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ABSTRACT

Objectives: Bacterial invasion of periodontal tissues is a common oral health concern, highlighting the need for
novel antimicrobial agents. In this study, we aimed to nanoencapsulate manuka oil and its purified g-triketones
in chitosan and evaluate the antimicrobial potential of these formulations for oral applications.

Methods: Chitosan nanoparticles were produced containing manuka oil and its purified g-triketone components.
The ratios of chitosan to sodium tripolyphosphate (TPP) of 5:1, 4:1, and 3:1 were investigated at two pH levels
for chitosan and TPP. Nanoparticles were investigated for size and uniformity (polydispersity index: PDI). The
antimicrobial activity of the produced nanoparticles was evaluated against E. faecalis, S. mutans, P. gingivalis, and
S. aureus. The nanoparticles were assessed for yield, encapsulation efficiency (EE), and biocompatibility, and
were visualized using light and scanning electron microscopy.

Results: The optimal conditions for producing nanoparticles were a chitosan: TPP ratio of 5:1, with chitosan
adjusted to pH 5.5 and TPP maintained at its unadjusted pH 9. The particle sizes were 327 nm (PDI: 0.654),
336 nm (PDI: 0.471), and 288 nm (PDI: 0.379) for unloaded chitosan, chitosan encapsulating manuka oil, and
purified p-triketone, respectively. Freeze-dried yield was 266-370 mg/ml with a high EE of 89%. The release
profile for manuka oil showed 91% by day 5, while for j-triketone, 93% was released by day 7. Mesenchymal
stem cells showed reduced metabolic activity with >6.25 mg/ml of nanoparticles, regardless of payload.
Conclusions: Manuka oil and p-triketone nanoparticles were produced with promising attributes as antimicrobials
for intraoral application.

1. Introduction

have an established history of using it as both a traditional medicinal
and as a food [4]. Leaf decoctions were traditionally used to reduce fever

Natural products have been used for many years as a source of active
ingredients for therapeutic applications [1]. The use of natural based
antimicrobial compounds has gained greater interest in recent years due
to increasing rates of antibiotic resistance [2]. Additionally, natural
compounds are thought to be less cytotoxic to human cells compared to
synthetic alternatives [3].

Manuka or Leptospermum scoparium of the Myrtaceae family is a
native shrub of New Zealand and Australia. Maori, the indigenous
peoples of New Zealand, refer to manuka as a taonga or ‘treasure’, and

and treat colds, while bark preparations were used as sedatives [5].
Manuka oil extracts were used for treating diarrhea, colds and inflam-
mation [6]. The antimicrobial activities of L. scoparium essential oil have
been attributed to the presence of 3 particular S-triketones: flavesone,
leptospermone, and iso-leptospermone [7].

Only a very limited number of formulations have been attempted
incorporating manuka oil in order to retain its antimicrobial properties
and provide substantivity of release; these include emulsions [8] and
nano-emulsions [9]. In addition, a commercial mouthwash (GINGINAT)
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has been developed using microencapsulation to allow an in situ slow
release of several natural active ingredients including manuka oil over
several hours [10]. These formulations have been shown to have
improved antimicrobial and antifungal activities compared to the oils
alone. However, none of the mentioned formulations were able to pro-
vide a release that will not be immediately washed away from the tar-
geted tissue. Moreover, no attempts have been made to incorporate the
p-triketones alone in any medicinal formulations. Purified g-triketones
can be extracted with 99% purity, having the advantage of three-time
higher antimicrobial activity, and the removal of multiple unknown
components simplifying product reproducibility and safety.

Chitosan is a natural amino polysaccharide produced from the
deacetylation of chitin obtained from crustaceans and insects [11]. This
polymer shows both biocompatibility and biodegradability [12]. It has
been widely used in the pharmaceutical industry and is considered a
novel carrier for drug delivery [13]. Chitosan has been shown to have its
own antimicrobial activity [14], as well as having mucoadhesive prop-
erties, giving it advantageous properties to enhance substantivity and
bioavailability of drugs within in the oral environment [15].

Different methods have been studied to produce chitosan nano-
particles (CNPs) with encapsulation of proteins including crosslinking,
drying, sieving, precipitation, and reversed micelles [16]. Using these
methods, the particle size, stability of the active component, and toxicity
all vary considerably [17]. One of the most widely used methods has
been ionic gelation of chitosan using sodium tripolyphosphate (TPP),
this method has the advantages of being relatively simple, avoids the use
of organic solvents and is conducted at low temperatures thus allowing
the encapsulation of unstable molecules [18].

