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Abstract

Macrophages are a predominant immune cell population that drive inflammatory responses and 

exhibit transitions in phenotype and function during tissue remodeling in disease and repair. Thus, 

engineering an immunomodulatory biomaterial has significant implications for resolving 

inflammation. In this work, we engineered a biomimetic and photoresponsive hyaluronan (HA) 

hydrogel nanocomposite with tunable 3-D ECM adhesion sites for dynamic macrophage 

immunomodulation. We exploited photo-degradative APP (alkoxylphenacyl-based polycarbonate) 

nanocomposites to permit user-controlled RGD (Arg-Gly-Asp) adhesive peptide release and 

conjugation to a HA-based extracellular matrix (ECM) for real-time integrin activation of 

macrophages encapsulated in 3-D HA-APP nanocomposite hydrogels. We demonstrate that photo-

controlled 3-D ECM-RGD peptide conjugation can activate αvβ3 integrin of macrophages, and 

periodic αvβ3 integrin activation can enhance anti-inflammatory M2 macrophage polarization. 

Altogether, we highlight an emerging use of biomimetic, photo-responsive, and bioactive HA-APP 
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nanocomposite hydrogel to command 3-D cell-ECM interactions for modulating macrophage 

polarization, which may shed light on cell-ECM interactions in innate immunity and inspire new 

biomaterials-based immunomodulatory therapies.
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Introduction

Inflammation, predominantly facilitated by macrophages, coincides with dynamic 

extracellular matrix (ECM) remodeling to influence tissue plasticity in disease and repair.[1] 

Determining how the microenvironment triggers a phenotypic switch to either a ‘pro-

inflammatory (M1)’ or an ‘anti-inflammatory (M2)’ macrophage phenotype is critical to 

expanding tissue destruction[2–4] or orchestrating repair.[5–7] Thus, there is a need for robust 

immunomodulatory strategies that can control macrophage polarization for tuning 

inflammatory responses that can promote tissue repair.

Although many soluble cytokine factors have been reported to be potential 

immunomodulation targets that dictate macrophage crosstalk,[8] the cell-ECM interactions 

have an underappreciated regulatory role in macrophage inflammation. Thus, it is necessary 

to fully explore how macrophages interact with dynamic ECM remodeling to modulate 

endogenous tissue repair progress. ECM adhesion receptors, specifically integrins, may 

dominate macrophage behaviors in tissue repair because they are an important link between 

ECM and intracellular cytoskeleton signaling.[9] Although there are studies that investigate 

the association of specific integrins to macrophage polarization, these studies lack the 

environmental control over dynamic integrin activation. It has been shown that the timing 

and extent of cell-ECM adhesion may be critical to stage-dependent cell functions.[10, 11] As 

a result of immune cell behaviors and functions being temporally defined,[12] a biomimetic 

and dynamic ECM composite is essential to studying how cell-ECM interactions modulate 

distinct macrophage phenotypes and developing a potent solution to modulate inflammation 

in a temporal manner.
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In soft tissue-based organs like the brain,[13] 3-D hydrogels offer a simple, biomimetic 

approach to reconstruct in vivo ECM signatures. Hyaluronan (HA) is one example of a 

native ECM composite found in human tissue,[14] and its accumulation and turnover has 

been implicated to modulate inflammatory responses of macrophages in physiological and 

pathological conditions.[15] HA’s structural and biological properties are important to 

mediate cell signaling during stages of development,[16] disease,[17] or tissue repair.[18] The 

increase of HA deposition into sites of tissue injury and during inflammatory diseases 

inspired incorporating HA as a building block ECM protein in 3-D hydrogels for 

immunomodulation in regenerative medicine.[14] Current approaches have included 

patterning ligand-specific peptides such as growth factors and integrin-based ECM adhesion 

motifs onto 3-D scaffolds,[19] yet most are static and cannot be used as dynamic 

immunomodulation approaches. In recent years, ‘stimuli-responsive’ materials have 

attracted much attention for their use as specific and predictive drug delivery systems in 

response to external and internal stimuli, including physical (e.g. temperature, light, and 

electrical and magnetic fields), mechanical (e.g. ultrasound), and biochemical (pH, reactive 

oxygen species, proteases) stimuli.[20] On account of their non-invasiveness and remote 

temporal control, photoresponsive systems have been developed[21–23] to achieve on-

demand therapeutic dosing in response to illumination at distinct wavelengths (ultraviolet 

(UV), visible, or near-infrared regions). However, there has been a lack of dynamic and 

immunomodulatory ECM-based hydrogels to control the kinetics of macrophage 

polarization in a biomimetic 3-D HA hydrogel scaffold. Hence, novel stimuli-responsive 

materials should be developed to produce a bioactive and dynamic ECM composite that can 

control macrophage phenotype upon on-demand stimulation.

