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Abstract
Hydroxyapatite (HA) is a promising carrier material for oral delivery of biomolecules such as

proteins and drugs. Ways to increase the loading of such molecules on HA will lead to better
nanomedicine. This study reports the surface functionalisation of HA particles using the
mussel-inspired molecules dopamine (DA) and 3,4-dihydroxy-L-phenylalanine (DOPA), in
order to increase protein loading. The adsorption mechanisms are discussed based on the
adsorption isotherms, zetapotential, thermal analysis and theoretical models. Results show
that DA functionalization enhanced the loading while DOPA functionalization was

ineffective.
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1. Introduction
Oral delivery of therapeutic antigens (e.g. proteins, peptides) using nano or micron sized

carriers is an alternative for parenteral administration methods which leads to enhanced
patient convenience and compliance.'? Carrier mediated antigen delivery has shown enhanced
bioavailability as compared to soluble antigens.*® The physico-chemical properties of the
carrier material play a major role in determining the cellular uptake of the administered
antigen. This makes some of the inorganic carriers like calcium phosphate or mesoporous
silica appealing due to their biocompatibility and surface modification possibilities.®®
However inorganic carriers used as carriers are still in the pre-clinical stage and extensive
research is necessary to assess their potential, as compared to the performance of polymeric
carriers.'® Enhanced protein loading on the inorganic carrier is one such property to be studied
carefully which deals with the surface properties of the carrier material. Understanding the
interaction mechanism and thus controlling the protein adsorption and release will also
contribute to the bone implant materials development.™

The complex process of proteins adsorption onto solid surfaces is governed by forces like
electrostatic, van der Waals and hydrophobic interactions.'? Various advanced physical and
chemical surface engineering methods are reported in order to increase the protein adsorption
on inorganic materials, to make them conducive for various applications like protein delivery,
protein purification, waste water treatment, etc.***” A common platform for surface
functionalisation with catechol containing molecules [e.g. 3,4-dihydroxy-L-phenylalanine
(DOPA), dopamine (DA), norepinephrine (NA)] was reported on a variety of materials,
including metal oxides, polymers and glass materials.*®'® Oxidative polymerization of
dopamine (DA) — a structural analogue of DOPA, was reported by Herlinger et al.”® and has
been exploited in several applications including under water adhesives, non-fouling coatings,
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sensors, biomedical systems.'®#?? Nevertheless, reports of their use for inorganic carrier
functionalisation are limited.??* This study aims at increasing the protein loading on
hydroxyapatite (HA) particles using DOPA and DA as linkers and improves the knowledge
on the protein interaction.

Although oxidative polymerisation of these monomers has been reported, the exact
mechanism is yet to be elucidated.?>*’ Despite the use of these molecules in several
applications including under water adhesives, non-fouling coatings, sensors, biomedical

Systerns,18,21,22,28

their use as a linker for protein adsorption on inorganic materials (e.g.
calcium phosphate) is still under-explored.”*?* Researchers have tried to understand the
protein adsorption on such materials by controlling the electrostatic and hydrophobic
interactions.?®* This study aims at increasing the protein loading on hydroxyapatite (HA)
particles, using DOPA and DA and elucidates the protein interactions involved.

The choice of carrier material was made because of HA’s known biocompatibility.*3?
Bovine serum albumin (BSA) was used as model protein in this study. HA powder samples
were functionalized with DOPA and DA solutions at pH 8.5. The influence of the
functionalisations on the BSA adsorption isotherms (at pH 7.1) was analysed. The adsorption
isotherms were fitted to Langmuir and Freundlich adsorption models. Further characterization
comprised zetapotential measurements, X-ray photon spectroscopy (XPS), Raman
spectroscopy and thermogravimetric analysis on line coupled with mass spectrometry (TGA-
MS).

2. Experimental methods

Hydroxyapatite (HA) powder was purchased from Merck (Prod. No.: 1.02196; Darmstadt,
Germany). Bovine serum albumin (BSA), Bradford reagent,
Tris(hydroxymethyl)aminomethane (TRIS), 3,4-Dihydroxy-L-phenylalanine (DOPA) and
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Dopamine hydrochloride (DA) were purchased from Sigma-Aldrich. Highly pure water (Elix,
Millipore) was used as solvent unless otherwise specified. All experiments were performed at
room temperature.

