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Abstract
Periodontitis is initiated by dysbiosis of the oral microbiome. Pathogenic bacteria elicit ineffective immune responses, which 
damage surrounding tissues and lead to chronic inflammation. Although current treatments typically aim for microbial 
eradication, they fail to address the significance of immune cell reactions in disease progression. Here, we searched for small 
molecules as drug candidates and identified a bifunctional antibiotic, azithromycin (AZM), that not only inhibits bacterial 
growth but also modulates immune cells to suppress inflammation. We further engineered a dissolvable microneedle patch 
loaded with biodegradable microparticles for local and painless delivery of AZM to the gingival tissues. Inflammatory 
cytokines were decreased while anti-inflammatory cytokines and M2 macrophage were increased with AZM treatments 
in vitro. In vivo delivery of the AZM-loaded microneedle patch demonstrated the same effects on cytokine secretion and the 
promotion of tissue healing and bone regeneration. In addition, microparticles containing anti-inflammatory interleukin-4 
alone or in combination with separately-formulated AZM microparticles, had similar or slightly enhanced therapeutic out-
comes respectively. The bimodal action of AZM obviates the necessity for separate antibacterial and immunomodulatory 
agents, providing a practical and streamlined approach for clinical treatment. Our findings also demonstrate the therapeutic 
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efficacy of microparticles delivery into the soft tissues by a minimally invasive and fast-degrading microneedle patch and 
offer a novel therapeutic approach for the treatment of periodontitis and other diseases through immunomodulation.

Graphical Abstract

Highlights
• Dual actions of a single compound with both antibiotic and immunomodulatory effects can suppress inflammation and 
promote tissue regeneration.
• Fast-dissolving microneedle patch enables minimally invasive and local delivery of biodegradable microparticles as dis-
tributive depots for sustained release of therapeutics in diseased tissues.

Keywords  Microneedle · Immunomodulation · Local drug delivery · Chronic inflammation · Tissue regeneration

Introduction

Periodontal disease, also known as gum disease, is a micro-
biome-induced chronic inflammatory condition that affects 
the supporting structures of teeth, including the gingiva, per-
iodontal ligament, cementum and bone [1]. It is so common 
that it affects about 50% of the adults over the age of thirty 
globally [2]. In healthy individuals, the oral microbiome is 
in a state of homeostasis with the host. However, when the 
overall microbiome balance is disrupted, the resulting pol-
ymicrobial synergy and dysbiosis can trigger inflammatory 
and inadequately regulated immune responses which eventu-
ally evolve into chronic inflammation and ultimately tissue 
destruction and bone loss [1, 3, 4]. Thus, although bacteria 
are the initiator, the host immune system plays a vital role 
in disease progression. In recent years, immunomodulation 
has started to gain attention for treating periodontitis [5].

Pathogenic bacteria have developed numerous different 
strategies to counteract the normal immune responses and 
exacerbate the disease through virulence factors and pro-
inflammatory mediators [3, 6]. For instance, Porphyromonas 
gingivalis utilizes lipopolysaccharide, proteases, fimbriae, 
and other virulence factors, to enhance bacterial coloniza-
tion and support the growth of the surrounding microbial 

biofilm community. Gingipains, a class of proteases, can 
degrade host proteins including collagen a main structural 
matrix protein necessary for tissue regeneration and com-
plement components which comprise an important part 
of innate immune response [7]. Gingipains also elicit pro-
inflammatory signaling pathways to promote chronic inflam-
mation thus preventing tissue healing and regeneration [8]. 
Gingipains along with other virulence factors play a crucial 
role in promoting coaggregation of P. gingivalis with other 
bacteria and facilitating the formation of dental biofilm [6]. 
Through evolution, pathogenic bacteria have developed the 
ability to evade host immune responses and skew appropri-
ate immune reaction. Moreover, the accumulation of bacteria 
allows biofilm formation, which creates a protected environ-
ment for the bacteria by hindering immune clearance and 
exacerbating the inflammatory response.

Another important factor for periodontitis progression 
is the behavior of immune cells, such as neutrophils, mac-
rophages, and T cells [9–13]. They respond to the pres-
ence of bacterial pathogens by releasing cytokines and 
chemokines that trigger inflammatory responses. In the early 
stage of periodontitis, neutrophils are the first line of defense 
against bacteria. They clear the pathogens by phagocytosis 
and can become apoptotic after engulfing microbes, form a 
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“wall” between the junctional epithelium and the pathogen-
rich dental plaque and use neutrophil extracellular traps 
(NETs) to capture bacteria [11]. Macrophages including 
tissue-resident and monocyte-derived macrophages also play 
a defending role against bacterial infection. They can clear 
apoptotic neutrophils, phagocytose microbes, release pro-
inflammatory cytokines and present antigens to stimulate 
T cells [9]. In response to different sets of inducing factors, 
macrophages are polarized to various functional phenotypes 
– M1 and M2 are two representative phenotypes of inflam-
matory and anti-inflammatory macrophages respectively. 
M1 macrophages secrete high level of inflammatory media-
tors such as tumor necrosis factor-α (TNF-α) and interleukin 
(IL)-6 contribute significantly to tissue damage and bone 
resorption, while M2 macrophages are associated with anti-
inflammatory cytokines such as IL-10, arginase-1, and trans-
forming growth factor (TGF) that promote tissue remodeling 
and regulate the resolution of inflammation [14].