In this work, we have engineered a biomimetic and photoresponsive HA hydrogel 

nanocomposite that is capable of modulating macrophage inflammatory phenotypes over 

time. We demonstrate that photo-controlled 3-D ECM-RGD peptide conjugation can activate 

αvβ3 integrin of macrophages, and periodic αvβ3 integrin activation can enhance anti-

inflammatory M2 macrophage polarization. The photoresponsive HA hydrogel 

nanocomposite hydrogel can be applied as an in vitro 3-D culture model to probe and 

regulate cell-ECM interactions for real-time macrophage immunomodulation in a 

biomimetic ECM. Hence, this dynamic, immunomodulatory hydrogel platform can be 

tailored to incorporate tissue-specific cells to study diseases associated with specific organs, 

providing a pathway to improve current biomaterials design in regenerative hydrogel 

therapies.

2. Results and Discussion

2.1 Photoresponsive HA hydrogel Nanocomposite for Dynamic Macrophage 
Immunomodulation

To achieve temporal control over cell-ECM interactions in a 3-D hydrogel, we synthesized a 

photoresponsive HA hydrogel nanocomposite (Figure 1) to modulate macrophage 

inflammatory responses through integrin activation. Although there are many environmental 

cues that drive macrophage polarization, this study dissects how photo-controlled RGD 

peptide release and conjugation affects macrophage phenotype and function over time. RGD 
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(Ac-GRGDSPCG-NH2) is a tripeptide that can mimic cell adhesion ligands and bind to cell-

surface receptors that promote cell survival and spreading, creating a hospitable 

microenvironment for cells within a 3-D crosslinked ECM polymeric network. HA (50 kDa) 

was modified with acrylate groups to generate an acrylated HA macromer (HA-Ac) with 

available binding sites for RGD peptides Ac-GRGDSPCG-NH2 specific for αvβ3 integrin. 

HA-Ac macromer chains were crosslinked by a cysteine-contained biodegradable MMP 

(matrix metalloproteinase) crosslinker peptide (GCRDVPMSMRGGDRCG) for 

encapsulating RAW 264.7 murine macrophages[24] in a 3-D biomimetic ECM. Previous 

studies have demonstrated MMP is universally expressed among all cells,[25] and hydrogels 

with protease-degradable crosslinkers can be rapidly cleaved by MMP-1 and MMP-2 

proteases for supporting cell spreading and survival.[26] Furthermore, RGD peptide 

conjugation to HA chains can be achieved through a Michael addition reaction between 

Acrylate groups on HA and thiol groups (via cysteine residues) on RGD peptides.[27] 

TNBSA (trinitrobenzene sulfonic acid) assay results show that 36.7% of carboxylic acid 

groups were coupled with ADH (adipic dihydrazide). After reacting HA-ADH with NHS-

AC at pH 7.4, the TNBSA assay did not detect free primary amines in HA-AC, yielding 

approximately 60 acrylates per HA chain which provides sufficient acrylation for both HA 

crosslinking and RGD peptide conjugation.[27] To determine if the mechanical properties of 

the bulk material were altered during photo-stimulation, we measured the storage (G’) and 

loss modulus (G”) of the photoresponsive nanocomposite hydrogel with a plate-to-plate 

rheometer. Results show that the G’ and G” did not statistically differ after photoresponsive 

nanocomposite hydrogels were stimulated with 30s UV exposure, confirming that photo-

controlled RGD peptide release and conjugation is the predominant physical factor that is 

regulating the 3-D in vitro culture conditions (Supporting Information, Figure S1).

With the ability to pulse UV light exposure at defined times, we can achieve temporal 

control over 3-D cell-ECM interactions and macrophage immunomodulation with αvβ3 

integrin ligand presentation. To control the kinetics of RGD peptide conjugation on HA, we 

developed photo-degradable alkoxylphenacyl-based polycarbonate (APP) nanocomposites to 

load RGD peptides and perform controlled release upon UV light with a wavelength of 302 

nm. Potential toxicities associated with chromophoric or polymeric units of most 

photoresponsive systems have influenced their compatibility for clinical use. However, APPs 

are a new class of photoresponsive polymers that has been reported to possess high thermal 

stability, biocompatibility and biodegradability in vivo.[23, 28] Recognizing that long-term 

UV exposure (minutes) as an external trigger has limitations for in vivo applications due to 

substantial tissue penetration and detrimental photochemical reactions,[29] we shortened the 

extent of UV exposure (λ= 302 nm) time (seconds) of APP nancomposites in vitro to reduce 

cell photodamage. We validated the cytotoxic effects of UV light exposure by staining for 

RAW264.7 macrophage viability (Supporting Information, Figure S2) and confirmed that 

UV light exposure with a duration of up to 30s had no significant influence over macrophage 

cell viability (> 95%). A similar study investigating the potential cytotoxicity suspected with 

UV light degradation of APP nanocomposites also found no significant decrease in cell 

viability and, after 72 hrs, observed cell viabilities higher than 90% for cell culture.[28] 

Furthermore, we validated that the effects of the 30-second UV exposure alone had no 

significant effects on the macrophage phenotype and cytokine secretions. By 
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immunostaining and quantifying the ratio of Arginase-1 (M2 macrophage marker) and iNOS 

(M1 macrophage marker) expressions, it was determined that pre-polarized M0, M1, and 

M2 macrophages exhibited no statistically significant changes to their respective markers 

upon 30-second UV exposure in 3-D photoresponsive nanocomposite hydrogel (Supporting 

Information, Figure S3). To validate that UV exposure alone had no effect on macrophage 

function, we screened the pro-inflammatory (TNF-α and IL-6) and anti-inflammatory 

cytokines (IL-10 and TGF-β) secreted by M0 macrophages in 3-D photoresponsive 

nanocomposite hydrogels after 30-second UV exposure, and found no statistically 

significant alterations to levels (Supporting Information, Figure S4). Altogether, we 

engineered a photoresponsive, dynamic, and immunomodulatory 3-D HA hydrogel 

nanocomposite for real-time and temporal control of cell-ECM interactions and macrophage 

polarization based on on-demand photo-stimulation.

