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a b s t r a c t
In periodontal treatment, topical adjunctive therapy with antimicrobials or anti-inﬂammatory agents is
frequently applied. However, currently available drug carrier biomaterials often exhibit poor perfusion
into small crevices, such as the deep and irregular periodontal pockets, due to relatively high viscosity. Moreover, high polymer concentrations of the polymer can potentially be cytotoxic upon conﬁned
local administration. This study aimed to formulate an antimicrobial and anti-inﬂammatory treatment
option, by incorporating doxycycline (DOX) and/or lipoxin A4 (LXA4 ) into 0.5 wt% thermo-reversible polyisocyanopeptide (PIC). PIC can form hydrogels upon low polymer concentration, and we hypothesized that
the thermo-reversible nature of the material would allow for application into the periodontal pocket. The
formulations were characterized in vitro and ﬁnally tested in dogs with naturally occurring periodontitis, which were not euthanized afterward. Results showed that PIC/DOX/LXA4 hydrogel could be easily
prepared and injected into periodontal pockets. The PIC hydrogel facilitated the release of DOX or LXA4
for around 4 days in vitro. When applied in dogs, the hydrogel exerted no local or systemic adverse effects. Gels loaded with LXA4 and/or DOX reduced the subgingival bacterial load and pro-inﬂammatory
interleukin-8 level. In addition, PIC-DOX and PIC-DOX+LXA4 improved gingival clinical attachment by 0.6
mm compared with conventional periodontal treatment alone (i.e. mechanical debridement). In conclusion, the thermo-reversible PIC hydrogel is a safe and effective vehicle for periodontal drug delivery.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Periodontitis is initiated by oral microbial bioﬁlms, which provokes a host inﬂammatory response propagating the destruction
of periodontal tissues [1]. It is highly prevalent in both human
and domestic animals, e.g. dogs and horses [2]. Mechanical debridement to remove the bacterial bioﬁlm is the most common approach to treat periodontitis. Still, the recurrence and progression
of periodontitis is high, because the bioﬁlm is able to recolonize
rapidly inducing the recurrence of uncontrolled inﬂammation [3].
Therefore, adjunctive therapies, e.g. administration of antimicrobial

∗

Corresponding author.
E-mail address: fang.yang@radboudumc.nl (F. Yang).

or anti-inﬂammatory agents, is often needed to attenuate infection
and inﬂammation.
Among all anti-infective agents, doxycycline (DOX) is one of the
most extensively investigated antibiotics [4]. Apart from its antibacterial effect, DOX also prevents tissue destruction by inhibiting matrix metalloproteinase [5]. Its eﬃcacy in periodontal treatment is evident [4]. Although mostly single drug DOX therapy is
used, several studies have shown that the combination of DOX
with additional anti-inﬂammatory agents, such as non-steroidal
anti-inﬂammatory drugs or bisphosphonates, achieved better results compared to a monotherapy [6,7]. Another option can be
the use of pro-resolving mediators such as lipoxin A4 (LXA4 ) or
resolvin, which can promote the resolution of inﬂammation, and
have been proven to activate periodontal regeneration in experimental periodontitis [8–10]. Nevertheless, there is still a lack of
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evidence for the eﬃcacy of lipoxin in naturally occurring periodontitis.
To enhance the eﬃcacy of adjunctive therapy, local delivery of
these agents seems preferable in order to achieve a high drug concentration into the periodontal lesion. Gels are attractive drug delivery vehicles as they can be simply injected in situ. However,
the current commercially available adhesive gels, like Periocline®
(Sunstar Inc) and AtridoxTM (Tolmar GmbH), are generally very viscous and not ﬂowable, and therefore diﬃcult to penetrate deep
pockets. To solve this issue, thermo-reversible hydrogels can be applied, which can be injected into the pocket in a liquid state, and
subsequently form a gel. Poloxamers are the most commonly used
thermo-reversible gel materials [11], but have the disadvantage of
easy disintegration and cytotoxicity [12].
A recent study has indicated that polyisocyanopeptide (PIC) hydrogel can be an attractive candidate for periodontal drug delivery [12]. PIC is composed of a β -helical architecture stabilized by a
peptidic hydrogen-bond network along the polymer backbone [13].
PIC is known 1) to form a gel at very low polymer concentrations
of 0.05 wt.% in 99.95 wt.% water, resulting in good injectability; 2)
to have a sol-gel transition temperature of 15 - 18°C and gel immediately upon body temperature; 3) to possess strain-stiffening
properties and good biocompatibility [12,13].
Based on the above mentioned, this study incorporated DOX
and LXA4 into the PIC gel to test its physicochemical properties
in vitro as well as its safety and initial clinical eﬃcacy in vivo. Due
to strong individual variability and diﬃculty in compliance inspection, a human trial was not our ﬁrst choice in this early translational stage. Instead, just like humans, approximately 80% of dogs
at age 2 years or oldersuffer from periodontitis [2]. Since the periodontal tissues in dogs show a similarity with those in humans,
a comparable periodontal treatment protocol is applied for dogs in
veterinary practice. For this reason, dogs with naturally occurring
periodontitis were adopted in this study. Those dog patients were
subjected to different treatment regimens, clinically followed for 6
weeks, and were not euthanized afterward.
2. Materials and methods
2.1. Preparation of PIC gels containing DOX and/or LXA4
PIC polymer is composed of a β -helical architecture stabilized
by a peptidic hydrogen bond network along the polymer backbone.
The polymer was synthesized as described previously with average molecular weight (Mw) ~ 635 kDa [13]. To make a PIC solution, phosphate buffer saline (PBS, pH=7.4; Gibco, Paisley, UK) was
added to the solid polymer to reach the desired PIC concentration.
The mixture was then soaked overnight at 4°C until a clear solution was obtained.
To get a drug-loaded PIC solution, DOX (doxycycline hyclate,
Sigma-Aldrich, St Louis, MO) or/and LXA4 (15(R)-Lipoxin A4 , Cayman Chemical, Ann Arbor, MI) was directly dissolved in the PIC
solutions with shaking in an ice-water bath to prevent gelation.
2.2. Physicochemical test of the gel system in vitro
For the in vitro physicochemical test, 0.5 wt% PIC gel was prepared as described above. The DOX or LXA4 was added in the PIC
gel at the concentration of 1 mg/ml or 7 μg/ml, respectively. Three
samples were measured in each test.
Rheological measurements were performed on an AR20 0 0 Advanced Rheometer (TA Instruments, Asse, Belgium) with a steel
Peltier plate geometry (D = 40 mm). An aliquot of 800 μl of cold
gel solution was loaded onto the rheometer at 5°C. Then a temperature sweep program was initiated at 5°C with a heating rate of
2°C/min until 37°C with frequency of 1 Hz and strain of 2 %. The