The aim of this study is to investigate the encapsulation of manuka
oil and pg-triketones in CNPs as a way of controlling release for oral
wounds.

2. Materials and methods
2.1. Preparation of the nanoparticles

Nanoparticles of chitosan alone, chitosan encapsulating manuka oil,
and chitosan encapsulating the pg-triketones were produced. The nano-
particles were prepared following the procedure described previously
with modifications [18,19]. Chitosan (low molecular weight,
448869-50G, Sigma-Aldrich®, St Louis, USA) 0.35% w/v was stirred
overnight in 1% v/v acetic acid (glacial 100%, 1000632500, EMSURE®,
Germany), the solution was subsequently centrifuged at 6000 g for
30 min and the supernatant was collected for subsequent use. CNPs were
obtained by inducing gelation with sodium tripolyphosphate (TPP)
(238503-25G, Sigma-Aldrich®, St Louis, USA). Ionotropic gelation takes
place due to interaction between positively charged amino groups and
negatively charged TPP. Three different chitosan:TPP final mass ratios
were used; 5:1, 4:1, and 3:1. Chitosan pH was either unadjusted (pH 3.9)
or adjusted to (pH 5.5) using 1 M NaOH. TPP was dissolved in Milli-Q
Ho0 and stirred on medium speed for 15 min until completely dis-
solved. TPP pH was either unadjusted (pH 9) or adjusted to (pH 5.5)
using 1 M acetic acid. Tween® 80 (P6224-500 ML, Sigma-Aldrich®, St
Louis, USA) was added to the chitosan solution and stirred for 2 h at
50°C to a final concentration of 1.125% v/v. Manuka oil or g-triketones
was subsequently added to the chitosan/Tween 80 mixture and stirred at
25°C for 1 h to a final concentration of 1% v/v. The crosslinking reagent
TPP was then added to the chitosan mixture using an Eppendorf
dispenser set to deliver 20 ml drops, with fixed volumes of chitosan:TPP
of 2.5:1, so the final concentration of chitosan was 0.25%, and the
nanoparticles then mixed for a further 30 min. The resultant mix was
centrifuged at 12,000 g for 15 min, the top fraction was collected and
kept to measure the encapsulation efficiency, and the bottom fraction
was collected for recovery of the CNPs. p-Trehalose dihydrate
(90210-250G, Millipore®, Germany) 5% w/v was added to the bottom
fraction and mixed by vortexing until completely dissolved, to prevent
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aggregation of the particles and to protect them during lyophilization.
The CNPs were kept at —80°C and then freeze-dried.

Gas Chromatographic analysis was conducted for both the manuka
oil and the p-triketones before using in the nanoparticle formations.

2.2. Encapsulation efficiency

Encapsulation efficiency was obtained by determining the concen-
tration of unincorporated manuka oil or -triketones after nanoparticle
formation, in the supernatant recovered after centrifugation. This was
measured spectrophotometrically at 280 nm [18,20]. The amount of the
encapsulated oil was calculated as the difference between the Optical
Density (OD) of maximum oil concentration (1%) and the oil concen-
tration recovered in the supernatant.

The supernatant of the control chitosan (unloaded nanoparticles;
1 ml) was used as a blank. The same supernatant was used to calculate
the maximum oil concentration after adding manuka oil or S-triketones
(1%) and measuring the OD. Encapsulation efficiency (EE%) was
calculated using the following equation:

EE% = OD of maximum oil concentration — OD of sample x 100

OD of maximum oil concentration.

2.3. Nanoparticle characterization

2.3.1. Dynamic light scattering (DLS)

The average particle size and uniformity of CNPs were measured as
described by Rampino et al. [18] using a Malvern Zetasizer Pro Blue
Range (ATA Scientific Pty Ltd, NSW, Australia). Size values were re-
ported as mean of Z-average, standard deviation (SD), and poly-
dispersity index (PDI) of four runs. Zeta potential was measured on the
optimized nanoparticles.

2.3.2. Light microscopy

Freeze-dried CNPs (25 mg) were resuspended in 300 ml of phosphate
buffered saline (PBS; #SALB010, Gibco, MT, USA) and centrifuged at
10,000 g for 5 min at RT. One ml of 0.3% Oil Red O-stain (#00625-25G,
Sigma-Aldrich®, St Louis, USA) in HoO with a final concentration of
0.4% dextran was added to the pellet and vortexed, then left to stand at
RT for 30 min. The nanoparticles were repeatedly washed with 500 ml of
PBS and observed with an EVOS M5000 Imaging System.