For the DOPA and DA functionalisation, an aqueous solution of 2 mg ml™ was prepared in
0.1 M TRIS-HCI buffer (pH=8.5). Two ml of these solutions were mixed with 0.2 g of HA.
These suspensions were stirred magnetically for 2 h. After stirring, all the suspensions were
centrifuged at 4000 rpm for 10 min (Centrifuge 5810, Eppendorf) in polypropylene centrifuge
tubes. The supernatants were decanted and 2 ml of milliQ water was added to each tube to
disperse the powder with the aid of a vortex mixer to wash off any loosely bound molecules.
The tubes were centrifuged again at 4000 rpm for 10 minutes and supernatants were decanted.
The residual paste in the tubes was dried at 40 °C during 48 h in a drying oven, before
characterization.

Both the bare and functionalised HA powders were treated equally for the protein
adsorption and pH was kept equal to 7.1 in all cases. The pH of suspensions was adjusted to
7.1 for functionalized powders by adding 0.01 M HCI. For BSA adsorption, a 2 hr adsorption
time was selected from experience.'® The adsorption experiments were performed by
magnetically stirring a 10% w/v suspension of HA powder in BSA solutions (2 ml) of varying
concentrations (from 0 to 20 mg ml™). Afterwards, the solution was centrifuged (Centrifuge
5810, Eppendorf AG, Germany) at 4000 rpm for 6 min (in swing bucket rotor) and then at 11
000 rpm for 15 min (in fixed angle rotor). The residual paste of the suspension was then dried
in air during 24 h. Bradford assay was used to quantify the remaining BSA in the supernatant.
The total amount of BSA adsorbed on the powder was obtained from the difference between
initial and final (supernatant) concentrations of BSA in the solution. All adsorption

measurements are represented as average values of at least duplicate experiments.
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Thermogravimetric analyses (TGA) were performed (STA 449C, Netzsch) coupled to an
online mass spectrometer (OmniStar GSD 301 O2, Pfeiffer Vacuum) in dry air atmosphere.
Differential of the TG spectra provides the temperature of each weight loss events. Zeta
potential measurements (Zetaprobe Analyzer, Colloidal Dynamics) were performed in the pH
range 5-10 and the titrations were performed using HNO; (0.1 M) and NaOH (0.1 M). The
Raman spectrum was acquired using Dilor XY in combination with and Olympus microscope
(objective 50x). Green laser of 514 nm was used at 25 mW for 60 s during each acquisition.
Elemental composition was analysed using X-ray photo electron spectroscopy (XPS) and
atomic percentages were calculated using the software provided by the manufacturer

(Thetaprobe, Thermo electron corporation).

3. Results and discussion
Figure 1 shows the influence of the DOPA and DA functionalisation on the BSA adsorption

isotherms. The maximum adsorption of BSA on DA-HA increased 63 % as compared to the
bare HA. On the contrary, the DOPA functionalisation did not significantly change the BSA
isotherm. The zetapotential measurements as a function of the pH (Figure 2) showed the
changes in surface charge and isoelectric point (IEP) of HA powder after functionalisation.
No statistically relevant shift in zetapotential is measured after DA-functionalisation (IEP of
7.5 for DA-HA as compared to 7.3 for the bare HA powder). After DOPA functionalisation,
the zetapotential curve is shifted towards more negative zetapotential values and the IEP is

lowered to acidic pH (5.3).

