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Abstract

Nanocomposites made of polymer networks and mineral particles lend great
mechanical integrity to biological materials. This study aims to imitate these natural
materials by creating a hydrogel mineralized with magnetite particles. We create a
hydrogel of polyallylamine crosslinked via tannic acid molecules. Crosslinking is
dependent upon pH as well as amounts of periodate and tannic acid. The addition of
greater amounts of tannic acid and periodate at higher pH creates a more strongly
crosslinked network, shown through rheological measurements as the gel’s shear
modulus increases. Upon mineralization, a 10%-10° order of magnitude increase in shear
modulus occurs. This work elucidates a method for nanocomposite hydrogel synthesis
that creates a mechanically strong biocompatible material for future applications in bio-
interfacing technology and drug delivery.
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1. Introduction

Biology has created numerous nanocomposite materials consisting of mineral
pérticles bound in a polymer matrix which exhibit great strength and toughness [1-3].
Materials like nacre [4] are extremely tough and are also made of cheap, readily available
materials. Mimicking these materials gives the potential for new low cost synthetic
materials with exceptional mechanical properties as well as biocompatibility. Of
particular interest are mineralized hydrogels. Hydrogels consist of a crosslinked
hydrophilic polymer network swollen with water [5]. Inorganic nanoparticles are then
grown within the network, as in Wang et al. [6].

This study aims to imitate these natural materials by creating a hydrogel
mineralized with magnetite particles. We fabricate a hydrogel of polyallylamine
hydrochloride crosslinked via tannic acid molecules (Figure 1). Polyallylamine is a
polymer known to be biocompatible [7] and iron, the metallic component of magnetite, is
found naturally within the body. Tannic acid is a low cost, naturally derived crosslinker
[8]. With this system, we propose a low cost, biocompatible, and magnetically responsive

mineralized hydrogel for use in bio-interfacing technology and drug delivery.

Figure 1. A mineralized hydrogel network consisting of polyallylamine chains (blue),
tannic acid crosslinks (green) and magnetite particles (red)



The system proposed can be manipulated in crosslinking density to allow for
greater network stability, but must remain open enough for the growth of magnetite
nanoparticles to be possible. Crosslinking is dependent upon pH, and amounts of
periodate and tannic acid. The manipulation of pH and amounts of tannic acid and
periodate will change the crosslinking density, which will be measureable by changes in
the gel’s shear modulus. After a gel is created, it will be mineralized in a bath of iron (11I)
ions and its shear modulus will be evaluated. Through this process of network adjustment
and mineralization, this thesis will show an increase in mechanical strength of PAA

hydrogels through the addition of magnetite nanoparticles.



2. Background
2.1 Hydrogel Network

A hydrogel network consists hydrophilic polymer chains, making up the bulk of
the system, which are held together by chemical crosslinkers [5]. Crosslinks can be made
in multiple ways- through covalent bonds with another molecule (as will be the case in
this work), covalent bonds directly between chains, and ionic coordination with metallic
1ons, to name a few. The crosslinked network is swollen with water due to its
hydrophilicity and the network bunds must be strong enough to hold the chains together
while supporting the water. Synthetic hydrogels are of great interest because of their
similarity to biological systems, which gives them great flexibility allows them to interact
with the body [9].

2.2 Polyallylamine

Polyallylamine (PAA) is a polymer consisting of a carbon backbone with pendant
aminomethyl groups on alternating carbon atoms as displayed in Figure 2 [10]. The
amino groups make for potential binding sites, but the polymer does not form a gel
without an added crosslinker. This makes for easy storage of PAA without risk of self-
gelation. The polymer has been used in biological applications such as cell encapsulation

[7, 11]. These works suggest that PAA is a good candidate for biocompatible gels.
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n

Figure 2. Molecular structure of polyallylamine



2.3. Tannic Acid

Tannic acid (TA) is a polyphenol derived from plants. This compound is a
specific form the class of tannins, which can be found in many plants [8]. Tannic acid
comes from Tara pods and gallnuts. Other forms of tannins can be found in leaves, wood,
and bark of many different plants. The name tannin comes from its use in preserving or
“tanning” animal hides into leather. In this work, tannic acid’s ability to bind both metals

and organic molecules is of great interest [8].
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Figure 3. Structure of tannic acid molecule, exhibiting its five-armed configuration
Previous works have demonstrated tannic acid’s ability to form coordination

