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Citric acid (Cit)-coordinated hydroxyapatite (HAp) nanoparticles
(NPs) were nanohybridized with hyaluronic acid (HYA) to form
transparent membranes, where hydrogen bonds were formed
between the NPs and HYA to change the hydration states. The
interactions by the mediated Cit were found to be important for the
nanohybridization between HAp and HYA.

It is well-known that biological hard tissues are naturally
formed by nanohybrids of inorganic materials with polymers
in vivo,"* and the bonding states at the interfaces are important
for the subsequent biological functions.>! Mimicking the
native interactive phenomena, nanohybrids of hydroxyapatite
(HAp, Ca;(PO,)s(OH),) with biopolymers have been widely
studied in vitro.>® In the hybridization process at the nanoscale,
HAp is usually precipitated after fabricating the biopolymer
membranes,”® and the hybridization states are non-uniform
because HAp is effectively deposited by recognizing the surface
functional groups (e.g. ~-COOH groups, etc.)>*° of the biopolymer
membranes without designing the interactive inner spaces.
Thus, the initial hybridization states after dispersing the HAp
nanoparticles (NPs) into the biopolymer solutions have been
investigated."'* However, there is a problem that the HAp NPs
dramatically aggregate due to their higher surface free energy
and induce the phase segregation between the HAp and biopo-
lymer. From the above viewpoints, we suggested the importance
of the design of the interactive network nanospaces between the
HAp NPs and biopolymers inside the membrane, using hydro-
philic biopolymers having the functional groups interacting with
HAp NPs, leading to uniform nanohybridization. Collagen,**"**
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gelatin, and alginate are known as biopolymers that can
easily interact with HAp NPs. If the spontaneously interactive
nanospaces in the polymer network can be designed, we could
achieve denser and more homogeneous HAp/biopolymer nano-
hybrids. In particular, hyaluronic acid (HYA) is a nontoxic and
biocompatible polymer widely used in biomedical fields."*" In
the aqueous solution state, the -CONH and -COOH groups
effectively approach each other through the hydrogen bonds
mediated by water molecule coordination. Also, the hydrophobic
region in the HYA is formed by 8 units of CH groups. Thus, HYA
has a two-fold helix structure with a pitch length of 1.96 nm per
turn.?? The adjacent disaccharides are oriented in opposite
directions to each other, and these phase-separated structures
form network nanostructures in water with macroscopically
twisted hydrophilic and hydrophobic groups.”*** The mesh size
confined by the HYA molecular chains in the solution is about
10-100 nm. As an example, in a mixed solvent of 0.067 M
phosphate buffer (pH = 7.3) and 0.179 M-NaCl, the mesh size
of HYA has been measured by the fluorescence recovery after
photobleaching technique of fluorescein isothiocyanate (FITC)-
dextran,”® where the mesh space matches the size of the calcium
phosphate nucleus (ca. 30-100 nm)*® and can be utilized as the
nucleation site. Also, HYA has hydrophilic and bio-interactive
functional groups such as -COOH, ~OH, and ~-CONH.>*** Thus,
studies to form calcium phosphate by diffusion and adsorption
of Ca®* and HPO,>~ using the abundant functional groups of
HYA have been reported.>”*® Here, the pH in the solution
changes the degree of ionization and deprotonation, which
affects intra- and intermolecular interactions for forming the
mesh structures.>* ! Below the isoelectric point (pH = 2.5), the
hydrogen bonds between the -CONH and -COOH groups result
in close intermolecular distances. Above the isoelectric point,
the deprotonation of the -COOH group leads to electrostatic
repulsion among the -COO™ groups, which makes it difficult
to form the intermolecular hydrogen bonds, providing more
3-dimensional network polymer structures.*'*> Based on the
above background, when HYA forms swelled network structures
in water under basic conditions, we hypothesized that the NPs
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Scheme 1 |Illustration of the preparation process for
membrane of the Cit/HAp NPs with HYA.

the hybrid

can diffuse into the mesh structures confined by the HYA
molecular chains (i.e., free spaces).