2.3.3. Scanning electron microscopy

The freeze-dried CNPs were reconstituted in PBS and air dried at RT
on copper grids. Samples were viewed and imaged in a Zeiss Sigma
300VP FESEM (Carl Zeiss Inc, Germany) at an accelerating voltage of
5 KV.

2.4. In vitro release of manuka oil and p-triketones

Chitosan, chitosan/manuka oil, and chitosan/s-triketones nano-
particles (10 mg each) were incubated in 1100 ml of PBS (pH 7.4) at a
constant temperature (37°C) and oscillation (200 rpm) to determine the
release of manuka oil and g-triketones. At each time interval (0, 1, 3, 5,
7, 10, and 14 days), the samples were centrifuged at 13,000 g for 5 min
and 1 ml of the supernatant collected and measured spectrophotomet-
rically at 280 nm (n = 3). PBS (100 ml) was left with the collected
particles at the bottom of the tube after centrifugation and fresh PBS
(1 ml) added for the next timepoint. Supernatant collected from the
unloaded CNPs was used as a blank. The concentration of the manuka
oil, and p-triketones was calculated through interpolation from a stan-
dard curve ranging from 316.4 to 1000 nl/ml for manuka oil and 42.2-
562 nl/ml for p-triketones. The total release was calculated and then
percentages at each time point derived.



A.S. Salem et al.

2.5. Antimicrobial activity assessed by minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC)

The MIC and MBC of manuka oil and f-triketones loaded CNPs, along
with the unloaded nanoparticles were measured for E. faecalis V583,
S. mutans UA159, P. gingivalis ATCC33277, and S. aureus ATCC6538
according to Kowalska-Krochmal et al. [21] with some modifications.
The highest concentration of the nanoparticles tested was 40 mg/ml
with technical replication n = 3.

2.6. Metabolic activity of human Mesenchymal Stem Cells (MSCs)

MSCs were amplified in MesenPRO RS™ basal medium (#12747-
010, Gibco, MT, USA) supplemented with MesenPRO RS™ Growth
supplement (#12748-018, Gibco, MT, USA), GlutaMAX™ (100x;
#35050-061, Gibco, MT, USA), antibiotic-antimycotic reagent (100x;
#15240-062, Gibco, MT, USA) and gentamicin reagent (#15710-064,
Gibco, MT, USA) making MesenPRO complete medium.

Cells were seeded at 3000 cells/cm? in 96-well plates in 50% of
MesenPRO RS™ complete medium and 50% DMEM media (#30-2002,
ATCC, VA, USA) which had been supplemented with 10% FBS (#10091-
148, Gibco, MT, USA), antibiotic-antimycotic reagent, and gentamicin
reagent.

Nanoparticles were UV sterilized for 30 min in the hood and dis-
solved in the (MesenPRO/DMEM) at concentrations 100, 75, 50, 25,
12.5, 6.25. 3.125, 1.56 mg/ml (100 ml/well) then incubated for 20 h at
37°C.

PrestoBlue® cell viability reagent (# A13261, Life Technologies,
Oregon, USA) was added (10 ml/well) and incubated for 4 h for the 24-h
time point. PrestoBlue® was repeated at 48 and 72 h. Fluorescence was
measured at an excitation of 560 nm and an emission of 590 nm on a
Synergy™ 2 Multi-mode microplate reader (Biotek, USA). The experi-
ment was independently repeated 3 times. Two-Way ANOVA was used
to compare each group with the control cells and Dunnett post-hoc test
conducted using GraphPad Prism (version 9.4.1), with the mean, and
standard deviation plotted. Statistical significance was calculated at
p < 0.05.

2.7. Cell staining

Cells were fixed at 72 h with 100 pl of 10% formalin in each well for
15 min and stained with 200 pl of crystal violet (#C0775-25G, Sigma-
Aldrich®, St Louis, USA) for 15 min. Finally, the wells were washed with
200 pl of PBS and then air dried for 15 min. Cells were visualized using
EVOS M5000 Imaging System.

