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Figure 1. Physicochemical characterization of Zn-free (BL) and Zn-substituted (4ZN and 5ZN) MBG
powders by: (A) SA-XRD; (B) TEM; and (C) N2 adsorption. Inset table: calculated textural properties,
i.e., specific surface area (SBET), volume of pores (VP), and pore diameter (DP).

29Si and 31P solid state MAS NMR measurements were carried out to investigate the environments
of the network formers and network modifiers species at atomic level in the MBGs (Figure 2).
The NMR analysis will be related later with the release of Zn2+ ions in the in vitro assays
with cells. In the Figure, Q2, Q3, and Q4 represent, respectively, the silicon atoms (denoted Si*)
in (NBO)2Si*–(OSi)2, (NBO)Si*–(OSi)3, and Si*(OSi)4 (NBO = nonbonding oxygen) [41], whereas Q0

and Q1, represent respectively the phosphorus atoms (denoted P*) in the PO4
3−species, (NBO)3P*–(OP)

and (NBO)2-P*–(OP)2 (NBO relative to another P atom). The chemical shifts, de-convoluted peak areas,
and silica network connectivity <Qn> for each glass composition are collected in Table 1.

Table 1. Chemical shifts (CS) and relative peak areas of MBGs obtained by 29Si and 31P NMR. Areas of
the Qn units were calculated by Gaussian deconvolution, the relative populations were expressed as %
and the full width at half maximum, FWHM, was also included.

Sample
29Si 31P

Q4 Q3 Q2 Q0 Q1

CS
ppm

Area
(%)

FWHM
ppm

CS
ppm

Area
(%)

FWHM
ppm

CS
ppm

Area
(%)

FWHM
ppm

<Qn>
CS

ppm
Area
(%)

FWHM
ppm

CS
ppm

Area
(%)

FWHM
ppm

BL −112 61.7 8.04 −103 33.8 9.4 −92 4.4 18.5 3.57 1.5 91.2 5.7 −5.3 8.8 13.0
4ZN −112 68 10.6 −102 18.9 6.0 −94 12.9 10.3 3.55 2.0 93.7 7.7 −6.9 6.3 6.1
5ZN −110 75.7 11.8 −103 15.4 4.3 −93.5 8.92 11.6 3.67 2.4 92.9 5.8 −7.5 7.0 7.4
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Figure 2. (A) Solid-state 29Si single-pulse and 31P single-pulse MAS-NMR spectra of BL, 4ZN and
5ZN. Qn unit areas were calculated by Gaussian line-shape deconvolution and displayed in green;
(B) Schematic view of Q2 Zn and Q4 Zn assignments from 29Si MAS NMR.

In the 29Si NMR spectra, the signals at −110 to −112 ppm region were assigned to Q4; at −101
to −103 ppm to Q3; and at −92 ppm to −96 ppm to Q2. The BL sample was characterized by a high
percentage of Q4 and Q3 species, and the network connectivity, <Qn>, calculated for this sample was
3.57. This value is lower than reported for a sol-gel glass with identical composition that was 3.75 [40].
The relatively low values of <Qn> in MBGs is one of their features that can explain the quick in vitro
bioactive response of this family of glasses.

As is observed in the Table, the inclusion of 5.0% ZnO produced an increase of <Qn>, 3.67,
compared with BL whereas in 4ZN a slight decrease, 3.55, was observed. These results were explained
considering that when a 4.0% of ZnO was added, Zn2+ ions behaved as network formers with
tetrahedral coordination [ZnO4] which exhibit negative charge (2−). These tetrahedra attract Ca2+

ions that accordingly behave as charge compensators instead of as network modifiers (Figure 2B).
Regarding 5ZN, the higher percentage of Q4 species in this sample indicates a decrease in the NBO
which supposes a higher contribution of Zn2+ as the network former compared with 4ZN, explaining
the highest value of <Qn> for 5ZN. However, the amounts of ZnO were not high enough to increase
substantially the depolymerisation of network in 4ZN and 5ZN with respect to BL, explaining the
similar values of <Qn> obtained for the three samples (Table 1) that agree with previously reported
for BL and 4ZN [14]. The increasing FWHM was due to a larger distribution of isotropic values of
the chemical shift, with is caused by a decreasing short-range order of the framework structure [42].
The tetrahedral symmetry of the Q4 units in BL sample respect to 4ZN and 5ZN samples indicates an
isotropic structure when no zinc was added to the MBGs. In addition, the crystallinity of Q3 and Q2

were slightly greater when zinc was present in the samples.
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On the other hand, the 31P NMR spectra show a maximum of ≈2 ppm assigned at the Q0

environment of amorphous orthophosphate (Figure 2A) and a second weak signal from −5.2 ppm to
−7.5 ppm when the ZnO % in MBGs increases [43]. This resonance fell in the range of Q1 tetrahedra
and can be assigned to P–O–Si environments as previously reported [44,45]. Thus, P was mainly
present as orthophosphate units but Zn inclusion caused a slight decrease of Q1 units percentage,
and its chemical shift pass from −5.2 ppm for BL to −7.5 ppm for 5ZN, suggesting a partial conversion
of P–O–Si units into P–O–Zn units due to Zn2+ ion acting as a network former with more anisotropic
structure than Q1 of the BL sample. The formation of P–O–Zn was proposed for bioactive melt glasses
where a shift towards lower ppm was detected when the ZnO % in the glass increased [46].

In summary, the characterizations of the MBGs powders has shown the decrease of the order
of mesopores when ZnO in glasses increased. However, the textural properties of ZnO-containing
MBGs remained similar to un-doped MBG (BL) with values of surface area and porosity higher than
conventional sol-gel glasses [47]. Moreover, the NMR results allowed for understanding the release of
Zn2+ ions during the in vitro assays with cells.

3.2. Textural Properties of MBG Disks

As previously mentioned, the disks used for the in vitro tests were obtained by compacting the
powders at 5 MPa, then it was necessary to characterize the MBG disks by nitrogen adsorption
to evaluate the textural properties after the processing. As observed in the top-left of Figure 3,
the isotherms showed identical features to the MBG powders shown in Figure 1C. Moreover, at the
top-right of Figure 3, the corresponding pore size distributions are shown.

Figure 3. N2 adsorption-desorption isotherms (left) and pore size distribution (right) of BL, 4ZN,
and 5ZN disks before (upper panels) and after (lower panels) being loaded with osteostatin.

Table 2 allows for the comparison of the textural properties of MBG powders and disks. As it is
observed, the disks exhibited moderate decreases of the textural properties compared with the

58



Nanomaterials 2018, 8, 592

corresponding powders. Thus, SBET values, between 372 and 340 m2/g in powders, decreased to
values in the range 287–280 m2/g in the disks, and the pore volume decreased from 0.47–0.38 cm3/g
to 0.38–0.22 cm3/g. Therefore, textural propertied of disks remained high enough to host osteostatin
molecules. The textural properties of disks after being loaded with osteostatin are also included
in Table 2. As is observed, additional decreases of the specific surface area and pore volume were
detected, confirming the loading of the osteostatin into the MBGs. Finally, the composition of disks
was determined by EDX obtaining the values shown at the right of the Table 2. These values showed
a good agreement with the nominal composition of the glasses included between brackets in the table.

Table 2. Textural properties of the glasses as powders, disks, and disks loaded with osteostatin.
(SBET: specific surface area; VT: pore volume; DP: pore diameter). On the right, experimental
compositions of samples determined by EDX and nominal compositions indicated between brackets
are given.

Powders Disks Disks + Osteostatin Composition (EDX) Atomic %

SBET

(m2/g)
VT

(m3/g)
DP

(nm)
SBET

(m2/g)
VT

(m3/g)
DP

(nm)
SBET

(m2/g)
VT

(m3/g)
DP

(nm)
SiO2 CaO P2O5 ZnO

BL 372 0.47 4.7 287 0.38 4.7 244 0.32 4.6 77.0
(80)

6.1
(5)

16.8
(15) –

4ZN 352 0.38 4.2 280 0.30 3.7 221 0.24 3.6 74.3
(77)

7.0
(4.8)

14.3
(14.4)

4.2
(4)

5ZN 340 0.39 4.3 285 0.22 3.3 208 0.17 3.1 68.1
(76)

9.2
(4.8)

17.3
(14.3)

5.3
(5)

3.3. Uptake and Release of Osteostatin

After soaking the MBG disks in a 100 nM solution of osteostatin in PBS for 24 h, the mean uptake of
the peptide was 63% (BL), 70% (4ZN), and 71% (5ZN) (Figure 4A), equivalent to 0.8, 0.9 and 0.95 μg/g
per disk, respectively.

On the other hand, the osteostatin released from the loaded disks to the medium after 1 h was
73% (BL), 67% (4ZN), and 68% (5ZN). After 24 h, it was 95% (BL) or 90% (4ZN and 5 ZN) and it was
virtually 100% for the three MGBs at 96 h (Figure 4B). It is pertinent to mention here that minimum
amounts of this peptide (even in the sub-nM range) were efficient to induce osteogenic activity [26–28].

As previously told, the effect of loading osteostatin in the textural properties of disks was
determined. Figure 3 includes the N2 adsorption isotherms (bottom-left) and pore size distributions
(bottom-right) of osteostatin-loaded disks. As is observed in Table 2, a slight decrease in the surface
area and porosity was observed in the MBG disks as a consequence of osteostatin loading. These
results suggest that a part of the peptide loading took place inside the pores, but without affecting the
ordering of the mesopore channels.

