanganate could also potentially form a Mn3+ mineral.

Such a reaction could similarly be represented by Eq. 1.2. Note that cobalt cannot be oxidized

by permanganate past the Co3+ state and will not follow Eq. 1.4. The partial equation for the

formation of Mn4+ is as follows:

Apoferritin+3Mn2++2MnO−4 → 5MnO2. (1.4)

As stated above, Co2+ is not a viable option for Eq. 1.4, where the result is a metal in a positive

four oxidation state; it can only follow the reaction listed in Eqs. 1.2 or 1.3. The result of the direct

comproportionation of manganese inside of ferritin also has the potential to form another Mn3+

compound, Mn2O3, though it is undetermined which mineral type will form preferentially.

We chose to use the ratios between Mn2+ and MnO−4 outlined in Equations 1.2–1.4 as a basis

for our synthesis methods. By varying the ratio between these reactants we hoped to control the

pathway by which their reaction occured. However, we acknowledge that these two pathways do

not necessarily act independently, and likely act concurrently to produce cores inside of ferritin.

Since permanganate can be present both inside and outside the ferritin shell it has the potential to

undertake both roles when reacting with either Mn2+ or Co2+. These two pathways for manganese

are shown in Figure 1.3.

Permanganate is also known to target certain amino acids in proteins (tyrosine and tryptophan,

both common in ferritin) and cleave the protein into pieces [32]. We also recognized that perman-

ganate might similarly oxidize and denature ferritin in the absence of an electron rich molecule,
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Mn(O)OH MnO2

Mn(O)OH

Figure 1.3 (a) The ferroxidase center pathway. Mn2+ binds at the ferroxidase center (FC)
and is oxidized to Mn3+ by permanganate. After oxidation the Mn3+ ions migrate to the
ferritin interior and become mineralized as a Mn3+ compound. This pathway follows the
reactions given in Eqs. 1.2 and 1.3. (b) The comproportionation pathways. Manganese
and permanganate first enter ferritin and then react to form either a Mn3+ or Mn4+ min-
eral. This diagram follows Eqs. 1.2 and 1.4, which are represented the left-hand and
right-hand pathways in the figure, respectively.

i.e., causes the unfolding of the protein, resulting in loss of structure and function.

I report the successful synthesis of two different nanoparticles inside of ferritin while using

permanganate. The first of these is a manganese oxide mineral, while the latter is a bimetal core

consiting of both cobalt and manganese oxides.

1.5 Semiconducting Nature of Nanoparticles in Ferritin

Many ferritin minerals are semiconducting materials and can act as a substrate for light absorption.

Most of the ferritin minerals are indirect transition materials, meaning they have an indirect band

gap energy while also having a direct transition available [33]. As photosensitive materials are

struck by energetic photons, the valence band electrons can be excited into a higher state. If
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Figure 1.4 The general band structure of indirect band gap materials. Indirect band gap
materials have both a direct and an indirect band gap. Electron excitation in indirect
materials requires additional momentum obtained through phonon absorption.

the energy exceeds the band gap energy, electrons will be excited from the valence band into

the conduction band and flow out of the material, ready to do work. Energy in excess of the

band gap will dissipate as heat, and the electron will keep only the energy necessary to overcome

the energy barrier. However, if the energy of the photon is less than the band gap energy, the

photon will not be absorbed by the material and pass right through. Direct band gap materials

need only a photon with enough energy to overcome the band gap. Indirect materials need both a

high energy, low momentum photon and a low energy, high momentum phonon to cause electron

excitation (a phonon is essentially a quantized vibration in the crystal lattice of the semiconductor),

as demonstrated in Fig. 1.4.

The band gap energies for the common metal hydroxide minerals, e.g., Fe(O)OH, Mn(O)OH,

Co(O)OH, and Ti(O)OH, correspond with wavelengths that lie in the visible section of the so-

lar spectrum, making them ideal substrates for light harvesting [34]. Band gap energies can be

accurately measured by optical absorption spectroscopy (OAS) [33].The reported values for the

indirect and direct band gap energies for each metal core are: Mn(III)-ferritin, 1.60 eV and 2.83

eV; Co(III)-ferritin, 1.93 eV and 2.65 eV; Fe(III)-ferritin2.14 eV and 3.05 eV; and Ti(IV)-ferritin,
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2.19 eV and 3.8 eV [33, 34]. By layering these materials in a multi-junction solar cell, it is possi-

ble to increase the efficiency of solar energy absorption as each layer absorbs only those photons

which it converts most efficiently.

My two newly synthesized cores are semiconductors and have measurable band gap energies.

Their addition to the current list of substrates increases the potential efficiency of our solar cells.



Chapter 2

Experimental Methods

2.1 Apoferritin Preparation

Before new metal oxide cores can be synthesized into ferritin, the native ferrihydrite mineral must

be removed from inside ferritin. This is accomplished through dialysis. Native ferritin is placed

inside a semi-permeable membrane with a cut-off value that is well below the molecular weight

of ferritin (c. 450 kDa). Dialysis cassettes are preferred over using a dialysis membrane as the

cassettes retain a greater percentage of the protein. Using dialysis materials allows the protein to

remain inside while salts and smaller molecules can be freely exchanged across the membrane.