2.8. Validation of the effect of trehalose used as cryoprotectant on human
MSCs

This experiment was conducted to investigate the possible effects of
the trehalose within the freeze-dried material on the metabolic activity
of MSCs. The mass of the solid components of chitosan, TPP, and
trehalose were summed to give a final percentage in the freeze-dried
nanoparticles. To control for the effect of trehalose, its concentration
was standardized across treatments. The 100 mg/ml particle suspension
contained 66.22 mg of trehalose per 100 mg of nanoparticles. Accord-
ingly, the 12.5 mg nanoparticle samples (containing 8.27 mg of intrinsic
trehalose) were supplemented with an additional 57.95 mg of trehalose
to match the total trehalose content present in the 100 mg/ml condition.
The metabolic activity of MSCs was measured with PrestoBlue® cell
viability reagent as described previously using 12.5 mg/ml of chitosan,
chitosan/manuka oil or chitosan/p-triketones nanoparticles with and
without the 66.22% trehalose.
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3. Results
3.1. Production of nanoparticles

Gas chromatographic analysis of the manuka oil and p-triketone
extracts (Supplementary Table 1) showed total fg-triketones content
(Flavesone, Leptospermone, Iso-Leptospermone, and Grandiflorone) in
the manuka oil extract of 29.2% and the S-triketone extract of 99.7%.

CNPs were prepared with different formulations summarized in
Table 1, where three different ratios of chitosan:TPP were investigated
and two different pH settings for both chitosan (pH: 3.9, 5.5) and TPP
(pH: 9.0, 5.5) [18]. The average PDI was the lowest in sample 4 for
chitosan alone nanoparticles (0.654), sample 16 for CNPs with manuka
oil (0.471), and sample 28 for chitosan with fg-triketone nanoparticles
(0.379). These three samples all had the same chitosan:TPP ratio of 5:1
with chitosan pH 5.5 and TPP pH 9. Other potential useful formulations
with similar or slightly higher PDIs were found with a ratio 3:1 with
chitosan pH 5.5 and TPP pH 5.5 (samples 12, 24, and 36). DLS peaks are
presented for these six formulations and show a single peak with the
chitosan:TPP ratio of 5:1 with chitosan pH 5.5 and TPP pH 9 making it
the preferred option (Fig. 1). The visual appearance of this formulation
when stained with Lilli oil red O confirmed less aggregation and more
uniformity in size distribution of the nanoparticles (Fig. 2). The lower
the chitosan to TPP ratio (i.e. 4:1 and 3:1) the more aggregation of the
chitosan particles was noted (Table 1). Similarly with unadjusted chi-
tosan pH (3.9) compared to the one adjusted to pH 5.5. Therefore,
samples 4, 16, and 28 with a chitosan:TPP ratio of 5:1, with chitosan
adjusted to pH 5.5 and TPP unadjusted at pH 9, was deemed the opti-
mum formulation for producing nanoparticles.

Unloaded CNPs size ranged from 279 to 550 nm, manuka oil nano-
particles from 237 to 944 nm and f-triketones nanoparticles from 168 to
573. Larger particles were associated with the 3:1 ratio, aggregate for-
mation, and pH 5.5 in both solutions (Table 1). The sizes for the selected
chitosan, chitosan/manuka oil and p-triketone nanoparticle formula-
tions were similar at 327, 337, and 288 nm respectively. Interestingly, in
all except two formulations with chitosan/p-triketone their nano-
particles were smallest compared to the chitosan alone and manuka oil
nanoparticles. The zeta potential for unloaded CNPs was +23 mV, while
chitosan/manuka oil measured +27 mV and chitosan/p-triketones
nanoparticles +28 mV.

The yield after freeze-drying was consistently much higher for chi-
tosan/manuka oil (297-369 mg) and chitosan/f-triketones nano-
particles (333-465 mg) compared to chitosan alone (225-276 mg). In the
selected samples the yield was 266 mg for chitosan, 338 mg for chito-
san/manuka oil, and 370 mg chitosan/p-triketones nanoparticles,
following the trend seen for all formulations in Table 1.

SEM images of the CNPs confirmed the structure and uniformity of
the formulated nanoparticles (Fig. 3).

The encapsulation efficiency was higher in the selected samples
compared to the other formulations; however, we noticed slight varia-
tions with different batches. The encapsulation efficiency for manuka oil
sample was 89.2% and for p-triketones 89.5%.

3.2. In vitro release of manuka oil and f-triketones

Release of manuka oil and g-triketones from CNPs are shown in
Fig. 4, with an immediate burst release observed upon reconstitution of
the freeze-dried nanoparticles in PBS and after one day, then moderate
release over 5 days for manuka oil and 7 days for f-triketones. A low
release followed until day 14.