complexes with metals and covalent bonds with organic ligands [12, 13, 14]. This ability
arises from the large amount of pyrogallol groups present on tannic acid’s five-armed
structure (Figure 3). These groups can coordinate with a metal ion or cbvalently bind
with polymer chains once deprotonated [15]. Tannic acid undergoes deprotonation as pH
is increased [15]. This creates more reactive binding sites for metal ions or organic
compounds and thus tannic acid becomes a more effective crosslinker at higher pH
(Figure 4). The degree of crosslinking in a tannic acid network can be tuned by adjusting

pH.
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Figure 4. Diagram of pH influenced tannic acid bonding and conjugation. The pyrogallol
groups are deprotonated as pH increases and then can covalently bond with amino
groups or chelate an iron ion [15]

2.4 Periodate

Periodate is an anion with a charge of -1. In this work periodate is used in the
form of a salt, sodium periodate (NalO;) as shown in Figure 5. Periodate is an oxidizer of
tannic acid [16], allowing tannic acid to function more readily as a crosslinker once
hydrogen is removed from hydroxyl groups. NalO, degrades when exposed to light, so
steps involving sodium periodate must be performed quickly and allowed to complete

reaction in a dark environment.

Na+ "I:‘:‘-O

Figure 5. Sodium periodate structure, ions dissociate in water
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2.5 Magnetite Mineralization

The final step in synthesis of our mechanically reinforced gels is mineralization
with magnetite. This process utilizes tannic acid’s ability to form catechol complexes
with metal ions, as demonstrated in Figure 6. The already formed gel network still has
phenol groups remaining open on tannic acid molecules. These sites can bind Fe’*ions

from solution. Exposure to a bath of iron ions allows magnetite (Fe3O4) crystals to form.
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Figure 6. Gel formation and mineralization process (a) unconnected PAA chains (b) PAA
chains still unconnected when TA is first added (c) TA is oxidized after exposure to
periodate and raised pH (d) oxidized TA covalently crosslinks PAA (e) an open site on a
TA molecule chelates an iron ion (f) a magnetite particle grows from the ion

Magnetite has a Mohs hardness of 5-6 [17] and crystals embedded in a hydrogel
network have the potential to greatly increase the gel’s strength. Additionally, the

magnetite particles are magnetic. Magnetite is the most magnetic of minerals found



naturally on Earth [17]. Magnetic hydrogels have been pursued in previous works [18].
They are of interest bécause of their applications in drug delivery [19], flexible
electronics, and biomedical engineering [20]. Magnetic hydrogels can be mechanically
actuated without physical contact through the use of a magnetic field. With this ability, a
hydrogel could release a drug upon magnetic stimulation only when it has reached the
desired location in the body, or a robot could move without need for connecting wires.
Mineralization of hydrogels with magnetite gives them improved mechanical properties

and new magnetic responsiveness.
2.6 Rheology

Rheology measurements study the flow of matter, whether solid, liquid, or
somewhere in between as is the case with hydrogels. [21] To perform rheological
measurements, a sample is subjected to a rotational force, resulting on some strain of the
material [22]. How the material deforms and then returns to its initial state gives a
measure of its mechanical properties. One type of test performed with a rheometer is a
frequency sweep. In this test, the probe contacting the gel or “geometry” is oscillated at a
range of frequencies. The shear storage and loss moduli are recorded. If the material is
more solid like, the modulus will remain mostly constant over the frequency range. A

higher average modulus indicates a stronger material that is less easily deformed.
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3. Materials and Methods

3.1 Materials

Polyallylamine (Sigma Aldrich) is used as the network polymer, with tannic acid
(Sigma Aldrich, gallotannin) as the crosslinker. Sodium periodate (NalOs) solution
provides periodate anions (1047) which deprotonate pyrogallol groups on tannic acid.
Sodium hydroxide (NaOH) is used to raise pH of the system. A bath of FeCl;" donates
Fe;™ ions for mineralization.

3.2 Equipment

For rheological frequency sweep data, an Anton Paar 302 Rheometer was used.
Force measurement error for the machine is +/- 0.001 Newtons and displacement
measurement error is +/- 1 pm.

