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Abstract

Many goals in tissue engineering rely on modulating cellular localization and polarization of cell 

signaling, including the inhibition of inflammatory infiltrate, facilitation of inflammatory cell 

egress, and clearance of apoptotic cells. Omega-3 polyunsaturated fatty acid-derived resolvins are 

gaining increasing recognition for their essential roles in inhibition of neutrophil invasion into 

inflamed tissue and promotion of macrophage phagocytosis of cellular debris as well as their 

egress to the lymphatics. Biomaterial-based release of lipid mediators is a largely under-explored 

approach that provides a method to manipulate local lipid signaling gradients in vivo and direct the 

recruitment and/or polarization of anti-inflammatory cell subsets to suppress inflammatory 

signaling and enhance angiogenesis and tissue regeneration. The goal of this study was to 

encapsulate Aspirin-Triggered Resolvin D1 (AT-RvD1) into a degradable biomaterial in order to 

elucidate the effects of sustained, localized delivery in a model of sterile inflammation. Flow 

cytometric and imaging analysis at both 1 and 3 days after injury showed that localized AT-RvD1 

delivery was able significantly increase the accumulation of anti-inflammatory monocytes and M2 

macrophages while limiting the infiltration of neutrophils. Additionally, cytokine profiling and 

longitudinal vascular analysis revealed a shift towards a pro-angiogenic profile with increased 

concentrations of VEGF and SDF-1α, and increased arteriolar diameter and tortuosity. These 

results demonstrate the ability of locally-delivered AT-RvD1 to increase pro-regenerative immune 

subpopulations and promote vascular remodeling.

Keywords

Resolvin; Immunomodulation; Innate immunity; Vascular remodeling

*Corresponding author at: Department of Biomedical Engineering, Georgia Institute of Technology, 315 Ferst Drive, Atlanta, GA 
30332, USA. edward.botchwey@bme.gatech.edu (E.A. Botchwey). 

Animal experiment compliance statement: All animal experiments were conducted in accordance with ARRIVE guidelines and the 
National Institutes of Health guide for the Care and Use of Laboratory Animals.

Disclosures: None.

Appendix A. Supplementary data: Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.actbio.2017.02.020.

HHS Public Access
Author manuscript
Acta Biomater. Author manuscript; available in PMC 2017 July 17.

Published in final edited form as:
Acta Biomater. 2017 April 15; 53: 109–122. doi:10.1016/j.actbio.2017.02.020.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.actbio.2017.02.020
http://dx.doi.org/10.1016/j.actbio.2017.02.020


1. Introduction

Resolvins are a class of bioactive small molecule lipids derived from the omega-3 

polyunsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

[1]. Resolvins are potent proresolving lipid mediators that act to drive cellular processes 

toward the resolution of inflammation. Specifically, the D-series resolvins derived from 

DHA act as endogenous agonists of the cellular receptors GPR/32 and ALX/FPR2, which 

are broadly expressed in immune cells, including neutrophils, monocytes, macrophages, and 

lymphocytes, and in certain types of specialized epithelial cells [2–4]. Ligation to these 

receptors results in a number of different actions, including decreased transendothelial 

migration of neutrophils, enhancement of macrophage phagocytosis of apoptotic cells and 

microbes, modulation of cytokine release from macrophages, and stimulation of phagocyte 

efflux from inflamed tissues, all of which are considered hallmarks of active resolution of 

inflammation [5]. Treatment with resolvins can be used to promote the resolution of 

inflammation and healing in many pathological conditions, including bacterial infection, 

peritonitis, and asthma [6–8]. Additionally, subcutaneous resolvin D2 injections have been 

shown to increase collateral circulation after ischemic injury [9]. While these studies have 

been promising, many utilized systemic delivery of resolvins, which limits its bioavailability 

at the site of inflammation and can result in rapid degradation, requiring multiple injections 

at high dosages [10,11].

Currently, biomaterial-based delivery systems for localized delivery of resolvins have not 

widely been developed [12,13]. Others have shown that local delivery of resolvin D1 

(RvD1) using a biomaterial wrap can reduce neointimal hyperplasia after vascular injury 

[14,15], but more exploration is needed to fully characterize the effects of local resolvin 

delivery in other models. Utilization of biomaterial-mediated delivery of resolvins to areas 

of injured tissue has the potential to amplify the effect of resolvins produced endogenously 

during inflammation. Aspirin-Triggered Resolvin D1 (AT-RvD1) is a D-series resolvin that 

can be produced physiologically when the enzyme cyclooxygenase-2 (COX-2) is acetylated 

in the presence of aspirin [10]. It possesses the same mechanism of action as RvD1, but due 

to a conformational change of a hydrogen molecule from (S) to (R) around the seventeenth 

carbon, can resist rapid degradation by oxidoreductases, resulting in a longer in vivo half-life 

[10,16]. The longer activity of AT-RvD1 in vivo makes it an attractive small molecule for 

incorporation into biomaterials that seek to promote resolution of inflammation and enhance 

wound healing.

One strategy to promote resolution of inflammation is to modulate the profile and activities 

of cells involved in the inflammatory response [17–22]. Prevention of excessive neutrophil 

accumulation enhances wound healing in non-healing diabetic wounds and increases cardiac 

function after acute myocardial infarction due to reduced release of reactive oxygen species, 

proinflammatory mediators, and proteases - which resulted in a reduction in tissue damage 

[23-26]. Though excessive accumulation of neutrophils has been associated with tissue 

damage, recently a unique subset of neutrophils (CD49d+VEGFR1hiCXCR4hi) has been 

identified that possess the ability to migrate towards a VEGF gradient and actively 

participate in vascular remodeling [27]. These neutrophils can be identified by their CD49d 

surface receptor expression. Previously, we have shown that the preferential recruitment of 
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non-classical “anti-inflammatory” monocytes (CD45+CD11b+-Ly6Clow in mice and 