We used a 7000 molecular weight cut off 0.5-3.0 mL dialysis cassette from Cole-Parmer. The

cassette was hydrated for several minutes in distilled water before the ferritin was inserted into

the membrane. Hydrating the membrane ensures the integrity of the membrane and prevents the

needle from puncturing the sides. Up to 3 mL of ferritin was inserted into the hydrated cassette

and allowed to dialyze against a 5% thioglycolic acid 1 L solution buffered with 0.25 M sodium

acetate at pH 4.8–5.0. The solution was stirred genlty for 8 hours and this procedure was repeated

two more times. The thioglycolic acid enters the ferritin shell and complexes the iron, allowing it

11
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to be dissolved into solution. The formation of the iron-thiol complex gives the solution a distinct

medium-purple color. After three rounds of dialysis effectively all the iron is removed from the

shell. A fourth round of dialysis is often helpful for some batches of ferritin that remain dark even

after three rounds. By this point all iron will be removed except two iron atoms which are tightly

bound to each ferroxidase center. If desired, these tightly bound iron atoms can be removed using

a saturated bipyridine solution. However, for the purposes of our experiments they were ignored.

The apoferritin-containing cassette is removed from the solution and added to a 0.5% bicarbonate

solution and stirred for 8 hours. This is likewise repeated two more times. This last step removes

the acid and old buffer from the cassette and replaces it with a neutral and weakly buffered solution.

Once complete, the apoferritin is ready for nanoparticle synthesis.

2.2 Synthesis of Nanoparticles

Listed below are the synthesis methods for the manganese comproportionation samples and the

cobalt/manganese mixed metal samples. The synthesis techniques were similar in almost every

way except which divalent salt was used and the pH of the reaction buffer. Following the specifics

for the synthesis of each sample, all remaining experimental sections apply to both types of sam-

ples.

2.2.1 Manganese Nanoparticle Synthesis

As stated in the introduction, the reaction of manganese is dependent upon the pH of the solu-

tion. Hence, three buffered solutions were used to test manganese comproportionation at differ-

ent pH values. These buffers are as follows: 1 M pH 5.4 2-(N-morpholino)ethanesulfonic acid

(MES), 1 M pH 7.4 imidazole, and 1 M pH 9.4 N-(1,1-Dimethyl-2-hydroxyethyl)-3-amino-2-

hydroxypropanesulfonic acid (AMPSO). Each synthesis included 1 mL of one of these buffers, to
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which 3.0 mg of apoferritin was added.

For the manganese comproportionation samples, MnCl2 ·4H2O and KMnO4 were added to the

buffered apoferritin solution to synthesize the manganese ferritin cores. Following the proposed

equations in the introduction (Eqs. 1.2–1.4), the reagents were added in the following ratios of

Mn2+ to MnO−4 : 4 to 1, 2 to 1, and 3 to 2. (For the remainder of this thesis, each sample will be

referred to by its ratio between Mn2+ and MnO−4 .) As my purpose was to determine the effec-

tiveness of permanganate as the electron acceptor, every synthesis was performed both aerobically

and anaerobically. Each salt was prepared at 66.7 mM, and the appropriate volume of each reagent

was added to the solution to achieve 150 metals/ferritin/injection. This was repeated for a total of

10 times, giving us 1500 Mn/ferritin. For example, in the 2:1 synthesis, 10 µL of 66.7 mM MnCl2

and 5 µL of 66.7 KmNo4 were added each round of injections. We waited 10 minutes between

additions to allow time for the manganese to be incorporated into ferritin. This ratio was initially

tested at all pH values, and it was observed that cores formed in the pH 5.4 and 9.4 solutions, but

nothing formed in the 7.4 solution. Accordingly, we performed all the proposed ratios in both of

the pH 5.4 and 9.4 solutions while choosing to exclude reactions at pH 7.4. Samples prepared us-

ing a ratio of Mn2+ and MnO−4 are termed the comproportionation samples due to their proposed

reaction mechanisms. In addition to the ratios above, I also ran control reactions with either en-

tirely Mn2+ or entirely MnO−4 to observe the effect each one had individually on core formation.

Samples using permanganate only are termed the permanganate only reactions, while the samples

using only Mn2+ are based off of the synthesis discovered by Meldrum et al. [6], which use oxygen

instead of permanganate, and are termed the traditional method. These two reactions also targeted

1500 metals per ferritin.
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2.2.2 Cobalt-Manganese Nanoparticle Synthesis

For the cobalt/manganese mixed metal samples, Co(NO3)2 and KMnO4 were added to a pH

8.5 AMPSO buffer, following the conditions outlined in the Douglas et al. paper for the cobalt

nanoparticle synthesis [7]. Different ratios ranging from 1600 Co/ferritin and 0 Mn/ferritin to 0

Co/ferritin and 1600 Mn/ferritin were targeted, with a total metal count being held constant at

1600 metals/ferritin. A total of 9 samples were run, with the number of metals per ferritin either

increasing or decreasing by 200 each time (see Table 3.2). Both salts were prepared at a concentra-

tion of 53.3 mM, allowing for us to achieve 160 metals/ferritin/injection. A total of 10 injections

were given, with 10 minutes between each injection. Due to the fact that oxygen is insufficient to

oxidize cobalt from its 2+ state to its 3+ state, the effect of oxygen was negligible and all samples

were run aerobically.

2.3 Protein Separation

After synthesis, the samples were centrifuged at 3100 ×g for 10 minutes, and the ferritin contain-

ing solution was decanted. The protein was separated from salts remaining in solution by passing

each sample over a 15 cm × 1 cm Sephadex G-100 size exclusion column buffered with 25 mM

pH 8.5 Tris, no salt. The cut-off value was chosen to ensure that the protein bypassed the matrix

and the salts were separated. As is common with size exclusion columns, the molecules larger than

the cut-off value eluted from the column first. The eluent was collected in 1 mL fractions until 24

mL total had been collected. The ferritin and its core eluted around the 5th and 6th fraction while

the salt peaked around the 15th fraction.