T cells have many subsets with different functions. The 
T helper 17 (TH17) cell subset has been shown to be a 
major player in pathogenesis of periodontitis [15]. Persis-
tent TH17 activation produces high level of pro-inflamma-
tory cytokines, promotes the differentiation of osteoclasts 
and induces the production of matrix metalloproteinases 
(MMPs) [12, 13]. Osteoclast activity leads to bone resorp-
tion and MMPs degrade the extracellular matrix needed for 
tissue regeneration. On the other hand, T regulatory (TReg) 
cells are immune regulators that help prevent excessive 
inflammation by suppressing the activity of other immune 
cells. However, their functions are impaired, and their num-
bers are reduced in chronic periodontitis [16].

Neutrophils, M1 macrophages and TH17 cells further 
play a role together in alveolar bone destruction via NLRP3 
inflammasome. Inappropriate inflammasome activation 
increases osteoclast activity, decreases osteoblast activity, 
and promotes inflammation [17]. Chronic inflammation dis-
rupts the osteoblasts/osteoclasts balance and results in bone 
loss [14, 18].

Recognizing the significance of addressing both bacte-
rial and immune-related aspects in the treatment of peri-
odontitis, we aimed to develop a comprehensive approach. 
Recently we demonstrated the therapeutic effects of treating 
periodontitis with both antibiotics and immune modulatory 
cytokines [19]. However, cost, safety concerns and regula-
tory complications for enclosing a protein immune modu-
latory drug (i.e., IL-4) are barriers for clinical use of this 
approach. Therefore, we searched for small molecule can-
didate drugs, which are stable during material formulation 
and sustained release, have anti-bacterial properties, and can 
induce the transition of macrophage phenotype from M1 to 
M2 to promote tissue regeneration. Here we identified the 
antibiotic azithromycin (AZM) as having the desired dual 

effect on both bacteria and immune cells [20–22]. AZM has 
been shown to polarize macrophages to an M2 phenotype 
via inhibition of the STAT1, NF-κB and PI3K/Akt signal-
ing pathways [21, 22]. To facilitate targeted delivery, we 
encapsulated AZM in microparticles (MP) and incorpo-
rated these AZM MPs into dissolvable microneedle (MN) 
patches [23, 24]. Leveraging the MN patches as a deliv-
ery platform allowed for efficient tissue penetration, more 
uniform distribution, and localized retention of MPs at the 
affected gingival sites. This patch-based application offers 
convenience to patients, enhancing compliance and enabling 
early intervention. Simply put, the MN patch is applied to 
the diseased gum, where micron-scale needles penetrate the 
tissue, allowing the patch matrices to dissolve and leaving 
the embedded MPs within the tissue for sustained release of 
therapeutic agents.

Results

Screening of bi‑functional small molecules

Based on our selection criteria for small molecular immu-
nomodulatory drugs that have documented ability to polar-
ize macrophages towards the M2 phenotype, we tested the 
following four most promising candidate drugs—azithromy-
cin, tofacitinib, lupeol and dexamethasone. All of them have 
been reported to repolarize the macrophage towards M2 phe-
notype in various disease models [20–22, 25–27]. On top of 
being anti-inflammatory immune modulators, azithromycin 
(AZM) is an antibiotic [28]; tocifatinib is a Janus Kinase 
(JAK) inhibitor that can suppress the expression of IL-6 
[29]; lupeol is an anti-inflammatory natural product [30]; 
and dexamethasone is a widely used glucocorticoid [31].

In bone marrow-derived macrophages (BMDMs), all four 
of the selected immunomodulators significantly suppressed 
the overall immune reaction by reducing the expression of 
the inflammatory marker inducible nitric oxide synthase 
(iNOS) (Fig. 1a). Cytotoxicity on primary macrophages was 
observed at 333 μM for AZM, at 200 μM for tofacitinib, at 
100 μM for lupeol and at all concentrations for dexametha-
sone (Fig. S1). A recent study also showed dexamethasone 
induced ROS generation and mitochondria-dependent 
apoptosis in RAW 264.7 cells via the Krüppel-like factor 
9 (KLF9) [32]. While tofacitinib, lupeol and dexamethasone 
did not show any antibacterial effects against Aggregatibac-
ter actinomycetemcomitans (A.a.) as tested in agar plates 
(Fig. 1b), the efficacy of AZM against the periodontal bacte-
ria A.a. and P. gingivalis was confirmed with the Kirby diffu-
sion assay, and the efficacy is comparable with the clinically 
used antibiotic minocycline (Fig. S2). Comparing AZM with 
the conventional tetracycline (TTC) class of antibiotics [33], 
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AZM altered macrophage polarization towards an anti-
inflammatory CD163+ M2 phenotype, whereas TTC did not 
trigger a similar immune modulatory response (Fig. 1c, d). 
The gating strategy for flow cytometry is shown in Fig. S3.

Design and characterization of the AZM‑MN patch

To achieve sustained release of AZM for a prolonged effect, 
we loaded AZM into biodegradable polylactic-co-glycolic 
acid (PLGA) MPs. We then embedded AZM MPs into the 
dissolvable MN patch made of polyvinylpyrrolidone (PVP) 
to achieve painless and suture-free delivery of MPs into the 
gingival tissue (Fig. 2a). PVP is a biocompatible and water-
soluble polymer, which allows sharp needle formation and 
has been used in various drug delivery applications [34–37]. 
As shown in the schematic in Fig. 2b, the AZM-MN patches 
can be applied to the diseased gum. The needles and the base 

dissolves within 10 min [19], leaving the embedded particles 
in the tissue.