In this study, we aimed to prepare nanohybrid membranes
of HAp NPs with HYA by utilizing the “free spaces” and
functional groups of HYA as the immobilization region with
the NPs (Scheme 1). In particular, we synthesized and used the
HAp NPs coordinated with citric acid (Cit/HAp NPs).**?* Here,
the aggregation among the NPs is inhibited by the electrostatic
repulsion between the end -COO~ groups of Cit.>* Also, when
the pH value is above 9.0, the Cit coordinated with HAp exists
in a state where 3 protons have dissociated,® and can effec-
tively interact with the -CH;OH and -CONH groups of HYA in
the free spaces.?® Thus, we suggested the introduction of Cit/
HAp NPs into HYA, and the interactions with various functional
groups of HYA were investigated to prepare the objective
nanohybrids. In addition, the nanohybridization state (i.e.,
HYA state in the membrane) was optimized by the solvent-
washing process.

Sodium hyaluronate (HYA-Na, Mw: 850 000-1 600 000) was
dissolved in ultrapure water at the concentration of 0.75 wt%
and the solution was mixed with Cit/HAp NPs at the particle
concentration of 1 wt% and stirred at 37 °C. Here, the NPs were
synthesized according to our previous reports.**** The final pH
of the solution was adjusted to 9.0 with NaOH, and the solution
was cast in a tissue culture polystyrene (TCPS) dish, and dried
at 37 °C to obtain the membrane, which was named Cit/HAp-
HYA. Then, the membrane was immersed in ethanol and
immediately washed with ethanol or ultrapure water, and dried
at 37 °C, named as Cit/HAp-HYA_X (X means the washing solvent
(X = Et or Wa)). Based on the above procedure, membranes
without NPs and membranes containing HAp NPs instead of
Cit/HAp NPs were prepared and named HYA and HAp-HYA,
respectively. All the membranes peeled from the TCPS dish,
exhibiting self-standing and transparent properties, and were
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Fig. 1 Photographs of the as-prepared membranes of (a) HYA, (b) Hap-HYA
and (c) Cit/HAp-HYA. (a) is difficult to peel from the TCPS dish and (b) and
(c) can be picked up from the dish with tweezers. Optical (d) transmittance
and (e) haze values of the membranes with the washing processes.

characterized by UV-visible photoabsorption spectrophotometer,
X-ray diffraction (XRD), desktop-type scanning electron micro-
scope (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray
fluorescence (XRF), atomic force microscope (AFM), Fourier trans-
form infrared (FT-IR) spectrometer, and thermogravimetry-
differential thermal analysis (TG-DTA). The evaluation methods
of the transparency and hydration state are described in Experi-
mental procedure S1, ESL.¥

The photographs of the HYA, HAp-HYA, and Cit/HAp-HYA
membranes and the results of the optical properties in terms of
the transmittance and haze values are shown in Fig. 1. Photo-
graphs of the membranes washed with ethanol and water are
shown in Fig. S1, ESL.¥ HYA was difficult to peel from TCPS
(Fig. 1(a)), while HAp-HYA and Cit/HAp-HYA exhibited self-
standing states after peeling from TCPS, especially HAp-HYA
being turbid (Fig. 1(b) and (c)). When the optical property of
HYA while adhering to TCPS was evaluated, high transparency
was observed, with the transmittance of approximately 90%
and the haze value of less than 2%. Although the transparency
decreased with the inclusion of the NPs, Cit/HAp-HYA was
more transparent than HAp-HYA. The transparency of the
membrane is thought to be affected by the arrangement state
of the NPs in the membrane, which would be attributed to the
suppression of light scattering by the spherical shapes of the
Cit/HAp NPs as compared with the case in the rod-shaped HAp
NPs.** Furthermore, the Cit coordination caused electrostatic
repulsion between the NPs,*® which would also inhibit the NP
aggregation to improve the transparency. Fig. S2, ESI{ shows
the XRD patterns of the HYA-Na and Cit/HAp NPs alone and the
membranes. The Cit/HAp NPs were attributed to the HAp single
phase (ICDD No.: 00-009-0432), and the HYA exhibited the
amorphous state. In the membranes, there were diffraction
peaks due to lower crystalline HAp or amorphous calcium
phosphate.?® The crystallite size in the (211) plane containing
the Cit/HAp NPs was 16.3 nm for the powder, 9.6 nm for Cit/
HAp-HYA, 13.6 nm for Cit/HAp-HYA_Et, and 10.9 nm for Cit/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HAp-HYA_Wa, indicating that the crystallite sizes in the mem-
branes were smaller than those in the Cit/HAp NPs alone.> It is
suggested that the NP sizes that can easily penetrate and diffuse
into the polymer mesh spaces (i.e., free space) interact with
HYA during the nanohybrid process. SEM images of the
membrane surface morphologies suggested the inclusion of
the Cit/HAp NPs, implying that the Cit/HAp NPs may influence
the surface and internal states of the nanohybrid membranes
(Fig. S3, ESIT). The EDS elemental mapping and XRF indicated
the presence of Ca and P elements in all the membranes, which
were homogeneously distributed (Fig. S3, ESIt). From XRF, the
weight ratio of (Na+C)/(CatP) was 0.99 for Cit/HAp-HYA,
0.95 for Cit/HAp-HYA_Et and 0.88 for Cit/HAp-HYA_Wa, sug-
gesting that the washing process caused the elution of HYA or
desorption of Cit’’ to reduce the proportion of organic
compounds. The Ca/P molar ratio was about 1.3 for all the
membranes, indicating that the Cit/HAp NPs were in the Ca-
deficient apatite state.*® Therefore, it was suggested that the
hybridized organic compounds were desorbed and eluted to
simultaneously abstract the Ca ion from the Cit/HAp NPs by the
washing process.