If we assume that the release mechanism of osteostatin was diffusion through the mesopores
and considering the low solubility of the glasses at the medium pH (7.4), the peptide release could be
described by a deviation from the theoretical first-order behaviour of the Noyes–Whitney equations as
described by Equation (1) [48,49]:

Wt/W0 =A(1 − expk
1
·t) (1)

where Wt stands for the peptide mass released at time t; W0 represents the maximum initial mass
of the peptide inside the pores; A is the maximum amount of peptide released; and k1 is the release
rate constant, which is independent of peptide concentration and gives information about the solvent
accessibility and the diffusion coefficient through mesoporous channels.

This model was successfully applied for the release of different drugs from insoluble mesoporous
matrices with a similar structure [48]. According to this model, peptide release is faster within the first
24 h, reaching a stationary phase after 48 h. This deviation could be due to several factors, such as
the peptide volume, the distortion of the mesopore channels, and/or the release of peptide molecules
adsorbed on the external surface of the matrices.
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Figure 4. Osteostatin uptake at 24 h (A), and its release profiles measured at different times for BL,
4ZN, and 5ZN disks (B). Points tracing the curve are the means of three experiments.

This divergence has been dealt with by the introduction of an empirical non-ideality factor δ in
Equation (2) [50]:

Wt/W0 = A(1 − expk
1
·t)δ (2)

The values of this non-ideality factor δ range from 1–0 for materials that either follow first-order
kinetics or initially release the peptide molecules located on the external surface of the matrices.
The obtained data were fitted using this semi-empirical first-order model, and the release parameters
are shown in Table 3. According to this model, δ gives an idea of the degree of fidelity of this
approximation. In all tested MBG matrices, the δ value was low and similar, indicating that a relatively
large percentage of osteostatin molecules released from the external surface of the MBGs. Moreover,
the percentage of osteostatin released was maximal, indicating virtually no osteostatin long retention
by all these MBGs.

Table 3. Kinetic parameters of osteostatin release from BL, 4ZN, and 5ZN materials. (w0: initial loaded
mass: μg ost/g MBG; A: maximum amount of peptide released; k1: release rate constant; δ: kinetic
non-ideality factor; R: goodness of fit.

W0 (g/g) A (%) k1(*103) (h−1) R

BL 0.80 99.3 ± 3.3 37.7 ± 3 0.14 ± 0.04 0.996
4ZN 0.90 99.7 ± 3.9 31.5 ± 3 0.13 ± 0.04 0.998
5ZN 0.95 99.6 ± 3.9 31.5 ± 4 0.12 ± 0.07 0.996
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3.4. In Vitro Bioactivity Assay

The different MBG disks before and after soaking in SBF for different times were characterized by
FTIR. This is a very sensible technique for detecting the formation of amorphous calcium phosphate
(ACP) and HCA by evaluating the region of the spectra at around 600 cm−1. The presence of a band in
this region is characteristic of ACP, and the split of this band in bands at 560 and 603 cm−1 is indicative
of phosphate in a crystalline environment like the one in nano-HCA [51].

As observed in Figure 5, the behaviour of BL in SBF was different from that of 4ZN and 5ZN.
Thus, for the Zn-free MBG, the band at 600 cm−1 was visible at 6 h of incubation, and the bands of HCA
were already detected at 1 day. For longer times, like 3 days, the FTIR spectra did not suffer additional
changes. However, for 4ZN and 5ZN only the band of ACP was observed after 7 days of treatment
and the two bands of HCA were not detected even for soaking days as long as 21 days. These results
had already been described for bioactive MBGs to which the ZnO additions impeded the formation of
HCA in regular SBF (osteostatin-free) [39]. This result was thought to be a consequence of the initial
formation of amorphous calcium zinc phosphate, unable to crystallize as HCA. However, in the present
study we demonstrated that, although the impregnation of MBGs with 100 nM osteostatin solution
exerted a remarkable effect in the MBGs’ behaviour in the presence of cells (see the next sections),
osteostatin was not found to affect the in vitro formation of ACP or HCA on the tested glasses in SBF.

Figure 5. FTIR spectra of BL, 4ZN, and 5ZN after different times in SBF with 100 nM of osteostatin.
The ellipse highlights the bands of phosphate in a crystalline environment.
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SEM analysis confirmed the FTIR results. Thus, Figure 6 shows the SEM micrographs of BL,
4ZN, and 5ZN before and after being soaked for 7 days in SBF. As is observed, after this time only BL
appeared coated by a layer of spherical particles with the characteristic morphology of bone-like HCA.
This morphology was developed from the initially formed flocculent shape of ACP. In contrast, for 4ZN
and 5ZN disks, no HCA layer was found after 7 days immersed in SBF, although a new material was
observed on the 4ZN surface. However, the high intensity of the calcium and phosphorous peaks in the
EDX spectra of BL, compared to the other samples, supports the interpretation that HCA preferentially
showed up on the BL sample. These results were analogous to those reported for Zn-containing MBGs
performed in pure SBF showing the inhibitory effect of Zn2+ ions in the HCA crystallization [39]. In the
present study, we obtained the identical results demonstrating the null effect of osteostatin additions
in the assays in the acellular SBF, in spite of the important effect that exerts in the presence of cells as it
will be described in the following sections.

 

Figure 6. SEM micrographs and EDX spectra of BL, 4ZN, and 5ZN MBG disks, before and after being
soaked for 7 days in SBF.

3.5. Degradability of Disks in Complete Medium

To better understand the MBGs cytocompatibility, the release of calcium, phosphorus, and zinc
ions from osteostatin-loaded disks after being soaked for 130 h in a complete medium were measured.
As it is shown in Figure 7, in BL, calcium and phosphorous concentrations in solution were slightly less
than in 4ZN and 5ZN, which can be explained by the HCA layer formed on BL as it was mentioned in
the previous section. This variation fit well with the formation of ACP during this interval. Moreover,
the Zn concentration in Zn-substituted scaffolds increased until day 5 in both 4ZN and 5ZN disks,
reaching a value of 4.6 and 5.3 ppm, respectively; this is consistent with the slightly higher network
polymerization of 5ZN material compared to 4ZN, thus releasing less amount of Zn2+ to the medium.

3.6. Cell Culture Studies

We next examined and compared the osteogenic activity conferred by Zn2+ and osteostatin to
these MBGs using MC3T3-E1 pre-osteoblastic cell cultures. We first showed that cell numbers onto the
disk’s surface at 10 h of culture was increased in both 4ZN and 5ZN materials loaded with osteostatin
(Figure 8A). At day 5 of cell culture, the cellular morphology was not modified by any tested material
(Figure 8B). Consistent with this result, although Zn2+ in these MBGs failed to affect cell number,
the presence of osteostatin in both 4ZN and 5ZN materials increased this parameter significantly after
5 days of culture (Figure 9A,B). This pattern of bioactivity matched the amount of Zn2+ released to the
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surrounding medium (Figure 7). Thus, although osteostatin loaded into BL disks exhibited a tendency
(but not significant) to increase cell viability (Figure 9A,B), this was only clearly displayed with the
peptide-coated 4ZN and 5ZN glasses. None of the tested materials induced significant cell death
(about 1%), assessed by Trypan blue exclusion, in these cell cultures (data not shown).

Figure 7. Evolution of cumulative calcium, phosphorus, and zinc content of osteostatin-loaded disks
as a function of time in a complete medium.

Figure 8. MC3T3-E1 cell number onto BL, 4ZN, and 5ZN disks measured at 10 h of cell culture.
(A) Results are means ± SEM of three measurements in triplicate (* p < 0.05) vs. the corresponding
unloaded disks. Absorbance was measured at 490 nm, directly proportional to the number of living
adherent cells. Cell morphology evaluation performed by light microscopy onto BL, 4ZN, and 5ZN
disks at day 5 of cell culture; (B) Cells were stained with DAPI (blue) for the visualization of the cell
nuclei and phalloidin-565 (red) for the visualization of cytoplasmic F-actin filaments.
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Figure 9. MC3T3-E1 cell number measured by CellTiter 96® AQueous assay in the presence of BL,
4ZN, and 5ZN disks, loaded or not with 100 nM osteostatin, after 2 days (A) and 5 days (B) of culture.
Absorbance was measured at 490 nm, directly proportional to the number of living cells. Runx2 mRNA
levels measured by real-time PCR (C), ALP activity (D), and matrix mineralization measured by
Alizarin red staining (E) in MC3T3-E1 cells in the presence of these materials at 5 days (C,D) and
12 days (E) of culture. For mineralization studies, absorbance was measured at 620 nm. Results are
means ± SEM of three measurements in triplicate (* p < 0.05) vs. corresponding unloaded disks.
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We next evaluated the capacity of these MBGs to affect osteoblastic cell differentiation.
The expression of the early osteoblast differentiation marker Runx2 was increased by the presence
of osteostatin in each type of MBG disks at day 5 of MC3T3-E1 cell culture (Figure 9C). Moreover,
while 4ZN or 5ZN disks had minimal effect on ALP activity or matrix mineralization in these cells,
coating with osteostatin increased these differentiation parameters, mainly in the 4ZN material
(Figure 9D,E).

In summary, in vitro studies demonstrated that MBG disks could be loaded with osteostatin,
which was mostly released in 24 h. Osteostatin improved the cytocompatibility of Zn-containing MBGs
by enhancing osteoblastic proliferation and differentiation without affecting their HCA formation
capability. Further studies in vitro and in vivo are needed to elucidate the optimum material,
using porous 3-D scaffolds of these MBGs, for bone tissue engineering applications.