CD14lowCD16+ in humans) as opposed to classical “inflammatory” monocytes 

(CD45+CD11b+Ly6Chi in mice and CD14+CD16− in humans) promotes microvascular 

network expansion after sterile injury through modulation of the local inflammatory 

environment [17,28,29]. Following recruitment to inflamed tissue, monocytes may 

transiently persist in their undifferentiated state or differentiate into macrophages. In 

addition to tuning monocyte recruitment, modulation of macrophage phenotype has been 

utilized as a strategy to direct tissue regeneration [30–35]. Macrophages exhibit different 

phenotypes based on their gene and protein expression profiles, and these phenotypes have 

distinct effector functions that can drive inflammatory processes or promote tissue 

regeneration [36–38]. Classically-activated (M1) macrophages that are activated in response 

to injurious or infectious stimuli are strongly microbicidal, produce reactive nitrogen and 

oxygen intermediates, and release pro-inflammatory cytokines such as tumor necrosis factor-

α (TNF-α), interleukin (IL)-1β, and IL-12 [39–42]. M1 macrophages are implicated in 

initiating and sustaining inflammation, especially in the context of biomaterial implants, 

where persistent M1 activation can lead to chronic inflammation and fibrosis [43,44]. In 

contrast, alternatively activated (M2) macrophages can be activated by canonical 

antiinflammatory cytokines such as IL-4, IL-10, and IL-13, as well as in response to fungal 

cells, parasites, and apoptotic cells [38,42,45]. M2 macrophages are in turn considered to 

generally possess anti-inflammatory actions through the release of cytokines such as IL-10, 

as well as support angiogenesis and tissue repair [32–34]. Therefore, dual-acting therapies 

that both suppress damaging inflammation via blockade of excessive neutrophil 

accumulation acutely and also promote the action of anti-inflammatory, proresolving 

monocytes and macrophages throughout the progression of inflammation represent a 

promising strategy to enhance tissue repair after injury.

In this study, we investigate how localized delivery of AT-RvD1 from polymer scaffolds 

modulates the accumulation of circulating neutrophils and monocytes after injury. We show 

that AT-RvD1 released from poly(lactic-co-glycolic acid) (PLGA) scaffolds retains the 

ability to inhibit neutrophil function and increase macrophage activity. Using the murine 

dorsal skinfold window chamber as a model of sterile inflammation and inflammatory 

vascular remodeling, we demonstrate that AT-RvD1-loaded PLGA scaffolds decrease the 

frequency of neutrophils and their infiltration into tissue while simultaneously increasing the 

frequency of anti-inflammatory Ly6Clo monocytes and CD206+ alternatively activated 

macrophages. Biomaterial delivery of AT-RvD1 resulted in significantly higher numbers of 

anti-inflammatory monocytes than a single topical dose of dissolved AT-RvD1 immediately 

following injury. Additionally, we observed a shift in the peri-implant cytokine profile 

towards a pro-angiogenic microenvironment. AT-RvD1 materials increased microvascular 

arteriolar diameter and vascular tortuosity, and increased the density of CD31+ 

microvasculature. These results indicate that biomaterial delivery of AT-RvD1 can alter the 

tissue microenvironment after injury to ones that supports resolution of inflammation and 

tissue regeneration.
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2. Materials and methods

2.1. Fabrication of loaded and unloaded polymeric thin films

Films loaded with AT-RvD1 or unloaded were made as previously described [17]. Briefly, 

PLGA (50:50 DLG 5E – Evonik Industries) was solubilized in dichloromethane using a 

sonicator at 37 °C until dissolved. Ten μg (100 μL) AT-RvD1 (Cayman Chemical) were 

added to make AT-RvD1-loaded films. Solutions were cast in Teflon molds, and stored at 

−20 °C until full organic solvent evaporation was observed. Films were then lyophilized for 

24 h. A 1 mm biopsy punch was used to produce films used in studies. The morphology of 

the films were examined by scanning electron microscopy (SEM). Films were coated with 

Au for 45 s by a Quorum Q-150T ES sputter coater and imaged with a Hitachi SU8010 field 

emission scanning electron microscope.

2.2. Quantification ofAT-RvD1 release from PLGA films via High Performance Liquid 
Chromatography (HPLC) measurements

The in vitro release of AT-RvD1 from PLGA films was quantified with HPLC. In the release 

study, 1 mm diameter films were placed into 200 μL phosphate-buffered saline (PBS) and 

incubated at 37 °C. At predetermined timepoints, the PBS was removed for analysis and 

replaced with new PBS. Samples were analyzed with a Shi-madzu UFLC High Performance 

Liquid Chromatograph (Columbia, MD, USA) equipped with a Shimadzu Premier C18, 5 

μm (250 × 4.6 mm) column. AT-RvD1 elution was measured at 8.6 min using a wavelength 

of 301 nm. Known quantities of AT-RvD1 were used to generate a standard curve relating 

AT-RvD1 mass to total peak area. Using serial dilutions, we determined that the limit of 

detection was below 0.5 pg/μL. The total amount of AT-RvD1 in each release sample was 

calculated using the standard curve.

2.3. In vitro macrophage phagocytosis assay

AT-RvD1-loaded PLGA films and empty PLGA films were placed into 1 mL Dulbecco's 

modified Eagle medium (Gibco) containing 1 mM sodium pyruvate (Gibco) and 2 mM L-

glutamine (Gibco) supplemented with 10% Fetal Bovine Serum (FBS, Gibco) overnight. 

Conditioned media was added to 1 × 105 RAW264.7 cells (ATCC) cultured in 24-well 

plates. After one hour of treatment, Fluores-brite® Polychromatic Red latex beads (0.5 um, 

Polysciences) that were opsonized in 10% FBS for 60 min were added at a ratio of 5:1 beads 

per cell and were allowed to incubate at 37 °C for 4 h. After incubation, the media was 

removed and cells were fixed with ice cold methanol for 10 min. Fixed cells were then 

imaged via brightfield and epifluorescence microscopy to detect both cells and phagocytized 

latex beads. These images were merged in ImageJ, and the total number of beads 

internalized by cells were counted.