A major advantage of a photoresponsive HA hydrogel nanocomposite is its stable 

controllability over user-activated RGD peptide release and conjugation, as compared to 

other internal stimuli systems (e.g. pH, enzyme) that may fluctuate widely at different times 

or disease stages and, thus, result in poor reproducibility and therapeutic efficacy. Therefore, 

photoresponsive hydrogel systems that apply external triggers such as light permit users to 

model different tissue microenvironments because photoresponsive nanocomposites are not 

dependent on differences in biological signatures between diseased and healthy tissue.

2.2. Photo-controlled kinetics of RGD peptide conjugation in 3-D HA-APP Hydrogel

To confirm the functionality of APP nanocomposites as depots for photo-controlled RGD 

peptide release and conjugation, we first measured the IR spectrum of APP nanocomposites 

before and after RGD peptide loading (Figures 2A&C&D). IR spectras demonstrated an 

amide I band (1600–1700 cm−1) and S-H stretching vibrations at ~2600 cm−1, confirming a 

successful encapsulation of RGD peptides into APP nanocomposites. We then assessed the 

photosensitivity of APP nancomposites by conducting a UV spectrum analysis (Figure 2B). 

It was found that APP nanocomposites absorb UV light with a λmax at 280 nm. For 

increasing UV exposure time, there was a decrease of absorbance at λmax, indicating 

photodegradation of APP nanocomposites upon increasing UV light exposure. The 

photodegradation was further confirmed by the decreasing size of APP nanocomposites after 

UV exposure (Supporting Information, Figure S5). Embedded into 3-D HA hydrogels, APP 

nanocomposites were photodegraded, and an IR spectrum analysis was conducted to confirm 

HA structural changes during a two-step HA hydrogel synthesis (Supporting Information, 

Figure S6) and photo-controlled RGD peptide conjugation (Figure 2C). The evolution of 

peaks at 1640 cm−1 and 1720 cm−1 prove a successful macromer functionalization of adipic 

dihydrazide (HA-ADH) and acrylate (HA-AC) onto HA monomer chains. The temporally-

controlled distribution and binding of RGD peptides to HA-Ac with increasing UV exposure 

time was confirmed by an increasing intensity at amide I region and consumption of acrylate 

groups.

We further assessed the kinetics of RGD peptide conjugation by characterizing the APP 

nanocomposite release profiles during controlled UV exposure times (Figures 2D-F). UV 

exposure times were first screened to determine the total RGD peptide release amount from 
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APP nancomposites and optimal UV exposure times (Figure 2D). It was found that during 

the first 5 min. of UV exposure, RGD peptide release was elevated with increasing UV 

exposure time, and then levels plateaued, which indicates RGD peptide release is saturated 

after 10 min. We next evaluated the RGD peptide release profiles for up to 72 hrs by 

stimulating APP nanocomposites at different UV irradiation times at one time and then 

monitored changes in release amounts every 6 hrs (Figure 2E). For the first 12 hrs, it was 

shown that the irradiation time influences the released peptide amount, especially when 

increasing the irradiation time from 10 s to 60 s. Then, all released peptide amounts peaked 

at 24 hrs and decayed for the remaining 72 hrs. Most importantly, when selecting the 

appropriate UV irradiation times for controlled RGD peptide release, compared to other 

testing times, 60 s rapidly changes the release rate of RGD peptides within HA hydrogels at 

24 hrs after a one-time UV stimulation. Thus, a single 60-second UV exposure does not fit 

the criteria of controllable RGD peptide release. This is an important consideration since UV 

light is a potent external trigger due to its low wavelength, resulting in photons of higher 

energy for APP photodegradation, compared to other light stimuli at higher wavelengths. To 

maintain a controlled release after a one-time stimulation, it can be seen that a UV light 

exposure duration from 10 s to 30 s can release RGD peptides without drastic release rate 

changes.