3.3. Antimicrobial activity
MIC and MBC data for the nanoparticles are summarized in Table 2.

CNPs had both MIC and MBC values above the tested concentration of
40 mg/ml, except with E. faecalis where the MIC was at 40 mg/ml
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Table 1

Comparison of the different formulations of chitosan nanoparticles (NP) with different tripolyphosphate ratios and pH solutions. Optimal formulations are shown in
bold.

Sample NP Visual Mass: mass Chitosan TPP TPP (final Avg. particle size ~ PDI Freeze drying Enc. Efficiency
no. type appearance ratio pH pH concentration) % (nm) yield (mg) %
Ch: TPP

1 Ch X 5:1 3.9 9 0.050 366 0.781 241

2 Ch X 4:1 3.9 9 0.062 297 0.810 229

3 Ch X 3:1 3.9 9 0.083 321 0.869 242

4 Ch X 5:1 5.5 9 0.050 327 0.654 266

5 Ch 0 4:1 5.5 9 0.062 377 0.822 259

6 Ch - 3:1 5.5 9 0.083 487 0.906 225

7 Ch 5:1 3.9 5.5 0.050 279 0.940 240

8 Ch 4:1 3.9 5.5 0.062 336 0.886 245

9 Ch 31 3.9 5.5 0.083 416 0.835 242

10 Ch 5:1 5.5 5.5 0.050 400 0.911 267

11 Ch 4:1 5.5 5.5 0.062 551 0.812 276

12 Ch 000~ 3:1 5.5 5.5 0.083 550 0.769 268

13 Ch/ 0o 5:1 3.9 9 0.050 356 0.607 307 81.89
MO

14 Ch/ o 4:1 3.9 9 0.062 269 0.668 323 82.10
MO

15 Ch/ 0o 31 3.9 9 0.083 282 0.700 317 82.60
MO

16 Ch/ o} 5:1 5.5 9 0.050 336 0.471 338 89.21
MO

17 Ch/ 0o 4:1 5.5 9 0.062 378 0.555 335 70.08
MO

18 Ch/ o} 3:1 5.5 9 0.083 944 0.908 355 67.50
MO

19 Ch/ o} 5:1 3.9 5.5 0.050 237 0.838 312 88.90
MO

20 Ch/ 0o 4:1 3.9 5.5 0.062 292 0.878 297 82.01
MO

21 Ch/ 0 31 3.9 5.5 0.083 465 0.905 317 83.20
MO

22 Ch/ 0o 5:1 5.5 5.5 0.050 546 0.512 344 66.80
MO

23 Ch/ 00 4:1 5.5 5.5 0.062 450 0.560 369 70.09
MO

24 Ch/ 000 3:1 5.5 5.5 0.083 439 0.468 344 75.90
MO

25 Ch/ 006 5:1 3.9 9 0.050 573 0.715 444 69.65
TK

26 Ch/ 00 4:1 3.9 9 0.062 204 0.593 389 75.35
TK

27 Ch/ 006 3:1 3.9 9 0.083 257 0.506 372 70.03
TK

28 Ch/ [} 5:1 5.5 9 0.050 288 0.379 370 89.50
TK

29 Ch/ o} 4:1 5.5 9 0.062 322 0.418 405 27.90
TK

30 Ch/ 0o 3:1 5.5 9 0.083 386 0.523 404 37.69
TK

31 Ch/ 00 5:1 3.9 5.5 0.050 186 0.619 347 67.60
TK

32 Ch/ 006 4:1 3.9 5.5 0.062 240 0.685 333 74.30
TK

33 Ch/ 00 31 3.9 5.5 0.083 415 0.613 553w 72.02
TK

34 Ch/ 060 5:1 5.5 5.5 0.050 424 0.514 444 64.95
TK

35 Ch/ 00 4:1 5.5 5.5 0.062 409 0.488 465 48.19
TK

36 Ch/ 00 3:1 5.5 5.5 0.083 322 0.603 465 55.40
TK

X = Clear solution, O = Opalescent solution, ~ = Aggregates; Ch: Chitosan nanoparticles; Ch/MO: Chitosan/manuka oil nanoparticles; Ch/TK: Chitosan/p-triketones
nanoparticles; TPP: Sodium tripolyphosphate; PDI: Polydispersity index; Enc.: Encapsulation; w: wet.

p-triketone encapsulated nanoparticles showed consistently better MIC
values than the manuka oil nanoparticles.