4. Conclusions

The results obtained in this study provide a novel and interesting insight in the field of bioactive
glasses for bone regeneration. MBG disks containing 4 or 5% ZnO and decorated with osteostatin
were shown to improve osteoblastic cell number as well as osteoblast differentiation capacity. For the
first time, osteostatin was demonstrated to enhance the in vitro osteogenic capacity of Zn2+-enriched
materials, suggesting the potential of this approach in bone tissue engineering applications.
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Abstract: Aim: The aim of this study was to investigate the selected properties of zinc oxide-
polymethyl methacrylate (ZnO-PMMA) nanocomposites that can influence the microorganism
deposition on their surface. Materials and Methods: Non-commercial ZnO-NPs were prepared,
characterized and used for the preparation of PMMA nanocomposite. Roughness, absorbability,
contact angle and hardness of this new nanomaterial were evaluated. PMMA without ZnO-NPs
served as control. Outcomes: Compared to unenriched PMMA, incorporation of ZnO-NPs to 7.5% for
PMMA nanocomposite increases the hardness (by 5.92%) and the hydrophilicity. After modification
of the material with zinc oxide nanoparticles the roughness parameter did not change. All tested
materials showed absorption within the range of 1.82 to 2.03%, which meets the requirements
of International Organization for Standardization (ISO) standards for denture base polymers.
Conclusions: The results showed no significant deterioration in the properties of acrylic resin that
could disqualify the nanocomposite for clinical use. Increased hydrophilicity and hardness with
absorbability within the normal range can explain the reduced microorganism growth on the denture
base, as has been proven in a previous study.

Keywords: denture stomatitis; polymethyl methacrylate; zinc oxide nanoparticles; Candida albicans

1. Introduction

With the aging of the population, the demand for prosthetic treatment in the stomatognathic
system is growing [1]. In toothlessness or multiple teeth deficiencies, removable appliances with an
extensive base are still the most common prosthetic solution. The force released in the act of chewing is
completely passed by the prosthesis base onto the mucous membrane, the periosteum and bone. This
creates the need for taking over by mucosa non-physiological functions, which results in its impaired
physiology and increased susceptibility to infection. From the clinical point of view, polymethyl
methacrylate (PMMA) has acceptable mechanical properties, nevertheless attempts have still been
made to modify the material so that it would become resistant to microbial adhesion.
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Some very promising nanoparticles (NPs) that can be used to modify the biomaterial for
denture bases are zinc oxide (ZnO) NPs. Zinc oxide is a multi-functional material being a II-VI
semiconductor [2]. Properties such as wide band gap (~3.37 eV) or high exciton binding energy
(~60 meV) make it an attractive material for electronics and optoelectronics [3,4]. Selective doping of
ZnO (NPs, alloys) with ions, for example, Cd2+, Co2+, Mn2+ permits changing its optical, magnetic and
antibacterial properties, conductivity and photoluminescence [5–8]. The development of methods for
obtaining nano-ZnO with a controlled shape and size enabled the commencement of research on the
use of ZnO nanomaterials for the production of solar cells, gas sensors, switching memory devices and
for water filtration [9]. In industry, ZnO is widely used as an ingredient of rubber, pigments, cements,
plastics, sealants and paints. It is a component of pharmaceutical formulations and cosmetics, for
example, baby powders, toothpastes and tooth dressings, sunscreens and skin protection balms. The
advantages of ZnO-NPs application as a ultraviolet (UV) absorber in the field of personal hygiene and
sun protection include long-term protection, broadband protection (UVA and UVB) and non-whitening
effect on the skin [9–11]. It is also used in deodorants, medical and sanitary materials, glass, ceramic
and self-cleaning materials [10,11]. The antibacterial and antifungal activity of ZnO-NPs was the major
rationale for commencing in 2014 the research on dentures modified by ZnO-NPs, which are supposed
to ultimately be characterized by antifungal properties [12,13]. At present, this issue has gained a
growing interest among the scientist around the world and has already been investigated by several
research groups [14–20].

The intention of our research group was to create new biomaterial for denture bases that
could impede the adhesion of microorganisms to their surface, thereby decreasing development
of denture stomatitis. It is of great importance for patients with immune system deficiencies
(e.g., immunotherapy, AIDS, old age) where local fungal inflammation can lead to pneumonia
or systemic fungemia endangering the patient’s life [21]. To achieve this goal, the modification
of polymethyl methacrylate with zinc oxide nanoparticles was performed. The first article in a
series [12] about new ZnO-PMMA nanocomposites presented the characteristics of ZnO-NPs (mean
particle size, density, specific surface area). The minimal inhibitory concentration for standard strain
of Candida albicans was determined at the level of 0.75 mg/mL. There, the process of performing
nanocomposite was also described and the encountered difficulties presented in uniform distribution of
ZnO-NPs in polymer matrix. Nevertheless, the sonication process decreased ZnO-NPs conglomerates,
providing more favourable conditions for more homogenic material. Moreover, the SEM taken
scans at a magnification of 50 k × confirmed that the material also contained particles smaller than
100 nm meeting the conditions required for nanomaterials. To our best knowledge this was the
first successful attempt to produce PMMA resin for bases of dentures modified with nanoparticles
of zinc oxide. The second publication [13] discussed the anti-fungal properties of newly formed
biomaterial. These studies evidenced the antifungal activity of PMMA-ZnO nanocomposites. The
study of the biofilm deposition on the surface showed that antifungal properties increase with
increasing concentration of ZnO-NPs. A 7.5% nanocomposite revealed the lowest total amount
of Candida, a 4.6-fold lower than in PMMA without modification. The (2,3-Bis-(2-Methoxy-4-Nitro-
5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide)(XTT) assay, in conjunction with testing the turbidity
of solutions, may indicate the mechanism by which ZnO-NPs exert their effect on the increased
induction of antioxidative stress in microorganism cells. The increased production of reactive oxygen
species (ROS) can cause fungicidal action. The aim of this study was to investigate selected properties
of nanocomposites, which can influence the microorganism deposition on their surface and better
explain the results of the previous publication [13].

The basic property decreasing the deposition of food debris is the smoothness of the surface
expressed by its roughness. A smaller expansion of the surface results in a reduced number of natural
niches for C. albicans, which considerably hampers the formation of the fungal biofilm structure [22].
The hardness of the material does not directly affect the deposition of pathogens but becomes an
exponent of the resistance supplement to mechanical damage [23]. It occurs during the act of chewing
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but also during the performance of denture hygiene especially when the patient, against medical
advice, uses a substance with a high abrasion index. This can lead to the microdamage of prostheses
and thereby increases the roughness parameter.

Another property that affects the deposition of microorganisms is hydrophobic or hydrophilic
nature of the surface. With the increase in hydrophilic property the biofilm formation is reduced [24,25].
It is believed that the hydrophilic material interferes with the initial phase of microbial adhesion based
on electrostatic interactions, Van der Waals forces and hydrogen interactions. Candida species have
a very strong affinity to the surface of the acrylic base due to its specific nature but also because of
its hydrophobic properties. In the cell wall of Candida there are adhesins, mainly mannoproteins,
responsible for adhesion to host cells. Formosa et al. [26] have shown that depending on the conditions
fungal cells can produce adhesins on their surface. Then they change the conformation of structures
known as nanodomains, exhibiting hydrophobic properties and giving fungi affinity to all hydrophobic,
abiotic surfaces, including acrylic resin material.

Absorbability of the material is also its negative feature. In the first stage of denture use the
material absorbs fluids from the oral cavity to its interior. This results in an increase in weight of the
material, which does not significantly affect the retention and function of the prosthesis but the liquid
absorbed into the interior comprises microorganisms present in the saliva making formation of the
fungal biofilm possible [27]. However, some authors [28] do not notice the correlation between the
sorption of water and ease of accumulation of microorganisms. The PMMA porosity, regarded as one
of the major causes of the biofilm formation, seems to be of minor importance. Studies conducted
by Osica et al. [29] on the basis of computed tomography revealed an average porosity of PMMA at
0.01%. However, it should be remembered that this parameter varies over time, depending on the
length of the prosthesis use and at a later stage it can play a role in the deposition of microorganisms.
The process of biofilm formation and the mechanisms responsible for this process are multi-faceted
and are the subject of interest to scientists all around the world. In previous articles, we characterized
new material [12] and described antifungal properties of ZnO-PMMA nanocomposite [13]. The aim of
this study was to investigate selected properties of ZnO-PMMA nanocomposites which can influence
the microorganism deposition on their surface.

2. Materials and Methods

2.1. Synthesis and Characteristics of ZnO-NPs

ZnO-NPs were obtained using our microwave solvothermal synthesis method that permits
a precise size control of the formed ZnO-NPs [12,13,30–33]. This method is characterized by
the repeatability and reproducibility of properties of the synthesised ZnO-NPs. The following
characteristics were defined for the obtained nanoparticles: morphology, skeleton density, specific
surface area (SSA), phase purity and average particle size. The test procedures and the analysers
employed in the characterization of ZnO-NPs used in this study were described extensively in our
earlier publications [12,31,33]. The obtained powder had the following parameters: skeleton density
5.24 ± 0.05 g/cm3, specific surface area 39 ± 1 m2/g, average particle size (from SSA) 30 ± 0.1,
average crystallite size (from Scherrer’s formula) 22–25 nm. ZnO-NPs were composed of single
spherical crystallites. The ZnO powder contained only the hexagonal phase of ZnO (JCPDS card
No. 36-1451 [30]).