3.3 Procedures

The first step in creating our mechanically reinforced hydrogels is forming the
polymer network of polyallylamine and tannic acid. First, a measured amount of PAA on
the scale of milligrams is added to a vial. Water is then pipetted into the vial and the
contents of the vial are mixed using a vortex machine. The water at this step dilutes the
viscous PAA so that future components can mix more easily into the solution. Tannic
acid powder is measured by weight and then deposited into the vial. More water 1s added
to further hydrate the system and to rinse tannic acid powder from the sides of the vial,
then the vial contents are mixed again. A 0.5M solution of sodium periodate (NalOy) is
added in small quantity. The solution is mixed and then deposited quickly, still a liquid,
onto a piece of Parafilm. A 1M NaOH solution is then added to raise gel pH and the

components are gently mixed by hand until a gel is formed. The gel is then placed in a
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container covered in aluminum foil to prevent exposure of periodate to light and allowed
to set overnight. Gel formation component ratios are varied between samples to
manipulate pH, tannic acid amount, and sodium periodate amount. The original network

component ratios are shown in Table 1.

Component Polyallylamine Sodium Periodate

Mol component per mol

tannic acid 0.041 0.625

Mol monomer per tannic

acid ligand 13.16 0.125

Table 1. Component ratios for hydrogel synthesis. ratios of tannic acid, polyallylamine,
and sodium periodate in the base version of the gel before variation (Ix TA, 1x PAA)

If a post treatment is added, the procedure is as follows. The gel is placed in a
larger vial filled with water and allowed to swell overnight. After swelling, the gel is
placed in a solution containing tannic acid, equal in amount to the TA used to form the
gel. Periodate (the same amount as used in gel formation) is then added to the vial and
gently mixed. NaOH is added (same amount), mixed, and the gel is allowed to sit
overnight. This process may be repeated for a second post treatment.

Mineralization takes place once the gel is formed. Whether post treated or not, the
gel is allowed to swell fully in water. The gel is then placed in a bath of FeCl; and

allowed time to grow magnetite particles.
3.4 Testing

Mineralized and nonmineralized gels are tested via rheometer to find their shear
moduli. A disk-shaped piece of gel is placed onto the rheometer stage. The geometry of
the rheometer is lowered to contact the gel and the sample is trimmed to fit the surface of
the geometry. The gel is kept in a humid environment at 25°C for the duration of the test.

A frequency sweep is performed on the gel, during which the sample is subjected to a

14




range of oscillation speeds. Shear storage and loss moduli are recorded and plotted

against oscillation frequency.
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4. Results and Discussion

To measure the strength of each gel’s structure, rheological tests were performed

using a frequency sweep at constant oscillation amplitude. The shear storage (G’) and
loss (G”*) moduli were recorded from each test. Gels with stronger network bonding
exhibit higher shear moduli. Most gels measured, once a stable gel-forming system had
been achieved, had relatively constant shear moduli with storage modulus greater than
loss modulus. Constant moduli over a range of oscillation frequencies indicate that the
gels are more solid-like in structure, and having G’ > G’” means that the gel can return
close to its original position after deformation. Data throughout this section will be
presented with storage moduli only for ease of reading because largely the same trends

were observed in both sets of moduli. (For storage and loss plots, consult appendices.)
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Figure 7. Example rheological data from a pH 6.22 gel shows constant shear moduli
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until high frequency and storage modulus (G’) greater than loss modulus (G")
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4.1 Effects of pH on Gel Formation

Figure 8. Samples made with different pH (a) pH 1.72 sample remains liquid and light
brown (b) pH 4.35 sample still liquid-like but more viscous, a darker brown color
(c) pH 4.90 sample is a cohesive dark brown gel but breaks apart easily (d) pH 6.22 dark
brown gel with structural integrity

Manipulating the pH of the gel at formation allows the formation of different
amounts of covalent crosslinking. Tannic acid’s pyrogallol groups are oxidized when
exposed to periodate and the amount of groups oxidized depends on pH. Oxidized groups
can then bond with PAA amine groups. Figure 8 shows samples made at four different
pH levels. The first sample had no NaOH added and remained a light brown liquid.
Subsequent gels became darker upon crosslinking and more solid-like. Figure 9 shows
that with increasing pH, the storage modulus of the gels increases. The first sample
created had no NaOH added, resulting in a pH of 1.72. This sample did not form a solid-
like gel; it was mostly liquid in character as evidenced by its modulus changing
throughout the frequency sweep. pH was increased in the next samples, which became
more solid-like though with decreasing returns for amount of NaOH added. From this
data, a pH of 6.22 was selected for further testing and of the system because it exhibited a

high modulus while still remaining gel-like.
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Figure 9. A pH Variation frequency sweep shows that storage modulus increases with
increasing pH. Samples with pH 1.72 and 4.35 display the liquid-like tendency of
modulus changing with oscillation frequency whereas gels with pH 4.90 and 6.22 have
more solid-like flat curves.