2.4. Myeloperoxidase activity of neutrophils

MPRO neutrophil progenitor cells (ATCC) were cultured using Iscove's modified Dulbecco's 

medium (Gibco) containing 10 ng/ml murine granulocyte macrophage colony stimulating 

factor, 80% and heat-inactivated horse serum, 20%. Terminal granulocytic differentiation of 

MPRO cells was initiated by replating cells in fresh medium containing 1 × 10−5 M all-trans 
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Retinoic Acid and culturing for one week to ensure full differentiation. AT-RvD1-loaded 

PLGA films and empty PLGA films were placed into 1 mL MPRO differentiation medium 

overnight. Release media was added to 1 × 106 differentiated neutrophils and cells were 

treated for four hours. Myeloperoxidase (MPO) activity was then measured using a 

Colorimetric Activity Assay Kit (MAK068, Sigma) according to kit instructions at a sample 

size of 1 × 105 cells per well.

2.5. Dorsal skin fold window chamber surgery

Animal experiments were performed using sterile techniques in accordance with an 

approved protocol form the Georgia Institute of Technology Institutional Animal Care and 

Use Committee. Male C57BL/6 mice (Jackson) aged 6-12 weeks were anesthetized by 

inhaled isoflurane and surgically fitted with sterile dorsal skinfold window chambers (APJ 

Trading Co.) as previously described [17]. Briefly, the dorsal skin was shaved, depiliated, 

and sterilized via three washes with 70% ethanol and chlorhexidine. The dorsal skin was 

drawn away from the back of the mouse and one side of the titanium frame was attached to 

the underside of the skin. Sterile surgical micro scissors were then used to expose the 

microvasculature through the removal of the epidermis and dermis in a 12 mm diameter 

circle. Mice were implanted with two of the same films (either empty PLGA vehicle film or 

AT-RvD1-loaded PLGA film) placed on opposite sides of the window chamber. Before 

implantation, the films were washed in 70% ethanol for 30 s, followed by washing with 

sterile Ringer's solution for 30 s. Exposed tissue was then sealed with a sterile glass 

coverslip. Mice were administered sustained-released buprenorphine i.p. (0.1-0.2 mg/kg) 

and allowed to recover in heated cages. All mice received standard laboratory diet and water 

ad libitum throughout the course of the experiment.

2.6. Vascular metrics

Mice were anesthetized with isoflurane, the glass window was removed, and dorsal tissue 

was superfused with adenosine in Ringer's solution (1 mM) to prevent desiccation and to 

maximally dilate exposed vessels. The mouse was mounted on a microscope stage and 

imaged non-invasively at 5× magnification on a Zeiss Imager. D2 microscope with AxioCam 

MRC 5 color digital camera (Zeiss). Images were acquired on day 0 immediately following 

film implantation and again on day 3. Microvascular length density measurements were 

made within a 4000 × 4000 pixel square region of interest (ROI) around the film. Vessels 

within these ROIs were traced and total vessel length per unit area was quantified via 

ImageJ. Arteriolar diameter measurements were made within the ROIs by identifying 

arteriolar-venular pairs at day 0. Internal diameter changes were measured via ImageJ and 

day 3 diameters were normalized to day 0. Vascular tortuosity measurements were made 

within the ROIs by measuring the distance metric - the path length of a meandering curve 

divided by the linear distance between end-points in ImageJ.

2.7. Tissue harvest and flow cytometry

To collect samples for flow cytometry analysis, mice were euthanized via CO2 asphyxiation. 

Peripheral blood was collected via cardiac puncture. Erythrocytes within blood were lysed 

with ammonium chloride (StemCell Technologies) and the remaining leukocytes were 

isolated for flow cytometry analysis. Bone marrow was collected via centrifugation (1000g 
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for 5 min) of isolated tibiae. The dorsal tissue was excised and digested with collagenase 

type 1-A (1 mg/ml, Sigma) at 37 °C for 30 min and further separated with a cell strainer to 

create a single cell suspension. Single cell suspensions of tissues, blood, and bone marrow 

were stained for flow cytometry analysis using standard methods and analyzed on a FACS-

AriaIIIu flow cytometer (BD Biosciences). The antibodies used for identifying cell 

populations of interest were: PerCP-Cy5.5 conjugated anti-CD45 (BioLegend), APC-Cy7 

conjugated anti-CD11b (BioLegend), BV421 conjugated anti-CD11b (BioLegend), APC 

conjugated anti-Ly6C (BioLegend), BV510 conjugated anti-Ly6C (BioLegend), APC-Cy7 

conjugated anti-Ly-6G (BioLegend), PE-Cy7 conjugated anti-GR-1 (BioLegend), APC 

conjugated anti-F4/80 (BioLegend), PE-Cy7 conjugated anti-CD206 (BioLegend), 

AlexaFluor488 conjugated anti-CD86 (BioLegend), PE conjugated anti-CD49d 

(BioLegend).

2.8. Tissue whole mount immunohistochemistry and confocal imaging

Following euthanasia, mouse vasculature was perfused with warm saline and then with 4% 

paraformaldehyde until tissues were fixed. The dorsal tissue was excised and permeabilized 

overnight at 4 °C with 0.2% saponin. The tissues were blocked overnight in 10% mouse 

serum at 4 °C. Tissues were incubated at 4 °C overnight in staining solution containing 0.1% 

saponin, 5% mouse serum, 0.5% fatty-acid free bovine serum albumin, and the following 

fluorescently conjugated antibodies: Alexa Fluor 594 anti-CD31 antibody (1:100 dilution, 

BioLegend) for blood vessel visualization, Alexa Fluor 488 anti-Ly-6G (1:200 dilution, 

BioLegend) for visualization of neutrophils, and Alexa Fluor 647 anti-CD68 (1:200 dilution, 

ABD Serotec) for visualization of monocytes/macrophages [46]. Tissues were washed four 

times for 30 min with 0.2% saponin and once with PBS and then mounted in 50/50 glycerol/

phosphate buffered saline. Mounted samples were imaged on a Zeiss LSM 710 NLO 

confocal. Tiled z-stacks at 10× magnification were taken for analysis of CD31+ vasculature. 