2.2. Nanocomposite Preparation

A procedure of ZnO-PMMA nanocomposite preparation was described in a previously published
article [12]. The main steps are described below. A thermally polymerized PMMA resin Superacryl
Plus (Spofa Dental, Jiczyn, Czech Republic) was used to manufacture the samples. The recommended
mixing ratio was 22 g of powder polymer and 10 mL of liquid monomer, which represents a volume
ratio of 3:1. The appropriate amount of solvothermal zinc oxide nanopowder was suspended in
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liquid monomer of PMMA resin. The mixture was shaken in a Vortex VX-200 shaker (Labnet, Edison,
NJ, USA) for 10 min and additionally sonicated for 240 s using an Elmasonic S 10/(H) (30 W, Elma
Schmidbauer GmbH, Singen, Germany). Then a calculated amount of PMMA resin powder was added,
so that the final 2.5%, 5% and 7.5% mass concentration of ZnO-NPs could be obtained. PMMA resin
without ZnO-NPs was used as the control group.

In all the studies described below 3 types of nanocomposites (2.5%, 5% and 7.5%) were used and
pure PMMA served as the control group.

2.3. Roughness Assay

The surface roughness was examined using a stylus profiler Dektak XT (Bruker, Billerica, MA,
USA). Linear and aerial measurements were made. The former measures were taken in a single line
and the latter measures in the area of the sample surface. Linear scans, 5 mm long, were taken step by
step every 1 mm for both reference and modified samples. Moreover, topography of nanocomposites
surface was imaged by colour three-dimensional (3D) laser microscope (VK-9700K, Keyence, Osaka,
Japan). The surface area with dimensions of 1416 × 1000 μm was pictured. Examination was performed
on 22 samples for each group of material. The data were evaluated for normal distribution using the
Kolmogorov-Smirnov assay. Then after checking the homogeneity of variance (Brown-Forsythe assay)
one test either Student’s t-test for independent samples (1) or Cochran Cox with separate variance
estimate test (2) was performed. The level of significance was established at a p-value = 0.05. All data
were computed using the Statistica 10.0 program (StatSoft Inc., Tulsa, OK, USA).

2.4. Contact Angle Assay

The hydrophobic/hydrophilic nature of the material before and after modification was determined
by the contact angle. The value of the contact angle θ was determined by measuring the angle
between the tested flat surface and the tangent created by a drop of liquid bordering with that body.
Measurements were made at room temperature using a goniometer type ContactAngle® system (OCA
DeltaPhysics, Filderstadt, Germany). As a measuring liquid, distilled water was used. The drop
volume measurement was 1 mL, dosing rate was equal to 2 mL/s. Examination was performed on
46 samples for each group of material. The data were evaluated for normal distribution using the
Kolmogorov-Smirnov test. Then after checking the homogeneity of variance (Brown-Forsythe and
Levene assays) one of the tests: t-Student for independent samples (1) or Cochran Cox with separate
variance estimate test (2) was performed. The level of significance was established at a p-value = 0.05.
All data were computed using the Statistica 10.0 program (StatSoft Inc., Tulsa, OK, USA).

2.5. Absorbability Assay

The measurement method for the water absorbency was elaborated based on standard procedure
described in ISO 62:2008. To measure the water adsorption the samples with diameter of 20 mm ×
20 mm × 2 mm were placed in liquid medium in a closed container. The chosen solution to perform this
study was Fusayama’s artificial saliva, which mimics the oral environment. The Fusayama artificial
saliva was prepared with the following composition: 0.2 g NaCl, 0.2 g KCl, 0.453 g CaCl2·2H2O,
0.345 g NaH2PO4·2H2O, 0.0025 g Na2S·9H2O, 0.5 g urea in 1000 mL of deionized water (pH 7).
All chemicals were of analytical grade and used without further purification. All solutions were
prepared with Milli Q water purified in the Millipore system. The samples were incubated at a human
body temperature (37 ◦C). Subsequently, the samples weight changes were measured at a certain
period of time (after 3, 5 and 7 weeks) utilizing a digital balance after slightly drying with a paper
towel. Examination was performed on 24 samples for each group of material. The data were evaluated
for normal distribution using the Kolmogorov-Smirnov test. Then after checking the homogeneity of
variance (Brown-Forsythe and Levene assays) one of the tests: t-Student for independent samples (1)
or Cochran Cox with separate variance estimate test (2) was performed. The level of significance was
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established at a p-value = 0.05. All data were computed using the Statistica 12.0 program (StatSoft Inc.,
Tulsa, OK, USA).

2.6. Hardness Assay

The hardness was examined according to ISO 868:2003 standard using a Shore durometer with
scale D which is appropriate for the measurement of semi-rigid and hard plastics materials. The
hardened steel rod configured as a needle pin (30◦ cone) under an applied force penetrates into the
material and the depth of penetration is measured on a scale of 0 to 100. A given force of 44.64 N was
applied in a consistent manner for a required period of time (15 s). All measurements were performed
at room temperature. Examination was performed on 30 samples for each group of material. The data
were evaluated for normal distribution using two independent assays, the Kolmogorov-Smirnov and
Shapiro-Wilk tests. Then after checking the homogeneity of variance (Brown-Forsythe and Levene
assays) one of the tests: t-Student for independent samples (1) or Cochran Cox with separate variance
estimate test (2) was performed. The level of significance was established at a p-value = 0.05. All data
were computed using the Statistica 12.0 program (StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Roughness Assay

The study of the roughness of acrylic samples modified by the addition of ZnO-NPs are illustrated
in box plot (Figure 1). The Ra parameter for control group was 3.99 μm with SD = 1.25. The results
for 2.5%, 5% and 7.5% nanocomposites were: 3.70 μm (SD = 0.75); 3.46 μm (SD = 0.91) and 3.80 μm
(SD = 0.93), respectively. Statistically significant differences were observed neither between 2.5%, 5%
and 7.5% nanocomposites nor between nanocomposites and the control group. The three-dimensional
surface imaging was obtained by 3D laser scans (Figure 2). The typical surface topography of the
nanocomposites and pure PMMA was similar, characterized by large and deep grooves that were
formed during the sample manufacture process. Depending on the content of ZnO nanopowder in
nanocomposites a slight difference in surface smoothness could be observed (Figure 3), nevertheless it
is not noticeable for roughness parameter measured on a micrometre scale.

There have been many studies showing positive correlation between the surface roughness
and deposition of pathogenic microorganisms on the material’s surface [22,34,35]. The larger the
development of the surface and the larger number of natural niches for microorganisms, the greater
the potential for the deposition of C. albicans. These studies demonstrated neither positive nor negative
effect of the addition of zinc oxide nanoparticles on the roughness parameter. The results are in line
with the research carried out by Li et al. [36] who also found no statistically significant differences
between PMMA and Ag-PMMA nanocomposite. The surface roughness of the samples averaged
several micrometres, therefore, it seems unlikely that the additive particles in the nanometre scale could
significantly affect the above parameter. Our study shows, however, that even in the same sample,
wherein the average roughness is approximately 3 microns, the areas of high surface heterogeneity
can be found (Figures 2 and 3). Most likely, this is due to the manufacturing process of the prosthesis
and the fact that it reflects of mucosal surface with all anatomic details (palatal folds or small salivary
glands). It should be emphasized that the inner surface is not subjected to the polishing process. The
prosthesis production procedure itself is not without significance, where the material is polymerized
in gypsum form and can penetrate into the micropores of gypsum. Therefore, it is essential to use
gypsum of high quality, adequate hardness and mixed in suitable proportions and even foil models to
ensure acceptable smoothness of surface retaining all anatomical details. The roughness of the material
is one of the key parameters affecting the deposition of microorganisms on the surface of PMMA and
after modification of the material with zinc oxide nanoparticles this parameter does not change.
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Figure 1. Box plot of the roughness of nanocomposites.

 

Figure 2. Surface topography of zinc oxide/polymethyl methacrylate (ZnO/PMMA) nanocomposites,
the representative 3D laser microscope images (top) and optical laser-enhanced images of surfaces
(bottom). The scale bar (white) refers to 400 μm and it is applicable to all images.
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Figure 3. Optical laser-enhanced microscope images of the surfaces of ZnO/PMMA nanocomposites
and pure PMMA for comparison. The scale bar (white) refers to 500 μm and it is applicable to all
images. The red arrows mark the examples of surface cavities.

3.2. Contact Angle Assay

The results of contact angle measurements are illustrated in a box plot (Figure 4). In all cases
of nanocomposites, a statistically significant decrease in the value of the contact angle was observed
compared to the control group. The contact angle parameter for the control group was 98.23 with
SD = 7.85. Results for 2.5%, 5% and 7.5% nanocomposites were 86.67 (SD = 5.97); 86.36 (SD = 5.42)
and 80.97 (SD = 6.03), respectively. No statistically significant differences between the 2.5% and
5% composites were observed, while in 7.5% nanocomposite the decline was at the level of 17.58%
compared to the control group. This demonstrates the increased surface hydrophilicity after the
addition of ZnO-NPs.