Figure 1

Figure 2
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It is known from literature that, in alkaline pH, DA will oxidize to quinone structure and
subsequently polymerize to form polydopamine (PDA) (scheme Sla; supplementary material
1).18 Apart from the brownish colour change of the powder, Raman spectroscopy indicated the
presence of PDA with characteristic broad peaks at 1604 and 1412 cm™ (figure S1;
supplementary material 1).%** Preferentially the catechol groups link with the hydroxyl and
calcium ions on the HA surface. The final PDA structure contains no accessible functional
groups which can dissociate and change the zetapotential. The shift in IEP of DOPA-HA to
the acidic pH is indicative of the presence of carboxylic functional groups on the particle
surface. Assuming the catechol groups are interacting with the HA surface, the total surface
charge is originating from the carboxyl groups of the dihydroxy-indole monomers (scheme
S1b; supplementary material 1). Within the pH range 3-8, the carboxyl group is deprotonated
(table S1; supplementary material 1).*° Hence the shift in zetapotential towards negative
values (figure 2) indicates that the carboxylate group is electrostatically active on the surface
of DOPA functionalized HA.

TGA-MS (figure 3) were used to quantitatively measure the amount of DA and DOPA
adsorbed on the HA powder. After DA functionalisation, the TGA curve shows an additional
weight loss in the temperature range from 200 to 520 °C, with DTG (differential
thermogravimetry) maxima at 300 °C and 424 °C. On line MS detected the release of CO,
(m/z = 44) and H,0 (m/z = 18) in the temperature range from 180 °C to 520 °C, assigned to
the oxidation of the DA. A similar TGA profile was observed for DOPA-HA with DTG
maxima at 314, 420 and 434 °C, assigned to the DOPA oxidation. The weight losses
attributed to the oxidation are used to calculate the amount of DA and DOPA (table S2;

supplementary material 1): 3.7 E-5 mol g™* of powder was calculated for the DOPA
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functionalisation compared to 3.2 E-5 mol g* of powder for the DA functionalisation.
Additionally to the quantitative analysis by TGA-MS, XPS was performed to measure the
surface elemental composition (table S3; supplementary material 1). For DA-HA, 0.6 at. % of

nitrogen was measured. This result reinforces the idea that the functionalisation occurred.

Figure 3

The combined characterization from zetapotential measurements, Raman spectroscopy and
thermogravimetry offers us clues to the adsorption mechanism of BSA onto the functionalized
HA. As the zetapotential as function of the pH does not change after DA functionalisation, it
can be concluded that the total Coulomb interaction between protein and surface remains
unchanged as compared with bare HA. However, the presence of PDA on the surface offers
the possibility for covalent linking by a Michael addition or Schiff base reaction mechanism
with the amine groups of BSA.'#3 Possible sites for Michael and Schiff base reactions are
shown in scheme S1 (supplementary material 1). Also the decrease in hydrophilicity of the
surface after PDA functionalisation could be contributing to the increase in BSA
adsorption.'®*” Despite the increase of the repulsive electrostatic interaction after DOPA
functionalisation, the BSA adsorption isotherm is similar to that of bare HA. Apart from
electrostatic interactions, DOPA molecules on the HA surface can interact with BSA via
Michael addition as reported earlier.®® Thus the adsorption mechanism between BSA and
DOPA-HA powder is a combination of electrostatic and covalent interactions.

Indications of this stronger bonding of BSA with polymerized dopamine can also be found
in the TGA profile. Figure 4 compares the weight loss as function of the temperature for BSA

adsorbed on HA and on DA-HA. The thermal decomposition of BSA adsorbed on HA is a 2-
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steps process, with DTG maxima at 323 °C and 450 °C.* The first weight loss is assigned to
the oxidation and thermal decomposition of adsorbed BSA with the release of CO, (m/z=44),
H,0 (m/z=18), NO and/or amines (m/z=30) and traces of aromatic compounds (m/z=77) (data
not shown). The weight loss with DTG maximum at 450 °C can be attributed to the
combustion of the char with formation of only CO, and NO (m/z=30). In case of DA-HA, the
second DTG maximum is shifted to 470 °C. This shift of about 20 °C might indicate a
stronger interaction of BSA after functionalisation.

The differences in adsorption mechanisms after DA and DOPA functionalisation also
emerge from fitting the adsorption isotherms to the Langmuir and Freundlich models (table
S4). The adsorption isotherms of bare HA and DOPA-HA are described more closely by the
Langmuir model. After DA functionalisation, the Freundlich model is in better agreement

with the experimental data. These data indicate the formation of BSA multilayer on DA-HA.