Running the samples over the column separated the protein from any excess salts in solution.

The absorbance was measured of each fraction at 255 nm, 280 nm, and 330 nm. Protein naturally

absorbs light at 280 nm, though the presence of the ferritin core and remaining salts will also
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increase that absorbance.

2.4 Protein Quantification

Once the protein has been isolated, we measured the protein concentration of each sample. Tra-

ditionally, the Lowry protein assay [35] is preferred for determining the concentration of ferritin.

This is because the process denatures the protein and exposes all of its sidechains to the reagents,

allowing for an accurate and consistent amount of amino acids in the sequence to be detected.

However, the metals released from the core of our samples were found to interfere with the Lowry

reagent and prevented an accurate determination of protein concentration. Because of this, we

used the Bradford protein assay [36]. This method is generally less reliable for ferritin because the

spherical shape prevents full interaction with the Bradford reagent. To account for this, a control

apoferritin solution was used and the concentration was determined by measuring the 280 nm ab-

sorbance. Apoferritin has a known extinction coeffecient of 471,000 cm−1M−1 [37], from which

the concentration can be calculated according to the Beer-Lambert law

A = εcl, (2.1)

where A is the absorbance, ε is the molar extinction coefficient, c is the concentration, and l is the

path length that the light travels through. The concentration found using the 280 nm absorbance

was then compared to the concentration found using the Bradford reagent, and the ratio between

these two was used to correct the concentrations of ferritin samples measured using the Bradford

assay. The Beer-Lambert law cannot be used for our ferritin samples as their cores also absorb 280

nm light and would alter the calculated concentration.
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2.5 Metal Analysis

Metal analysis was performed by use of an inductively coupled plasma mass spectrometer (ICP-

MS). Either 20 µL or 30 µL of each sample was injected into enough trace-metal grade 2% HNO3

to form a 5 mL solution. These remained in solution overnight to allow for the breakdown of

the ferritin shell and the dissolution of the metal cores. The samples were then centrifuged and

ran through 0.2 um filters to remove any protein components from the solution. Standards were

prepared at 0 ppb, 50 ppb, 100 ppb, 150 ppb, 200 ppb, and 1000 ppb of manganese and cobalt.

These samples were taken to the ICP-MS and the metal concentrations were measured. These

concentrations were used in conjunction with the protein concentration to calculate the average

number of metals per ferritin, which is indicative of mineral size.

2.6 Imaging on the Transmission Electron Microscope

Samples were then prepared for imaging on a Technai TFf-20 Transmission Electron Microscope

(TEM). Carbon 3 mm type-b 300 mesh copper grids from Ted Pella were placed under low vacuum.

A high voltage was passed over the chamber, electrostatically charging the copper grids. Once the

grids had been charged for at least 30 seconds, they were removed from the chamber and 3.5 µL of

each sample was placed on the grids and allowed to sit for 1 minute before the excess solution was

wicked away. The grids were rinsed in a drop of distilled water for 3 seconds. A uranyl acetate

stain was used to help visualize the protein, and 3.5 µL of the uranly acetate solution was placed

on each grid for 1 minute before it was wicked away and rinsed in distilled water.

Each sample was then viewed under the TEM and brightfield images were taken. The micro-

scope was then turned to scanning transmission electron microscope (STEM) mode, and images

were collected again.
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2.7 Band Gap and Absorption Measurements

Band gap energies were measured by optical absorption spectroscopy, a previously established

method for determining the band gap energies [33]. Each sample was placed in a 1 cm UV-Vis

cuvette. If the sample was dark or opaque, it was diluted with the pH 8.5 Tris buffer solution

until it was transparent but still retained its color. An arc xenon lamp was used as the broadband

light source and run through a Digikrom spectrometer. The exiting light went through a mechanical

chopper, which was used to reference a lock-in amplifier. The light then passed through the sample

and was collected on a photodiode detector, which was connected to the signal input of the lock-

in amplifier. The absorbance profile was built by running through a wide range of wavelengths.

The resulting absorbance was used to calculate the band gap energies of each sample. A detailed

explanation of the calculations can be found in work by Colton et al. [33].



Chapter 3

Results and Discussion

3.1 Manganese Nanoparticle Results

Manganese oxide nanoparticles were successfully synthesized within ferritin while using perman-

ganate as the oxidant. The resulting core composition was noted to be dependent on pH and the

specifics of this will be discussed below.

3.1.1 Evidence For Core Formation inside of Ferritin

All samples were synthesized according to methods outlined in the experimental section above.

After synthesis, each sample was centrifuged and passed over our Sephadex G-100 gel filtration

column to separate the unbound metals. In each case manganese was observed to migrate with

ferritin as the samples were eluted from the column, as indicated by the retention of color and

metals with the protein. The elution profile for the pH 5.4 permanganate only sample is displyed in

Fig. 3.1 and is representative of all the elution profiles. Note how there are two main peaks in the

profile: the first one represents the protein and its manganese core while the second one represents

leftover manganese in solution. Ferritin with its metal core absorbs strongly in the lower end of the

18
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Figure 3.1 The elution profile for the pH 5.4 permanganate only sample. The absorbance
is measured at 255 nm (black squares) and 420 nm (red circles). The concentration of
manganese was measured by ICP-MS and is shown by the blue triangles.

visible spectrum and hence has strong absorbances at both 255 nm and 420 nm. Free manganese

in solution, however, has a medium absorbance in the UV with little to no absorbance in the visible

spectrum, as shown by the presence of 255 nm absorbance with virtually no 420 nm absorbance.