3.4. Metabolic activity of human mesenchymal stem cells

The metabolic activity of MSCs (Fig. 5a—c) in the three nanoparticle
groups (chitosan alone, chitosan/manuka oil, and chitosan/

p-triketones) at low concentration (1.56 mg/ml and 3.125 mg/ml) was
above the control at the three time points tested. The three groups
demonstrated similar trends with decreased metabolic activity at
12.5 mg/ml and 25 mg/ml. Interestingly, concentrations from 50 to
100 mg/ml then showed increased metabolic activity for all groups.
When the three groups were compared at the 72 h timepoint a similar
dose pattern was found (Fig. 5d). This result was confirmed when cells
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Fig. 1. Dynamic light scattering analysis of selective formulations of unloaded (a, b) and loaded chitosan (c-f) nanoparticles (NPs) (average of 4 runs with replicates
shown as colored dots). Chitosan was at pH 5.5 for all formulations. Nanoparticles were produced with chitosan:TPP ratios of 5:1 and TPP at pH 9 (left) or ratios of
3:1 and TPP at pH 5.5 (right). Sample numbers (SN) refer to Table 1: (a) SN 4: Chitosan:TPP ratio 5:1, Chitosan pH 5.5, TPP pH 9. (b) SN 12: Chitosan:TPP ratio 3:1,
Chitosan pH 5.5, TPP pH 5.5. (c) SN 16: Chitosan:TPP ratio 5:1, Chitosan pH 5.5, TPP pH 9. (d) SN 24: Chitosan:TPP ratio 3:1, Chitosan pH 5.5, TPP pH 5.5.(e) SN 28:
Chitosan:TPP ratio 5:1, Chitosan pH 5.5, TPP pH 9. (f) SN 36: Chitosan:TPP ratio 3:1, Chitosan pH 5.5, TPP pH 5.5.

were stained with crystal violet after 72 h of incubation (Fig. 6). A
distinctive morphological difference was visible for the cells with high
nanoparticle concentrations with cells more spindle shaped with longer
processes.

No change in the metabolic activity of MSCs was observed when
complementing the nanoparticles with 12.5 mg/ml of trehalose as the
level expected to be present at 100 mg/ml (Fig. 5e). The metabolic ac-
tivity of the cells remained very low (less than 20%) compared to the
control.

4. Discussion
Capturing the traditional benefits of natural antimicrobials requires

innovative delivery mechanisms that maintain bioactivity and sub-
stantivity for longer periods. Oils such as manuka with its antimicrobial

effect, are hydrophobic and volatile in nature, and as such are chal-
lenging to deliver effectively. Unlike the traditional methods adopting
oil emulsions, this study has provided an effective method of not only
encapsulating manuka oil but also its most prominent active ingredient
of p-triketones. The produced nanoparticles could be used alone or as an
adjunct to graft materials, surgical membranes, gels or wafers where
antimicrobial benefits might be beneficial.

CNPs are currently one of the most promising biobased polymeric
particles [22]. They provide many advantages in a naturally based drug
delivery system including mucoadhesion, encapsulation of a variety of
payloads and a tailorable release profile [23]. Despite the various
methods described for producing the CNPs [16], it is challenging to
produced nanoparticles with high uniformity and encapsulation effi-
ciency. Ionic gelation of chitosan using TPP has been widely reported,
however the size and distribution of the particles are affected by
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Fig. 2. Representative microscopy of unloaded (a, b) and loaded chitosan (c-f) nanoparticles stained with Lilli oil red O. Chitosan was at pH 5.5 for all formulations.
Nanoparticles were produced with chitosan:TPP ratios of 5:1 and TPP at pH 9 (left) or ratios of 3:1 and TPP at pH 5.5 (right). Sample numbers (SN) refer to Table 1:
(a) SN 4: Chitosan:TPP ratio 5:1, Chitosan pH 5.5, TPP pH 9. (b) SN 12: Chitosan:TPP ratio 3:1, Chitosan pH 5.5, TPP pH 5.5. (c) SN 16: Chitosan:TPP ratio 5:1,
Chitosan pH 5.5, TPP pH 9. (d) SN 24: Chitosan:TPP ratio 3:1, Chitosan pH 5.5, TPP pH 5.5.(e) SN 28: Chitosan:TPP ratio 5:1, Chitosan pH 5.5, TPP pH 9. (f) SN 36:

Chitosan:TPP ratio 3:1, Chitosan pH 5.5, TPP pH 5.5. Scale bars 10 mm.