sol-gel transition temperature (Tsol-gel ) was determined as the onset of the increase in storage modulus G’ instead of the crossover
temperature of G’ and G”. The reason is that G” is more sensitive
to the applied frequency than G’, which makes the crossover frequency dependent [13]. The value of G’ and G” of each gel at 37°C
were recorded. Thereafter, the temperature sweep started by cooling down at 2°C/min to 5°C to conﬁrm the reversibility of the PICdrug system.
The PIC solution was further mixed with 0.4 % trypan blue for
visualization purpose to demonstrate the injectability and structural stability. The ease of injectability of the PIC solution into
the periodontal pockets was tested using an ex vivo pig jaw as
shown in the supplementary video. Brieﬂy, 1 ml 0.5 wt%%PIC solution was loaded into a 2 ml syringe (Becton Dickinson, Plymouth,
UK) with a 27G needle (Becton Dickinson). Meanwhile, to test the
stability of the PIC gel, a simulated denture model (1:1 in size)
was 3-D printed using polylactide ﬁlaments by Ultimaker 2+ (Ultimaker BV, The Netherlands). The protocol was downloaded from
https://www.thingiverse.com/thing:126818/ﬁles under the Creative
Commons – Attribution license. The dyed PIC solution, cooled at
4°C, was injected into the ﬁssure between the teeth and gum until exceeding the margin of the gum (as shown in the Supplement
Figure S2). Thereafter, this model was incubated in a 37 °C water
bath with gentle agitation. On day 1 and 4, the model was taken
out to observe the erosion of PIC gels.
The drug release test was performed at 37°C as described before [12]. Brieﬂy, 300 μl cold samples at ~ 4°C were injected into
1.5 ml Eppendorf tubes and then gelled at 37°C (n = 3). Subsequently, 800 μl 37°C PBS (pH=7.4) was laid over the gels. Samples
were then incubated at 37°C with agitation at 200 rpm/min. At
each predetermined time point, 600 μl supernatant was withdrawn
carefully and 600 μl fresh PBS was reﬁlled. The amount of released
LXA4 and DOX in the supernatant was detected by reverse phasehigh performance liquid chromatography (High-Performance Liquid
Chromatograph Chromaster, consisting of a Hitachi L-2130 pump, a
Hitachi L-2400 UV detector and a Hitachi L-2200 auto sampler, Hitachi Ltd., Tokyo, Japan) according to previous protocols [14,15]. A
Lichrospher® RP-18 endcapped HPLC column (125 mm × 4 mm,
particle size 5 μm; Merck Millipore, Burlington, United States) was
used in this test. LXA4 and DOX were measured at 301 nm with
mobile phase of methanol/MilliQ (80:20, v/v) containing 0.1% v/v
formic acid, and at 360 nm with mobile phase of water/acetonitrile
(60:40, v/v) containing 0.1% triﬂuoroacetic acid, respectively. The
percentage of cumulative drug release amount of each group was
calculated.
2.3. In vivo evaluation
2.3.1. Study design
The animal study was approved by the Dutch Central Animal
Experiment Committee (license AVD1080020185544) and the work
protocol (5544-1) was approved by the Animal Experiments Committee of Utrecht University. This study conforms to the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines
(Supplement Table 1).
Forty-one Beagle dogs housed for veterinary training were
checked and scored based on their dental record history and visual
observation of the amount of dental plaque/calculus and gingiva
condition. Susceptible individuals with periodontitis were further
examined according to inclusion criteria under general anesthesia.
The one who did not meet the inclusion criteria received ultrasonic
scaling treatment and then excluded from this study. The inclusion
criteria were the presence of at least 5 non-adjacent teeth with
signiﬁcant periodontal inﬂammation (probing depth, PD ≥ 4 mm
with bleeding on probing), associated with radiographic evidence
of bone loss. Based on a preliminary analysis, a sample size of 9

B. Wang, H.E. Booij-Vrieling, E.M. Bronkhorst et al. / Acta Biomaterialia 116 (2020) 259–267

261

Fig. 1. (A). Experimental process. The study involved a 6-week treatment period with three injections administered every two weeks. At W0, microbiological and inﬂammatory cytokine samples were ﬁrst collected, and clinical examination was performed. Thereafter, plaque on every tooth was removed by scaling and root planing (SRP).
PIC formulations were then injected according to the group allocation. At W2 and W4, clinical examination was performed followed by gel injection. At W6, microbiological
and inﬂammatory cytokine samples, and clinical data were collected again. (B). Examples of the implementation. Depicted are the collection of microbiological and cytokine
samples, hydrogel injection and periodontal dressing after injection respectively.

subjects was estimated to be necessary to achieve 80% power to
detect a difference of 1 mm (SD 0.6) mean clinical attachment gain
between control and treatment groups [16]. Eventually, 9 either sex
Beagle dogs, from 3 to 11 years old, weighed 9-11 kg, were enrolled. A split-mouth design was adopted. In each animal, 5 teeth
were randomized (www.random.org) into 5 interventions: A. SRP:
scaling and root planning; B. PIC: SRP with vehicle PIC gel; C. DOX:
SRP with PIC gel containing 10 %w/w DOX (~ 5.5 mg per site); D.
LXA4 : SRP with PIC gel containing with 200 μg/ml LXA4 (~10 μg
per site); E. DOX+LXA4 : SRP with PIC gel containing both. The drug
dose was chosen based on the previous studies [9,17]. The PIC-drug
solution was prepared one night prior to the surgery and stored at
4°C. Before usage, 50 μl of ice-cold corresponding PIC solution was
drawn into 0.5 ml insulin syringes with 27 G needles (Terumo Corporation, Tokyo, Japan) and injected into the periodontal pockets.
The veterinary dentist responsible for the treatment and data collection was blinded to the group assignment.
2.3.2. Treatment procedure
All procedures were performed under general anesthesiain
Department of Clinical Sciences of Companion Animals, General Surgery, Faculty of Veterinary Medicine, Utrecht University,
The Netherlands. Food was withheld for at least 12 h prior to
anesthesia. The dogs were premedicated with medetomidine hydrochloride IV (10-20 mcg/kg, Sedastart®, Produlab Pharma B.V.,
Raamsdonkveer, The Netherlands) and butorphanol (0.2 mg/kg,
Dolorex®, Intervet International B.V., Boxmeer, The Netherlands).
Anesthesia was induced with propofol (1–3 mg/kg Fresenius Kabi
Austria GmbH, Graz, Austria) at a dose adequate to allow uneventful endotracheal intubation. After intubation, anesthesia was
maintained with isoﬂurane (IsoVet®, Piramal Healthcare UK Limited, Morepeth, UK) vaporized in oxygen: air (1:1) with a nonrebreathing technique. During the entire procedure, isoﬂurane administration was adjusted to ensure a suﬃcient level of anesthesia. During anesthesia, Sterofundin Iso (Braun, Melsungen AG, Germany) was administered at 10 ml/(kg/h). ECG, pulse-oximetry, inspiratory and expiratory gas analysis, and respiration rate were
monitored throughout the procedure (Mindray Beneview T5, Shen-