Results from ICP-MS analysis are also shown in Fig. 3.1, providing further evidence for manganese

associated with ferritin and separation from free manganese in solution.

After passing each sample over the column, most samples retained their color while some sam-

ples eluted clear, indicating apoferritin with no core formation.The comproportionation of Mn2+

and MnO−4 with apoferritin at pH 5.4 and 9.4 successfully resulted in core formation for all ratios
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(see Table 3.1). No significant core formation was observed for the comproportionation samples

in the neutral buffer (pH 7.4), though high levels of precipitation were present. Control reactions

without apoferritin present produced a dark-brown manganese precipitate and resulted in a clear

solution after centrifugation; a similar precipitate was observed in all samples to a lesser extent,

suggesting some manganese precipitation occurred outside of ferritin. The pH 9.4 samples all

retained a medium-brown color even after centrifugation and filtration over the gel-exclusion col-

umn. The pH 5.4 samples also retained their color but were noticeably darker. The presence of

color in the fractions containing ferritin after gel filtration indicates manganese core formation

inside of ferritin.

Manganese cores were successfully synthesized using the comproportionation reactions under

both aerobic and anaerobic conditions. The number of metals loaded per ferritin are reported in

Table 3.1, as are the measured band gaps.

Table 3.1 also identifies the amount of protein lost during the reaction. Permanganate is a strong

oxidizing species and is known to oxidize proteins. The fact that ferritin was not immediately

oxidized and denatured in the presence of permanganate shows the remarkable stability of ferritin.

One major difference noted between the aerobic and anaerobic samples was the amount of protein

lost during the acidic reactions (see Table 3.1, samples 1–8). More protein was lost in the aerobic

samples and for those with higher permanganate content. Additionally, the formation of manganese

cores despite the absence of oxygen demonstrates permanganate’s ability to act as the oxidant.

Adding only permanganate into the buffered apoferritin solution (i.e. no Mn2+ added) also

resulted in core formation for both the acidic and basic conditions. A brown precipitate formed

in each case, and was removed by centrifugation. The pH 5.4 buffered sample resulted in a dark-

brown color once filtered over the gel-exclusion column, while the pH 9.4 sample resulted in a light

brown-yellow color, indicative of lower amounts of manganese loading into the protein interior.

The pH 7.4 sample resulted in core formation, but it was unstable and both the core and protein
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Table 3.1 Results of both the permanganate only samples (samples 1, 5, 10, and 14) and
the comproportionation samples (samples 2–4, 6–8, 11–13, and 14–17). Each section of
data represents either the acidic or basic buffer solution run either aerobically or anaerobi-
cally. The listing of Traditional Method under the ratio of Mn:MnO−4 column refers to the
method originally discovered for manganese-ferritin synthesis using Mn2+ and oxygen.
The band gap energies for samples 9 and 10 are left blank due to the core size being too
small for band gap detection.

Sample Ratio of pH Aerobic/ Mn2+/FTN MnO−4 /FTN Final Protein (%) Indirect Band Direct Band

Mn2+:MnO−4 Anaerobic Added Added Mn/FTN Loss Gap (eV) Gap (eV)

1 0 5.4 Anaerobic 0 1500 716 ± 63 53 1.67 ± 0.02 2.68 ± 0.01

2 3:2 5.4 Anaerobic 900 600 629 ± 99 32 1.65 ± 0.02 2.64 ± 0.01

3 2:1 5.4 Anaerobic 1000 500 446 ± 63 27 1.65 ± 0.02 2.65 ± 0.02

4 4:1 5.4 Anaerobic 1200 300 265 ± 25 26 1.64 ± 0.02 265 ± 0.02

5 0 5.4 Aerobic 0 1500 580 ± 15 77 1.68 ± 0.02 2.70 ± 0.03

6 3:2 5.4 Aerobic 900 600 496 ± 19 57 1.65 ± 0.02 2.69 ± 0.01

7 2:1 5.4 Aerobic 1000 500 551 ± 62 39 1.63 ± 0.01 2.65 ± 0.02

8 4:1 5.4 Aerobic 1200 300 446 ± 55 30 1.64 ± 0.03 2.65 ± 0.02

9 Traditional Method 5.4 Aerobic 1500 0 51 ± 1 17 · · · · · ·

10 0 9.4 Anaerobic 0 1500 76 ± 6 32 · · · · · ·

11 3:2 9.4 Anaerobic 900 600 241 ± 20 18 1.58 ± 0.02 2.61 ± 0.02

12 2:1 9.4 Anaerobic 1000 500 406 ± 33 27 1.56 ± 0.01 2.62 ± 0.02

13 4:1 9.4 Anaerobic 1200 300 822 ± 112 27 1.58 ± 0.01 2.63 ± 0.01

14 0 9.4 Aerobic 0 1500 128 ± 10 29 1.80 ± 0.03 2.72 ± 0.02

15 3:2 9.4 Aerobic 900 600 152 ± 11 26 1.53 ± 0.02 2.59 ± 0.01

16 2:1 9.4 Aerobic 1000 500 148 ± 7 24 1.52 ± 0.03 2.66 ± 0.01

17 4:1 9.4 Aerobic 1200 300 283 ± 22 28 1.52 ± 0.02 2.65 ± 0.01

18 Traditional Method 9.4 Aerobic 1500 0 441 ± 25 9 1.53 ± 0.02 2.64 ± 0.03

precipitated after several hours. In the absence of ferritin, a brown precipitate likewise formed

from the reactants and the solution was clear after removal of the precipitate by centrifugation.