Crops of 1000 × 1000 pixels of background vasculature or peri-implant vasculature were 

used for measurement of CD31+ length density. For vessel density measurements, vessels 

were traced and total vessel length per unit area was quantified via ImageJ. Crops of 332 × 

332 μm at 20× magnification in the peri-implant area were taken for image analysis in 

Imaris™ (Bitplane). Images were then blinded and rendered in Imaris by a third party. Cells 

expressing Ly-6G or CD68 were identified in Imaris using the surface tool. Ly-6G+ or 

CD68+ surfaces were identified by smoothing with a 1 μm grain size and automatic 

thresholding on absolute intensity. Touching objects were split using a seed points diameter 

of 10 μm. CD31+ vasculature was identified in Imaris using the same surface method as 

described above, also applying a 1 μm grain size, but instead manually selecting the 

threshold value optimized for each image, and manually applying the volume filter to 

remove small debris. Distance to vasculature calculations between Ly-6G+ cells and CD31+ 

vasculature were made by applying a distance transformation to the CD31+ surface and 

recording the median position of each Ly-6G+ surface relative to CD31+ vessels.

2.9. Cytokine measurements

For cytokine measurements, 4 mm biopsy punches of tissue centered around each 

biomaterial implant were harvested after euthanasia. Tissue biopsy punches were combined 

for each animal, digested for 30 min at 37 °C in 1 mg/mL collagenase-type 1A, and 
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disaggregated through a cell strainer. Protein was isolated from the single cell suspension in 

RIPA buffer containing Halt™ Protease and Phosphatase Inhibitor Cocktail (diluted to 1×, 

ThermoFisher Scientific) for 45 min on ice. Following cell lysis, total protein was obtained 

by centrifugation for 15 min at 14,000g and 4 °C. To determine the total protein 

concentration in each sample, a bicinchoninic acid assay (BCA assay) was carried out using 

a Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific) according to kit instructions. 

Cytokine measurements were made using the Mouse Magnetic Luminex Screening Assay 

(catalog number LXSAMSM, R&D Systems) according to kit instructions. Kit analytes 

included CCL2/MCP-1/JE, CXCL12/SDF-1α, FGF-β, G-CSF, GM-CSF, IFN-γ, IGF-1, 

IL-10, IL-12p70, IL-4, IL-6, MMP-9, TNF-α, and VEGF. Cytokine results were normalized 

to sample total protein.

2.10. Statistical analysis

All statistical analyses were performed using Graphpad Prism version 6.0 (LaJolla, CA). 

Results are presented as mean ± standard error of the mean (SEM). For pairwise 

comparisons, unpaired two-tailed t-tests with Welch's correction, if variance was 

significantly different, were used. For grouped analyses, one-way ANOVA with Tukey's 

post-test was used for multiple comparisons. For grouped analyses comparing data over 

time, two-way ANOVA with Tukey's post-hoc test was used. Unless otherwise noted, p < 

0.05 was considered statistically significant. For analysis of cellular distance to vasculature, 

data reflect cells counted from three ROIs acquired across 3-4 animals per group, and 

statistical comparisons were made using a two-tailed Mann-Whitney test.

3. Results

3.1. PLGA films release bioactive AT-RvD1

PLGA thin films were fabricated to encapsulate and rapidly release encapsulated AT-RvD1. 

The release of AT-RvD1 was measured through the use of a gradient method via HPLC 

using a UV-Vis detector at a wavelength of 301 nm. Known concentrations of AT-RvD1 

were tested using this method and the retention time was found to be centered around 8.6 

min. To assess AT-RvD1 release kinetics, unloaded PLGA films or films loaded with AT-

RvD1 were incubated in PBS. The AT-RvD1 peak was detected during analysis of the AT-

RvD1 release samples, while no peaks were detected corresponding to this retention time 

when empty PLGA films were tested (Fig. S1A and B). The AT-RvD1-loaded PLGA films 

released 1.2 ± 0.2 ng of the loaded AT-RvD1 after 1 h, 7.2 ± 0.3 ng after 24 h, 8.6 ± 0.2 ng 

after day 3, and 10.3 ± 0.1 ng after day 7 (Fig. S1C and D). Release after 7 days was below 

the limits of detection. To further characterize the films, scanning electron microscopy was 

used to observe the surface of the films. No observed differences were seen in the surface 

morphology of AT-RvD1-loaded or empty PLGA films (S1E-F).

After we verified release of AT-RvD1 from PLGA films, the bioactivity of released AT-

RvD1 was assessed. Previous studies have shown that exposure to resolvins increase 

macrophage phagocytic ability, therefore a phagocytosis assay was used to confirm At-

RvD1 bioactivity after release from PLGA films [47]. Cell culture media was incubated with 

AT-RvD1-loaded PLGA films or empty PLGA films AT-RvD1 for 24 h and then used to 
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treat RAW264.7 macrophages. Based on HPLC measurements, the films released an average 

of 7.5 ± 0.6 ng AT-RvD1 into RAW264.7 cell culture media over 24 h. After 4 h of 

treatment, phagocytic ability was measured using fluorescent latex beads. RAW264.7 

macrophages that were treated with media containing released AT-RvD1 exhibited increased 

phagocytosis of latex beads, as visualized using fluorescence microscopy (Fig. 1A and B). 

Quantification of the number of phagocytosed latex beds indicated increases in the overall 

phagocytic activity of macrophages treated with AT-RvD1 film release media (Fig. 1C). As a 

secondary metric of bioactivity, we treated MPRO neutrophils with release media derived 

from AT-RvD1 films. Neutrophils treated with media incubated with AT-RvD1-loaded 

PLGA films exhibited significantly decreased MPO activity after both 30 and 60 min 

compared to neutrophils treated with media incubated with unloaded PLGA films (Fig. 1D). 

Taken together, these results demonstrate that AT-RvD1 maintains its bioactivity after 

release from PLGA films and promotes myeloid cell functions induced by native AT-RvD1.