Figure 4

When normalizing the maximum BSA adsorption by the surface area (table S4) and
comparing it with calculated values of full surface coverage, information is obtained on the
conformation of the BSA on the surface. It has been reported that BSA can adsorb either in a
side-on or end-on mode, with full surface coverage amounts of 172 and 309 ng cm
respectively in case of random adsorption.“’ This random adsorption model accounts 54.7 %
of jamming limit and hence a loosely packed layer. In case of BSA adsorption on HA or
DOPA-HA, the maximum adsorption amounts are below the calculated monolayer amounts
for side-on adsorption. But in case of BSA adsorbed on DA-HA, the maximum BSA

corresponds to the random side-on monolayer threshold.

This is an author postprint version of the article published as: V. Ozhukil Kollath,,, S.
Mullens, J. Luyten,, K. Traina, and R. Cloots. "Effect of DOPA and dopamine coupling on
protein loading of hydroxyapatite." Materials Technology X; x(x), xx-xx. DOI:
10.1179/1753555715Y.0000000048



4. Conclusions
In summary, the interaction of BSA with DOPA and DA functionalized HA was studied.

Protein loading on DA-HA powder increased by 63 % as compared to the bare HA powder.
The wide range of characterization tools and the comparison with theoretical models yielded
more insight in the complex adsorption mechanisms involved. However, more research is
needed to clarify all aspects of the polymerisation mechanism of DA and DOPA. Future work
will focus on comparing the current method with other linker molecules to enhance the BSA

adsorption as well as the protein release properties of the developed materials.
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Captions:

Fig:lj_ure)l: BSA adsorption isotherms of bare and functionalized HA (Colour figure available
online).

Figure 2: Zetapotential titration curves of HA, DOPA-HA and DA-HA (Colour figure
available online).

Figure 3: TG/DTG and mass spectra of bare and functionalized HA powders. Curves with
closed symbols represent TG and open symbols represent DTG spectra respectively. The mass
spectra represent H,O (m/z = 18) and CO;, (m/z = 44) release during the process (Colour
figure available online).

Figure 4: TG and DTG spectra of BSA on bare and DA functionalized HA. Curves with
closed symbols represent TG and open symbols represent DTG spectra respectively (Colour
figure available online).
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Figure 3
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Scheme S1 Suggested functionalisation mechanisms on (a) DA-HA and (b) DOPA-HA
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Fig. S1. Raman spectrum of DA-HA dry powder. The characteristic peaks of HA (962 cm™) and polydopamine
(1604, 1412 cm™) were less intense due to the fluorescence from the sample.

Table S1. Dissociation constants of the ionisable groups of DOPA and DA.**

pKay pKa, pKas-pKay IEP

(0-C-COOH) | (a-C-NH;") | (OH,-OHy)

DOPA 2.3 8.1 9.9-11.8 5.2
DA / 8.8 10.4-13.1 9.6

IEP — Isoelectric point.
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Table S2. Percentage weight loss and the corresponding amount of DOPA and DA calculated from TGA

Sample | Mass loss during 220-520 °C | Amount adsorbed HA
(%) (mol g*)
DOPA-HA 0.73 3.70 E-5
DA-HA 0.48 3.22 E-5

Table S3. Elemental analysis of DA-HA using X-ray photoelectron spectroscopy (XPS)

Element

Cls N1s Ols

Cazp P2p

At. %

15.9 0.6 48.5

20.1 15.0

Table S4. Calculated values of theoretical adsorption models and maximum BSA adsorption valyes at 10 mg ml’

! BSA concentration to compare the random side-on adsorption value* reported by Mueller et al.

Langmuir Freundlich BSA adsorbed
Q max | K L R? n K_F R? ng cm”
BSA/HA 90,99 0,167 | 0,9223 | 1,508 | 12,489 | 0,8952 106
BSA/DOPA-HA | 105,71 | 0,197 | 0,9494 | 1,450 | 15,206 | 0,9361 111
BSA/DA-HA 228,83 | 0,091 | 0,8021 | 1,184 | 18,113 | 0,9635 167

*Maximum BSA adsorption value calculated by random side-on adsorption model* = 172 ng cm?
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