We used a single emulsion fabrication method to gener-
ate AZM MPs with an average size of 5 � m (Fig. 2c, d). 
For comparison, we also used a double emulsion method 
to preserve protein activity and generate IL-4 PLGA MPs 
(as positive control) with a similar size to the AZM-MP. 
Moreover, various inherent viscosities of PLGA 50:50 were 
examined, and 0.6 dl/g PLGA was selected since a release 
time of around a week was desired (Fig. S4). Release of 
AZM and IL-4 from MPs also evaluated in vitro (Fig. 2e).

MPs were then mixed with PVP, cast on the molds, and 
dried at room temperature overnight. Dried MN patches were 
peeled off from the mold. The resulting MNs were pyramid 
shaped with 200 � m × 200 � m (base) × 750 � m (height) 
in dimension, as shown in the electron microscopy images 
(Fig. 2f). The MPs were distributed evenly in needles, while in 

Fig. 1   Screening of small molecules for macrophage polarization. a Screening of four selected immunomodulatory small molecules 
(“AZM” = azithromycin, “Tof.” = tofacitinib, “Lup.” = lupeol and “Dex.” = dexamethasone) by qPCR of iNOS expression on mouse bone mar-
row-derived macrophages (BMDMs). All data are presented as mean ± SD (n = 3). b Antibacterial properties of the compounds on the oral 
bacterium A.a. was measured by inhibition zone on agar plates. The red line indicates the radius of the inhibition zone. c and d Present the per-
centage of CD86+ M1 macrophages and CD163.+ M2 macrophages measured by flow cytometry on primary rat BMDMs. For the MCSF group, 
macrophages were grown in macrophage colony-stimulating factor (MCSF); the LPS group was stimulated with lipopolysaccharide (LPS) for 
6 h; and two antibiotics—AZM (azithromycin) and TTC (tetracycline) treatments were analyzed after stimulation with LPS for 6 h. n = 3
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the base more particles were present closer to the needle due to 
gravity during fabrication process (Fig. 2g, h). The mechanical 
properties of MNs are critical for tissue penetration. A com-
pression test of MNs indicated sufficient mechanical strength 
to penetrate freshly extracted rat gingival tissues (Fig. 2i, j).

In vitro evaluation of MN patches

Effective bacterial killing of the periodontal pathogen P. gin-
givalis was observed in liquid culture using supernatants 
from PBS-immersed AZM-MNs for up to 30 days (Fig. 3a, 
b). Biofilm-forming oral bacteria such as A.a. can facilitate 

accumulation of pathogenic microbiomes and form difficult 
to eradicate biofilms on surfaces [38]. The inhibition zone 
formed by placing AZM-MN patches on agar plates were 
examined to test the efficacy of antibiotics released from 
the patch. Clear inhibition zones were observed around the 
square MN patches in both P. gingivalis and A.a. culture 
plates, and representative images are shown in Fig. 3c, d 
(full set of data in Fig. S5).

Furthermore, we investigated the immunomodulatory 
effects of AZM in its soluble form, as particles, and when 
loaded into MN patches using human peripheral blood 
mononuclear cells (PBMCs), which consist of a mixture of 

Fig. 2   Physical Characterization of PVP microneedle. a Schematic depicting the design of dissolvable PVP MN loaded with biodegradable 
PLGA MPs. b Schematics of MN administration, dissolution and drug release. c Representative bright field image of AZM MPs. Scale bar of 
50 μm. d Size distribution of AZM and IL-4 MPs made using single emulsion and double emulsion methods, respectively. All data are presented 
as mean ± SD (n = 4). e Cumulative in vitro release of AZM and IL-4 from MPs at 37 °C and pH 7.4. f SEM image of microneedles loaded with 
MPs. Scale bar of 200 μm. g, h Distribution of fluorescent MPs in needle tips and the base, respectively. Scale bar represents 200 μm. i Mechani-
cal strength of the microneedles measured by Instron machine. All data are presented as mean ± SD (n = 4). j Penetration of microneedle loaded 
with FITC-dextran PLGA MP into fresh rat gingival tissues. Scale bar of 200 μm
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lymphocytes, monocytes, dendritic cells and macrophages 
[39]. PBMCs from healthy human donors were stimulated 
with ConA (for T cell activation) and LPS (for activation 
of dendric cells and macrophages) for 3 days to induce 
immune-activation similar to periodontal diseases. AZM-
loaded patches (MN-AZM) and AZM-loaded MPs (MP-
AZM) cause suppression of PBMC proliferation (Fig. 3e) 

and a drastic inhibition of pro-inflammatory cytokines 
production by human immune cells (Fig. 3f, g). Such sup-
pression can also promote an anti-inflammatory response in 
human immune cells and induce regulatory and pro-healing 
responses. Suppression of inflammatory cytokines such as 
TNF-α, IL-1β, IL-12p70 and IL-8 was also observed in 
murine primary macrophages (Fig. S6).