To show temporal control over RGD peptide conjugation while minimizing photo-damage, 

we repeatedly exposed HA hydrogel nanocomposites to 10 s, 20 s and 30 s UV exposure 

every 24 hrs (Figure 2F). Compared to a one-time exposure, periodic exposure indicates a 

lesser degree of decay during the remaining 72 hrs, resulting in APP nanocomposites that 

can maintain a constant release of RGD peptides during multiple, short rounds of UV 

stimulation. Similar to a one-time exposure, APP nanocomposites demonstrate controlled 

RGD peptide release during periodic exposure to UV stimulus with approximately equal 

amounts of RGD peptide added to 3-D HA hydrogels each day. This proves that the HA 

hydrogel nanocomposite not only has user-defined control over photodegradation time but 

also has defined dosage rates. Unlike other photoresponsive hydrogels that have successfully 

achieved temporal control with photocleavable linkers or photocage moieties, an important 

contribution of this study is proving high controllability over the timing and dosage of RGD 

peptide release and conjugation, allowing users to modulate cell-ECM interactions for 

studying immunity in a biomimetic and dynamic 3-D ECM composite.

2.3. Photo-triggered immunomodulatory hydrogels upregulate αvβ3 integrin expression 
and control macrophage-ECM interactions

To examine the requirements of integrins for macrophage polarization, we generated M1 and 

M2 phenotypes with RAW 264.7 macrophages using lipopolysaccharide (LPS) for M1 

phenotype induction and IL-10 for M2 phenotype induction (details in Experimental 

Section) with well-established protocols.[30] We first examined surface αvβ3 integrin 

expressions of inactivated M0 macrophages and pre-polarized M1 and M2 macrophages 

embedded in 3-D HA hydrogels. In HA hydrogels not conjugated with RGD, it was shown 

that M2 macrophages exhibited a higher fluorescent intensity of β3 integrin expression, 

while M1 macrophages showed a weak fluorescent intensity of β3 integrin expression, 

compared to M0 macrophages (Figure 3A). Next, inactivated M0 macrophages were 

Wang et al. Page 6

Adv Healthc Mater. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suspended in 3-D HA-APP hydrogels and αvβ3 integrin surface expressions were quantified 

by immunostaining after temporal activation with increasing one-time UV exposure time 

from 0 s to 30 s (Figures 3B&C) or periodic exposure (Figure 3D). For one-time UV 

exposure, M0, M1 and M2 macrophages are steadily showing increasing αvβ3 integrin 

expression with increasing exposure time from 0s to 30s. However, αvβ3 integrin expression 

of M0 macrophages with periodic UV exposure was statistically greater than αvβ3 integrin 

levels of M0 macrophages stimulated with one-time UV exposure. To further prove the 

control over the adhesive behaviors of macrophages, we examined the cell attachment and 

spreading of M0 macrophages on a HA-APP hydrogel bed after 30 s of one-time UV 

exposure (Figure 3E&F). With increasing UV exposure time from 0 s to 30 s, macrophage 

attachment and spreading increased significantly, supporting that photo-controlled RGD 

peptide conjugation can improve macrophage ECM adhesion.

2.4 Sustained photo-controlled αvβ3 integrin expression promotes an anti-inflammatory 
M2 macrophage phenotype.

Next, we sought to determine whether photo-controlled αvβ3 integrin activation in our 3-D 

HA-APP hydrogel can regulate macrophage polarization to achieve immunomodulation. To 

this end, we classified different macrophage phenotypes by immunostaining expressions of 

well-established markers for iNOS (M1-specific marker) and Arginase-1 (M2-specific 

marker) on RAW 264.7 macrophages.[31] It was determined that M2 macrophages 

demonstrated elevated Arginase-1 and weak iNOS expressions, while M1 macrophages 

showed elevated iNOS and weak Arginase-1 levels (Figure 4). To determine if altering RGD 

peptide concentration in unmodified 3-D HA hydrogels induced different macrophage 

phenotypes, we cultured inactivated M0 and pre-polarized M1 and M2 macrophages in 1:2, 

1:6, and 1:12 ratios of 3-D HA composites pre-conjugated with RGD peptides (Supporting 

Information, Figure S7). It was found that increasing αvβ3 integrin activation correlated to 

higher Arginase-1 levels compared to iNOS levels for M2 macrophages, while M1 

maintained their iNOS and Arginase-1 expressions. To further investigate whether the 

material of the APP nanocomposite could influence macrophage phenotype, we investigated 

macrophage polarization with empty APP nanocomposites (Supporting Information, Figure 

S8). It was determined with immunostaining that empty APP nanocomposites degraded with 

one-time UV exposure had no significant influence over M1 or M2 macrophage 

polarization.

To examine whether temporal αvβ3 integrin activation can strengthen anti-inflammatory M2 

macrophage polarization, we investigated macrophages cultured in photoresponsive 3-D 

HA-APP hydrogels with one-time UV exposure for 10 s, 20 s and 30 s (Figures 4A-C) or 

periodic exposure with 10 s (Figure 4D). In terms of increasing UV-controlled αvβ3 integrin 

activation, it was found that 30 s exhibited elevated Arginase-1 levels relative to decreasing 

UV exposure (Figure 4A). This finding was confirmed by western blotting to demonstrate 

that increasing or periodic UV-controlled αvβ3 integrin activation promoted Arginase-1 

expressions and inhibited iNOS expressions (Figure 4B). Temporal integrin activation in 3-D 

HA-APP hydrogels enhanced M2 macrophage polarization based on elevated Arginase-1 

expressions with 30 s of either one-time or periodic UV exposure over 72 hrs (Figures 

4C&D). Yet, it was shown that tuning αvβ3 integrin expression every 10 s at each 24 hr 
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interval for a 72 hr culture period promoted stronger Arginase-1 levels than 30 s treatment at 

one time (Figure 4D).