Hydrophobicity or hydrophilicity of materials is assessed on the basis of the contact angle
measurement. The larger the angle between the biomaterial surface and liquid drops, the greater
the hydrophobic properties exhibited by the biomaterial. The mechanism of microbial adhesion
to the prosthesis base consists of two successive phases [37]. One reversible and non-specific
uses, among others, electrostatic interaction and van der Waals forces. The other involves specific
interactions between the adhesins present in the cell walls of microorganisms and the stereochemically
complementar particles on the acrylic plate. Candida cells have on their surface hydrophobic
polysaccharides, such as mannan or galactomannan, which interact not only with the epithelial
mucosa but also with the surface of biomaterials [38]. In further stages of the biofilm formation the
interactions between different species of microorganisms begin to play a greater role followed by a
rapid growth of C. albicans. It has been shown that increasing hydrophilicity of the material hinders the
process of microbial deposition [24,25]. Our present study shows that increasing amounts of ZnO-NPs
in particular nanocomposites result in an increase in hydrophilic properties of the material. The
interaction between water and ZnO nanoparticles leads to both molecular and dissociative adsorption
of H2O forming a number of polar interactions and thus hydrophilic hydroxyl (–OH) species on the
surface of particles [39]. The nanoparticles incorporated into the polymer matrix has a significant
impact on the surface chemistry of the resulted nanocomposite, increasing its hydrophilicity. Therefore,
original hydrophobic interactions between microorganisms and the denture base may be weakened.
This finding has clinical implications, because the reduction of the adhesion of the first colonizing
microorganisms can disrupt the formation of biofilm already in its initial phase and thus serve as a
prophylactic agent for possible inflammation of the prosthetic base.
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Figure 4. Box plot of the contact angle of nanocomposites.

3.3. Absorbability Assay

The study of the absorbability of acrylic samples modified by the addition of ZnO-NPs after
3 weeks of incubation are illustrated in the box plot (Figure 5). No statistically significant differences
were observed between the 2.5% or 5% nanocomposite and the control group, however the examination
revealed statistically significant differences between the 7.5% nanocomposite compared to pure PMMA.
All the results were within the range of 1.82–2.03%, which meets the requirements of ISO 20795-1:2013
Dentistry—Base polymers—Part 1: Denture base polymers norm. The lowest result was obtained
in 7.5% nanocomposite and it was over 10% lower compared to control. Changes in absorption of
examined materials, observed in two consecutive series, were small and after 7 weeks of incubation
amounted from 0.13% for 2.5% nanocomposite to 0.01% for 5% nanocomposite (Figure 6). Finally, after
7 weeks the absorbability for the control group was 2.05% with SD = 0.08. The results for 2.5%, 5% and
7.5% nanocomposites were: 2.18% (SD = 0.07); 2.07 (SD = 0.09) and 1.90 (SD = 0.15), respectively.

Absorbability of materials specifies their possible absorption of liquids with suspended organic
and inorganic components. In the oral environment, these components may include food debris
and micro-organisms present in the saliva biocenosis. The higher the absorption, the higher the
risk of colonization of biomaterial structures by pathogenic microorganisms and also the higher the
probability of faster and less favourable changes in the colour and fragrance of the test material [27].
Water absorption by weight for acrylic resin used as denture bases averages 2% [40]. All tested
materials showed absorption within the range of 1.82 to 2.03%, which meets the requirements of ISO
20795-1,2013 Dentistry—Base polymers—Part 1, Denture base polymers. The highest water sorption
occurs during the first 3 weeks of incubation, update every 4 months was a maximum of 0.13%. The
lowest water absorption was recorded for 7.5% nanocomposite (10% lower compared to the pure
PMMA), which may contribute to the reduced colonization of microbes. Therefore, it could be expected
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that the base plate made of the above-mentioned biomaterial might be able to survive longer in the
mouth, without changes in colour and smell.

Figure 5. Box plot of the absorbability of nanocomposites after 3 weeks.

Figure 6. Changes in absorbability of materials after 3, 5 and 7 weeks.
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3.4. Hardness Assay

The study of the hardness of acrylic samples modified by the addition of ZnO-NPs are illustrated
in the box plot (Figure 7). The determined hardness for the control group was 86.1◦ ShD with SD = 1.92.
The results for 2.5%, 5% and 7.5% nanocomposites were 86.2◦ ShD (SD = 2.29); 88.7◦ ShD (SD = 1.31) and
91.2◦ ShD (SD = 1.56), respectively. No statistically significant differences were observed between the
2.5% nanocomposite and the control group, however the examination revealed statistically significant
differences between 5% and 7.5% nanocomposites compared to pure PMMA. Moreover, the highest
result was obtained for 7.5% nanocomposite and it was over 5.9% higher compared to control.

Figure 7. Box plot of the hardness of nanocomposites.

The hardness of the material is not directly linked with the deposition of fungal biofilm on the
nanocomposite surface. Nevertheless, a possible use of this biomaterial as a dental prosthesis and
the prevailing conditions in the oral cavity in which it will be used should be taken into account.
It is essential to subject the denture to hygiene treatment after each meal to initiate the effect of
mechanical and chemical stimuli. Patients, often against the doctor’s advice, use for denture cleaning
a toothpaste with a high abrasion index containing unfavourable for PMMA abrasives that may
scratch the surface of the denture. Any damage to denture, such as micro-scratches and cracks,
caused during hygiene procedures or during chewing, may be natural niches for living microbes,
including the most frequently isolated C. albicans in denture stomatitis. The hardness of the material
can thus be the exponent of the prosthesis wear resistance capability [41]. According to theoretical
considerations the addition of inorganic nanofiller particles to the polymer matrix increases the
hardness of the material [42]. The results of this study show that the incorporation of ZnO-NPs to
PMMA for 7.5% nanocomposite increases the hardness by 5.92% and this is a statistically significant
difference. The revealed increase may hinder the formation of scratches and microcracks on the
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surface of the prosthesis which explains the reduced deposition of fungal biofilm on the surface of new
biomaterials demonstrated in previous publications.

Moreover, the measurement of polymer hardness has been used successfully as an indirect method
to assess the degree of conversion of the polymer in acrylic materials conventionally hot polymerized,
as well as in composites [43,44]. The parameter of the material hardness is therefore sensitive to the
increased content of residual monomer [45], one of the causes of allergic reactions and inflammation
of mucosa under the denture base. Based on the presented results it can be concluded that in the
entire study group the addition of ZnO-NPs to the polymer matrix does not contribute to the reduced
hardness of plastic and thereby to the deteriorated degree of the polymer conversion. This observation
is of extreme importance since the increased contents of residual monomer could influence not only
the tendency to develop inflammation of the mucous membranes but also to exert a negative effect on
mechanical properties of a new biomaterial.

4. Conclusions

This study is a continuation and extension of a previously published work [13] where anti-fungal
properties of ZnO-PMMA nanocomposites, were demonstrated and the fact that they increase with
increasing content of these zinc oxide nanoparticles was highlighted. The aim of the work was to
investigate some properties of new biomaterials that could explain the origin of these properties.
The obtained results of laboratory tests are encouraging. However, they must be clinically validated.
It would be now interesting to carry out research to find out whether or not the addition of ZnO-NPs
contributes at the same time to deterioration of the material mechanical properties. Therefore, prior
to clinical application of the new biomaterial further mechanical and cytotoxic studies are required.
Finally, it should be noted that the study showed no significant deterioration in the properties of
acrylic resin, which could disqualify nanocomposite for clinical use. The increased hydrophilicity and
hardness with absorbability within the normal range can explain the reduced microorganisms’ growth
on the denture base what has been proven in a previous work. The presented study brings much closer
the possibility of clinical use of new nanobiomaterials.
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Abstract: The physico–chemical and biological properties of nanostructured ZnO are combined
with the non-toxic and eco-friendly features of the scCO2-mediated drug loading technique to
develop a multifunctional antimicrobial drug delivery system for potential applications in wound
healing. Two nanostructured ZnO (NsZnO) with different morphologies were prepared through
wet organic-solvent-free processes and characterized by means of powder X-ray diffraction, field
emission scanning electron microscopy (FESEM), and nitrogen adsorption analysis. The antimicrobial
activity of the two samples against different microbial strains was investigated together with the
in vitro Zn2+ release. The results indicated that the two ZnO nanostructures exhibited the following
activity: S. aureus > C. albicans > K. pneumoniae. A correlation between the antimicrobial activity,
the physico–chemical properties (specific surface area and crystal size) and the Zn2+ ion release
was found. Ibuprofen was, for the first time, loaded on the NsZnO carriers with a supercritical
CO2-mediated drug impregnation process and in vitro dissolution studies of the loaded drug were
performed. A successful loading up to 14% w/w of ibuprofen in its amorphous form was obtained.
A preliminary drug release test showed that up to 68% of the loaded ibuprofen could be delivered to
a biological medium, confirming the feasibility of using NsZnO as a multifunctional antimicrobial
drug carrier.

Keywords: Supercritical CO2; ibuprofen; NsZnO; antimicrobial activity

1. Introduction

Zinc oxide (ZnO) is a multifunctional material possessing unique physical and chemical properties,
such as high chemical stability, a high electrochemical coupling coefficient, a broad range of radiation
absorption and high photostability [1]. For these reasons it is largely used in many applications,
ranging from electronics, optoelectronics, sensors and photocatalysis [2,3].

ZnO is also widely used in topical formulations to address several skin conditions, like burns,
scars, and irritations, thanks to its non-toxicity, biocompatibility and antimicrobial activity [4].