Fig. 3   Sustained release of azithromycin from microneedles in vitro shows antibiotic and immunomodulatory effects. a, b Supernatants collected 
from MN release for 30 days were tested against P. gingivalis. Bacterial growth and viability were measured by colony-forming unit (CFU) (in a) 
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay with absorbance at 570 mm (in b). c,d Kirby diffusion assay of 
MN loaded with AZM MP on bacteria P. gingivalis and A.a. e Proliferation of human PBMCs treated with various formulations was measured. 
PMSCs were stimulated with ConA and LPS for 3 days. Data are shown as normalized values (percentage of untreated PBMC group). f, g 
Expression of inflammatory cytokines TNF-α and IFN-γ as measured by ELISA. All data are presented as mean ± SD (n = 4). Statistical signifi-
cance is indicated by * p < 0.05, ** p < 0.01 and *** p < 0.001 for differences between samples with different formulations
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In vivo evaluation of MN patches for periodontal 
treatment

We designed the MN patch to simplify delivery of a single 
small molecule AZM. At the same time, MN patches loaded 
with IL-4 MPs and a combination of AZM MPs and IL-4 
MPs were included in the in vivo efficacy study to investi-
gate the impact of AZM in combination with the additional 
benefits brought by IL-4. This study provided a foundation 
to optimize the formulation for clinical use. The efficacy of 
the MN patches (AZM MN, IL-4 MN, and AZM + IL-4 MN) 
was tested in vivo by using a ligature-induced periodontitis 
model in rats. After periodontal disease induction by A.a.-
coated ligatures, the MN patches were inserted into the peri-
odontal pocket to assess their impact on immunomodulation 
and tissue regeneration at the cellular and tissue levels.

To examine the in vivo efficacy of antibacterial proper-
ties, we first assessed the presence of bacteria in the har-
vested tissue at the end of eight weeks by using quantitative 
polymerase chain reaction (qPCR). As shown in Fig. 4a, 
AZM and AZM + IL-4 MN patches effectively inhibited 
bacterial growth whereas IL-4 alone patches suppressed 
bacterial growth to a lesser extent. In addition, the level of 
pro-inflammatory cytokines such as IL-1β, tumor necrosis 
factor α (TNF-α) and IFN-γ were significantly reduced in all 
three therapeutic groups compared to control MN patches or 
animals not receiving any treatment (Fig. 4b, c, d). In addi-
tion to demonstrating a decrease in the expression of genes 
encoding inflammatory functions at the end of treatment, 
the levels of inflammatory cytokines (IL-1β and TNF-α) in 
the saliva were found to be significantly reduced over time 
for the therapeutic patches, as monitored every two weeks 
during the treatment period (Fig. 4e, f).

Treatment with therapeutic patches not only decreased 
the levels of inflammatory cytokines, but also increased the 
expression of anti-inflammatory cytokines such as IL-10 
(Fig. 5a) and the regulatory T cell marker, FOXP3 (Fig. 5b). 
To further examine the local immune cell populations, the 
harvested gingival tissues were subjected to antibody-stain-
ing which indicated a shift in the macrophage population to 
the M2 phenotype. The AZM group had an elevated num-
ber of CD206+ macrophages, while the groups treated with 
IL-4 alone and AZM&IL-4 combined had a substantially 
greater amount of CD206+ macrophages at the diseased sites 
(Fig. 5c).

Furthermore, therapeutic MN patches induced expression 
of genes associated with wound healing, including RUNX2 
(Runt-related transcription factor 2), COL1A1 (type I colla-
gen � 1), BMP-2 (bone morphogenetic protein 2), and OCN 
(osteocalcin) (Fig. 6a, b, c, d), indicating an induction of 
osteogenic activity and collagen matrix synthesis in local 
periodontal tissues. Bone regeneration at the defect side was 

assessed by microcomputed tomography (microCT) eight 
weeks post-treatment. Reconstructed images of the various 
treatment groups were used to determine the level of alveolar 
bone gain at each defect site (Fig. 6e). While rats treated 
with patches containing only AZM or IL-4 displayed a sig-
nificant reduction in the distance between the alveolar bone 
crest and cementoenamel junction (CEJ) and an increase 
of alveolar bone volume compared to animals treated with 
blank patches, the combination of AZM and IL-4 further 
enhanced the recovery of alveolar bone (Fig. 6f, g). These 
results supported the effectiveness of AZM and/or IL-4 in 
reversing bone degeneration in periodontal diseases.

Discussion

Periodontitis is a chronic, destructive and inflammatory dis-
ease affecting the tooth-supporting tissues. The ultimate goal 
of periodontal therapy is to reverse tissue degeneration and 
regenerate the periodontium. Although pathogenic bacteria 
are the source of inflammation, recruitment and ineffective 
reaction of immune cells are the fundamental cause of irre-
solvable, chronic inflammation. Conventional antibiotics 
such as the class of tetracycline which are often employed in 
clinical treatment of periodontitis do not have immune mod-
ulatory properties, but our finding shed light on the poten-
tial of AZM as a bifunctional therapeutic option due to its 
dual action of suppressing bacterial growth and modulating 
immune cells to suppress inflammation. We have success-
fully engineered a microneedle delivery system comprised 
of a fast-dissolving patch loaded with biodegradable MPs, 
which allows for painless and suture-free local placement of 
the therapeutics. Our results show that the AZM-loaded MN 
patch alone achieves very positive therapeutic outcomes for 
periodontal diseases, and the addition of IL-4 MPs can fur-
ther enhance its efficacy. These results highlight the potential 
of AZM as a comprehensive treatment option that not only 
targets the underlying cause of the disease but also supports 
the regeneration of damaged tissues. Other research studies 
have also shown the immunomodulatory effects of AZM 
on macrophage polarization and tissue repair [21, 40, 41]. 
Interestingly, AZM is naturally accumulated by human cells 
and was shown to kill intracellular P. gingivalis [42]. Using 
AZM as a starting point, this study provides a promising 
platform for the treatment of inflammatory disorders, such as 
periodontitis, and highlights the potential of combining drug 
delivery systems to improve therapeutic outcomes.

