
Microporous Bio-orthogonally Annealed Particle Hydrogels for 
Tissue Engineering and Regenerative Medicine

Alisa Isaac1,‡, Faraz Jivan1,‡, Shangjing Xin1, Jacob Hardin1, Xianghong Luan2, Mirali 
Pandya2, Thomas G. H. Diekwisch2, Daniel L. Alge1,3,*

1Department of Biomedical Engineering, Texas A&M University, College Station, TX, USA 77843

2Department of Periodontics, Texas A&M University, Dallas, TX, USA 75246

3Department of Materials Science and Engineering, Texas A&M University, College Station, TX, 
USA 77843

Abstract

Microporous annealed particle (MAP) hydrogels are an emerging class of biomaterials with the 

potential to improve outcomes in tissue repair and regeneration. Here, a new MAP hydrogel 

platform comprising poly(ethylene) glycol (PEG) hydrogel microparticles that are annealed in situ 
using bio-orthogonal tetrazine click chemistry is reported (i.e., TzMAP hydrogels). Briefly, 

clickable PEG-peptide hydrogel microparticles with extracellular matrix mimetic peptides to 

permit cell adhesion and enzymatic degradation were fabricated via submerged electrospraying 

and stoichiometrically controlled thiol-norbornene click chemistry. Subsequently, unreacted 

norbornene groups in the microparticles were leveraged for functionalization with bioactive 

proteins as well as annealing into TzMAP hydrogels via the tetrazine-norbornene click reaction, 

which is highly selective and proceeds spontaneously without requiring an initiator or catalyst. 

The results demonstrate that the clickable particles can be easily applied to a tissue-like defect and 

then annealed into an inherently microporous structure in situ. In addition, the ability to produce 

TzMAP hydrogels with heterogeneous properties by incorporating multiple types of hydrogel 

microspheres is demonstrated, first with fluorophore-functionalized hydrogel microparticles and 

then with protein-functionalized hydrogel microparticles. For the latter, tetrazine-modified alkaline 

phosphatase was conjugated to PEG hydrogel microparticles, which were mixed with non-

functionalized microparticles and used to produce TzMAP hydrogels. A biomimetic mineralized/

non-mineralized interface was then produced upon incubation in calcium glycerophosphate. 

Finally, platelet-derived growth factor–BB (PDGF-BB) and human periodontal ligament stem cells 

(PDLSC) were incorporated into the TzMAP hydrogels during the annealing step to demonstrate 

their potential for delivering regenerative therapeutics, specifically for periodontal tissue 

regeneration. In vitro characterization revealed excellent PDGF-BB retention as well as PDLSC 

growth and spreading. Moreover, PDGF-BB loading increased PDLSC proliferation within 

hydrogels by 90% and more than doubled the average volume per cell. Overall, these results 

*Corresponding author: Tel.: 979-458-9248, Fax: 979-845-4450; dalge@tamu.edu.
‡A.I. and F.J. contributed equally to this work.

SUPPORTING INFORMATION
PDGF-BB modified ELISA data, representative live/dead staining images.

HHS Public Access
Author manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2021 March 25.

Published in final edited form as:
ACS Biomater Sci Eng. 2019 December 09; 5(12): 6395–6404. doi:10.1021/acsbiomaterials.9b01205.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrate that TzMAP hydrogels are a versatile new platform for the delivery of stem cells and 

regenerative factors.
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INTRODUCTION

Hydrogels are among the most popular materials used in tissue engineering and regenerative 

medicine and have a long track record of use for delivering growth factors and cells 1, 2. 

Microporous annealed particle (MAP) hydrogels, which are fabricated from spherical 

hydrogel microparticles that are linked together, are a relatively new class of hydrogels that 

is attracting growing interest. A key advantage of MAP hydrogels is that their microporosity 

and pore interconnectivity allow cells to spread and proliferate better compared to 

conventional nanoporous hydrogels, which has been shown to accelerate tissue healing and 

regeneration in vivo compared to conventional hydrogels 3, 4. In addition, cells interact with 

the microgel surfaces rather than being embedded within a nanoporous polymer network, 

providing an opportunity to direct cellular responses by engineering the physicochemical 

properties of microgels based on the well-established knowledge of 2D cell-material 

interactions 5. MAP hydrogels can also be constructed from multiple types of microgels with 

different physicochemical properties, which is another important advantage compared to 

conventional hydrogels that could be exploited to create biomaterials with controlled 

heterogeneity. Additionally, MAP hydrogels can be 3D printed, as we recently demonstrated 
6.

A variety of synthetic strategies can be used to anneal hydrogel microparticles into MAP 

hydrogels. The seminal work of Griffin et al. laid the foundation for annealing 

microparticles by chemically linking complementary functional groups, which in their study 

were lysine and glutamine residues linked together via transglutaminase 3. That strategy has 
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continued to be used 4, 7, but alternative non-enzymatic annealing chemistries have also been 

reported such as vinyl polymerizations, strain-promoted azide-alkyne cycloadditions 8-10, 

and adamantane-cyclodextrin guest-host interactions 10. In addition, we recently reported the 

use of thiol-norbornene click photopolymerization. In our work, we produced poly(ethylene 

glycol) (PEG) hydrogel microparticles via submerged electrospraying and thiol-norbornene 

step-growth photopolymerization, which allowed us to tune the physicochemical properties 

of the microparticles to influence how cells responded to the materials 11. We also controlled 

the stoichiometry so that the microparticles contained an excess of norbornene groups. This 

design enabled facile annealing with a PEG-di-thiol linker and a secondary thiol-norbornene 

reaction. While this approach was effective, the requirement to photoinitiate the annealing 

reaction could be a barrier to clinical adoption. Thus, we sought to develop an alternative 

chemical strategy for annealing that would be compatible with our method of producing 

PEG hydrogel microparticles.