ZnO exhibits three crystal structures named wurtzite, zinc-blend, and an occasionally noticed
rock-salt [5], which allow it to be employed as a nanostructured material for different nanotechnology
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applications in many industrial areas, such as gas sensors, biosensors, semiconductors, piezoelectric
devices, field emission displays and photocatalytic degradation of pollutants [6].

Due to the wide spread of nanotechnology, cosmetics and pharmaceuticals have also been
revolutionized. Among all the materials, ZnO has been developed in different nanostructures to
enhance its interaction with the skin and to improve the existing products. A promising application
consists of the addition of ZnO in wound dressing materials. Nanocomposites represent a good
example [7]: they consist of the addition of ZnO nanostructures to polymeric matrices [8–11] in order
to impart novel functionalities, such as antibacterial activity. It is well-established in the literature that
ZnO displays significant bactericidal properties over a broad range of bacteria [12,13]. This occurs
due to several mechanisms, such as generation of reactive oxygen species (ROS), zinc ion release,
membrane dysfunction, and nanoparticle penetration. Moreover the physico–chemical parameters of
the nanomaterial, such as size, morphology, and specific surface area, remarkably affect the antibacterial
properties of ZnO [14,15]. It has also been demonstrated that zinc ion release can improve wound
healing [16,17], since zinc is an essential trace element in the human body and acts as a cofactor in
zinc-dependent matrix metalloproteinases that augment auto debridement and keratinocyte migration
during wound repair.

The treatment of painful wounds is another important issue in biomedicine. It has been
demonstrated that painful wounds can take more time to heal, leading to a lack of compliance
by the patients. Several research works [18] have addressed the development of innovative wound
dressings, able to deliver small doses of anti-inflammatory analgesic drugs to the wound [19]. In this
context the use of ZnO as a drug carrier to be included in the wound dressing device could be of
particular interest thanks to its outstanding biocompatibility, even though the application of this
material as a drug delivery system has not been investigated widely in the literature [20] and may be
considered at its nascent stage.

The use of organic solvents in pharmaceutical technologies is another challenging issue since
it leads both to health concerns, which are related to the toxicity of residual solvents in the final
products, and to a negative environmental impact. In the last decade, supercritical fluid technology
has been emerging as a green drug impregnation method [21]. Supercritical carbon dioxide (scCO2) is
the most used supercritical solvent because it is readily available, cheap, non-toxic, non-flammable,
and recyclable. At the end of the scCO2–mediated drug impregnation process a simple depressurization
step allows a ready-to-use organic-solvent-free drug loaded material to be obtained. Furthermore,
it offers the possibility to tailor the operating parameters of the impregnation process, such as
temperature, pressure, and time, on the basis of the selected drug/carrier system [22]. This permits a
better drug/carrier interaction to be obtained, with the drug in an amorphous state, which improves
its dissolution profile and, consequently, its bioavailability [23].

Notwithstanding the above reported remarkable advantages, some drawbacks in the use of this
technology have emerged, such as the scarce ability of scCO2 to dissolve polar and ionic species,
since it is a linear molecule with no net dipole moment. Furthermore, the elevated pressure required
and high maintenance cost can represent a limitation in the use of this technology [21].

Even though the incorporation of active pharmaceutical ingredients (APIs) in organic and
inorganic carriers through scCO2 has been proposed in different research areas [22,24,25], the loading
of drugs on ZnO carriers has not been investigated yet [23] and, to the best of our knowledge,
the clotrimazole incorporation described in our previous work [26] represents the very first study
about the loading of an API on nanostructured ZnO by means of scCO2.

The fundamental idea of this research project is to combine the physico–chemical and biological
properties of ZnO with the eco-friendly features of the scCO2–mediated drug impregnation process to
develop a green multifunctional device for treating painful wounds. This consists of the combination
of antibacterial and anti-inflammatory/analgesic action in a single delivery system. ZnO is particularly
suitable for this role, because its nanostructure can be tailored to host drug molecules and because
it can offer intrinsic antimicrobial activity [15]. Ibuprofen (IBU) has been selected as the drug to be
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hosted in the ZnO nanostructures, since it is one of the most commonly used and most frequently
prescribed non-steroidal anti-inflammatory drug (NSAID) for oral and topical administration due to its
prominent analgesic role [27,28], and it has already been employed to prepare innovative pain-reducing
wound dressings [18,19]. Furthermore IBU has also been widely used in many scCO2–mediated drug
impregnation processes [23].

This work is a feasibility study aiming at investigating the possibility of loading IBU on different
ZnO carriers by means of scCO2 and checking the antimicrobial activity as well as the capability
of the obtained system to release Zn2+ ions and the drug, which are essential requirements for the
development of a multifunctional device for wound healing applications. Two nanostructured ZnO
(NsZnO) powders with different morphologies and physico–chemical parameters were synthetized
through wet organic-solvent-free processes [26] and characterized by means of powder X-ray
diffraction, FESEM images, and nitrogen adsorption analysis. The samples were also characterized
from a biological point of view; particularly, their antimicrobial activity against different microbial
strains and the in vitro Zn2+ release profiles from the NsZnO matrices were evaluated. IBU was loaded
on the NsZnO carriers with a scCO2–mediated drug impregnation process and in vitro dissolution
studies of the loaded drug were performed.

2. Materials and Methods

2.1. Materials

All the reagents for chemical synthesis, as well as ibuprofen, were purchased from Sigma-Aldrich
and used as received without further purification. Carbon dioxide with a purity of 99.998% was
supplied by SIAD (Italy). Bidistilled water was used throughout this study.

2.2. Synthesis of Nanostructured ZnO (NsZnO)

Two different NsZnO materials were synthesized as previously described [26], using two different
organic solvent free processes: the first one was based on the use of sole water as the solvent,
i.e., a chemical bath deposition (NsZnO-1) method, while the second was a soft-template sol–gel
synthesis method (NsZnO-2).

2.3. Drug Adsorption from Supercritical Carbon Dioxide

The scCO2–mediated drug loading was carried out using a procedure that had been developed
in previous works [26,29]. It consisted of contacting the drug and each of the two NsZnO materials
in a static atmosphere of scCO2 at constant temperature and pressure (Figure 1). First, a pellet of the
drug (100 mg) and a pellet of the NsZnO (100 mg) were prepared and introduced into a glass cylinder
of 1 cm diameter. A disc of filter paper was placed between the two pellets to prevent their contact
and guarantee an efficient recovery of the samples at the end of the drug loading process. The glass
cylinder was placed inside a stainless-steel vessel, which was put in an oven that kept the entire system
at constant temperature. Liquid CO2 was used to fill the vessel, then the temperature was increased
to 35 ◦C and additional CO2 was pumped to reach the target pressure (10 MPa). The pump was
coupled with a cryogenic bath to prevent cavitation. The system was maintained at the above-reported
conditions for 12 h. At the end of the drug loading process, the on–off valve was opened, and the
apparatus was brought back to atmospheric pressure by means of a heated restrictor valve.

The IBU-containing materials are denoted hereafter as IBU@NsZnO-1 and IBU@NsZnO-2.
Moreover, the two carriers as such were treated in the same conditions in the absence of IBU in

the glass cylinder, in order to investigate the effect of the scCO2 treatment on the NsZnO samples.

85



Nanomaterials 2019, 9, 407

Figure 1. Experimental apparatus for supercritical carbon dioxide (scCO2)-mediated drug loading.

2.4. Morphological Characterization

FESEM images were recorded with an FESEM Zeiss Merlin instrument, equipped with an EDS
detector (Oxford Instruments, Abingdon-on-Thames, UK).

2.5. Powder X-ray Diffractometry

XRD patterns were obtained using a Panalytical X’Pert (Cu Kα radiation, Almelo, The Netherlands)
diffractometer. Data were collected with a 2D solid state detector (PIXcel) from 20 to 70 2θ with a step size
of 0.001 2θ and a wavelength of 1.54187 Å.

2.6. Nitrogen Adsorption Analysis

Nitrogen adsorption isotherms were measured using a Quantachrome AUTOSORB-1 instrument
(Boynton Beach, FL, USA). Before the adsorption measurements, samples were outgassed for 2 h at
100 ◦C. BET specific surface areas (SSABET) were calculated in the relative pressure range of 0.04–0.1.

2.7. Thermogravimetry Analysis

Thermogravimetry (TG) analyses were carried out between 20 ◦C and 800 ◦C in air (flow rate
100 mL/min with a heating rate of 10 ◦C/min) using a SETARAM 92 instrument (Caluire et Cuire, France).

2.8. Antimicrobial Activity of NsZnO

2.8.1. Microbial Strains and Culture Conditions

The antibacterial activity of NsZnO-1 and NsZnO-2 was tested against a Gram-positive and a
Gram-negative bacterial strain, such as Staphylococcus aureus ATCC 29213 and Klebsiella pneumoniae
ATCC 700603, respectively. The antifungal activity of NsZnO-1 and NsZnO-2 samples was investigated
against Candida albicans ATCC 90023. The strains were purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA).
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2.8.2. Inocula Preparation

Microorganism inocula were prepared by picking two to three colonies from an overnight culture
of S. aureus/K. pneumoniae on Brain heart infusion agar (BHA, Merck KGaA, Darmstadt, Germany) or
of C. albicans on Sabouraud dextrose (SAB, Merck KGaA, Darmstadt, Germany) agar at 37 ◦C (bacteria)
or 35 ◦C (yeasts), suspending them in 5 mL of 0.85% normal saline, to yield a 0.5 McFarland turbidity
standard, corresponding to a suspension of ~5 × 108 CFU/mL for bacteria or 5 × 106 CFU/mL
for yeasts.