4.2 Periodate Amount Variation

?" NalO, Pre-Swell

Figure 10. Gels formed with 2x and 4x original sodium periodate amount before and
after swelling with water. 2x gel is lighter in color and becomes more fragile when
swollen
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Periodate (NalOy) is the crosslinking agent in this system. It facilitates the
oxidation of tannic acid’s pyrogallol groups. The amount of NalO, added was varied
from a standard (1x) of 1.6 mol TA per mol NalOy, or 8.0 TA ligands per NalO,4
molecule (TA is a 5-armed molecule, this calculation assumes one bonding site per arm).
It should not be assumed that each 104 oxidizes exactly one pyrogallol, or that each
group on a tannic acid can bond with PAA (steric hindrance makes this unlikely). Gels
were subjected to swelling in a water bath (Figure 10) and it was found that gels with 4x
NalO4 maintained structural stability best when swollen. Figure 11 shows that the shear
modulus of the gel increases initially with increasing periodate amount, but reaches a
peak with 2x and 4x the initial ratio. At 6x the original periodate amount, the gel
undergoes a dramatic drop in modulus. This may be because the gel formed too quickly
while mixing and as a result became more particulate and broken, therefore exhibiting a
lower shear modulus in testing. From this apparent peak in gel forming ability, 2x and 4x

formulations were chosen for further testing in the creation of a strengthened gel network.
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Figure 11. Periodate variation (unswollen gels) shows that storage modulus increases
with increasing NalO; until 6x
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4.3 Tannic Acid Amount Variation

Tannic acid (TA) is the crosslinker for our polyallylamine network. The original
stoichiometry (1x) of the system had 1 TA ligand per 13.16 allylamine monomers. By
increasing this ratio, we expect to see a higher density of crosslinking throughout the gel.
Figure 12 shows a progression through 0.5, 1, 2, and 4 times the original amount of
tannic acid for gels using 4x the original amount, as determined by previous experiment.
The 0.5x sample was a liquid, and samples after that exhibited increasing moduli.
However, the gel with 4x TA exhibited stiff fracture upon mixing and handling and so
was not used further. These experiments showed the most strengthened gel of our system

resulted from 4x original periodate and 2x original tannic acid amounts.
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Figure 12. Tannic acid variation (unswollen gels) shows that storage modulus increases
with increasing TA up to 4x the original amount. However, the 4x TA sample was
particulate due to fracture and not a good composite candidate. With half the original TA
amount, the sample remains liquid (non-constant shear modulus).
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4.4 Mineralization With and Without Post Treatment

Figure 13. A post treated 4x NalO4 2x TA gel exhibits dark brown color, strong
cohesion, and solid like properties

After optimizing the initial gel formation, experiments were conducted on how to
best mineralize the gels. For the rest of this study a network of 4x NalO4 and 2x TA was
used. To further strengthen the gel, a “post treatment” was added. This consists of the
same amount of tannic acid, periodate, and NaOH as previously used in the formation of
the gel being added to the sample. Samples were allowed to fully hydrate after this
process. Magnetite (Fe;O4) was then grown in samples treated twice with this process,
once, and without any treatment. Figure 14 shows that post treatment led to a higher
modulus. After mineralization, both 0x and 1x post treated samples showed large moduli
increases. However, 2x post treated gel did not exhibit a modulus increase. Here we
predict that the post treatment has created a covalent network so tightly bound that

magnetite particles cannot infiltrate it.

2



5

-
o
o
o

Modulus (Pa)

e
o

AAAAAALAADAADAAAAAAADAADAAAN

. 000000000000000000000H

——

—

O

OO

0.5 1 5 1b 50
Angular Frequency (rad/sec)

0.1 100

2x Post Treat
Mineralized

2x Post Treat

1x Post Treat
Mineralized

1x Post Treat

0Ox Post Treat
Mineralized

Ox Post Treat

Figure 14. Post Treatment and Mineralization, 4x Periodate, 2x Tannic Acid — Post
treatment increased shear modulus by at least an order of magnitude between 0x, 1x, and
2x treatments. Mineralization increased network modulus by two orders of magnitude on
an untreated sample but this increase lessened on post treated gels.
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5. Conclusion