Images taken with the TEM show the presence of nanoparticles inside ferritin. Representative

bright field images for samples 3 and 12 from Table 1 are shown in Figs. 3.2(a) and 3.2(c). Other

samples similarly showed core formation in ferritin. The metal cores are observed in the interior

of ferritin as dark spots. The uranyl acetate stain was used to provide contrast for the protein shell,
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and can be seen as the dark ring in the bright field images and the light ring in the STEM images

[Figs. 3.2(b) and 3.2(d)].

B

50 nm

C D

Figure 3.2 TEM analysis of stained manganese-loaded ferritin synthesized using a 2:1
ratio of Mn2+ and permanganate. (A) Bright field image of sample 3, run under anaerobic
and acidic conditions. (B) STEM image of sample 3. (C) Bright field image of sample
12, run under anaerobic and basic conditions. (D) STEM image of sample 12.
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3.1.2 Band Gap Meaurements of the Manganese Ferritin Minerals

Band gap measurements were performed on all of the samples via OAS to assist in determining

whether a new manganese core had formed. The manganese minerals formed by the above methods

were found to be indirect band gap semiconductors, which was also observed in the Mn(O)OH

ferritin minerals studied by Erickson et al. [34]. The band gaps for each of these samples are

listed in Table 3.1. Our manganese-ferritin samples were measured to have indirect gaps up to

0.27 eV higher than the traditional manganese ferritin, with slight changes (less than 0.1 eV in

either direction) for the direct transition. We attribute these changes in the band gap energies to the

formation of a new manganese core inside some of the ferritin samples.

It is interesting to note that the anaerobic basic samples have a slightly higher indirect band gap

energy than their aerobic counterparts (as little as 0.03 and up to 0.06 eV higher). Since the aerobic

samples (samples 15–17) have smaller cores than the corresponding anaerobic samples (samples

11–13), our samples show the opposite trend that one would expect to occur due to quantum con-

finement (where smaller cores have larger band gaps). For example, sample 17 has approximately

283 manganese/ferritin with an indirect band gap of 1.52 eV, while sample 13 (the same ratio and

pH but performed anaerobically) has an average core size of 822 manganese/ferritin with an indi-

rect band gap of 1.58 eV. This discrepancy suggests that the cores formed in the anaerobic trials

may have a slightly different composition than their aerobic counterparts. We also note that the ba-

sic conditions gave us band gap energies similar to the traditional sample, while the acidic samples

had indirect band gap energies up to 0.16 eV higher.

3.1.3 Discussion of Permanganate Only Reactions

As stated above, manganese was observed to load into ferritin in the permanganate only samples,

where no Mn2+ was present. Significantly more metals were loaded in the acidic condition (see

Table 1, comparing samples 1 and 5 with 10 and 14). In the acidic buffer solution, the presence
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of oxygen increased the protein loss from 53% to 77%, while simultaneously decreasing the total

number of metals loaded from 716 Mn/ferritin to 580 Mn/ferritin. We observed that the acidity

of the solution greatly affected the manganese incorporation into ferritin. This dependence on the

pH of the solution follows the self-reduction mechanism of permanganate while in the presence of

acid [26, 38], as shown in the following equation:

4MnO−4 +4H+→ 4MnO2 +3O2 +2H2O. (3.1)

Equation 3.1 also agrees with the observation that the presence of oxygen inhibits the self-reduction

of permanganate under acidic conditions, requiring it to use the protein as a source of electrons in-

stead (compare samples 1 and 5, where 1 has higher metals/ferritin and less protein loss). The

dependence on pH as well as the effect of oxygen on the reaction likewise suggests the forma-

tion of MnO2 inside ferritin. Under these circumstances, permanganate likely migrates into the

ferritin interior before interacting with ferritin and producing a manganese oxide, though some

precipitation would likely still occur outside of ferritin as well.

The absorption profiles of these permanganate only samples, shown in Fig. 3.3, also suggest

some amount of MnO2 formation. The increased absorption near 370 nm has previously been

identified as a characteristic of MnO2 formed by reducing permanganate [26] and suggests MnO2

formation in our ferritin samples. Note how this increased absorption is absent in the traditional

Mn(O)OH-ferritin, giving evidence to the formation of a new manganese mineral in ferritin. The

overall absorption of the samples also increases due to the increase in manganese ions per ferritin.

Lastly, we note that the indirect band gap for sample 10 is significantly higher than all other

samples run at pH 9.4. Sample 10 was also noted to have a slight amount of the characteristic 370

nm absorption, which may be part of the reason for a higher band gap energy. Due to the small

core size (128 Mn/ferritin), sample 10 may also be approaching the size at which it no longer has

any detectable band gap energy (compare to samples 9 and 10 which had undetectable band gaps

and 51 and 76 Mn/ferritin, respectively), which smaller size contributes to the higher indirect band
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gap energy because of quantum confinement.