AFM topographic and phase-shift images of the membranes
are shown in Fig. 2. The topographic image of the Cit/HAp-HYA
revealed the significant particulate structures with the root
mean square roughness (R;ys) value of 12.6 nm. From the
phase-shift image, rigid NPs were predominantly present on
the membrane surfaces. Thus, the NPs that could not enter into
the free spaces confined by the polymer chains were segregated
on the membrane surfaces, when the polymers and NPs inter-
acted in the solution. The topographic image of Cit/HAp-
HYA_Et clearly shows the polymer microfibril structures with
the R,y value of 29.5 nm. The segregation of the much smaller

Cit/HAp-HYA Cit/HAp-HYA_Et Cit/HAp-HYA_Wa

Topographic image

R, value (nm)

295 i 7.9

Phase-shift image

um]

! Hydrophobic " :
NP Membrane | groups of HYA i Homogeneous hybrid

A Lets

Fig. 2 AFM topographic and phase-shift images of the membranes,
showing their R,mns values and the illustration of the hybridization states.
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substances was also observed, which could be attributed to the
precipitation and segregation of the nanocrystals (e.g., calcium
citrate hydrate, etc.).>® The homogeneous phase-shift images
indicated that the membrane surfaces were predominantly soft
(e.g., polymeric) surfaces. During ethanol washing, the Cit/HAp
NPs would be washed away, and the hydrophobic interactions
between HYA molecules were enhanced to cause aggregation
near the membrane surfaces.*’ In Cit/HAp-HYA_Wa, the topo-
graphic image showed particulate structures with the R, value
of 7.9 nm. The phase-shift image indicated the presence of both
NPs and polymers and the hybridization homogeneously
occurred. By the water-washing process, the swelling of HYA
caused the rearrangement of the NPs to form homogeneous
nanohybrid states.

The different nanostructures of the membranes could be
attributed to the interactions at the inorganic-organic inter-
faces. Thus, the chemical bonding states were analyzed by
FT-IR spectroscopy (Fig. S4, ESIt). HYA-Na exhibited the absorp-
tion bands of amide I (1653 cm™ '), C—=O stretching vibration
(1623 cm™'), amide II (1563 cm™ '), C-O stretching vibration
(1415 ecm™ "), amide III (1379 cm™ "), C-O-C stretching vibration
(1153 em™") and C-OH stretching vibration (1022 cm™") of the
characteristic HYA structures, respectively.**> In the Cit/HAp
NPs, the COO~ symmetric stretching vibration (1585 cm™")
and COO~ asymmetric stretching vibration (1415 em™") were
attributed to Cit, and the P-O stretching vibration (1042 cm ") of
HAp was additionally observed.*>** The characteristic absorp-
tion bands of HYA-Na and Cit/HAp NPs were observed in all the
membranes, suggesting the hybridization. In particular, the
amide I band is thought to be the reaction site of the HYA
molecule,?® and all the membranes showed red-shifts as com-
pared with the case in HYA-Na, and 1641 cm ' for HYA,
1645 cm ' for Cit/HAp-HYA, 1644 cm ' for Cit/HAp-HYA_Et,
and 1640 cm ™ for Cit/HAp-HYA_Wa were observed (Fig. 3(a)). It
was suggested that hydrogen bonding interactions among the
—CONH groups (HYA-Na) or between the -CONH group (HYA-Na)
and the -COO™ group (Cit/HAp NPs) were formed. Accordingly,
the interactions not only between the HYA chains but also
between the chains and the Cit/HAp NPs would cause membrane
formation and hybridization (Fig. 3(c) red-color square). On the
O-H absorption bands related with the hydroxy groups of ~-CH-
OH directly present in the polysaccharide of HYA-Na and water
molecules, the curve fitting and peak separation results of the six
components are shown in Fig. S5, ESL{ The characteristic
absorption bands of the ~-CH-OH stretching vibrations of the
HYA-Na and HYA were blue-shifted by the introduction of the
Cit/HAp NPs (Fig. 3(c) blue-color speech bubble). In the -CH-OH
groups in the HYA molecules, strong associations based on the
intra- and intermolecular hydrogen bonding interactions are
effectively formed, so that it is difficult to contribute to the
blue-shift based on the bonding with the other functional groups
in the membrane formation.