To further prove the macrophage polarization in dynamic 3-D HA-APP hydrogels, we 

examined cytokine levels associated with M1 and M2 macrophages. Profiles of M1, pro-

inflammatory cytokines TNF-α and IL-6, and M2, anti-inflammatory cytokines, TGF-β1 

and IL-10, were examined (Figures 4E-H). After 72 hrs of photo-controlled integrin 

activation, pro-inflammatory cytokines TNF-α and IL-6 were observed to have decreasing 

expressions, while the concentrations of anti-inflammatory cytokines TGF-β1 and IL-10 

increased significantly. However, compared to a one-time UV exposure, a periodic 10-

second UV activation promoted the weakest pro-inflammatory and strongest anti-

inflammatory cytokine expressions. The increasing concentrations of TGF-β1 and IL-10 

cytokine confirmed the transition of M0 to the M2 macrophage phenotype and indicated that 

the 3-D HA-APP hydrogel with temporal αvβ3 integrin activation can provide an efficient 

approach to probe the macrophage polarizations, compared to a transient, one-time 

exposure. Our previous study demonstrated that activating αvβ3 integrin in a 3-D brain 

tumor microenvironment facilitated tumor-associated macrophages to promote brain tumor 

angiogenesis,[30] which required both ECM and soluble cytokine factors to sustain 

angiogenesis. Here, we dissected how integrin-mediated macrophage-ECM interactions can 

modulate macrophage phenotype using an in vitro stimuli-responsive hydrogel system. This 

points toward a direction of designing novel ECM-based and stimuli-responsive hydrogel 

nanocomposites as part of an immunomodulatory approach to regulate the appropriate 

immune responses for efficient tissue repair.

3. Conclusion

Tissue development and repair involve dynamic, overlapping phases of macrophage-

associated inflammation and ECM remodeling. Understanding the phenotypic switch of 

macrophages in response to biomimetic and dynamic ECM composites will provide a path 

towards engineering nuanced biomaterials-based immunomodulation and probing 

inflammation-driven tissue regeneration in damaged or diseased tissue. Here, we developed 

a photoresponsive 3-D HA nanocomposite hydrogel that provides users control over the 

activation of integrin-mediated ECM adhesion sites for macrophage immunomodulation 

over time. By leveraging photo-responsive nanocomposites, we provide an on-demand and 

dynamic 3-D hydrogel system that defines the dosage and kinetics of RGD adhesive peptide 

conjugation to ECM, surpassing the limitations of previous 3-D biomimetic ECM 

composites. In contrast to static ligand expression, our results highlighted that periodic αvβ3 

integrin activation for 72 hrs is critical to sustaining an anti-inflammatory M2 phenotype. 

The implications of this temporal control over macrophage immunomodulation represents a 

novel strategy to control inflammatory responses that may accelerate endogenous tissue 

repair responses.
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4. Experimental Section

Materials.

Ac-GRGDSPCG-NH2 (RGD) and GCRDVPMSMRGGDRCG (MMP) peptides are 

purchased from Genscript (Purity > 90%). Hyaluronic acid and all other chemicals are 

ordered from Sigma-Aldrich.

Cell Culture and reagents.

Mouse macrophage cells (RAW264.7, ATCC) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, Gibco), and 1% penicillin/streptomycin (Gibco). All cell lines were grown no 

more than 20 passages in a 37 °C (5% CO2) incubator. In addition, Propidium Iodide (1 μM) 

and Calcein AM (2 μM) (Sigma-Aldrich) were used to examine the cell viability (Supporting 

Information, Figure S1) 2 hrs after UV exposure in HA hydrogel nanocomposites according 

to manufacturer’s protocols.

Synthesis of acrylated hyaluronic acid (HA-AC).

HA undergoes a two-step functionalization prior to the conjugation with RGD peptides.[27] 

Hyaluronic acid (100 mg, 0.0015 mmol, 50 kDa) is reacted with ADH (2.6 g, 8.4 mmol) in 

the presence of 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) (0.3 

g, 0.92 mmole) at pH 4.75 overnight, and dialyzed (MWCO 6–8 kDa) in DI water for 2 

days. The obtained HA-ADH is lyophilized. 36.7% of the carboxyl groups were modified 

with ADH based on the TNBSA (Pierce, Rockford, Illinois) assay. HA-ADH (100 mg, 

0.0014 mmol) is reacted with N-Acryloxysuccinimide (NHS-AC) (108 mg, 0.47 mmol) in 

HEPES buffer overnight and purified through dialysis in DI water for 2 days before 

lyophilization.

Synthesis of alkoxylphenacyl-based polycarbonates (APP) homopolymer.

The synthesis of APP has been reported previously.[32] First, hydroxyacetophenone (10 g) is 

chain extended with a hydroxy terminated spacer. The product (15 g) is converted to the 

bromide without purification and then reacts with sodium acetate (15 g) to yield the acetate 

protected derivative in high yield. Following deprotection, the alkoxylphenacyl diol (0.76 g) 

is added to a double neck flask. The flask is vacuumed and refilled with N2 gas three times. 