The results from the permanganate only reactions show how much manganese loads into fer-

ritin due to the interaction between ferritin and permanganate. Comparing the number of metals

loaded in the anaerobic comproportionation (samples 11–13) and permanganate only reactions

(sample 10) at pH 9.4 shows that very little of the manganese loaded during the comproportion-

ation reactions can be attributed to permanganate only. For example, sample 10 had an average

of 72 Mn/ferritin, as compared to sample 13, which loaded 822 Mn/ferritin. Thus, a maximum of

72 Mn/ferritin can be attributed to the permanganate reacting with apoferritin by itself. Addition-

ally, since permanganate reacts with Mn2+ and forms a precipitate in solution, less permanganate

will be available for direct incorporation into ferritin. Hence, permanganate will contribute very

few metals to the core formed during the basic reactions due to self-reduction (i.e. the reaction

in Eq. 3.1), and the vast majority of manganese comes from the reaction of permanganate with

Mn2+. For the anaerobic acidic trial, it seems likely that a significant amount of the manganese

incorporated into ferritin comes from the self-reduction of permanganate, as 716 manganese atoms

loaded per ferritin in the permanganate only sample.

3.1.4 Discussion of Comproportionation Reactions

As mentioned previously, the reaction of permanganate and Mn2+ in the presence of apoferritin

resulted in the formation of a manganese mineral inside of ferritin. Manganese loading occurred in

all anaerobic samples, despite the absence of oxygen. In sample 13, an anaerobic trial, more man-

ganese loaded per ferritin than possible due to permanganate alone (822 Mn atoms were loaded

with a maximum of 300 being from permanganate), meaning that some amount of Mn2+ was ox-

idized by permanganate and incorporated into the core. This demonstrates permanganate’s ability

to act as the oxidant in the absence of oxygen.

In each trial, up to half of the total metals deposited themselves into ferritin, as shown in Table
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Figure 3.3 The absorption spectra of manganese-loaded ferritin synthesized using per-
manganate only. Each sample was prepared at 0.10 mg/mL ferritin, and the traditional
manganese-ferritin and apoferritin are included for comparison. The legend follows the
samples from top to bottom. Note how samples 1, 5, and 14 have an increased absorption
shoulder near 370 nm, indicative of a new mineral formation.
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1. The loss of metal is due to the precipitation that occurred outside of ferritin, which precipitate

was removed from the solution during centrifugation. As mentioned previously, this precipitate

resulted from Mn2+ and permanganate reacting before Mn2+ diffusion into and interaction with

ferritin.

X-ray diffraction (XRD) and electron diffraction were both used in an attempt to characterize

the mineral and to determine which proposed mechanism the reactions follow. Results showed the

presence of an amorphous manganese core in each case, making it impossible to determine the

mineral type through these methods. This result is not entirely unexpected as ferritin often forms

amorphous cores in its interior [18].

We also measured the absorption profiles for each of the comproportionation samples to help

differentiate our new manganese ferritin from the traditionally synthesized manganese-ferritin

(sample 18). The spectra of samples 2 and 13 are plotted alongside the traditional manganese-

ferritin sample in Figure 7, and all samples were prepared at 0.1 mg/ml ferritin. All acidic samples

had absorption profiles similar to the sample 2 as shown in Fig. 3.4, and the basic samples were

similar to the one selected for the same figure (sample 13). The presence of oxygen had no apparent

effect on the absorption profiles other than to change the strength of the absorption by changing the

number of metals loaded. These samples were chosen because they had the highest metal loading

in the basic and acidic groups and helped highlight the differences between these two groups.

In the absorption profiles for these samples, part of the absorption at 280 nm comes from

the protein itself, while the absorption tailing into the visible wavelengths arises solely from the

metal-oxide cores. An increase in absorption near 370 nm appears in the profiles of the acidic

comproportionation samples, a trait which is absent in both the basic samples and the traditional

sample but present in the permanganate only reactions. This increased absorption confirms the

presence of a new mineral within ferritin. As discussed in the permanganate only section, this

increase in absorption near 370 nm has been observed with the formation of MnO2 and suggests
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Figure 3.4 The absorption spectra of manganese-loaded ferritin samples, synthesized by
comproportionation of Mn2+ and MnO−4 . From top to bottom the samples are: red curve,
3:2 ratio of Mn2+ to MnO−4 at pH 5.4; blue curve, 4:1 ratio at pH 9.4; gray curve, sample
prepared through the traditional method at pH 9.4; and green curve, apoferritin.

the formation of MnO2 within our ferritin. The formation of MnO2 in these samples indicates that

the reactions outlined in Eqs. 1.4 and 3.1 occur to produce this sample.

The basic samples, on the other hand, appear quite similar to the traditional sample, and suggest

the Mn(O)OH mineral formed through a similar reaction mechanism. This result suggests that

the basic conditions make use of the ferroxidase center, as outlined in Eqs. (1) and (2). In the

aerobic trials, permanganate competes with oxygen and is less able to assist in loading at the

ferroxidase center. Hence it is left to react with Mn2+ in solution, and fewer metals are available

to load into ferritin. This effect is seen by comparing the total metal loading in the anaerobic

and aerobic samples synthesized under basic conditions (compare samples 11–13 with samples

15–17). However, in the absence of oxygen, permanganate is allowed to oxidize Mn2+ at the
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ferroxidase center rather than precipitating in solution, nearly doubling the total number of metals

loaded. Permanganate acting at the ferroxidase center could lead to higher incorporation of reduced

permanganate into the ferritin core, possibly explaining the slight increases we observed in band

gap energies between the aerobic and anaerobic samples at pH 9.4. Despite these possibilities,

however, it is difficult to determine which reaction occurs in each condition because of protein loss

and the amorphous nature of the mineral.