Small molecule immune modulators have the potential to 
be used in combination with antibiotics. Notably, even with-
out the addition of growth factors, small molecule immune 
modulators alone can still achieve regenerative effects. 
While AZM serves as an example of a dual-function agent, 
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Fig. 4   In vivo evaluation of bacterial growth and inflammation in a rat model of periodontitis. A ligature-induced periodontal disease model in 
rats was used. a schematic timeline of the disease induction, treatments and sample harvests. Briefly, ligatures were inoculated with A.a. and tied 
to the second molar for three weeks. Ligatures were removed and MN hes were placed at the nearby gingiva by incision. Saliva was collected 
every two weeks and at eight weeks, surrounding gingival tissues and alveolar bones were harvested for further analysis. b PCR analysis of the 
A.a. bacterial 16S ribosomal DNA in the periodontal tissue normalized by palatal tissue weight. c-e mRNA expression of pro-inflammatory 
cytokine IL-1β, TNF-α and IFN-γ in periodontal tissues was analyzed by quantitative PCR. mRNA expression levels were normalized to β-actin 
by the 2.−ΔΔCt method. f IL-1β protein level in the saliva was measured by ELISA analysis every two weeks over eight weeks. g TNF-α pro-
tein level in the saliva was measured by ELISA every two weeks over eight weeks. Healthy, healthy rats; untreated, untreated periodontitis; 
blank, MN patches without any therapeutic cargo; AZM, MN patches containing azithromycin PLGA MPs (azithromycin, 1 mg; per patch); 
AZM + IL-4, MN patches containing IL-4 PLGA MPs (IL-4, 40 ng; per patch); AZM + IL-4, MN patches containing both azithromycin and 
IL-4 PLGA MPs (azithromycin, 1 mg; IL-4, 40 ng; per patch). Data are expressed as mean ± SD (n = 5). Results were analyzed by using one-way 
ANOVA with post hoc analysis. Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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the inclusion of more potent small molecule immune modu-
lators alongside antibiotics in a patch can enhance therapeu-
tic efficacy in a combinational manner. By integrating these 
therapeutic components into a single treatment platform, cli-
nicians can potentially achieve enhanced clinical outcomes, 
including reduced inflammation, tissue regeneration, and 
ultimately, improved patient outcomes. On the other hand, 
by having two different molecular entities for antimicrobial 
and immunomodulatory effects allows their separation for 
timed treatment. At the early stage of periodontitis, manag-
ing inflammation is beneficial but giving antibiotics may 
not be desired yet as prescribing an antibiotic introduces 
the patient to the risk of antibiotic resistance. So, there can 
be cases where a single immune modulator formulation is 
preferred to fit the disease progression.

Small molecules, unlike large biologics, are easy to fab-
ricate and store. However, small molecules diffuse quickly 
and if taken orally, they affect the whole immune system 
throughout the body. Immune suppression of the whole 
immune system can put patients into a high-risk state for 
infection. So, local immune modulation with controlled and 
prolonged release of immune modulators are desirable, espe-
cially for the treatment of localized diseases such as peri-
odontitis. The use of PLGA biodegradable MPs loaded into 
the microneedle system ensures controlled and sustained 
release of the antibiotic at the target site for a localized treat-
ment of diseased gingival tissues.

Microarray patches, as a local delivery platform, have 
been used in various applications including transdermal 
delivery, ocular delivery, and combinational delivery. 

Fig. 5   In vivo evaluation of anti-inflammatory markers and macrophage polarization status. A ligature-induced periodontal disease model in 
rats was used. a Relative mRNA expression level of anti-inflammatory cytokine IL-10. b Relative mRNA expression of Treg marker FOXP3. 
c Immunostaining of CD206 + macrophages from harvested tissue. Data were quantified using Fiji and expressed as mean ± SD (n = 5). Scale 
bar represents 20 μm. Results were analyzed by using one-way ANOVA with post hoc analysis. Statistical significance is indicated by asterisks: 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. White arrows indicate examples of CD206 + cells
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Inside the oral cavity, it has been used for tongue, gingival 
and buccal tissues [43]. Unlike local injection, microarray 
patches have multiple release points rather than a single 
bolus delivery. It helps with spread of therapeutic loads 
over a wider range of the diseased area. This novel deliv-
ery method enhances the efficiency and effectiveness of 
treatment while minimizing discomfort for patients. More-
over, by inserting microneedles into the gingival tissue 
instead of delivery to the dental pocket, we enhance the 
immunomodulatory effects to host cells and mitigate the 
risk of bacterial resistance, because bacteria mostly grow 
in the gingival crevice.