3.2. AT-RvD1 delivery decreases neutrophil infiltration in the acute phases of inflammation

To explore myeloid cell influx during the inflammatory cascade, the murine dorsal skinfold 

window chamber model was used. This model allows for longitudinal intravital imaging of 

host responses to biomaterial implants including remodeling of microvascular networks and 

changes to the innate immune response following injury and material implantation 

[17,28,29]. To evaluate the in vivo infiltration of circulating neutrophils, we utilized whole 

mount immunohistochemistry (IHC) and flow cytometry at days 1 and 3 after implantation 

of AT-RvD1-loaded PLGA or unloaded PLGA onto the dorsal tissue. For initial analysis, an 

additional group consisting of 100 ng AT-RvD1dissolved in 200 μL sterile saline was added 

to compare the effects of one-time bolus delivery with biomaterial-mediated delivery. This 

dosage was chosen based on previous studies utilizing AT-RvD1 [16]. Neutrophils were 

immunophenotyped as CD45+CD11b+Ly-6C+Ly-6G+ [48]. At day 1, neutrophils were the 

dominating cell type present out of all CD45+-CD11b+ myeloid cells. In the tissue, animals 

treated with AT-RvD1 scaffolds and saline–AT–RvD1 solution had a significantly lower 

frequency of neutrophils compared to animals that received unloaded PLGA scaffolds (Fig. 

2A). This decrease in neutrophils present in the tissue was accompanied by a significant 

increase in the neutrophil frequency within the blood of AT-RvD1-treated mice, but not in 

mice receiving the saline-AT-RvD1 solution (Fig. 2B). All groups undergoing dorsal 

skinfold window chamber surgery demonstrated elevation of blood neutrophils relative to 

uninjured control animals; however, neutrophils were even further elevated in the AT-RvD1 

scaffold group (Fig. 2C). By day 3, there were no differences in tissue or blood neutrophils 

in either group, but the overall proportion of neutrophils out of all CD45+CD11b+ cells 

decreased greatly, likely due to the influx of CD45+CD11b+ monocytes (Fig. S2A and B). 

After 1 day, the proportion of pro-angiogenic neutrophils expressing CD49d remained 

unchanged between animals given AT-RvD1-loaded implants and PLGA-only implants in 

both blood and tissue (Fig. 2D and E). However, after three days there were significantly 

more CD49d+ neutrophils present in the tissue of animals treated with AT-RvD1 scaffolds, 

but no differences were observed in the blood (Fig. 2F and G).

Qualitative confocal micrographs taken 24 h after surgery reveal a larger number of Ly-6G+ 

neutrophils in the tissue of mice treated with control PLGA films compared to AT-RvD1 
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film treated animals (Fig. 2H and I). A 3D transformation representing the distance from 

CD31+ vasculature was overlaid onto Imaris-rendered images to analyze the distance that 

neutrophils had invaded into the extravascular tissue space (Fig. 3A–D). Neutrophils in the 

peri-implant area of PLGA-only scaffolds were able to migrate significantly further into the 

interstitial tissue than neutrophils in the peri-implant area of AT-RvD1-loaded PLGA 

scaffolds after 1 day post-injury (Fig. 3C). However, no difference was found in neutrophil 

migration through interstitial tissue after 3 days (Fig. 3D). Additionally, 3D analysis of total 

cell numbers revealed that tissue surrounding AT-RvD1 implants have significantly fewer 

Ly-6G+ neutrophils at both days 1 and 3 after scaffold implantation (Fig. 3E and F). 

Collectively, these data suggest that local release of AT-RvD1 can suppress neutrophil 

infiltration and migration in the early stages of inflammation.

3.3. AT-RvD1 increases anti-inflammatory monocyte and macrophage populations

In addition to exploring the effect of local AT-RvD1 on neutrophil infiltration, we examined 

the accumulation of monocyte and macrophage subsets after injury to the dorsal skin. After 

3 days, 3D renderings show more CD68+ monocytes/macrophages in the peri-implant tissue 

of mice treated with AT-RvD1-loaded scaffolds (Fig. 4A and B). Following quantification, 

AT-RvD1-treated animals were found to have significantly more CD68+ monocytes/

macrophages than PLGA-only animals (Fig. 4C). Further analysis of 3D renderings reveals a 

significantly lower neutrophil-to-monocyte/macrophage ratio in animals treated with AT-

RvD1 scaffolds compared to animals that received unloaded PLGA scaffolds (Fig. 4D). An 

increase in the ratios of neutrophils to other subsets of white blood cells have been 

associated with persistent inflammation and poor clinical outcomes in malignancy and 

wound healing [49–51].

In order to further examine the hypothesis that biomaterial-delivered AT-RvD1 can influence 

the accumulation of anti-inflammatory immune cells, we performed flow cytometry to 

further characterize myeloid cell subpopulations present in the inflamed dorsal tissue. 

Analysis 1 day after injury indicated that there were no differences in 

CD45+CD11b+Ly-6CLo anti-inflammatory monocytes (AM) or CD45+CD11b+Ly-6CHi 

inflammatory monocytes (IM) in the tissue for all groups (Fig. S3A and B). After 3 days, 

there were significantly more AMs present in dorsal tissue that had received an AT-RvD1-

loaded implant compared to the PLGA only group or a topical dose of AT-RvD1 in solution 

immediately following surgery (Fig. 5A). Conversely, there were significantly fewer IMs 

present in the AT-RvD1 treated dorsal tissue compared to PLGA-only and topical AT-RvD1 

treatments (Fig. 5B). The ratio of AM to IM in the dorsal tissue was significantly higher in 

the AT-RvD1 film-treated animals than in AT-RvD1 topical application or empty PLGA 

implant-treated animals (Fig. 5C). We next immunophenotyped subpopulations of 

macrophages to explore how AT-RvD1 delivery impacts macrophage accumulation. No 

differences were found in the frequency of total macrophages between AT-RvD1-loaded 

PLGA implants and PLGA-only implants after 1 day (Fig. S3C and D). Analysis of digested 

dorsal tissue after 3 days showed that there was a significant increase in the presence of 

F4/80+CD86-CD206+ macrophages, an immunophenotype indicative of M2 or alternatively 

activated macrophages [45], in the AT-RvD1 treated mice (Fig. 5D). The proportion of M1 

classically activated F4/80+CD86+CD206- macrophages showed a trend of decrease (Fig. 
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5E); however, the ratio of M2 to M1 macrophages was significantly increased in animals 

treated with AT-RvD1-loaded implants. Increases in the ratio of M2 to M1 macrophages 

have been correlated with increased tissue healing and has consequently been called the 

“regenerative ratio” [33] (Fig. 5F). Taken together, this data shows that local AT-RvD1 

treatment both increases the overall frequency of macrophages present in inflamed dorsal 

tissue after 3 days and induces accumulation of monocyte and macrophage subsets that have 

been associated with tissue regeneration and wound healing.