Fig. 3. Scanning electron microscopic images of chitosan nanoparticles within trehalose. Multiple spheres of <400 nm are evident. Scale bars = 1 pm.

multiple factors including the pH of the chitosan and TPP solutions, the
molecular weight of chitosan utilized, as well as the chitosan:TPP ratios
[24-26].

Optimization of nanoparticle formation used three different chito-
san:TPP mass ratios (5:1, 4:1, and 3:1), and two different pH values for
each solution (3.9 “unadjusted” and 5.5 for chitosan, and 9 “unadjusted”
and 5.5 for TPP). The higher the chitosan to TPP ratio (5:1) the smaller
the particle size produced with less tendency toward aggregation.

Adjusting the pH of the chitosan solution to 5.5 before adding the TPP
provided a more optimal PDI than when using the more acidic unad-
justed solution. Lowering the pH of the TPP solution from its initial
alkaline pH 9 to 5.5 together with a chitosan:TPP ratio of 3:1 resulted in
a comparable PDI to the one obtained with the adjusted chitosan solu-
tion (pH 5.5), however the particle size was much bigger and a visible
aggregation was noticed in the resultant solution. Similar results were
obtained when either manuka oil or fg-triketones were added to the
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Fig. 4. Release of (a) manuka oil and (b) p-triketones from chitosan nanoparticles in PBS over a period of 14 days. Mean, n = 3.

Table 2
MIC and MBC values of nanoparticles (NP) of chitosan alone, chitosan/manuka
oil, and chitosan/p-triketones against four bacteria (n = 3).

Bacteria MIC MBC
Chitosan- MO- TK-NP Chitosan- MO- TK-
NP (mg/ NP (mg/ NP (mg/ NP NP
ml) (mg/ ml) ml) (mg/ (mg/
ml) ml) ml)
E. faecalis 40 6.66 0.62 >40 >40 >40
S. mutans >40 20 10 >40 >40 40
S. aureus >40 20 5 >40 20 20
P. gingivalis ~ >40 20 5 >40 40 10

chitosan solution. These results agreed with Rampino et al. [18] in
which the 5:1 chitosan:TPP mass ratio resulted in the best PDI compared
to the other ratios investigated. Others who have incorporated essential
oils into chitosan either do no report a PDI [27-29], or report values
similar to ours, for the optimized production, of 0.471 for manuka oil
and 0.379 for p-triketones chitosan nanospheres: Ocimum basilicum
PDI = 0.222-0.425 [30], Cymbopogon commutatus and Carvacrol and
PDI = 0.3-0.5 [31,32], Lavandula dentata PDI = 0.57 4 0.03 [33], saffron
PDI = 0.498 [34] and oregano and thyme PDI = 0.42-0.53 [35]. Given
the intraoral applications it would be ideal to improve the uniformity of
the nanoparticles with a microfluidics approach.

The zeta potential was used to detect the magnitude of the surface
charge, with CNPs having a value of +23 mV which increased with to
+27 mV and +28 mV with manuka oil or p-triketone inclusion. The
positive charge can be attributed to the amino groups of the chitosan.
The charge change on incorporation of an essential oil is strongly
associated with the charge of the molecules [32], which in this case was
close to neutral. In general, nanoparticles with zeta potential values >
+30 mV indicate high stability (preventing aggregation), around +20
mV show a short-term stability, and values < +5 mV represent low
stability (fast aggregation) [31].

A critical step in the production of nanoparticles was the addition of
a cryoprotectant during the freeze-drying. In this study we utilized
trehalose at 5% w/v in accordance with Mohammady et al. [36].
Trehalose is non-nutritional and did not affect the antimicrobial prop-
erties, as was present in all formulations including the chitosan alone
nanoparticles with MBC >40, nor affecting the metabolic activity of the
MSCs.

The release profile showed release of manuka oil and g-triketones for
almost a week. p-triketone CNPs did however maintain high release for
three days compared to the one day for manuka oil. Tailored release
from the nanoparticles also be achieved by incorporating them into

other bioengineered products for delivery.

In this study, four different bacterial species were selected providing
a range of susceptibility to the nanoparticles. E. faecalis bacterium is
considered one of the most common nosocomial infections and have a
high emerging resistance to antibiotics [37]. It is very common bacte-
rium in failed root canal treatment [38]. S. mutans has been implicated
as a primary causative agent of dental caries [39]. P. gingivalis is mainly
involved in the progression of periodontal diseases [40], it has also
implications in the onset of rheumatoid arthritis, cardiovascular pa-
thologies, and neurodegenerative pathologies [41]. S. aureus is involved
in skin infections resulting in boils and blisters [42]. This selection of
species was primarily to include Gram-positive, Gram-negative, aerobic
and anaerobic bacteria and allow scope for expanded applications to
other clinical applications.