In conclusion, this study contributes to our understanding 
of periodontitis and proposes a novel treatment approach uti-
lizing AZM as a bifunctional antibiotic/immunomodulatory 
agent. The use of a microneedle delivery system enhances the 
targeted and painless administration of the therapeutic agent 
to the gingival tissue. The dual action of AZM in suppressing 
bacterial growth and modulating immune responses demon-
strates its potential as a comprehensive therapeutic strategy 
for periodontitis. These findings provide a basis for further 
research and potentially pave the way for the development of 
novel and effective treatment options for this prevalent oral 
disease and more chronic inflammatory diseases.

Fig. 6   In vivo evaluation of tissue healing and bone regeneration. In the ligature-induced periodontal disease model in rats, (a-d) relative mRNA 
expression level pro-healing genes RUNX2, COL1A1, BMP-2, and OCN in the periodontal tissue. e microCT images of the rat maxilla at 
8 weeks after MN implantation. All specimens were normalized, and microCT images were calibrated to enable quantitative comparisons. Dot-
ted line indicates the distance between bone crest and CEJ. f Quantitative analysis of vertical bone recovery as determined by measuring the dis-
tance between the bone crest and CEJ after 8 weeks of treatment. g Relative volumetric bone recovery was calculated by using 3D reconstructed 
volume at 8 weeks after MN implantation. All data are expressed as mean ± SD (n = 5). Results were analyzed by using one-way ANOVA with 
post hoc analysis. Statistical significance is indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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Materials and methods

Chemicals and biologicals

All chemicals were purchased from Sigma-Aldrich unless 
noted otherwise. Glassware was acid-cleaned overnight 
and then thoroughly rinsed with Milli-Q water. Cell culture 
reagents, solutions, and dishes were obtained from Thermo 
Fisher Scientific unless specified otherwise.

PLGA microparticle synthesis

Acid terminated PLGA (200 mg; 50:50 lactic acid-to-gly-
colic acid ratio) was dissolved and stirred in 5 ml dichlo-
romethane (DCM) overnight. To fabricate AZM MPs via 
a single emulsion method, 15 mg AZM was added to 5 ml 
PLGA-DCM mixture. A 10-fold volume of 1% polyvinyl 
alcohol (PVA) was added right before homogenization at 
5000 rpm for 10 min. To fabricate IL-4 MPs via a dou-
ble emulsion method, primary emulsion (water-in-oil) was 
formed by adding 10 μg (200 μl of 50 μg/ml) IL-4 aqueous 
solution to 4 ml of 40 mg/ml PLGA organic solvents and 
the mixture was sonicated using Q500 Sonicator (Qsonica, 
Newtown, CT) with 1/2" Probe at 40% power for 2 min with 
a cycle of 4-s on and 2-s off. Next, secondary emulsion (oil-
in-water) was formed by slowly adding 1% PVA to the pri-
mary emulsion. The secondary emulsion was homogenized 
at 5000 rpm for 10 min.

For both AZM and IL-4 MP, the homogenized solutions 
were poured into tenfold volume of 0.1% PVA and stirred 
for 4 h in open air to evaporate the organic solvents. Low-
speed centrifugation (2000 rpm, 5 min) was performed three 
times to wash and remove undesired clumps. Precipitated 
MPs were preserved at 4 °C for short-term use and at -20 °C 
for long-term use. In vitro release of AZM and IL-4 were 
studied by incubating 10 mg of either AZM or IL-4 loaded 
PLGA microparticles in 1 mL of PBS (pH 7.4) at 37 °C 
under gentle stirring. At different time intervals, stirring was 
stopped and 1 μL of the supernatant was taken from the 
sample. The concentration of released AZM was determined 
by measuring the absorbance at 553 nm wavelength using 
UV–vis spectrophotometer (Thermo Scientific NanoDrop 
One). IL-4 concentration was measured using LEGEND 
Max Mouse IL-4 ELISA Kit (BioLegend) following manu-
facture’s instruction.

MN patch fabrication

MN molds were purchased from Micropoint Technologies 
(Singapore) with 11 × 11 microneedle array in pyramid shape 
needle of 200 � m base diameter, 750 � m height and 500 � m 
tip-to-tip spacing. The MN fabrication process is illustrated 

in Fig. S7. To fabricate MN patches, 70% ethanol was cast 
on negative PDMS molds and subjected to vacuum for 5 min. 
Following the removal of bubbles and excess ethanol, 100 μl 
suspension of MPs (1 mg) in 20% PVP and 0.75% glycerol 
were cast into the well of the mold. MN patches were air 
dried at room temperature overnight. The time needed for this 
process can be reduced by air-drying the MN patches for 6 h 
followed by further drying under vacuum for 2 h. Solidified 
MN patches were peeled off from the molds and stored at 
4 °C until use or -20 °C when IL-4 were present.

Mechanical property of MNs

The mechanical strength of MNs was measured by a com-
pression test on a low-force mechanical testing system (5943 
MicroTester, Instron). The MN tips were placed perpendicu-
larly to the stainless-steel plate and were pressed against 
another stainless-steel plate moving at a constant speed of 
0.5 mm/minute. Correlations between the applied force and 
the deformation of the MNs were recorded. All tests were 
performed in triplicate.