3.4. AT-RvD1 modulates cytokine expression levels in dorsal tissue

To better understand how AT-RvD1 delivery impacts the production of inflammatory 

mediators, multiplexed protein analysis was performed on peri-implant dorsal tissue both 1 

and 3 days post-surgery. The expression levels of known pro-angiogenic and anti-

inflammatory cytokines were significantly increased both 1 and 3 days after surgery. There 

was an increase in the level of VEGF in the At-RvD1 implant tissue after 1 day compared to 

PLGA implant tissue, which decreased for both groups by day 3 (Fig. 6A). IL-4 expression 

levels were significantly increased at both day 1 and day 3 in AT-RvD1 implant tissue, but 

day 3 expression in AT-RvD1 treated animals was decreased compared to day 1 levels (Fig. 

6B) and the level of SDF-1α was significantly increased at day 3 in animals treated with AT-

RvD1 implants (Fig. 6C). Expression levels of other proteins such as MMP-9 and FGF-b 

were unchanged between AT-RvD1-implant and PLGA implant animals (Fig. S4A and B). 

Levels of IL-10 were found to be no different between AT-RvD1-implant and PLGA implant 

animals after 1 day, but all samples had IL-10 levels below the limit of detection at day 3 

(Fig. S4C).

3.5. AT-RvD1 enhances microvascular remodeling

In order to determine if the local delivery of AT-RvD1 to injured tissue promotes expansion 

and remodeling of microvascular networks, brightfield imaging of window chambers was 

conducted after material implantation (day 0) and again at day 3 after injury (Fig. 7A–D). 

Micrographs were then assessed for changes in the vascular parameters of total length, 

arteriolar diameter, and vascular tortuosity, all of which are classic signs of microvascular 

remodeling [28]. The total length of vasculature normalized to the area of analysis (i.e. 

length density) was unchanged between groups after 3 days (Fig. 7E). Conversely, a 

significant increase in both the arteriolar diameter and vascular tortuosity of AT-RvD1-

treated animals was observed compared to animals receiving PLGA-only implants (Fig. 7F 

and G). These changes to the vasculature can be observed in the micrographs of AT-RvD1 

treatment (Fig. 7D), and are absent in the peri-implant area of PLGA-only scaffolds (Fig. 

7B). While we were unable to discern differences in vascular length density using brightfield 

imaging, we have previously demonstrated that whole mount CD31 immunostaining can 

reveal changes to capillary-level microcirculation that is undetectable by brightfield 

microscopy [29]. Whole mount confocal images of both background tissue away from the 

biomaterial implant and peri-implant CD31+ immunostained vessels revealed small vessels 

that were not observable with brightfield microscopy (Fig. 8A–D). Analysis of CD31 length 

per unit area at one day after surgery revealed no differences in length density between 

background and peri-implant area in animals receiving AT-RvD1-loaded or empty PLGA 

implants (Fig. 8E). However, at day 3, AT-RvD1 delivery from PLGA films significantly 
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increased the density of CD31+ vessels near the implant compared to background and also 

compared to PLGA-only implant in the window chamber (Fig. 8F).

4. Discussion

Acute inflammation is a protective response mounted by the host after injury and/or 

infection [52]. During acute inflammation, polymorphonuclear neutrophils are recruited to 

the site of inflammation through the expression of pathogen- or damage-associated 

molecular patterns [53–55]. These neutrophils, along with activated tissue resident 

macrophages, trigger the sequential release of proinflammatory mediators such as 

eicosanoids, cytokines, chemokines, and proteases, and these mediators drive leukocyte 

recruitment and activation [56–58]. In the case of a minor injury or infection, the acute 

inflammatory response will subside and return to homeostasis via the active process of 

inflammation resolution, signified by diminished number and activity of neutrophils and 

macrophage phenotype switching, phagocytosis, and egress [59,60]. However, in large 

wounds or in diseases such as arthritis or atherosclerosis, acute inflammation may continue 

unabated and progress to chronic inflammation, where persistent accumulation and 

activation of neutrophils and mononuclear cells results in fibrosis and tissue damage [61–

64]. In the field of biomaterials and tissue engineering, inflammation that is allowed to 

continue unabated can impair host-implant integration and tissue regeneration, leading to 

implant failure [65–68]. Therefore, balancing processes of inflammation and resolution are 

vital to ensuring the success of biomaterial and tissue engineered scaffolds. Here, we utilized 

a locally-delivered dual-acting lipid mediator to regulate active inflammatory processes and 

drive resolution by inhibiting neutrophil infiltration and increasing the presence of anti-

inflammatory monocytes and macrophages.

Resolvins are in a class of molecules that have been deemed specialized pro-resolving 

mediators that are produced during the acute inflammatory response. Their actions drive the 

restoration of tissue homeostasis and prevention of fibrosis after the acute inflammatory 

response through a dual anti-inflammatory pro-resolution mechanism by which the activities 

of pro-inflammatory cells are dampened and those of anti-inflammatory cells are enhanced 

[8]. Currently, there are many studies investigating resolvins for various therapeutic 

applications that seek to leverage their pro-resolving function. For example, intravenous AT-

RvD1 can suppress inflammatory responses and protects against kidney injury in a murine 

model of acute kidney injury [69]. Additionally, RvD1 can modulate human and murine T 

cell differentiation, while enhancing the generation of T-regulatory cells [70]. While these 

studies have shown promising therapeutic uses for AT-RvD1, little exploration has been 

done into the utilization of biomaterials to locally deliver AT-RvD1 to areas of inflammation 

after injury. We have shown here for the first time that sustained delivery of AT-RvD1 from 

PLGA scaffolds over several days results in differences in myeloid cell accumulation to skin 

after injury compared to a one-time dose of dissolved AT-RvD1. The dosage of AT-RvD1 

delivered via topical saline was 100 ng, while 10.2 ng AT-RvD1 on average were loaded into 

each biomaterial film. We found that both biomaterial-delivered AT-RvD1 and AT-RvD1 

solution were able to significantly reduce neutrophil infiltration after one day, but only AT-

RvD1-loaded scaffolds were able to increase Ly6Clo AMs, while decreasing Ly6Chi IMs 

after three days, indicating that sustained release at a lower dose is better able to modulate 
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the cellular response after injury (Figs. 2A and B, 5A– C). These findings motivated us to 

investigate further how local delivery of AT-RvD1 via a biomaterial is able to modulate 

inflammation and promote tissue regeneration.