In this study, a method for forming nanocomposite hydrogels made of
polyallylamine, tannic acid, and magnetite was developed. With this method came an
understanding of how the network operates. In forming the initial hydrogel network, pH
was increased to 6.22 in order to establish tannic acid crosslinking. Crosslinking density
was further increased by adding 4x the original amount of sodium periodate, which helps
to deprotonate tannic acid. The final adjustment in initial gel formation was increasing
tannic acid amount to 2x the original amount. These adjustments created a network with
strength derived from crosslink density that is able to support mineralization with
magnetite. The crosslink density was further increased with post treatments of tannic
acid, periodate, and NaOH. With one such post treatment, the unmineralized gel
increased in modulus to over 1000 Pa. After mineralization, the modulus jumped to over
10° Pa, a maximum of the gels tested here. The gel given two post treatments exhibited a
high modulus, but did not increase with mineralization leading to the conclusion that an
overly densely crosslinked PAA network does not allow for the growth of magnetite
particles. Through this work, it is clear that an in-situ mineralization of PAA hydrogels

leads to a composite with greatly improved mechanical properties.
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6. Future Works

A system of nanocomposite hydrogel formation lends itself to further exploration
of its applications. This study focused on the creation and mechanical characterization of
the composite, but has not explored the magnetic properties of the gel. In future research,
the mineralized hydrogel should be tested to see how it responds to a magnetic field. It is
important that the structural integrity of the gel remains intact- the magnetite particles
should not become dislodged form the network or cause it to fracture while bending in
response to the magnetic field. The mineralized hydrogels should also be tested with
respect to tensile response. This testing will tell us if the hydrogel has become more
brittle as a result of mineralization. For flexible electronic applications, it is important
that the hydrogel remains bendable and can recover its original shape.

In addition to exploring these properties of the hydrogel, the system can be tested
for biocompatibility. This exploration will enable our nanocomposite’s expansion into the
fields of bio-interfacing technology and drug delivery. It is important that the magnetite
particles are well secured within the network and will not easily escape into the body.
The network should also be tested for response to the body’s different pH environments.
Our hydrogel should remain intact through pH changes because it was formed with
permanent covalent crosslinks and magnetite particles grown into the network, but this
must be verified. Studies such as these will open up new fields of application for the

magnetite mineralized hydrogel.
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Appendix A:

Frequency sweep graphs with storage and loss moduli

Filled markers indicate storage, empty markers indicate loss
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Tannic Acid Variation
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Appendix B:

Mag= 140K X IProbe = 10nA WD = 56mm Time 1531.28

2pm Image Pixel Size =7982nm EHT = 900kV Signal A = SES! Date 14 Nov 2018 @

Figure B 1. SEM image of mineralized hydrogel, no post treatment. Ridged topography
indicates the growth of magnetite nanocrystals
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Appendix C:

Hydrogel formation specifics

Polyallylamine 35.6 mg
Water
(initial addition) | >>4HL
Tannic Acid 7.87 mg
Water 80.77 uL

(second addition)
Sodium Periodate

(NalO,) 11.57 uLL
Sodium Hydroxide
(NaOH) 26.83 pL

Table C.1. Optimized hydrogel recipe consisting of 4x NalQy, 2x TA as adjusted from
original ratios (before post treatment and mineralization)

Calculation of ratios

Allylamine hydrochloride CsHgCIN 93.554 g/mol

Poly(Allylamine hydrochloride) 150,000 g/mol, 40 wt% aqueous solution
Tannic Acid 1701.20 g/mol, 5 ligands per TA molecule

NalO4 0.5 M

Initial amounts used (1x TA, 1x NalOy)
19.9 mg PAA 40%

22mg TA

1.617 pL NalOy

150,000 g/mol PAA monomer AA
93.554 g/mol monomer AA ~ 1603.35 chain PAA

00199 ¢ PAA(40%) , _04gPAA  _1molPAA , 170128 TA _ ) (41 molPAA

00022¢gTA 1 g PAA (40%) 150000 g PAA 1mol TA mol TA
0.0041 mol PAA x 1603.35 monomer AA x 1TA =13 16monomerAA
1molTA 1 chain PAA S5 TAligand ’ TA ligand

0.0022¢gTA % _1molTA 1LNalO, % 5TAligand _ 8 OTA ligand
1.617x10° uL NalO, 17012gTA 0.5mol NalO, 1TA — =" NalO,

monomer AA TAligand _ monomer AA
13.16 TA ligand x 8.0 NalO, ~— 105.3 NalO,
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