We also noted that the samples with an increased 370 nm absorption correlated with an increase

in the indirect band gap energies. The acidic samples (samples 1–8) all have indirect band gaps

near 1.65 eV, while all basic samples (samples 11–18) have indirect band gap energies similar to

the traditional manganese sample close to 1.53 eV. We note our traditional sample has a band gap

energies slightly below those reported by [34], which may be a consequence of the different pH

buffer used to separate the protein over the gel-exclusion column. The similarities in absorbance

and band gap energies between the basic samples and the traditional manganese sample strengthen

our conclusion that a similar mineral formed in each case by a similar mechanism. The differences

noted between the acidic and basic samples gives evidence to a new mineral formation in the acidic

conditions.

3.2 Cobalt-Manganese Nanoparticle Results

3.2.1 Evidence For Core Formation inside of Ferritin

All samples were centrifuged at 3100×g for 10 minutes and we observed small amount of precip-

itate at the bottom of our solution. We then passed each sample over a Sephadex G-100 filtration

column (12.5 cm × 1 cm) to separate the ferritin from unbound manganese and cobalt metals. In

the cases where a metal oxide core formed inside of ferritin, some metals migrated over the column

with the ferritin while others remained behind in solution. An elution profile for sample 6 is shown
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Figure 3.5 The elution profile for the sample 6. The absorbance is measured at 320 nm
(blue triangles). The concentration of manganese and cobalt were measured by ICP-MS
and are shown by the black squares and red diamonds, respectively.

in Figure 3.5 and shows the separation of unbound metals from the ferritin protein. The metals in

each fraction eluted from the column were determined by ICP-MS to demonstrate how each metal

separated, and the absorption was measured at 320 nm for each fraction. Free salt also absorbs

stronly in the UV, and accounts for the second absorption peak on the right side of the graph.

Cobalt and manganese were both observed to elute from the column with ferritin, as demonstrated

by the two peaks, the first one being the protein with its mineral core. From the second peak, we

can see that more cobalt is present in the second peak for this sample, indicating leftover cobalt

metals from the reaction. Meanwhile, free manganese levels were very low in solution, likely due

to high levels of manganese incorporation into ferritin as well as some precipitation that occurred

outside of ferritin.

Mixed cobalt-manganese samples were formed in almost every reaction, and the average num-



3.2 Cobalt-Manganese Nanoparticle Results 31

Table 3.2 Table of the cobalt-manganese samples synthesized at pH 8.5. Samples 1 and
2 had core sizes too small to allow for detection of their band gap energies.

Sample Co2+/FTN MnO−4 /FTN Final Final Final Relative Protein Indirect Direct

Added Added Co/FTN Mn/FTN Metal/FTN Loss (%) Band Gap (eV) Band Gap (eV)

1 1600 0 28 ± 2 0 ± 0 28 ± 2 0 · · · · · ·

2 1400 200 50 ± 5 41 ± 4 91 ± 9 4 · · · · · ·

3 1200 400 71 ± 3 111 ± 5 182 ± 8 5 1.53 ± 0.02 3.04 ± 0.05

4 1000 600 129 ± 10 285 ± 23 414 ± 34 8 1.48 ± 0.02 2.82 ± 0.03

5 800 800 214 ± 25 568 ± 66 782 ± 90 7 1.49 ± 0.02 2.80 ± 0.02

6 600 1000 264 ± 48 838 ± 151 1102 ± 199 9 1.50 ± 0.02 2.78 ± 0.01

7 400 1200 193 ± 25 899 ± 115 1092 ± 140 23 1.57 ± 0.01 2.78 ± 0.04

8 200 1400 92 ± 9 936 ± 95 1028 ± 95 35 1.65 ± 0.01 2.73 ± 0.01

9 0 1600 0 ± 0 538 ± 99 538 ± 99 33 1.75 ± 0.03 2.73 ± 0.01

ber of metals loaded into ferritin is shown in Table 3.2, as are the relative loss of protein and the

band gap energies. Samples eluted over the column retained a medium brown color with a hint of

olive green.

The average number of metals per ferritin was calculated using the protein and metal concen-

trations of each of our samples. The number of manganese atoms, cobalt atoms, and total metal

atoms per ferritin are shown in Table 3.2.

Images taken on the TEM are shown below in Fig. 3.6. The protein shell is the dark circle with

the light halo around it, which comes from the uranyl acetate stain. The metal oxide core is shown

by the bright core inside the protein shell. These images, combined with the elemental information

obtained by the ICP-MS, confirms the formation of a metal oxide core inside of ferritin.

3.2.2 Band Gap Meaurements of the Manganese Ferritin Minerals

Band gap measurements were performed on all samples by OAS, and measurable band gaps were

detected for samples 3–9. It was determined that each of these samples behave as indirect band gap

materials with a direct transition, similar to nanoparticles previously formed within ferritin [33,34].
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20 nm 20 nm

Figure 3.6 (a) STEM image of cobalt-manganese ferritin (sample 6). (b) STEM image of
sample 4.

Samples 1 and 2 showed no detectable band gap energies. The band gap energy measurements for

the samples are included in Table 3.2 and the energies are plotted versus the sample number in

Fig. 3.7.

As the relative amount of manganese in each sample increased, the indirect band gap energies

increased while the direct band gap energies decreased. The sample synthesized using entirely

permanganate (sample 9) showed an indirect band gap energy of 1.75 eV; and as the amount of

cobalt was increased, the indirect band gap energy decreased until the lowest energy was detected

for sample 4 at 1.48 eV. The direct gaps showed a reverse trend, with band gap energies ranging

from 2.73 eV up to 3.04 eV.