zhen Mindray Biomedical electronics Co., LTD, Shenzhen. China).
At the end of the procedure, medetomidine was reversed by atipamezole hydrochloride (Atipam®, Eurovet Animal Health B.V.,
Bladel, The Netherlands) at 5 times the dose of medetomidine.
Post-operative analgesia with buprenorphine IM/IV (20 μg/kg Temgesic®, Reckitt Benckiser Healthcare, Hull, UK) and/or carprofen (4
mg/kg IV, Carporal®, Norbrook Laboratories Limited, Newry, UK)
was adjusted to the expected level of pain.
The study involved a 6-week treatment period with three injections administered every two weeks (Fig. 1). Plaque on every
tooth was ﬁrst removed by SRP at W0. Subsequently, the corresponding PIC solution was injected into the periodontal pockets.
Afterwards, a periodontal dressing (Coe-PakTM ) was applied to seal
the material inside the pocket. Observations of the experimental sites, including general condition, dressing retention, gingival
health, edema, and evidence of tissue infection, were made one
day after injection and at least twice a week thereafter. Dogs were
housed randomly as usual and fed solid food daily, and water ad
libitum.
2.3.2.1. Clinical examination. The plaque index (PI) and probing
depth (PD; mm) were measured at 6 sites per tooth. Subsequently,
gingival index (GI) [18] and gingival level (GL) were recorded.
GL was deﬁned as the distance between cementoenamel junction
(CEJ) to the gingival margin; below CEJ recorded as a recession;
above CEJ as an exceedance. Clinical attachment level (CAL, mm)
was calculated, which equals to PD + GLrecession – GLexceedance . All
the above measurements were performed at W0, W2, W4 and W6.
2.3.2.2. Subgingival microﬂora. Samples were collected from the
experimental tooth by inserting paper points in the gingival sulcus for 60 seconds according to the previous protocol [19]. Blood
contaminated points were discarded, and new sites were selected.
Five paper points for each tooth were collected for analysis. At W0,
one experimental tooth per animal was randomly selected to determine the baseline microbiological level. At W6, all experimental teeth were individually tested, to quantify Aggregatibacter actinomycetemcomitans (Aa), Porphyromonas gingivalis (Pg), Tannerella
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Fig. 2. Rheometer characterization of the gels and the in vitro release of DOX and LXA4. A. Gelation temperature. B. Storage modulus(G’) and loss modulus(G”) at 37°C. C.
The cumulative release of DOX or LXA4 from the PIC gels. Some error bars cannot be seen when they are smaller than the height of the symbol.

forsythia (Tf), Treponema denticola (Td), Fusobacterium nucleatum
(Fn), Prevotella intermedia (Pi), Parvimonas micra (Pm), Campylobacter rectus (Cr), and Eikenella corrodens (Ec) using sequential quantitative polymerase chain reactions by Bio2dental B.V. (Ewijk, the
Netherlands). The analytic protocol was based on a previous study
[20]. Finally, the quantiﬁcation of the bacteria was displayed in a
heatmap graph using the median of the logarithm to the counts by
GraphPad Prism 7.0 (GraphPad Software, Inc.).
2.3.2.3. Inﬂammatory cytokines. Gingival crevicular ﬂuid (GCF) of
every experimental tooth before (W0) and after (W6) treatment
was collected by ﬁlter paper. The tooth was ﬁrst air-dried and
gingival crevicular ﬂuid (GCF) was collected using 2 mm × 8
mm ﬁlter paper strips (Whatman 3MM chromatography paper,
Sigma-Aldrich) placed in the periodontal pockets until mild resistance was felt and kept in place for 60 seconds [21]. Samples
contaminated with blood were discarded and new sites were selected. The strips were immediately transferred into Eppendorf
tubes and stored at −80°C until further processing. For analysis,
100 μl phosphate-buffered saline was used to elute the samples
at 4°C overnight. The tubes were gently shaken for 1 min and
then centrifuged at 80 0 0 g for 5 min. The supernatant was used
to detect cytokine levels by a canine cytokine/chemokine magnetic
bead panel kit (CCYTOMAG-90K, Millipore, MA, USA) with Luminex multianalyte technology (BioPlex system; Bio-Rad Laboratories, California, USA) according to the manufacturer’s instructions.
Five different cytokines were detected, including the granulocytemacrophage colony-stimulating factor (GM-CSF), cytokines interleukin (IL)-6, IL-8, IL-10 and tumor necrosis factor (TNF)-α . Results
were recorded as the amount of each cytokine in pg/ml.
3. Statistical analysis
For in vitro physicochemical tests, one-way analysis of variance
with Tukey multiple comparison test was performed using SPSS
version 19.0 (IBM Corp., Armonk, NY).
For in vivo tests, different statistical analyses were used. Regarding PD and CAL, sites with baseline PD ≥ 4 mm or baseline CAL ≥
3mm, were included in the statistical analysis. For both outcomes,
three separate regression analyses were performed for W0 versus
W2, W0 versus W4, and W0 versus W6. The dependent variable
was the PD or CAL at follow-up times (W2, W4, and W6), centered
around its mean value at W0 (4.84 mm for PD, 4.87 mm for CAL).
The PD or CAL centered around its mean value at W0 and experimental conditions were as independent variables, with SRP and PIC
as reference groups, respectively. As measurements were clustered
within various locations per condition and conditions within dogs,
a multilevel model was used with random intercepts for dog and
location (within dog).