Chloroform (7 mL) and pyridine (1.8 mL) are added. Then the solution is stirred and cooled 

in an ice bath. Triphosgene (0.41 g, 1.38 mmol) is dissolved in chloroform (5 mL) in a small 

vial, and the triphosgene solution is added dropwise to the flask. The reaction mixture is 

allowed to proceed for 2 hours, and the reaction temperature warms up to room temperature. 

Then the polymer is precipitated in cold isopropanol (200 mL). The precipitants are 

centrifuged and dried in vacuum oven at room temperature, and finally obtained as a white 

solid.

Synthesis of RGD peptide nanocomposites.

RGD peptide-loaded APP nanocomposites (RGD-APP) are prepared by nanoprecipitation. 

Briefly, APP homopolymer is dissolved in DMSO (2.5–40 mg/mL). Once the polymer is 
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completely solubilized, RGD peptide solution (0–1 mg/mL) is added and mixed for 5 min at 

350 rpm. This feed solution is then added dropwise into 1 mL of Pluronic solution (3% w/v) 

at 37 °C under vigorous stirring. The resulting RGD-APP nanocomposite is dialyzed (6–8 

kDa MWCO) in DI water for 2 hrs, to remove residual DMSO from final product.

Synthesis of Hyaluronan Hydrogel Nanocomposite.

HA-AC (20 mg/mL, 50 μL) and RGD-APP (2.5 mg/mL, 50 μL) are firstly mixed and then 

crosslinked by the addition of MMP crosslinker (10 mg/mL, 40 μL) onto HA-AC. The 

mixture is injected into a PDMS microwell and the gelation reaction is carried out at pH 7.4 

and 37 °C for 30 min. To encapsulate cells in 3-D HA hydrogel nanocomposites, the 

aforementioned mixture is mixed with 60 μL RAW264.7 macrophages (1×107 cells/mL) 

prior to gelation. Cell culture media is added and replaced every 24 hrs to avoid hydrogel 

dehydration and gels are incubated at 37 °C (5% CO2) for 72 hr culture.

PDMS Microwell Fabrication.

Poly-dimethylsiloxane (PDMS) was used to frame 5mm wells that support 3-D hyaluronan 

hydrogel culture. Briefly, a mixture of PDMS base and curing agent (0008952166, Sylgard 

184 Silicone Elastomer, Dow Corning) with a volume-to-volume (v/v) ratio of 10:1 was 

prepared using a clean glass rod in a laminar flow hood to avoid dust contamination. 

Followed by vacuum desiccation, PDMS solution was poured into a clean, empty 100 × 15 

mm petri dish (BD Falcon, 08–757-100D) to produce a thick layer (~5 mm) by curing 

PDMS in an 80 °C oven for 2 hrs. Once PDMS was peeled from petri dish, 5.0 mm holes 

were punched for micro-wells for a hydrogel loading window. PDMS layers and glass 

coverslips (22 × 22 mm; Thermo Fischer-Scientific) were activated with plasma (350 W, 

PlasmaEtch) for 2 min. and bound together and incubated in an 80°C oven overnight. To 

anchor 3-D HA hydrogel nanocomposites onto the PDMS-glass window, devices were 

sequentially activated with plasma (350 W, 2 min), coated with 0.1 mg/mL Poly-L-Lysine 

(P8920, Sigma-Aldrich) for 1 hr, and 1% glutaraldehyde (340855, Sigma-Aldrich) for 2 hrs. 

Microwell devices were rinsed completely using distilled water twice, and subsequently 

treated to UV-sterilization in a Type 2 class laminar flow hood for 15 min.

Macrophage polarization.

Macrophage polarization is induced in vitro as previously reported [30]. Untreated 

RAW264.7 cells are labeled as M0 macrophages. RAW264.7 cells (3×106 cells/mL) are 

seeded in 12-well plates overnight before polarization. M1 macrophages are obtained by 

stimulating RAW264.7 cells with lipopolysaccharide (LPS; 100 ng/mL) for 24 hrs and M2 

macrophages are obtained by treating RAW264.7 cells with IL-10 (200 ng/mL).

Materials Characterization.

Structural modifications of hydrogel composite were studied by attenuated total reflectance 

Fourier transform Infrared spectroscopy (ATR-FTIR, ThermoScientific Nicolet-6700). The 

spectra were recorded in the wavelength region of 350–4000 cm−1 with 256 scans and a 4 

cm−1 resolution. A background was collected before sample measurement and was updated 

every 20 min. The size of nanocarrier was measured by dynamic light scattering (DLS, 
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Zetasizer NanoS, Malvern Instruments). The identification of APP nanocomposite structure 

was carried out by using scanning electron microscope (Merlin FESEM, Carl Zeiss). The 

UV absorbance spectrum of APP nanocomposites after different exposure times was 

measured by the microplate reader (SpectraMax M2, Molecular Devices). The storage (G’) 

and loss (G”) modulus were measured with a plate-to-plate rheometer (ARES LS-1, TA 

Instruments) using an 8mm plate under a constant strain of 0.05 and frequency range of 0.1 

to 10 rad/s. HA-APP hydrogels were synthesized as described above, treated with UV 

stimulation for 30s, cut to a size of 8.0mm in diameter to fit the plate. A humid hood was 

used to prevent the hydrogel from drying and the temperature was maintained at 25°C.