3.2.3 Discussion of Results

The reaction of Co2+ and MnO−4 resulted in the formation of a mixed metal core within ferritin.

We obtained the average number of metals loaded per ferritin through use of an ICP-MS, and we

observed that the number of metals loaded per ferritin varied widely from essentially no metals
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Figure 3.7 A graph of the band gap energies for samples 3–9. The energies are plotted
versus the sample number to which each band gap energy belongs. The sample numbers
also relate the to amount of manganese compared to cobalt in the final ferritin mineral, and
an increasing sample number corresponds to increasing the amount of manganese relative
to cobalt in the sample. Core sizes were too small for detectable band gap energies in
samples 1 and 2.

(see sample 1) to almost 75% of our target loading (see sample 6). Metal loading less than the

targeted amount of 1600 occurred for each sample. We noted previously that some precipitation

had occured, a likely result of the reaction between Co2+ and MnO−4 occurring outside of solution.

Additionally, the elution profile for sample 6 (Fig. 3.5) showed that a small amount of unreacted

cobalt remained in solution, as indicated by the large concentration that eluted out in fractions

14–20.

The amount of protein lost during the reaction increased as the amount of permanganate added

was increased and the amount of cobalt was decreased. The loss of the electron donor (Co2+) and
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an increase in our oxidizing agent (MnO−4 ) led to more permanganate, which was forced to turn to

the protein to find electrons. This caused the protein denaturation and caused it to precipitate out

of solution. When the ratio of permanganate to cobalt exceeded 1.67, the amount of protein loss

began to increase dramatically and the efficiency of manganese loading decreased (see samples

7–9). We also noted that the number of manganese loaded into ferritin in sample 9 (0 cobalt added

per ferritin) was almost half of that of sample 8, where 200 cobalt atoms were added per ferritin.

This small increase in cobalt allowed for a much greater incorporation of manganese into ferritin,

showing how cobalt also assists manganese loading into ferritin.

Samples with little to no permanganate present showed minimal loading into ferritin (samples

1 and 2), where less than 100 metals loaded per ferritin. This demonstrates permanganate’s role

as the oxidizing agent and that it is necessary to allow for cobalt incorporation into the core.

During or after the reaction between permanganate and cobalt, manganese is also incorporated

into the ferritin mineral, as detected by ICP-MS analysis. Both manganese and cobalt loaded most

efficiently in sample 6, which had the highest total amount of metals loaded while losing less than

10% of total protein when compared to sample 1. Efficient loading of cobalt and manganese into

ferritin thus requires both metals to be present, with an optimal ratio near 1.67 between manganese

and cobalt (sample 6).

The ratio of cobalt and permanganate also greatly affected the band gap energies of the samples.

The indirect band gap energies showed a positive trend with increasing manganese content. Sample

9, synthesized using entirely permanganate, had the highest indirect band gap energy at 1.75 eV.

As cobalt was added, the band gap energy dropped dramatically, but slowed down in its decent as

more and more cobalt were added. Sample 3 appears to be somewhat of an anomaly as its band

gap energy actually increased upon increasing cobalt relative to manganese. This may be the effect

of the mineral size and quantum confinement (where smaller nanoparticles experience increased

band gap energies), as sample 3 has a much smaller mineral size as compared to the other samples
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with less than 200 metals per ferritin. The direct band gap energies show the reverse trend, with

energies increasing as the relative amount of cobalt increases. Thse trends are shown above in

Fig. 3.7.



Chapter 4

Conclusions

4.1 Permanganate as the Oxidant for Nanoparticle Synthesis

We have discovered a new synthesis method for preparing manganese minerals inside ferritin by

reacting permanganate and Mn2+ in the presence of apoferritin. In the absence of oxygen, per-

manganate acts as the oxidant and is able to oxidize Mn2+ to form the manganese oxide core.

Manganese loading into ferritin was established by ICP-MS and TEM imaging. This reaction per-

formed in an acidic environment leads to the formation of a new manganese oxide core inside

ferritin. Differences between the traditional samples and those synthesized in an acidic environ-

ment include changes in the indirect band gap energies by up to 0.16 eV and significant changes

in the absorption profile. These differences suggest that the comproportionation of Mn2+ and per-

manganate in an acidic solution form a MnO2 core inside ferritin (having a +4 oxidation state), as

opposed to the Mn(O)OH core that forms in the basic solution and the traditional samples (a +3

state). By changing the pH of the buffered solution, we are able to alter the mineral formed, thus

changing the band gap energies and increasing ferritin’s ability to act as a photosensitive substrate.

Additionally, we have successfully synthesized a cobalt-manganese mixed metal core within

36
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ferritin by reacting permanganate and Co2+ in the presence of apoferritin. Cobalt and manganese

loading were established by ICP-MS and TEM imaging. The band gap energies of these samples

were shown to be highly dependent upon the ratio of Co and Mn loaded into ferritin.

4.2 Directions for Future Work

The goal of this project is to develop ferritin-based solar cells. Erickson et al. demonstrated that

efficiencies of these cells could be greatly increased by finding a substrate with a band gap energy

near that of silicon [34]. We have planned to synthesize and characterize PbS nanoparticles within

ferritin and measure the size-dependence of their band gap energies (see work done by Hennequin

et al.) [16]. Once we have gathered these materials, we will incoroporate them into dye-sensitized

solar cells and determine their efficiency of solar energy conversion.
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