For microbiology, a similar approach was used, but here only
an analysis at W6 was performed. No centering was performed
and, as only one location was measured per condition, only a random intercept per dog was needed. For the cytokines, the primary
analysis was a multilevel regression, with the difference in concentration as the dependent variable, the experimental condition
as a categorical independent variable and a random intercept per
dog to model the clustering of observations within a dog. All the in
vivo data analyses were performed on the lme4 library of the package R (version 3.6.1). The signiﬁcance level was set at a two-tailed
P value of 0.05 for all tests.
4. Results
4.1. Physicochemical characterization in vitro
As shown in Fig. 2A, the gelation temperature was around 16
°C in all three formulations. Compared to the plain PIC gel, the incorporation of DOX or LXA4 did not affect the G’ and G” of the
gels (Fig. 2B). The recorded rheological graphs of each groups were
shown in the supplementary Figure S1. Furthermore, all formulations kept thermo-reversible property. The release proﬁles of DOX
and LXA4 from PIC hydrogel are displayed in Fig. 2C and Figure
S1D. DOX and LXA4 showed similar release pattern from the PIC
gels: the total release was completed in about 4 days with ~70%
within the ﬁrst 24 hours.
The injection of the PIC solution in the ex vivo pig jaw model
was easy and ﬂuent, as shown in the supplementary video. After
incubation of 4 days, the PIC gel could still be seen in the denture
model (Supplement Figure S2).
4.2. General evaluation of the in vivo test
Forty-ﬁve teeth were treated in total, including 22 incisors and
canines, 7 premolars and 16 molars. During the treatment, PIC formulas could easily be injected into the pockets in a liquid state,
and upon visual inspection appeared to gel immediately upon body
temperature. After treatment, all dogs recovered well from anesthesia. No adverse reaction or deviancy was observed in any of the
subjects. After 3-5 days, in almost all animals, the dressings were
dislodged, and after two weeks few dressing residuals were left,
but with no location or dog preference. No gel residue was observed at each follow-up check. There were no signs of induced
gingival redness, swelling, bleeding or any necrosis.
4.3. Clinical parameters
4.3.1. PI and GI
PI scores (Fig. 3A) were decreased after SRP in all groups. Thereafter, at each timepoint, PI was comparable among groups, indi-
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Fig. 3. Clinical measurements at different time intervals for different groups. (A) Average scores of plaque index and (B) gingival inﬂammation. Both dropped after SRP and
then kept in a relatively low level in all groups. Data were expressed as mean () with 95% conﬁdential intervals. (C) Decrease in PD and (D) gain in CAL from baseline.
Data were expressed as mean ± SD. The average reduction in PD was approximately 1-2 mm in all groups throughout the study, and the same applied for the average gain
in CAL.

Table 1
Regression analysis on the estimated effect on PD reduction.
Comparison

SRP vs baseline
PIC vs SRP
DOX vs PIC
LXA4 vs PIC
DOX+LXA4 vs PIC
DOX vs SRP
LXA4 vs SRP
DOX+LXA4 vs SRP

W2-W0

W4-W0

W6-W0

Difference (mm)

95%%CI (mm)

P

Difference (mm)

95%%CI (mm)

P

Difference (mm)

95%%CI (mm)

P

1.19
-0.45
0.87
0.63
0.81
0.51
0.27
0.48

[0.50, 1.93]
[-1.17, 0.3]
[0.20, 1.54]
[-0,07, 1.35]
[0.15, 1.47]
[-0.15, 1.18]
[-0.42, 0.99]
[-0.18,1.13]

0.001∗
0.246
0.010∗
0.078
0.016∗
0.126
0.438
0.156

1.31
-0.10
0.55
0.27
0.53
0.47
0.20
0.42

[0.71,1.91]
[-0.95,0.73]
[-0.092,1.197]
[-0.411,0.957]
[-0.105,1.169]
[-0.18, 1.12]
[-0.48, 0.90]
[-0.21, 1.06]

<0.001∗
0.800
0.092
0.433
0.102
0.157
0.560
0.197

1.43
-0.61
0.80
0.45
0.84
0.16
-0.17
0.19

[0.87,1.99]
[-1.39,0.17]
[0.18,1.42]
[-0.21,1.11]
[0.23,1.46]
[-0.41, 0.74]
[-0.78, 0.45]
[-0.38, 0.76]

<0.001∗
0.125
0.011∗
0.180
0.007∗
0.574
0.591
0.521

The statistical comparisons were separately performed on PIC vs SRP to see the effect of PIC gel, and DOX vs PIC, LXA4 vs PIC, and DOX+LXA4 vs PIC to check the effect of
therapeutic agents at W2, W4 and W6 versus W0. All the effects and 95%%CIs) were the differences calculated based on the reference group. Positive value means more
PD reduction; negative value represents less PD reduction.
∗
Indicates P < 0.05.

cating that all groups maintained similar levels of oral plaque accumulation throughout the study. At baseline, none of the groups
showed severe gingival inﬂammation with the mean GI smaller
than 2.0 (Fig. 3B). Like PI, GI dropped after SRP and then a relatively low inﬂammatory status was seen for all groups.
4.3.2. PD and CAL
In total, 101 locations with PD ≥ 4 mm and 153 with CAL ≥
3mm at baseline were included in the analysis. The average reduction in PD (Fig. 3C) was approximately 1-2mm in all groups
throughout the study, and the same applied for the average gain
in CAL (Fig. 3D). The detailed results from the statistical analysis

are shown in Tables 1 & 2. In Table 1, the SRP effect on PD reduction was ﬁrst calculated by comparing it with the baseline data.
SRP signiﬁcantly decreased PD by 1.19, 1.31, and 1.43 mm at W2,
W4, and W6, respectively. The effect of PIC was further compared
with that of SRP revealing that the vehicle PIC had no additional
effect (P ≥ 0.05). Furthermore, DOX, LXA4, and DOX+LXA4 were
separately compared with the vehicle (PIC) control and SRP control, showing a statistical signiﬁcance for DOX and DOX+LXA4 of
around 0.8 mm on PD, versus PIC control at W2 and W4. When
compared with SRP, the effect sizes gradually decreased from W2
until W6, to not being signiﬁcant anymore. The effect for LXA4 was
statistically insigniﬁcant.
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Table 2
Regression analysis on the estimated effect on CAL gain.
Comparison

SRP vs baseline
PIC vs SRP
DOX vs PIC
LXA4 vs PIC
DOX+LXA4 vs PIC
DOX vs SRP
LXA4 vs SRP
DOX+LXA4 vs SRP