Focusing on the -CH3;0H group, the introduction of NPs
changed the hydration states around the -CH;OH group of
HYA, and reduced the hydrogen bonding properties.*” By
comparing the relative proportions of the hydration layer

Mater. Adv,, 2024, 5,1887-1891 | 1889
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Fig. 3 FT-IR spectra of the membranes with the washing in the measure-
ment region between (a) 1700-1500 cm™?, (b) is the peak separation
results in the region between 3800-2400 cm ™ to show the area percen-
tages, and (c) is the illustration of the interfacial bonding formation process
between the HYA and NPs based on the blue-shift of voy of the end OH
group in HYA.

through the curve fitting and peak separation results, it was
observed that the hydration layer of the HYA tended to decrease
the proportion of the intermediate water molecules and
increase that of the free water and nonfreezing water mole-
cules, as compared to the case in HYA-Na. In HYA-Na, the
intermediate water molecules would cause relatively strong
interactions between the HYA chains and water molecules to
be retained between the HYA chains during the membrane
formation process.*> Furthermore, the proportion of nonfreez-
ing water molecules increased slightly with the introduction of
NPs (Fig. 3(b)), which could be attributed to the coordination of
hydrated molecules of Cit with Ca ions of the NPs, ** suggesting
the successful introduction of NPs into the membranes
(Fig. 3(c) purple-color square). From the TG-DTA analysis, the
weight loss of the hydration layer can be calculated from
the extrapolated ending temperature. Fig. S6, ESI{ shows the
weight losses of 6.5 wt% (Cit/HAp-HYA), 4.1 wt% (Cit/HAp-
HYA_Et), and 6.5 wt% (Cit/HAp-HYA_Wa), respectively, indicat-
ing that the dehydration with ethanol reduced the hydration
content. Furthermore, the curve fitting and peak separation
results for the membranes that were left and exposed to air
for an extended period (ca. five months) by the ATR method
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(Fig. S7, ESIY) increased the proportions of the free and inter-
mediate water molecules in the hydration layer on the membrane
surfaces, as compared to the case in the transmittance measure-
ment. This was attributed to the absorption of more water
molecules from the atmosphere on the surface of the membrane.
Inside the membrane, the Cit-Ca hydrates® including the rigid
nonfreezing water molecules were stabilized through the intro-
duction of NPs, suggesting the interactions between the -CH;OH
groups and NPs via the water in the membranes (Fig. 3(c) blue-
color square). Therefore, the nanohybridization between Cit/HAp
NPs and HYA molecules was mainly attributed to the hydrogen
bonds formed between the -CONH and -CH;OH groups of the
HYA molecules and the -COO™ groups at the end of the NPs.
Furthermore, the introduction and mediation of the water mole-
cules of the Cit/HAp NPs significantly changed the hydration layer
states of the membranes. We successfully prepared a film mold-
ing of the hybrid membrane. In particular, HYA has widely been
used to take advantage of its biological properties.*® Since the
HYA surfaces interact with the cell surface receptors such as
CD44,"” our nanohybrid membranes are expected to be applied
for cell culture substrates and regenerative-assisted materials.

Conclusions

We successfully realized the film molding of a hybrid membrane
using the nanospace (i.e., free space) and functional groups of
HYA at the nanoscales. We found that the Cit/HAp NPs sponta-
neously interacted with the HYA molecules, causing the successful
formation of self-standing and highly transparent nanohybrid
membranes. Chemical interactions (i.e., new hydrogen bonds)
between the Cit/HAp NPs and HYA were found to form the
membranes, leading to a change in the hydration states, which
would be the strong interaction of Cit with water molecules. Our
nanohybrid membranes will be applied for cell culture substrates
and regenerative-assisted materials.
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