The antibacterial properties of manuka oil have previously been re-
ported [43], and the activity attributed to its p-triketone content. In this
study we encapsulated both the commercially available manuka oil and
the purified pg-triketones in CNPs and found higher activity with of
p-triketones nanoparticles [44]. A difference in MIC and MBC values was
observed and this was dependent on bacterial species type. E. faecalis
showed a low MIC but a high MBC probably due to its intrinsic tolerance
to drugs targeting the cell wall. The loading of the nanoparticles
required in a clinical setting will need to be confirmed with reference to
treatment modality and target requirements with biofilms presenting a
higher challenge. We have calculated the percentage of active in
40 mg/ml of loaded nanoparticles taking into consideration the treha-
lose and this equates to a 0.336% (v/v) solution of active, consistent
with known MIC/MBCs of manuka oil on a range of oral bacteria [45,
46]. Chitosan alone has been reported to have some antibacterial
properties [47], and in this study E. faecalis had an MIC of 40 with all
other species >40.

The metabolic activity of the MSCs in this study indicates that the
effect of CNPs changes with the form and quantity of the nanoparticles.
Moderate concentrations of nanoparticles drastically reduced the
metabolic activity of the cells whether incorporating manuka oil, f-tri-
ketones or chitosan alone, and these adverse results were partially
reversed by increasing the concentration of the nanoparticles up to
100 mg/ml. This response was supported by the staining of cells at 72 h
showing a biphasic dose response. This was in agreement with Jesus
et al. [48] where the CNPs were found to be more cytotoxic than the
corresponding polymer. The partially restored metabolic activity with
the high concentration (100 mg/ml) of nanoparticles was not due to the
added cryoprotectant (trehalose) and may be attributed the interaction
with the nanoparticles themselves or to issues with the assay itself.
Chitosan is known to have beneficial effects in MCSs, modulating critical
Wnt/f-catenin, Notch, and HIF-1a signaling which enhances survival,
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Fig. 5. Metabolic activity of human Mesenchymal Stem Cells (MSCs) with different concentrations of (a) chitosan nanoparticles, (b) chitosan/manuka oil nano-
particles, (c) chitosan/p-triketones nanoparticles. (d) Comparison of the three groups at (72-h) time point. (e) Trehalose neutral effect on the metabolic activity of
MSCs at a nanoparticle concentration of 12.5 mg/ml (n = 3). MO = manuka oil; Ch = Chitosan; TK = g-triketones; Treh = trehalose. Mean =+ SD. *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001. Dotted line = control.
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Fig. 6. Mesenchymal stem cells stained with crystal violet after 72 h incubation with (a) control containing no nanoparticles, (b-i) chitosan nanoparticles (CNPs), (j-
q) chitosan/manuka oil nanoparticles (C/MO-NPs) and (r-y) chitosan//-triketone nanoparticles (C/TK-NPs), at different concentrations. Scale bar 100 mm.

self-renewal, osteogenic differentiation and immunoregulatory proper-
ties [49]. Further mechanistic studies on the MSC function are recom-
mended to fully understand this phenomenon. Interestingly, addition of
actives to the CNPs did not dramatically affect metabolic activity of the
cells. In this research cytotoxicity was tested up to 100 mg/ml to reflect
the MIC/MBC values which indicated an antimicrobial dose of 20 mg/ml
to reach the MIC and higher for the MBC. The in vitro models tin vitro an
imperfect reflection of the in vivo situation where the antimicrobial ac-
tivity and cytotoxicity are affected not only by dose but substantivity,
adhesion, release, mechanical forces and salivary flow. Further research
is being conducted on gel and matrix carries for the nanoparticles which
can also modulate their in vivo activity.

The distinctive phenotypical changes of MSCs including flattening
and enlarged cell morphology manifested with the high concentration of
nanoparticles could be a sign of cellular senescence [50], which could
potentially lead to decline in their differentiation and proliferation
ability. However, further studies will be required to understand the
exact reason for those changes and whether nanoparticles would have
similar effect when incorporated into a bioengineered product.

Conclusion

Manuka oil and most notably p-triketones encapsulated in CNPs
provide novel antimicrobial systems that could be incorporated into
hydrogels, membranes, graft materials or wafers to produce bio-
engineered products for the oral cavity.
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