W2-W0

W4-W0

W6-W0

Difference (mm)

95%CI(mm)

P

Difference (mm)

95%CI(mm)

P

Difference (mm)

95%CI(mm)

P

0.91
-0.01
0.59
0.18
0.69
0.56
0.17
0.61

[0.49, 1.35]
[-0.60,0.56]
[0.04, 1.16]
[-0.40,0.77]
[0.13, 1.27]
[0.00, 1.12]
[-0.47,0.72]
[0.04, 1.21]

<0.001∗
0.950
0.035∗
0.545
0.017∗
0.049∗
0.687
0.035∗

0.91
0.37
0.21
0.06
0.33
0.58
0.27
0.67

[0.41, 1.40]
[0.32, 1.06]
[-0.36, 0.79]
[-0.67, 0.54]
[-0.25, 0.94]
[-0.03, 1.18]
[-0.37, 0.91]
[0.06, 1.30]

<0.001∗
0.291
0.468
0.839
0.259
0.060
0.404
0.032∗

0.94
0.11
0.44
0.05
0.46
0.56
0.19
0.50

[0.44, 1.48]
[-0.56, 0.78]
[-0.03, 0.92]
[-0.45, 0.56]
[-0.03, 0.97]
[0.09, 1.03]
[-0.31, 0.69]
[0.02, 0.99]

<0.001∗
0.074
0.069
0.816
0.064
0.021∗
0.455
0.040∗

The statistical comparisons were separately performed on PIC vs SRP to see the effect of PIC gel, and Dox vs PIC, LXA4 vs PIC, and Dox+LXA4 vs PIC to check the effect
of therapeutic agents at W2, W4 and W6 versus W0. All the effects and 95%CIs were the differences calculated based on the reference group. Positive value means more
CAL gain; negative value represents less CAL gain.
∗
Indicates the P<0.05.

Fig. 4. (A) Quantiﬁcation of subgingival microﬂora. Heatmap of the included 5 bacterial species and the sum of 9 total bacteria using the median of the logarithm to the
counts by GraphPad Prism 7.0 (GraphPad Software, Inc.). Statistical analysis was done between each experimental group and SRP. ∗ indicates a statistical difference (P<0.05)
on the effect of bacterial reduction between SRP and experimental group. SRP did not signiﬁcantly decrease the subgingival bacterial amount. In contrast, after assisting with
different adjuvants, LXA4 and DOX+LXA4 groups signiﬁcantly reduced the total bacterial number and Pg. Finally, DOX signiﬁcantly decreased the Fn count. (B) Quantiﬁcation
of IL-8 in gingival crevicular ﬂuid collected with ﬁlter paper for 60s at baseline(W0) and the end of the treatment(W6). Data were expressed as mean±SD. ∗ indicates a
statistical difference (P<0.05) on the effect of IL-8 reduction between SRP and experimental group.

The same analyses were also performed on the gain of CAL
(Table 2). Compared with the baseline, SRP signiﬁcantly increased
CAL gain by 0.91, 0.91, and 0.94 mm at W2, W4, and W6, respectively. Applying PIC alone did not alter the improvement in CAL resulting from SRP (PIC vs. SRP). DOX promoted the CAL gain by ~0.6
mm at W2 (P < 0.05), and thereafter the effect size ﬂuctuated between 0.2-0.6 mm at W4 and W6 as compared with PIC or SRP.
DOX+ LXA4 treatment also resulted in a gain of CAL by 0.69 mm
at W2 (P < 0.05), and 0.33 and 0.46 mm at W4 and W6, respectively (P > 0.05) in comparison with PIC. When compared with
SRP, DOX+ LXA4 treatment caused a gain in CAL of 0.61 mm at
W2, 0.67 mm at W4, and 0.50 mm at W6 (all P < 0.05). In other
words, DOX+LXA4 following SRP caused a gain in CAL of around
1.5 mm. Like PD, LXA4 did not signiﬁcantly contribute to the CAL
gain.

LXA4 and DOX+LXA4 signiﬁcantly reduced the bacterial number.
The same results applied for the Pg count as well. Moreover, DOX
signiﬁcantly decreased the Fn count. There was no statistical indication of reduction of Cr, Tf and Pm in any group.

4.4. Subgingival microﬂora

For periodontal delivery, an ideal drug carrier should be safe,
easily applicable and removable, and exhibit adequate retention
inside the periodontal pocket to facilitate controlled drug release.
The previous study showed that PIC is a thermo-reversible gel at
a very low polymer concentration and possesses a unique strainstiffening property, which makes it a potential carrier for periodontal delivery [12,13,22]. This study aimed to formulate an antimicrobial and anti-inﬂammatory treatment option, by incorporating

Td, Pi, and Ec were only detected at low amounts in a few samples and Aa was not detected at all, and therefore excluded from
further analysis. As shown in the heatmap (Fig. 4A), Pg was the
most prevalent species, followed by Tf, Cr, Fn, and Pm. Comparing the total bacterial number of SRP to the baseline showed that
SRP did not decrease the subgingival bacterial amount. In contrast,