Kirby‑Bauer agar disk diffusion assay

The Kirby-Bauer agar disk diffusion assay was used to test 
the antibacterial properties of drugs against P. gingivalis 
and A.a. (D7SS strain). Discs containing known amounts of 
compounds were prepared by adding calculated amount of 
the corresponding solution (i.e. PBS, azithromycin, tofaci-
tinib, lupeol and dexamethasone) to 8 mm sterile paper 
disks. These paper disks were air-dried in a biosafety cabinet 
before use. Further, the disks and MN patches were placed 
on agar plates onto which 107 bacterial cells were already 
spread. Columbia Broth with Hemin and menadione was 
used for liquid culture overnight growth of P. gingivalis and 
Tryptic Soy Broth with yeast extract (TSBY) was used for 
A.a.. The bacterial plates were incubated under anaerobic 
conditions (10% CO2, 10% H2, and 80% N2) at 37 °C and the 
inhibition zones were measured after 1 and 5 days for A.a. 
and after 7 and 20 days for P. gingivalis.

Liquid antibacterial assay

Supernatants were collected from AZM MN patches 
immersed in 1 ml of PBS for varying length of time up to 
30 days. To set up the assay, 500 μl of the supernatants was 
combined with 500 μl of 2 × concentrated bacterial culture 
medium containing a final concentration of 5 × 107 bacterial 
cells per well in a 48-well culture plate. After three days of 
growing under anaerobic conditions (10% CO2, 10% H2, and 
80% N2) at 37 °C, an aliquot of 100 μl was removed from 
each of these wells for further analysis.
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For Colony-forming Unit (CFU) analysis, the 100 μl ali-
quot (bacterial culture grown in the presence of the various 
supernatants for 3 days) was serially diluted six times in ten-
fold steps. From each of the dilutions, 100 μl was plated onto 
the appropriate agar plates. The plates were incubated under 
anaerobic conditions (10% CO2, 10% H2, and 80% N2) for 2 
and 5 days for A.a. and P. gingivalis respectively. After this 
incubation period, all colonies were counted and analyzed.

The viability of bacterial cells treated with supernatants 
from AZM MN patches was analyzed with the MTT assay. 
Briefly, 5 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide, Sigma-Aldrich, St. Louis, MO] 
solution was aseptically prepared by dissolving the MTT 
powder in sterile PBS at room temperature and stored at 
4 °C in a dark, screw-cap container. Simultaneously with 
the CFU analysis, an aliquot of 100 μl from each of the 
suspensions was placed into a 96-well plate and 10 μl of 
MTT solution was added to each well. The 96-well plate 
was then incubated for 2 h at 37 °C at 120 rpm in a shaker 
in the dark. After the incubation period, an equal amount of 
dimethyl sulfoxide (100 μl) was added to each well to solubi-
lize formazan the insoluble purple cleavage product of MTT 
generated through the metabolism of live cells. The levels of 
microbial metabolic activity in the suspensions were deter-
mined by measuring the absorbance at OD570 nm.

Isolation of bone marrow‑derived macrophages

All cell isolation experiments on mice and rats were per-
formed under a protocol approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the University 
of California, Los Angeles (UCLA) and in accordance 
with UCLA’s institutional policy on the humane and ethi-
cal treatment of animals. Eight- to ten-week-old wild-type 
(C57BL/6) mice were purchased from The Jackson Labora-
tory and eight- to ten-week-old wildtype (Sprague Dawley) 
rats were purchased from Charles River Laboratories. Ani-
mals were maintained in specific pathogen-free facilities at 
UCLA.

Ten-week-old C57BL/6 mice or Sprague Dawley rats 
were euthanized, and hindlimbs were harvested in PBS. 
Under sterile conditions, muscles were scraped off, and the 
ends of the bones were cut off. Bone marrow was flushed 
into a sterile 50 ml conical tube with 2 ml Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F12 supplemented with 
10% fetal bovine serum and 1% penicillin–streptomycin. 
Cells were pelleted and plated with 50 ng/ml mouse/rat 
macrophage colony stimulating factor (BioLegend). Fol-
lowing 3 days of incubation, 5 ml fresh complete DMEM/
F12 medium with 25 ng/ml macrophage colony stimulating 
factor was supplied per 10 cm cell culture dish. Cells were 
again incubated for 3 more days. Then supernatants were 
discarded, and dishes were washed with PBS three times to 

remove non-adherent cells. BMDMs were gently scraped 
off the dish, pelleted, counted, and seeded in new plates 
for further macrophage polarization and experimentation. 
LPS (10 ng/ml was used to induce pro-inflammatory (M1) 
macrophages, while 25 ng/ml IL-4 was used to induce pro-
healing (M2) macrophages. Complete DMEM/F12 medium 
alone served as control.

In vitro proliferation and activation of human 
PBMCs

2 × 105 PBMCs/well were plated in 96-well flat-bottom 
tissue-culture plates. Cells were incubated for a total of 
3 days after 4 h of stimulation with concanavalin A (ConA 
1 μg/ml; Millipore Sigma), lipopolysaccharide (LPS from 
Escherichia coli O111:B4, 1 μg/ml; Millipore Sigma) in 
complete RPMI medium at 37 °C in a 5% CO2 atmosphere. 
Lymphocyte proliferation was measured using 5-bromo-2′-
deoxyuridine (BrdU) Cell Proliferation ELISA colorimetric 
Kit (Abcam). The culture supernatants were collected for 
the analysis of cytokine secretion using ELISA per manu-
facturer’s instruction.