Bacterial suspensions were diluted 1:1000 in Mueller Hinton broth (MHB, Merck KGaA,
Darmstadt, Germany) to obtain a final concentration of 105 CFU/mL. Fungal suspension was diluted
1:1000 in RPMI-1640 without sodium bicarbonate and with L-glutamine (Invitrogen, San Giuliano
Milanese, Milano, Italy), buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS)
(Sigma-Aldrich, Milan, Italy), and supplemented with glucose 0.2%, to obtain a concentration of
103 CFU/mL. Inocula were confirmed by colony counts in duplicate.

2.8.3. In Vitro Antimicrobial Assays

Determination of Minimum inhibitory concentration (MIC), Minimum bactericidal concentration
(MBC), and Minimum fungicidal concentration (MFC).

The antimicrobial activity of NsZnO-1 and NsZnO-2 was determined using a broth microdilution
(BM) method susceptibility assay, according to Clinical and Laboratory Standard Institute guidelines
(CLSI document M07-A9 for bacteria, and M27-A3 for yeasts) [30,31]. As guidelines were not available
for susceptibility testing of NsZnO, the antimicrobial activity was assessed following the CLSI BM
method, with some modifications.

MIC determination was performed by serial dilution using 96-well microtiter plates (Sarstedt,
Milan, Italy). Stock suspensions of NsZnO prepared at 30,000 μg/mL (w/v) in phosphate buffered
solution (PBS; pH 7.4) were dispersed for 1 h using an ultrasonic bath, in order to minimize
sedimentation of NsZnO particles. Doubling dilutions of the ZnO ranging from 15,000 to 30 μg/mL
were prepared in 96-well microtiter plates in MHB for bacteria or in RPMI-1640 with MOPS for yeasts.
After inoculum addition (0.1 mL), the plates were incubated under normal atmospheric conditions
at 37 ◦C (bacteria) or 35 ◦C (yeasts) for 24 h. A sterile medium incubated under the same conditions
was used as a blank, while the medium inoculated with the target microorganisms (without NsZnO)
was used as a positive control of growth. All determinations were performed in duplicate. The lowest
concentration of the NsZnO showing complete inhibition of visible growth was defined as MIC.

MBC and MFC of NsZnO were determined by subculturing 10 μL of broth taken from all the
wells without visible growth onto BHA (bacteria) or SAB (yeasts) agar plates that did not contain the
test agents. After incubation for 24 h at 37 ◦C (bacteria) or 35 ◦C (yeasts), MBC or MFC were defined as
the lowest concentration of ZnO resulting in the death of 99.9% of the inoculum in no subculture [32].

Viable microorganism counts

To assess the antimicrobial activity of NsZO over time, the number of viable microorganisms was
measured by monitoring bacterial/fungal growth after 24 h [33].

Briefly, the bacterial or yeast cells were grown overnight in BHI (Merck KGaA) or Sabouraud
Dextrose (SAB, Merck KGaA, Darmstadt, Germany) broth at 37 ◦C or 35 ◦C, respectively. Bacteria
and/or yeasts were harvested by centrifugation, washed, suspended in PBS, and diluted to yield a
stock suspension of ~5 × 105 CFU/mL. All the NsZnO samples with concentration of 15,000 μg/mL,
suspended in PBS, were incubated with bacterial or yeast suspension in a shaker incubator at 37 ◦C or
35 ◦C, respectively, for 24 h. PBS solution was used as a negative control. All samples were serially
diluted and 100 μL of bacterial/yeasts suspension was drawn from each sample tube, spread on BHA
or SAB agar plates, and incubated at 37 ◦C or 35 ◦C for 24 h, so that the number of CFU/mL could
be determined.
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2.9. In Vitro Zinc Ions Release

Zinc ion release from the samples NsZnO-1 and NsZnO-2 was studied using vertical Franz
diffusion cells and synthetic skin (Dow Corning, 7-4107, Silicone Elastomer Membrane, Biesterfeld
Polychem, Milan, Italy). Suspensions of NsZnO (5 mg of powder in 0.5 mL of PBS buffer solution)
were employed as the donor phases. The receiving phase consisted of a PBS buffer solution at pH 7.4.
The apparatus was maintained under stirring at 33 ◦C, during which, at scheduled time intervals,
the receiving phase was withdrawn and entirely substituted with a fresh receiving phase. Zinc ion
quantification was performed in each withdrawn sample using inductively coupled plasma mass
spectrometry (ICP-MS, Thermo Scientific, Waltham, MA, USA).

2.10. Preliminary In Vitro Drug Release Study

The ability of the IBU-loaded NsZnO to release IBU was tested by using a multicompartment
rotating cell equipped with a hydrophilic dialysis membrane (Spectra/Por, Spectrum®, cut-off
12,000–1,4000 Da, Sigma-Aldrich, Milan, Italy). PBS solution (1 mL) was used as the receiving medium.
At predetermined time intervals, the receiving phase was completely replaced by a fresh solution,
and analyzed for IBU content at 263 nm, using a Beckman–Coulter DU 730 Spectrophotometer
(Indianapolis, IN, USA).

3. Results and Discussion

Figure 2 shows the FESEM pictures of NsZnO-1 and NsZnO-2. As observed in the previous
study [26], the two carriers were characterized by different morphologies.

Figure 2. FESEM images of nanostructured (Ns)ZnO-1 (a) and NsZnO-2 (b).

88



Nanomaterials 2019, 9, 407

NsZnO-1 appeared in the form of aggregates of nanosheets, with a thickness of about 20 nm,
that were formed by the self-assembling of ovoid nanoparticles (having sizes around 15–20 nm).
This morphology is in agreement with the mechanism growth proposed by Kakiuchi et al. [34].

The morphology of NsZnO-2 consisted of micrometric and sub-micrometric aggregates of
nanoparticles with heterogeneous sizes of tens of nanometers.

Primary nanoparticles of NsZnO-1 were definitely smaller than those of NsZnO-2. The values
of BET specific surface area and pore volume obtained by nitrogen adsorption are shown in Table 1.
As previously observed [26], both features were larger for NsZnO-1 (68 m2/g and 0.230 cm3/g,
respectively) than for NsZnO-2 (12 m2/g and 0.050 cm3/g, respectively), due to the lower particles
size of NsZnO-1.

Table 1. Specific surface area (SSA) and pore volume values before and after the ibuprofen (IBU)
adsorption by scCO2 process.

Before IBU Adsorption After IBU Adsorption

SSABET (m2/g) Pore Volume (cm3/g) SSABET (m2/g) Pore Volume (cm3/g)

NsZnO-1 68 0.230 8 0.04
NsZnO-2 12 0.050 nil nil

Figure 3 reports the XRD patterns of both NsZnO materials, which reveal the occurrence of a
highly crystalline single hexagonal phase of a wurtzite structure (JCPDS ICDD 36-1451). Comparing
the XRD patterns of the two samples, it is evident that NsZnO-1 showed broader peaks than NsZnO-2,
in agreement with the smaller particles size evidenced by FESEM analyses.

Figure 3. XRD patterns of NsZnO-1 and NsZnO-2.

In order to investigate the stability of NsZnO carriers in scCO2, the XRD patterns of NsZnO-1 and
NsZnO-2 after treatment in scCO2 for 12 h, at 35 ◦C and 10 MPa, were collected and these are reported
in Figure 4. In both cases the hexagonal wurtzite pattern of ZnO was preserved, and no new peaks
were detected. This result showed that no extensive reaction between ZnO and the CO2 occurred,
which should not have been taken for granted, considering that the reaction between ZnO and CO2

to give ZnCO3 is a well-known phenomenon [35,36]. This evidence confirms the feasibility of using
scCO2 as a solvent for the drug loading of NsZnO carriers.
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Figure 4. XRD patterns of NsZnO-1 and NsZnO-2 after scCO2 treatment.

As far as the IBU loading is concerned, its content was calculated as the weight loss by TG analysis
(Figure S1) and was found equal to 14% w/w for IBU@NsZnO-1 and 9% w/w for IBU@NsZnO-2,
respectively (Table 2).

Table 2. Ibuprofen content in IBU@NsZnO-1 and IBU@NsZnO-2.

IBU Content (% w/w)

IBU@NsZnO-1 14
IBU@NsZnO-2 9

The larger IBU content in IBU@NsZnO-1 than in IBU@NsZnO-2 was ascribed to the larger specific
surface area and pore volume of NsZnO-1, which yielded larger drug adsorption and loading capacity.

Due to the presence of IBU molecules on the NsZnO carriers, the specific surface area and pore
volume drastically decreased in both systems, as revealed by the data reported in Table 1.

It is worth noting that IBU contents in the two systems were similar to those previously obtained
for clotrimazole adsorbed by scCO2 on NsZnO-1 and NsZnO-2 carriers [26], which were equal to 17%
w/w and 14% w/w, respectively. This suggests the robustness of the scCO2 approach in the drug
loading of NsZnOs.

XRD analyses were carried out to characterize IBU@NsZnO-1 and IBU@NsZnO-2. Figure 5 reports
the XRD patterns of both systems, in comparison with those of the materials as-such and the pure
crystalline IBU. No additional diffraction peaks typical of the crystalline IBU were observed for either
IBU@NsZnO-1 or IBU@NsZnO-2 samples. This reveals that drug molecules are not assembled in the
crystalline form on the two carriers.