4.5. Inﬂammatory Cytokine
As depicted in Fig. 4B, the decrease of IL-8 from W0 to W6
was larger in the DOX+LXA4 group as compared to the SRP
group (P ==0.044). The quantiﬁcation of other cytokines as proinﬂammatory IL-6, GM-CSF, TNF-α and anti-inﬂammatory IL-10 in
GCF was found to be below the reliable detection limit (data were
not shown).
5. Discussion
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DOX and/or LXA4 into 0.5 wt% PIC hydrogel. The formulations were
tested about its physicochemical properties in vitro as well as its
handling ability, safety, and initial clinical eﬃcacy in vivo as adjunctive therapy to treat naturally occurring periodontitis.
The prerequisite for successful gel therapy would be the ease
of preparation and administration. The preparation by direct mixing of pharmaceutical agents (DOX and/or LXA4 ) into the gel is
easy and without intermediate drug loss. Furthermore, both in vitro
and in vivo tests conﬁrmed the PIC/DOX/LXA4 hydrogel was still
thermo-reversible. In a previous study, we reported that cold PIC
solution possesses similar injectability to water [12], which facilitates the PIC/DOX/LXA4 hydrogel to perfuse easily into deep or
irregular pockets upon injection at low temperature. The current
study conﬁrms that the PIC/DOX/LXA4 hydrogel can indeed be easily injected into the periodontal pockets in a clinical setting. After
injection, the solution was found to gel immediately in situ. Although the PIC polymer is not degradable, the residue of the PIC
gel can be easily removed by cold water irrigation at the end of
treatment [22].
After administration, facilitating a sustained drug release by the
hydrogel is paramount for the ﬁnal clinical eﬃcacy. In view of this,
the hydrogel must stay in play for a relevant period after its application. The data showed that the PIC gel can facilitate the release of DOX or LXA4 for around 4 days in vitro. The observed
drug release time is in line with those reported in the literature for
hydrogel carriers, ranging from several hours to several days [2325]. A previous study indicated already that the in vitro release of
DOX and LXA4 from PIC with PLGA microspheres continues up to
6 weeks and 10 days, respectively [26]. However, the material as
delivered into the periodontal pocket will always experience mechanical forces from mastication, constant turnover of epithelium
and excretion of gingival crevicular ﬂuid, etc. [12]. Unfortunately,
the maintenance of the PIC gel in the periodontal pockets for such
a prolonged time could not be conﬁrmed in the current in vivo
study, as the gel is transparent and impossible to detect. The existence of dyed PIC gel in the denture model in vitro could provide
an indication on the stability of the PIC gel up to 4 days. Furthermore, a recent study on dermal healing used Indium-111 radiolabeling of the PIC gel in combination with single-photon emission
computed tomography and found that the gel stayed in situ for at
least 1 week [22]. As one of the limitations, the available local drug
concentration was not tested here since frequent anesthesia was
not allowed and detrimental to the welfare of the dogs. Nevertheless, the favorable prediction on gel retention and drug release is
indirectly reﬂected by the positive clinical eﬃcacy of the PIC-drug
system. Still, it must be noticed that the in vivo behavior of the gel
will have to be further investigated and conﬁrmed in future clinical
studies.
The in vivo eﬃcacy assessment of a new treatment strategy is
highly dependent on the chosen model [27]. Some technical remarks on this study design can be made. The dog with natural periodontitis is one of the most widely used models, because of the
anatomical, immunological and microbiological similarity to the
human [28]. Besides, dogs live close to people, allowing handling
and checkup to be undertaken in a controlled veterinary clinic setting. Traditionally, histomorphometrical analyses are regarded as
essential to evaluate periodontal regeneration. However, the euthanasia of dogs is associated with ethical considerations and it
can be questioned whether histological data are required to draw a
reliable conclusion. In this study, dog patients with naturally occurring periodontitis were used, which is very similar to what would
have been studied in human patients. By measuring clinical parameters and performing laboratory examinations, valuable information regarding the ease of application, safety, and bioactivity of
agents, could be extracted and were shown to be adequate for the
continuation into future human clinical trial. Still, a disadvantage
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of the set-up was that the treatment was performed under anesthesia. Though this ensured accurate and standardized procedures,
it limited the frequency of gel application to three injections in six
weeks. A second issue is that only a small number of dogs was
included, although a split-mouth design was adopted to partially
balance the individual variances. Under this background, limited
clinical effect was anticipated due to individual variances and less
frequencies of injection. In addition, to minimize a potential crossover effect, a periodontal dressing was applied to seal the hydrogel inside the pockets. As this dressing was not in place for more
than a few days, an effect on the outcome cannot be excluded. This
dressing was only applied, because we intended to avoid secondary
trauma on the treatment sites by e.g. chewing or gnawing. In a human clinical trial, the use of a dressing can be avoided.
At last, the initial information about the clinical eﬃcacy of the
PIC-DOX/LXA4 were assessed using several clinical parameters. PI
and GI were found to be comparably reduced in all groups after
SRP. However, differences between treatment groups were not further analyzed, given the insensitivity and subjectivity during the
longitudinal assessment. PD and CAL were the key parameters to
evaluate clinical effectiveness. PIC gel alone did not produce any
therapeutic or adverse effect. The results indicated that the application of PIC gel with DOX and DOX+LXA4 resulted in a signiﬁcant improvement compared with PIC control. However, there was
no statistical difference detected compared to SRP, most likely due
to the low number of animals. Although PD is quite sensitive, its
value is largely affected by the gingival level. In contrast, the attachment level is more accurate [29]. After SRP, the gain in CAL
was around 0.9mm at all time points. DOX and DOX+LXA4 groups
could increase another 0.5-0.6 mm CAL compared to SRP. Taken together, this study still provides evidence on the favorable effect of
PIC-DOX and PIC-DOX+LXA4 on periodontal healing.
The applied dosage of DOX was based on an earlier published
animal study [17], where DOX following SRP resulted in 2.5mm
mean reduction of PD and 2.0mm mean gain of CAL in beagle dogs
in a 4-month period. Their clinical outcome was slightly better
than the current study, which might be due to the shorter observation time and lower administration frequency here. Meanwhile,
this probably also led to the unsatisfactory antimicrobial effect. After SRP, the microbial recolonization and bioﬁlm accumulation proceed very fast, if without additional oral hygiene. It has been reported that even a 3-day period is already enough to result in a
complex and organized mature microbial community [30]. The application of DOX can inhibit the re-formation of bioﬁlm, but the
release of DOX will not be long enough for bacterial inhibition using bi-weekly application intervals. It can be hypothesized that a
more pronounced clinical effect will be obtained with a more frequent application, e.g. weekly injection.
In contrast to the DOX and DOX+LXA4 groups, LXA4 by itself
did not show strong eﬃcacy in improving PD and CAL. As potent
pro-resolving mediators, the potential of lipoxins and resolvins for
treating established periodontitis has only been tested in experimental periodontitis models in rabbits and swine [8,9,31]. The current study was the ﬁrst trial to apply LXA4 into large animals with
naturally occurring periodontitis. The applied dosage of LXA4 was
based on a previous study by Van Dyke et al., in which 10 μg LXA4
was applied in a surgically created periodontal defect in minipigs
[9]. Without direct references, perhaps the applied dose of LXA4
was too low to exert a potent clinical effect. Hence, the optimal
dosage should be explored further. Still, the LXA4 group showed a
much lower number of total bacteria and Pg count. This corroborates with a previous rabbit study, in which Resolvin E1 induced
shifts of subgingival microbiota toward a composition more associated with healthy periodontium [8,32].
The DOX+LXA4 therapy decreased the inﬂammatory marker
IL-8 as compared to SRP. As pro-inﬂammatory cytokine, IL-8 is
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most commonly used as an indicative biomarker of the progression of periodontitis [33]. The decrease, as observed in the current
study, supports the eﬃcacy of DOX+LXA4 to decrease inﬂammation. No precise information could be drawn from other cytokines,
but again a larger sample size might be helpful to gain more insight.
6. Conclusion
In the present study, we have designed and formulated a
thermo-responsive, antimicrobial, and anti-inﬂammatory hydrogel
delivery system by incorporating DOX and/or LXA4 into PIC hydrogel, which can be used as adjunctive therapy to improve periodontal healing. The formulations were tested both in vitro for physicochemical characterization and in vivo with an animal-friendly
model. The results suggest that the PIC/DOX/LXA4 gel can easily
be prepared and applied into periodontal pockets. The PIC gel itself exerted no effects. Favorable evidence was detected in the improvement of clinical attachment by PIC gel loaded with DOX or
DOX+LXA4 after SRP. But the optimal treatment protocol of LXA4
and DOX for the clinical beneﬁt on periodontal healing should be
further explored. Based on this study, further human clinical trials
can proceed.
Statement of Signiﬁcance
Topical adjunctive therapy with antimicrobial or antiinﬂammatory agents is needed to improve the clinical outcome
for refractory periodontitis. Various local drug delivery systems
have been reported, but few are translated successfully. Here, we
designed and formulated a thermo-reversible polyisocyanopeptide hydrogel delivery system incorporating doxycycline and/or
lipoxin A4 , which possessed very low polymer concentration
resulting in good injectability and biocompatibility. Additionally,
this study adopted an animal-friendly model to test the delivery
system. This hydrogel was proved to be a safe vehicle with good
handling properties, and the gels loaded with antimicrobial and
anti-inﬂammatory drugs displayed better clinical eﬃcacy over
mechanical debridement alone. This study warrants further clinical trials and laid the basis for future research to improve drug
delivery systems.
Sources of Funding Statement
This work was ﬁnancially supported by the NWO Domain Applied and Engineering Sciences (project number 13844) and the
Chinese Scholarship Council (project number 201509370020).
Declaration of Competing Interest
The authors declare no potential conﬂicts of interest with respect to the authorship and/or publication of this article.
Acknowledgements
The authors thank Mr. Kaizheng Liu for synthesizing the PIC
polymers; thank Dr. Marije Koenders and Mrs. Monique Helsen for
the help with cytokine measurements; thank Dr. Mark F. Timmerman and Dr. Adelina S. Plachokova for their valuable suggestions
on the project.
Supplementary materials
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actbio.2020.09.018.