In the process of wound healing without infection, it was previously believed that 

neutrophils had little to no bearing on the outcome of tissue repair [71]. However, recent 

studies exploring the role of neutrophils in wound healing have shown that excessive 

neutrophil infiltration into tissue can impair repair through the release of neutrophil 

extracellular traps (NETs), reactive oxygen species (ROS) and proteolytic enzymes, 

specifically in the context of diabetes and post-myocardial infarction cardiac remodeling 

[23,25,26,71–73]. Excessive neutrophil recruitment and persistent activation is associated 

with chronic inflammation, fibrosis, and poor healing [74–76]. Additionally, targeted 

depletion of neutrophils in mice has been found to accelerate wound closure [77,78]. High 

neutrophil counts in relation to lymphocytes and macrophages have also been clinically 

associated with poor outcomes in a number of diseases, including colon cancer and 

atherosclerosis [79,80]. For instance, patients with an elevated neutrophil to lymphocyte 

ratio are more likely to experience cardiac death and mortality after acute myocardial 

infarction [73,81], and mice with pancreatic cancer that have an elevated neutrophil-to-

macrophage ratio are more likely to develop severe ascites or bowel obstruction [50]. In the 

present study, we demonstrate reduced neutrophils present at one day after injury in mice 

treated with AT-RvD1-loaded films via flow cytometry and quantification of whole mount 

IHC. Resolvins have been shown to block neutrophil transendothelial migration through 

inhibition of neutrophil chemotaxis towards cytokine gradients created during the 

inflammatory process [82]. Neutrophil levels were elevated in the blood but reduced in 

tissue, and neutrophils that did migrate into the tissue were unable to infiltrate further 

through the tissue. These data suggest that the local delivery of AT-RvD1 can not only block 

transendothelial migration of neutrophils as has been demonstrated previously via systemic 

treatment with resolvins, but can also prevent further tissue damage by inhibiting neutrophil 

migration through the interstitial tissue (Figs. 2 and 3). Animals treated with AT-RvD1 also 

had a lower neutrophil-to-monocyte/ macrophage ratio at 3 days after surgery, and we 

propose that this metric can be used to indicate a positive correlation to inflammation 

resolution and the prevention of chronic inflammation.

During tissue regeneration, the remodeling and expansion of wound-associated vasculature 

is critical to ensure tissue oxygenation, nutrient delivery, and cell recruitment [29]. Recently, 

a newly discovered subset of neutrophils has been described that stimulate angiogenesis in 

response to VEGF [27]. We have found that CD49d+ neutrophils accumulate in injured 

dorsal tissue three days after treatment with AT-RvD1-loaded films (Fig. 2F), and these 

neutrophils can actively participate in vascular remodeling and network expansion. We have 

previously shown that the recruitment of Ly6Clo AMs using SDF-1α-loaded hydrogels or 

FTY720-releasing films is associated with increased angiogenesis and arteriogenesis during 

inflammation [17,28,29]. Here we have shown that the local delivery of AT-RvD1 is able to 

enhance accumulation of AMs in the dorsal tissue as early as three days after surgery (Fig. 

4). In addition to increasing the ratio of AMs to IMs, M2 alternatively activated 

macrophages were also increased in the tissue of AT-RvD1-loaded film-treated animals (Fig. 

5). These specific subsets of monocytes and macrophages are able to directly influence 
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vascular remodeling [83–85], and increased AM/IM and M2/M1 ratios are associated with 

enhanced tissue regeneration and healing [29,33]. The mechanisms of these observed 

increases in anti-inflammatory subsets of monocytes and macrophages could be a result of 

increased monocyte recruitment from circulation. Alternatively, AT-RvD1 may alter in situ 

monocyte/macrophage polarization towards AM/M2 due to direct action by AT-RvD1 on 

macrophages or through external factors, such as phagocytosis of apoptotic neutrophils [86]. 

Local AT-RvD1 delivery was also able to modulate the peri-implant cytokine profile towards 

a pro-angiogenic/arteriogenic environment, with significant elevation in VEGF, SDF-1α, 

and IL-4, cytokines that contribute to vascular remodeling and the recruitment of cells that 

participate in vascular remodeling (Fig. 6) [87–90]. Indeed, the enhanced arteriolar diameter 

and vascular tortuosity we observed with brightfield microscopy and expansion of 

microvasculature observed with confocal imaging 3 days after implantation are early 

hallmarks of sustained arteriogenesis and vascular remodeling (Fig. 7).

5. Conclusions

Taken together, localized delivery of AT-RvD1 allows for dual targeting of both pro-

inflammatory and pro-regenerative cells involved in inflammation and wound healing. 