Studying RGD release kinetics.—The UV light exposure was conducted by a compact 

and handheld UV lamp (UVP, λ= 302 nm, 6 W). RGD-encapsulated APP nanocomposites 

(500 μL) treated by different UV exposure time are loaded into centrifugal filter unit 

(Amicon, MW 3000), after centrifuged at 3000 rpm for 10min, the free peptides are 

transferred through the membrane of concentrator to the centrifuge tube bottom, then 

collected into filtered solution for quantification analysis. The RGD release amount was 

quantified by manual instructions provide by the Pierce Quantification Fluorometric Peptide 

Assay (Thermo Fisher-Scientific, USA). Briefly, the released peptides are specifically 

labeled with an amine-reactive fluorescent reagent, and the fluorescently labeled peptides 

are detected using Ex390/Em475. Then, the quantitative information is determined by 

comparing release profiles with a standard curve. For multiple days of UV exposure, after 

each day the residuals in concentrator are collected and DI water is added to make a total 

volume (500 μL). Then the solution is treated with specific UV time and loaded back into 

centrifugal filter. The released free peptides are collected as previously described.

Immunofluorescence staining and analysis.

To investigate Arginase-1 (Arg-1), iNOS antibody and integrin β3 expressions, RAW 264.7 

macrophages in different conditions, macrophage cells (M0, M1, M2) were cultured in HA-

APP gel composites in different conditions for 72 hrs. Cells were fixed with 4% 

paraformaldehyde (Electron Microscopy Sciences, USA) for 30 min, permeabilized with 

0.3% Triton X-100 (Sigma-Aldrich, USA) for 10 min, and then blocked with 3% donkey 

serum for 1 hr on ice to eliminate unspecified binding. Cells were incubated with mixture of 

Arginase-1 primary antibodies (0.5 mg/mL, 1:100, Thermo Fisher-Scientific) and iNOS 

primary antibody (4 mg/mL, 1:50, Thermo Fisher-Scientific) for 1 hr, and then visualized 

with Alexa Fluor 647 conjugated donkey anti-goat IgG secondary antibodies (2 mg/mL, 

1:200, Thermo Fisher-Scientific) and 488 conjugated donkey anti-rabbit IgG secondary 

antibodies (0.5 mg/mL, 1:250, Thermo Fisher-Scientific). Integrin β3 was visualized by anti-

integrin β3 antibody (5 mg/mL, 1:500, Abcam) and Alexa Fluor 555 conjugated goat anti-

rabbit IgG secondary antibodies (5 mg/mL, 1:200, Thermo Fisher-Scientific). Cells were 

incubated for 30 min with Hoechst 33342 to counterstain nuclei. Fluorescent images were 

obtained using an inverted microscope (Zeiss Axio Observer.Z1) equipped with a digital 

CMOS camera (ORCA-Flash4.0 LT Digital CMOS camera, Hamamatsu Photonics) and a 

40X objective. Arginase-1, iNOS expressions, and Integrin β3 expressions are quantified by 

the mean intensity of fluorescent regions in grayscale images for each cell.
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ELISA immunoassays.

After macrophage polarization, cytokine secretions were examined by using Mouse IL-10 

(ELISA Max, BioLegend, USA), IL-6 (ELISA Max, BioLegend, USA), TNF-α (ELISA 

Max, BioLegend, USA), and TGF-β1 (Abcam) Cytokine ELISA kit, respectively according 

to manufacturer’s protocols. Briefly, supernatants were collected every 24 hrs of polarization 

and centrifuged at 2000 g for 10 min at 4 °C to remove cellular debris. The cytokines were 

determined by the ELISA kit. Results were normalized to the total amount of protein.

Western blot analysis.

Cells were dissociated with an ice-cold lysis buffer of Halt Protease and Phosphatase 

Inhibitor Cocktail (1:100; 78440, Thermo Fisher-Scientific) in RIPA buffer (89900, Thermo 

Fisher-Scientific) before undergoing a bicinchoninic acid (BCA, Sigma-Aldrich) assay to 

assess total protein content, with each sample run in triplicate. Equivalent amounts of protein 

were resolved via SDS-PAGE using polyacrylamide gel (Mini-PROTEAN TGX Precast 

Gels, Bio-rad) and transferred to PVDF membranes (Millipore, USA). Furthermore, 

membranes were blocked with 5% non-fat dry milk in Tris-buffered saline for 2 hrs and then 

probed overnight incubation at 4 °C with Arginase-1 or iNOS primary antibodies (1:1000, 

Abcam). The membranes were then incubated with a secondary antibody, horse radish 

peroxidase (HRP)-conjugated anti-rabbit, anti-goat IgG (1:5000, Bio-rad or Thermo 

scientific) in blocking buffer for 1 hr and then detected with ECL substrates (1705060S, 

Clarity, Bio-rad), respectively. Chemiluminescence was imaged on a ChemiDoc Imaging 

Systems (Bio-rad).