References
[1] T.E. Van Dyke, Control of inﬂammation and periodontitis, Periodontol. 20 0 0 45
(2007) 158–166.
[2] B.A. Niemiec, Periodontal disease, Top. Companion Anim. Med. 23 (2) (2008)
72–80.
[3] R. Cosgarea, R. Tristiu, R.B. Dumitru, N.B. Arweiler, S. Rednic, C.I. Sirbu, L. Lascu,
A. Sculean, S. Eick, Effects of non-surgical periodontal therapy on periodontal laboratory and clinical data as well as on disease activity in patients with
rheumatoid arthritis, Clin. Oral Invest. 23 (1) (2019) 141–151.
[4] L. Machion, D.C. Andia, G. Lecio, F.H. Nociti, M.Z. Casati, A.W. Sallum, E.A. Sallum, Locally delivered doxycycline as an adjunctive therapy to scaling and root
planing in the treatment of smokers: a 2-year follow-up, J. Periodontol. 77 (4)
(2006) 606–613.
[5] H.M. Lee, S.G. Ciancio, G. Tüter, M.E. Ryan, E. Komaroff, L.M. Golub, Subantimicrobial dose doxycycline eﬃcacy as a matrix metalloproteinase inhibitor
in chronic periodontitis patients is enhanced when combined with a non-steroidal anti-inﬂammatory drug, J. Periodontol. 75 (3) (2004) 453–463.
[6] H.M. Lee, S.G. Ciancio, G. Tuter, M.E. Ryan, E. Komaroff, L.M. Golub, Subantimicrobial dose doxycycline eﬃcacy as a matrix metalloproteinase inhibitor
in chronic periodontitis patients is enhanced when combined with a non-steroidal anti-inﬂammatory drug, J. Periodontol. 75 (3) (2004) 453–463.
[7] A. Llavaneras, N.S. Ramamurthy, P. Heikkilä, O. Teronen, T. Salo, B.R. Rifkin,
M.E. Ryan, L.M. Golub, T. Sorsa, A combination of a chemically modiﬁed doxycycline and a bisphosphonate synergistically inhibits endotoxin-induced periodontal breakdown in rats, J. Periodontol. 72 (8) (2001) 1069–1077.
[8] H. Hasturk, A. Kantarci, T. Ohira, M. Arita, N. Ebrahimi, N. Chiang, N.A. Petasis, B.D. Levy, C.N. Serhan, T.E. Van Dyke, RvE1 protects from local inﬂammation and osteoclast- mediated bone destruction in periodontitis, FASEB J. 20
(2) (2006) 401–403.
[9] T. Van Dyke, H. Hasturk, A. Kantarci, M. Freire, D. Nguyen, J. Dalli, C. Serhan, Proresolving nanomedicines activate bone regeneration in periodontitis,
J. Dent. Res. 94 (1) (2015) 148–156.
[10] B. Wang, J. Shao, J. Fu, J.A. Jansen, X.F. Walboomers, C.R. Hooijmans, J. Van
Luijk, F. Yang, Topical host-modulating therapy for periodontal regeneration:
a systematic review and meta-analysis, Tissue Eng. Part B Rev. 25 (6) (2019)
526–543.
[11] R.R. H, D. Dhamecha, S. Jagwani, M. Rao, K. Jadhav, S. Shaikh, L. Puzhankara,
S. Jalalpure, Local drug delivery systems in the management of periodontitis:
A scientiﬁc review, J. Control Release 307 (2019) 393–409.
[12] B. Wang, J. Shao, J.A. Jansen, X.F. Walboomers, F. Yang, A novel thermoresponsive gel as a potential delivery system for lipoxin, J. Dent. Res. 98 (3) (2019)
355–362.
[13] P.H. Kouwer, M. Koepf, V.A. Le Sage, M. Jaspers, A.M. van Buul, Z.H. Eksteen-Akeroyd, T. Woltinge, E. Schwartz, H.J. Kitto, R. Hoogenboom, S.J. Picken,
R.J. Nolte, E. Mendes, A.E. Rowan, Responsive biomimetic networks from polyisocyanopeptide hydrogels, Nature 493 (7434) (2013) 651–655.
[14] M. Romano, G. Luciotti, S. Gangemi, F. Marinucci, C. Prontera, E. D’Urbano,
G. Davi, Urinary excretion of lipoxin A(4) and related compounds: development of new extraction techniques for lipoxins, Lab. Invest. 82 (9) (2002)
1253–1254.
[15] A.C. Kogawa, H.R. Salgado, Quantiﬁcation of doxycycline hyclate in tablets by
HPLC-UV method, J. Chromatogr. Sci. 51 (10) (2013) 919–925.
[16] G. Greenstein, Clinical versus statistical signiﬁcance as they relate to the
eﬃcacy of periodontal therapy, J. Am. Dent. Assoc. 134 (5) (2003) 583–
591.
[17] A.M. Polson, G.L. Southard, R.L. Dunn, G.L. Yewey, K.C. Godowski, A.P. Polson,
J.C. Fulfs, L. Laster, Periodontal pocket treatment in beagle dogs using subgingival doxycycline from a biodegradable system. I. Initial clinical responses, J.
Periodontol. 67 (11) (1996) 1176–1184.
[18] H. Löe, The gingival index, the plaque index and the retention index systems,
J. Periodontol. 38 (6) (1967) 610–616.
[19] M. Rober, M. Quirynen, A.D. Haffajee, E. Schepers, W. Teughels, Intra-oral microbial proﬁles of beagle dogs assessed by checkerboard DNA–DNA hybridization using human probes, Veter. Microbiol. 127 (1–2) (2008) 79–88.
[20] E. Decat, J. Cosyn, H. De Bruyn, R. Miremadi, B. Saerens, E. Van Mechelen,
S. Vermeulen, M. Vaneechoutte, P. Deschaght, Optimization of quantitative
polymerase chain reactions for detection and quantiﬁcation of eight periodontal bacterial pathogens, BMC Res. Notes 5 (2012) 664.
[21] G.S. Griﬃths, M.A. Curtis, J.M. Wilton, Selection of a ﬁlter paper with optimum
properties for the collection of gingival crevicular ﬂuid, J. Periodontal. Res. 23
(1) (1988) 33–38.
[22] R.C. Op ’t Veld, L. Joosten, O.I. van den Boomen, O.C. Boerman, P. Kouwer,
E. Middelkoop, A.E. Rowan, J.A. Jansen, X.F. Walboomers, F. Wagener, Monitoring (111)In-labelled polyisocyanopeptide (PIC) hydrogel wound dressings in
full-thickness wounds, Biomater. Sci. 7 (7) (2019) 3041–3050.
[23] G.C. Aithal, U.Y. Nayak, C. Mehta, R. Narayan, P. Gopalkrishna, S. Pandiyan,
S. Garg, Localized in situ nanoemulgel drug delivery system of quercetin for
periodontitis: development and computational simulations, Molecules 23 (6)
(2018) 1363.
[24] R.R. H, D. Dhamecha, S. Jagwani, D. Patil, S. Hegde, R. Potdar, R. Metgud,
S. Jalalpure, S. Roy, K. Jadhav, N.K. Tiwari, S. Koduru, S. Hugar, S. Dodamani,
Formulation of thermoreversible gel of cranberry juice concentrate: Evaluation, biocompatibility studies and its antimicrobial activity against periodontal
pathogens, Mater. Sci. Eng. C Mater. Biol. Appl. 75 (2017) 1506–1514.