The same result was previously obtained in the case of clotrimazole [26]. The amorphous form of
the drug adsorbed on NsZnO from scCO2 may be ascribed to the scCO2–mediated process, which is
known to favor the amorphization of the adsorbed drug [23]. This is a crucial aspect, in particular for
poorly water-soluble drugs, because it is widely accepted that amorphization of the drug molecules
plays a key role in increasing their dissolution rate and solubility.
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Figure 5. (a) XRD patterns of NsZnO-1, IBU@NsZnO-1, and pure crystalline IBU. (b) XRD patterns of
NsZnO-2, IBU@NsZnO-2, and pure crystalline IBU.

In order to investigate the antimicrobial activity of NsZnOs, some microbiological parameters,
such as MIC, MBC, and MFC were used (Table 3). In addition, a CFU assay was used to measure the
antimicrobial activity of the NsZnOs over time by monitoring bacterial/fungal growth within 24 h
(Table 4, and Figure 6).

Table 3. Minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC),
of NsZnO-1 and NsZnO-2 determined for S. aureus, K. pneumoniae, and C. albicans expressed in μg/mL.
Minimum fungicidal concentration (MFC) for C. albicans was not determined.

Microbial Strain S. aureus K. pneumoniae C. albicans

MIC (μg/mL) MBC (μg/mL) MIC (μg/mL) MBC (μg/mL) MIC (μg/mL)

NsZnO-1 120 >470 470 1875 >15,000
NsZnO-2 230 >470 930 >3750 >15,000

As emerged from data shown in Table 3 the two ZnO nanostructures exhibited a stronger
activity on the Gram-positive S. aureus than the Gram-negative K. pneumoniae. Between the two
ZnO nanostructures, NsZnO-1 showed better activity than NsZnO-2 against S. aureus with an MIC
value of 120 μg/mL vs 230 μg/mL. Since ZnO suspensions appeared “cloudy” in the case of C. albicans,
it was not possible to determine the MIC from the visual appearance of the medium; hence, MFC
was not assessed for this yeast (data not shown). In general, MBCs were two concentrations higher
than MICs, with exception of NsZnO-2 that showed a MBC value one concentration higher than MIC
against S. aureus, suggesting a more bacteriostatic activity of these compounds.

Table 4 and Figure 6 report the results of the viable microorganism counts assessed through a CFU
assay. The bactericidal activity of NsZnO-1 against S. aureus (expressed in Log CFU/mL) was greater
than that achieved by NsZnO-2 (1 vs 4.22, Figure 6a). The same trend, even if with less microbial load
reduction values, is evident in Figure 6b for K. pneumoniae, where the Log CFU/mL of bacterial load
was 7.21 and 8.42 for NsZnO-1 and NsZnO-2, respectively. Despite the failure of the broth dilution
technique for yeasts, the enumeration of viable organisms’ method was efficient in the determination of
the antifungal activity. The results are shown in Figure 6c. NsZnO-1 log counts observed for C. albicans
was 5.27, whereas NsZnO-2 was able to reduce the yeast cells growth of 6.15 log in comparison with
ZnO-free controls (7.02 log). Taken together, these results indicate that the two ZnO nanostructures
exhibited a better activity towards S. aureus than K. pneumoniae and C. albicans.
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Table 4. Comparison of antibacterial/antifungal activity of NsZnO-1 and NsZnO-2 against S. aureus,
K. pneumoniae, and C. albicans determined with the enumeration of viable microorganism assay and
expressed in CFU/mL after 24 h of incubation.

Microbial Strain S. aureus K. pneumoniae C. albicans

NsZnO-1 10 CFU/mL 1.62 × 107 CFU/mL 1.85 × 105 CFU/mL
NsZnO-2 1.65 × 104 CFU/mL 2.66 × 108 CFU/mL 1.43 × 106 CFU/mL

Figure 6. Comparison of antibacterial activities of NsZnO-1 and NsZnO-2 against S. aureus (a),
K. pneumoniae (b), and C. albicans (c) expressed in Log CFU/mL.

Our data are difficult to compare due to the different methods and microorganisms used in the
antimicrobial activity determination. However, these data are in agreement with those of some authors
who detected a better antimicrobial activity of ZnO-compounds on Gram positive than Gram negative
bacteria, and a good antifungal activity on C. albicans [13,37,38].

In addition, our results agree with the conclusions of Reddy et al. [39] and Tayel et al. [40]
and disagree with the conclusions of Pasquet et al. [14]. In detail, Reddy and Tayel explained that
the peptidoglycan cell-wall of Gram-positive bacteria may promote ZnO attachment onto the cell
wall, whereas cell-wall lipophilic components of Gram-negative bacteria may oppose this attachment.
Until now, the antifungal activity mechanism has not been well clarified; however, the candidacidal
mechanism of ZnO can be probably ascribed to the cellular structure disruption or to inhibition of
biological molecular synthesis due to Zn2+ release [38].

Among the NsZnOs investigated, the sample NsZnO-1 showed higher antimicrobial activity
compared to NsZnO-2. This trend was confirmed by both the in vitro tests. This phenomenon could
be ascribed to the crystallite sizes of the nanoparticles, which have been reported to greatly impact
their antimicrobial activity, probably because of a greater accumulation of the nanoparticles inside the
cell membrane and cytoplasm [12]. In fact, NsZnO-1 is characterized by lower crystallite sizes than
NsZnO-2. This observation can be reinforced by the results obtained with C. albicans, against which
NsZnO-1 showed better antifungal activity than NsZnO-2. These conclusions are consistent with the
study of Lipovsky et al. [41], who suggested that ZnO nanoparticles display a marked activity against
C. albicans and that the cytotoxic effect is size dependent.

Among the key mechanisms influencing the antimicrobial activity of nanostructured ZnO, it is
important to consider the release of Zn2+ ions.

For this reason, a simple test was carried out to study the zinc ion release from NsZnO-1 and
NsZnO-2 using vertical Franz diffusion cells equipped with synthetic skin. The results drawn from the
zinc ion quantification are shown in Figure 7. The in vitro Zn2+ release study evidenced the ability
of both the NsZnOs to release Zn2+, highlighting their potential use as multifunctional antimicrobial
drug carriers.
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Figure 7. In vitro Zn2+ release from NsZnO-1 and NsZnO-2.

A higher amount of Zn2+ ion was released from NsZnO-1 and this was ascribed to the lower
crystallite size and the higher SSA of the sample. The maximum amount of released Zn2+ ion after
48 h corresponded to a percentage by mass of zinc equal to about 0.009% for NsZnO-1 and 0.007% for
NsZnO-2: these low values confirm that the release is a surface phenomenon.

The higher Zn2+ ion release ability of NsZnO-1 is in agreement with the higher antibacterial
activity of this carrier (Figure 6).

The in vitro ibuprofen release study was aimed at verifying the possibility of releasing the drug
from IBU@NsZnO-1 and IBU@NsZnO-2 systems, assessing the lack of complete irreversible trapping of
drug molecules in the carrier. The same test was carried out with crystalline ibuprofen for comparison.

Figure 8 shows the cumulative release curves of ibuprofen. The percentage of drug released in 6 h
was 68% for IBU@NsZnO-2, 44% for IBU@NsZnO-1, and 57% for crystalline ibuprofen.

Figure 8. In vitro release profile of ibuprofen from IBU@NsZnO-1, IBU@NsZNO-2, and crystalline ibuprofen.
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These data reveal that both NsZnO-1 and NsZnO-2 were able to act as carriers for ibuprofen
delivery. The different percentage of IBU released from the two materials may be ascribed to the
different morphology and pore volume, which affect the distribution of drug molecules in the carrier
and their diffusion to the receiving solution.

In conclusion, this preliminary in vitro release test showed that ibuprofen adsorbed on the
NsZnO-1 and NsZnO-2 by scCO2 can be delivered, confirming the potential role of these nanostructures
as drug delivery systems, as previously observed in the case of clotrimazole [26].

4. Conclusions

A feasibility study was conducted to investigate the possibility of developing a green multifunctional
device for wound healing applications. Two multifunctional drug delivery systems based on
nanostructured ZnO were prepared by means of non-toxic and organic-solvent free procedures.

The antimicrobial properties of the ZnO carriers were investigated against both Gram-positive
and Gram-negative bacterial strains, such as S. aureus and K. pneumoniae, as well as against C. albicans.
As a whole, the results indicated that the two ZnO nanostructures exhibited the following activity:
S. aureus > C. albicans > K. pneumoniae.

Moreover, an in vitro Zn2+ release study was carried out. A correlation between the antimicrobial
activity, the physico–chemical properties (specific surface area and crystal size) of nanostructured ZnO
and the Zn2+ ion release was found.

For the first time ibuprofen was successfully loaded on the nanostructured ZnO carriers with
a supercritical CO2-mediated drug impregnation process. The drug-loaded amount was observed
to depend on the specific surface area and the pore volume of the carrier and up to 14% w/w of
ibuprofen in its amorphous form was obtained inside the final drug delivery system. A preliminary
drug release test showed that up to 68% of the loaded ibuprofen could be delivered to a biological
medium, confirming the feasibility of using nanostructured ZnO as a multifunctional antimicrobial
drug carrier.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/407/
s1, Figure S1: Section A: TG curves of NsZnO-1 and IBU@NsZnO-1; Section B: TG curves of NsZnO-2 and
IBU@NsZnO-2.
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