Cell Attachment and Cell Spreading.

HA-APP hydrogels were made as described above and loaded into a 24-well plate. 5000 

RAW264.7 cells were loaded in 500 uL complete cell culture media in each well. After 1 hr 

of cell loading, each well was washed three times with fresh cell culture media to remove the 

unattached cells. Cell attachment was quantified by counting cell numbers per field under a 

20x objective. Cell spreading was quantified by tracing cell boundaries per field under a 40x 

objective.

Data analysis.

Samples were tested at least three times and data are expressed at means ± S.E.M. unless 

otherwise specified. The statistical analysis is carried out using Student’s t-test. Significance 

was assessed at a P-value of less than 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Photoresponsive HA hydrogel nanocomposite with photo-controlled 3-D ECM adhesion 

sites for dynamic macrophage immunomodulation. Schematics of (A) photoresponsive HA 

hydrogel nanocomposites generated with HA-Ac macromers and alkoxylphenacyl-based 

polycarbonate (APP) nanocarrier (purple) loaded with RGD peptide (yellow), and (B), upon 

defined UV exposure, RGD peptides will covalently conjugate (blue “Y”) onto crosslinked 

HA hydrogels (white) to temporally activate αvβ3 integrin macrophage expressions for 

macrophage polarization in a dynamic 3-D HA ECM composite.
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Figure 2. 
Characterization of photoresponsive RGD peptide conjugation in 3-D HA-APP hydrogel. 

(A) IR spectrum of alkoxylphenacyl-based polycarbonate (APP) nanocarrier before and after 

RGD peptide loading. (B) UV spectrum showing change in absorbance with increasing 

photodegradation time. (C) IR spectrum of photo-controlled RGD peptide conjugation onto 

HA-Ac Macromers with increasing, one-time UV exposure. (D-F) Kinetics of RGD peptide 

conjugation to HA-Ac macromers based on RGD peptide release profiles for (D) constant 

UV exposure, (E) one-time UV exposure, (F) and periodic UV exposure times. Error bars 

represent ± S.E.M. from 3 independent experiments. P-values were calculated using the 

Student’s t-test. *, P < 0.05.

Wang et al. Page 16

Adv Healthc Mater. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Photo-triggered HA-APP hydrogels control macrophage-ECM adhesive interactions and 

αvβ3 integrin expression. (A) Immunofluorescent images of αvβ3 integrin expression in 

pre-polarized M0, M1 and M2 macrophages in unmodified 3-D HA hydrogels. Scale bar is 

30 μm. (B) Immunofluorescent images of αvβ3 integrin expressions of M0 macrophages in 

3-D HA-APP hydrogels with increasing one-time UV exposure. Scale bar is 30 μm. (C) 

Quantified αvβ3 integrin expression of inactivated M0 and pre-polarized M1 and M2 

macrophages in 3-D HA-APP hydrogels with increasing one-time UV exposure. (D) 

Quantified αvβ3 integrin expression of M0 macrophages in 3-D HA-APP hydrogels with 

one-time and periodic UV exposure. (E) Quantified cell attachment of M0 macrophages on 

2-D HA-APP hydrogel substrates in response to increasing one-time and periodic UV 

exposure. (F) Quantified cell spreading area of M0 macrophages on 2-D HA-APP hydrogel 

substrates in response to increasing one-time and periodic UV exposure. Error bars represent 

± S.E.M. from 3 independent experiments. P-values were calculated using the Student’s t-

test. *, P < 0.05.
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Figure 4. 
Temporal αvβ3 integrin activation strengthens M2 macrophage polarization in 3-D 

photoresponsive HA-APP hydrogels. (A) Representative immunostaining images of 

increased Arginase-1 (M2 macrophage-specific marker) of M0 macrophages in 3-D HA-

APP hydrogels treated with increasing one-time UV exposure. Scale bar is 30 μm. (B) 

Western blot analysis of Arginase-1 and iNOS expressions of M0 macrophages in 3-D HA-

APP hydrogels with increasing one-time UV exposure. (C) Quantified fluorescent intensity 

ratios of Arginase-1 and iNOS expressions for inactivated M0 macrophages and pre-

polarized M1 and M2 macrophages embedded in 3-D HA-APP hydrogels treated with 

increasing one-time UV exposure. (D) Quantified fluorescent intensity ratios of Arginase-1 

and iNOS expressions for M0 macrophages in 3-D HA-APP hydrogels treated with one-time 

or periodic UV exposure. (E-H) Immunoassay levels of proinflammatory cytokines, TNF-a 

(E) and IL-6 (F), and anti-inflammatory cytokines IL-10 (G) and TGF-β (H) secreted by M0 

macrophages in 3-D HA-APP hydrogels treated with increasing one-time and periodic UV 

exposure. Error bars represent ± S.E.M. from 3 independent experiments. P-values were 

calculated compared to 0s and using the Student’s t-test. *, P < 0.05.
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