Modulation of initial neutrophil infiltration allows for reduced overall tissue damage and 

primes the tissue for regeneration and healing. Enhanced accumulation of anti-inflammatory 

monocyte and macrophage cell subsets further reduce inflammation and promote early tissue 

regeneration and vasculogenesis. These results establish localized delivery of AT-RvD1 as a 

promising approach to modulate the innate immune response to reduce tissue damage 

associated with excessive inflammation and promote therapeutic outcomes such as vascular 

remodeling.
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Statement of Significance

This work is motivated by our efforts to explore the underlying mechanisms of 

inflammation resolution after injury and to develop biomaterial-based approaches to 

amplify endogenous mechanisms of resolution and repair. Though specific lipid 

mediators have been identified that actively promote the resolution of inflammation, 

biomaterial-based localized delivery of these mediators has been largely unexplored. We 

loaded Aspirin-Triggered Resolvin D1 into a PLGA scaffold and examined the effects of 

sustained, localized delivery on the innate immune response. We found that biomaterial 

delivery of resolvin was able to enhance the accumulation of pro-regenerative 

populations of immune cells, including antiinflammatory monocytes, population that has 

never before been shown to respond to resolvin treatment, and also enhance vascular 

remodeling in response to tissue injury.
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Fig. 1. 
Released AT-RvD1 promotes macrophage phagocytosis and inhibits neutrophil 

myeloperoxidase (A-B) Brightfield and epifluorescence micrographs of RAW264.7 

macrophages treated with PLGA film-conditioned media (PLGA CM) or AT-RvD1 

conditioned media (PLGA-AT-RvD1 CM). White arrowheads indicate engulfed beads by 

macrophages. Scale bar, 5 mm (C) Quantification of phagocytic activity of RAW264.7 

macrophages. (D) Myeloperoxidase activity of MPRO-differentiated neutrophils decreases 

significantly after treatment with AT-RvD1 conditioned media. Data presented as mean ± 

S.E.M. Statistical analyses were performed using two-tailed t-tests *p < 0.05, **p < 0.01 n = 

3 samples per group.
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Fig. 2. 
AT-RvD1 treatment sequesters neutrophils in the blood compartment after 1 day. Flow 

cytometric analysis of neutrophils after 1 day in the (A) blood and (B) tissue. (C) Fold 

change in blood neutrophils after 1 day compared to blood from an uninjured mouse. (D-G) 

Analysis of CD49d+ neutrophils in tissue and blood at 1 and 3 days after film implantation 

(H-I) Whole mount immunostaining of Ly-6G+ neutrophil infiltration into tissue one day 

after PLGA or AT-RvD1-loaded PLGA film implant. Scale bars, 100 μm. Data presented as 
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mean ± S.E.M. Statistical analyses were performed using one-way ANOVA with Tukey's 

post-hoc test *p < 0.05, **p < 0.01 n = 4–6 animals per group.

Sok et al. Page 22

Acta Biomater. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Localized AT-RvD1 delivery limits neutrophil migration through inflamed dorsal tissue. (A-

B) Renderings of neutrophil distance from CD31+ vasculature one day after film 

implantation (representative Imaris renderings of Ly-6G+ cells, color-coded according to 

distance from the closest CD-31+ blood vessel: purple = 0 μm, red = 30 μm) (C-D) 

Quantification of neutrophil distance to vessel at post-implant days 1 and 3. Imaris 3-d 

quantification of neutrophil numbers after (E) one day and (F) three days. Statistical 

analyses were conducted using two-tailed Mann-Whitney test (C-D) and two-tailed t-test (E-
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F) *p < 0.05, ***p < 0.001, n > 100 cells, across 3–4 animals per group. Scale bars, 100 

mm. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.)
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Fig. 4. 
Local delivery of AT-RvD1 increases CD68+ monocytes and macrophages. (A-B) Imaris 

renderings of CD68+ macrophage and Ly-6G+ neutrophil accumulation. (C) Quantification 

of CD68+ cells found in each Imaris rendering after 3 days. (D) Neutrophil to monocyte/

macrophage ratio. Scale bars, 100 μm. Data presented as mean ± S.E.M. Statistical analyses 

were performed using two-tailed t-test *p < 0.05, ***p < 0.001, n > 100 cells, across 3–4 

animals per group.
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Fig. 5. 
Biomaterial delivery of AT-RvD1 promotes AM and CD206+ macrophage accumulation. 

Flow cytometric analysis of (A) Ly-6CLo AMs and (B) Ly-6CHi IMs. (C) Tissue AM/ IM 

ratio. Analysis of (D) M2 (F4/80+ CD206+ CD86∼) macrophages and (E) M1 (F4/80+ 

CD206− CD86+) macrophages at day 3. (F) M2/M1 “regenerative ratio” analysis. Data 

presented as mean± S.E.M. Statistical analyses were performed using one-way ANOVA with 

Tukey's post-hoc test or two-tailed t-test *p < 0.05, **p < 0.01, ***p < 0.001 n = 4-6 

animals per group.
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Fig. 6. 
Local delivery of AT-RvD1 modulates the peri-implant cytokine profile towards regeneration 

and angiogenesis. (A) VEGF expression at 1 and 3 days post film implantation. (B) IL-4 

expression at 1 and 3 days post film implantation. (C) SDF-1a expression at 1 and 3 days 

post film implantation. Data presented as mean ± S.E.M. Statistical analyses were performed 

using two-way ANOVA with Tukey's post-hoc test *p < 0.05, #p < 0.05 compared to day 1 

expression levels n = 3 animals per group.
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Fig. 7. 
Delivery of AT-RvD1 promotes vascular remodeling. Brightfield micrographs of dorsal 

tissue at (A, C) day 0 and at (B, D) day 3 following treatment with AT-RvD1 loaded PLGA 

films. Quantification of the vascular metrics (E) length density, (F) arteriolar diameter, and 

(G) tortuosity. Data presented as mean ± S.E.M. Statistical analyses were performed using 

two-tailed t-tests *p < 0.05, ***p < 0.001 n = 6 animals per group. Scale bars, 1 mm.
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Fig. 8. 
AT-RvD1 delivery enhances growth of CD31+ microvasculature. Whole mount confocal 

images of dorsal tissue at day 3 following treatment with AT-RvD1-loaded PLGA films. (A, 

C) Background microvasculature and peri-implant vasculature treated with (B) PLGA films 

and (D) AT-RvD1-loaded films. Quantification of microvascular length density at (E) day 1 

and (F) day 3 after film implantation. ○ = background vasculature, ● = peri-implant 

vasculature. Statistical analysis was performed using Repeated Measures two-way ANOVA 

with Sidak's post-hoc test for multiple comparisons *p < 0.05 compared to background, ˆp < 
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0.05 compared to PLGA implant, n = 6, lines connect paired analysis of background and 

peri-implant vasculature in each animal. Scale bars, 100 μm.
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