RNA isolation, reverse transcription and qPCR

Total RNA was extracted by using TRIzol reagent (Life 
Technologies, Gaithersburg, MD, U.S.A.), and the con-
centration was determined by spectrophotometric optical 
density measurement (Thermo Scientific NanoDrop). The 
OD260/OD280 ratio in all samples ranged between 1.7 and 
2.0 to ensure RNA purity. Reverse transcription was then 
carried out using Maxima SYBR Green qPCR master mix 
according to manufacturer’s suggested protocol. The cDNA 
was stored at − 20 °C. PCR was performed by using SYBR 
Green kit according to manufacturer’s suggested protocol 
on BioRad CFX96 PCR detection system. Primer sequences 
were as following:

GAPDH- Forward 5’CAT​CAC​TGC​CAC​CCA​GAA​
GACTG Reverse 5’ ATG​CCA​GTG​AGC​TTC​CCG​TTCAG;

iNOS – Forward 5’ GAG​ACA​GGG​AAG​TCT​GAA​GCAC 
Reverse 5’CCA​GCA​GTA​GTT​GCT​CCT​CTTC.

Animal study

All tissue regeneration experiments on mice and rats were 
performed under protocols approved by the IACUC at 
UCLA or University of Alabama at Birmingham (UAB) 
and in accordance with the institutional policy of UCLA 
and UAB on the humane and ethical treatment of animals 
throughout the study design, implementation, and data 
analysis phases. Eight- to ten-week-old Sprague Dawley rats 
were purchased from Charles River Laboratories.
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In vivo functionality of the designed MNs was evaluated 
using a rat periodontal defect model, as described previously 
with some modifications [44, 45]. Virgin male and female 
Sprague Dawley rats (Harlan Laboratories, Livermore, CA) 
were utilized for in vivo testing of the proposed periodon-
tal treatments according to approved animal protocols. The 
animals were divided into six groups (five rats per group): 
(i) healthy control, (ii) no treatment (untreated), (iii) blank 
MN, (iv) AZM MN containing azithromycin, (v) IL-4 MN 
containing interleukin-4, and (vi) AZM + IL-4 MN, contain-
ing azithromycin and IL-4. We did not include an experi-
mental group with a direct injection of MPs containing AZM 
because such an injection might require a large volume, 
which is not feasible for gum tissue, and the injected MPs 
might not be retained in the local tissues, making compari-
son with other groups challenging. The number of animals in 
each experimental group was determined based on a power 
analysis to ascertain the minimal number of rats needed to 
detect significant changes, such as bacteria inhibition and 
anti-inflammatory cytokine induction by MNs containing 
AZM.

Briefly, mucoperiosteal flaps were elevated in rats in 
groups (ii-vi), uncovering the alveolar bone adjacent to the 
mesiolingual aspect of the first maxillary molars. The alveo-
lar bone covering the root surfaces on the lingual side was 
removed with a dental bur under constant saline irrigation, 
and an A.a.-coated 5–0 silk ligature was tied around the left 
second molar. The silk ligature was inoculated with A.a. 
under anaerobic conditions for 24 h before the procedure. 
Three weeks later, designed patches were inserted into the 
defect site as noted above for groups. Eight weeks post-
implantation, the animals were sacrificed and the amounts 
of bone regeneration at defect sites were evaluated using 
µCT analysis. All the specimens were standardized, and 
µCT images were calibrated for proper comparative analysis. 
The vertical bone loss at each defect site was evaluated by 
measuring the distance between the cementoenamel junction 
(CEJ) and alveolar bone crest as well as the relative alveolar 
bone area according to methods reported in the literature 
[46].

Characterization of inflammatory responses 
at the defect sites

At different time intervals after implantation, five sterile 
paper points (Patterson Dental) were placed around the patch 
insertion sites to collect saliva (under general anesthesia) 
for at least 30 s, and the concentrations of inflammatory 
cytokines and anti-inflammatory cytokines were measured 
using enzyme-linked immunosorbent assay (ELISA) kits.

For endpoint analysis, the expression of cytokines at the 
defect sites were analyzed by collecting the periodontal 

tissue as described previously [44]. Briefly, at 8 weeks post-
implantation, buccal and palatal tissues of maxillary molars 
were isolated and dissociated using collagenase and DNase 
I (50 μg/ml) at 37 °C for 15 min. These enzymes were then 
inactivated with EDTA (20  μl/ml of solution). Tissues 
were then disaggregated and passed through a 100-μm cell 
strainer to obtain a single-cell suspension. Quantitative PCR 
assays were used to analyze gene expression. RNA from 
isolated cells was isolated using Trizol reagent. RNA was 
reverse-transcribed and single-stranded cDNA was made 
using a Superscript III cDNA synthesis kit. Relative gene 
expression was calculated using the 2−ΔΔCt method, with 
normalization to the Ct of the housekeeping gene beta actin. 
Quantification of A.a. in the periodontal tissues was per-
formed as previously reported [44]. The concentrations of 
inflammatory and anti-inflammatory cytokines were meas-
ured by using ELISA kits after the extraction of proteins 
from the gingival tissue by tissue homogenization.

Statistical analysis

The one-way ANOVA and two-tailed Student’s t-test were 
utilized as appropriate to analyze the data at a significance of 
α or p < 0.05. Quantitative data are expressed as mean ± SD. 
To determine the number of specimens for the proposed 
experiments, power analysis was conducted based on our 
preliminary data.
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