B. Wang, H.E. Booij-Vrieling, E.M. Bronkhorst et al. / Acta Biomaterialia 116 (2020) 259–267
[25] M.I. Alvarez Echazu, C.E. Olivetti, C. Anesini, C.J. Perez, G.S. Alvarez, M.F. Desimone, Development and evaluation of thymol-chitosan hydrogels with antimicrobial-antioxidant activity for oral local delivery, Mater. Sci. Eng. C Mater. Biol.
Appl. 81 (2017) 588–596.
[26] B. Wang, J. Wang, J. Shao, P.H.J. Kouwer, E.M. Bronkhorst, J.A. Jansen, X.F. Walboomers, F. Yang, A tunable and injectable local drug delivery system for personalized periodontal application, J. Control Release 324 (2020) 134–145.
[27] B. Wang, S. Mastrogiacomo, F. Yang, J. Shao, M.M.A. Ong, N. Chanchareonsook, J.A. Jansen, X.F. Walboomers, N. Yu, Application of BMP-Bone Cement
and FGF-Gel on Periodontal Tissue Regeneration in Nonhuman Primates, Tissue Eng. Part C Methods 25 (12) (2019) 748–756.
[28] C. Albuquerque, F. Morinha, J. Requicha, T. Martins, I. Dias, H. Guedes-Pinto,
E. Bastos, C. Viegas, Canine periodontitis: the dog as an important model for
periodontal studies, Veter. J. (London, England: 1997) 191 (3) (2012) 299–305.
[29] P.N. Papapanou, M. Sanz, N. Buduneli, T. Dietrich, M. Feres, D.H. Fine, T.F. Flemmig, R. Garcia, W.V. Giannobile, F. Graziani, Periodontitis: consensus report of
workgroup 2 of the 2017 world workshop on the classiﬁcation of periodontal
and peri-implant diseases and conditions, J. Periodontol. 89 (2018) S173–S182.

267

[30] F. Hartenbach, C.M. Silva-Boghossian, A.P.V. Colombo, The effect of supragingival bioﬁlm re-development on the subgingival microbiota in chronic periodontitis, Arch. Oral Biol. 85 (2018) 51–57.
[31] H. Hasturk, A. Kantarci, E. Goguet-Surmenian, A. Blackwood, C. Andry, C.N. Serhan, T.E. Van Dyke, Resolvin E1 regulates inﬂammation at the cellular and tissue level and restores tissue homeostasis in vivo, J. Immunol. 179 (10) (2007)
7021–7029.
[32] T.E. Van Dyke, Pro-resolving mediators in the regulation of periodontal disease,
Mol. Aspects Med. 58 (2017) 21–36.
[33] L.S. Finoti, R. Nepomuceno, S.C. Pigossi, S.C. Corbi, R. Secolin, R.M. Scarel–
Caminaga, Association between interleukin-8 levels and chronic periodontal
disease: A PRISMA-compliant systematic review and meta-analysis, Medicine
(Baltimore) 96 (22) (2017) e6932.