Tetrazine click chemistry is an ideal approach to annealing norbornene-containing hydrogel 

microspheres into MAP hydrogels. In general, tetrazine click chemistry refers to the inverse-

electron demand Diels-Alder reaction between s-tetrazines and electron-rich dienophiles, 

such as norbornene and trans-cyclooctene 12. Tetrazine click reactions are generally fast, 

efficient, selective, proceed under mild conditions, and produce only nitrogen gas, which is 

an inoffensive byproduct. Moreover, tetrazine click reactions proceed readily under 

physiologic conditions, do not require the addition of an initiator or catalyst, and can be 

performed in the presence of living cells and even within living animals 12. Thus, tetrazine 

click chemistry is regarded as bio-orthogonal, which is a key advantage. Importantly, the 

tetrazine-norbornene reaction has been used as a primary crosslinking chemistry in several 

studies on hydrogel biomaterials in recent years 13-15. We also recently reported on the use 

of sequential thiol-norbornene and tetrazine-norbornene click reactions to synthesize 

norbornene-containing PEG hydrogel microparticles and then functionalize them with 

bioactive proteins, namely alkaline phosphatase (ALP) and glucose oxidase 16. Based on this 

prior work, we hypothesized that a di-tetrazine linker could be used analogously to PEG-di-

thiol in our previous work to anneal PEG hydrogel microparticles into MAP hydrogels (i.e., 
TzMAP hydrogels).

The objective of this study was to test our hypothesis and demonstrate the potential of 

TzMAP hydrogels for the development of tissue regeneration therapies. First, we verified 

MAP hydrogel formation and tested if TzMAP hydrogels could be produced within a tissue-

like defect. Subsequently, since the potential to use multiple types of hydrogel microparticles 

is an important feature of MAP hydrogels, we investigated the potential to produce 

heterogenous and spatially patterned TzMAP hydrogels. We did this first using fluorophore-

labelled microparticles and subsequently using microparticles that were functionalized with 

ALP using tetrazine click chemistry, as in our prior work, to selectively mineralize a region 

of the material. Finally, to demonstrate suitability of TzMAP hydrogels to deliver 

regenerative therapeutics, we examined PDGF-BB and PDLSC incorporation during 

annealing.
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EXPERIMENTAL METHODS

Materials

PEG-tetra-norbornene (PEG-NB) was synthesized via esterification of PEG-tetra-OH (5 

kDa; JenKem USA) with 5-norbornene-2-carboxylic acid (Sigma Aldrich), as previously 

described 17. PEG-di-tetrazine was synthesized by functionalizing a PEG-di-amine (3.4 kDa; 

Laysan Bio) with 5-(4-(1,2,4,5-tetrazin-3-yl)-benzylamino)-5-oxopentanoic acid, 

synthesized as previously described 13. Lithium acylphosphinate photoinitiator (LAP) was 

synthesized as previously described 18. End-group functionalization of PEG-NB and PEG-

di-tetrazine, and LAP structure were confirmed by 1H NMR. Cell adhesive peptide 

CGRGDS was synthesized with standard solid-phase Fmoc synthesis methods on Rink 

amide resin (Novabiochem). The peptide was purified by high pressure liquid 

chromatography (ThermoFisher Dionex UltiMate 3000) using water and acetonitrile with 

0.1% trifluoroacetic acid as the mobile phase and C18 column as the stationary phase. The 

composition of the peptide was verified by matrix assisted laser desorption-ionization time-

of-flight mass spectroscopy (MALDI-TOF MS; [M+H]theoretical = 593.6, [M+H]observed = 

593.5). Matrix metalloproteinase (MMP) degradable crosslinker KCGPQGIWGQCK was 

purchased from BL Biochem. Lyophilized peptides were reconstituted in phosphate buffered 

saline (PBS; pH = 7.4). Concentration of peptides was determined by measuring absorbance 

at 205 nm via spectrophotometer 19.

PEG hydrogel microparticle synthesis

PEG microgels were fabricated via submerged electrospraying, as previously described 6, 11. 

Briefly, PEG-NB (5 kDa, 10 wt%), MMP-degradable crosslinker (KCGPQGIWGQCK, 

0.75:1 thiol-ene molar ratio), cell-adhesive peptide (CGRGDS, 1 mM) and lithium 

acylphosphinate photoinitiator (LAP, 10 mM) were dissolved in PBS. Pre-polymer solution 

was electrosprayed (12 mL/hr, 4.0 kV, 22-gauge needle, 16 mm tip to ring distance) into 

light mineral oil (Fisher Scientific) with Span-80 (0.05 wt%) and photopolymerized with 

365 nm light at 60 mW/cm2. Microgels were isolated and washed twice with PBS via 

centrifugation (4500 rpm, 15 min) followed by a sterilization wash in 70% ethanol, and then 

two washes in sterile PBS.

TzMAP hydrogel formation and characterization

PEG hydrogel microparticles were packed into a 6-mm diameter silicone mold (50 μL 

volume, 14.7 mM free norbornene on microparticles). PEG-di-Tz crosslinker was added (2 

mM, 12 μL) and allowed to anneal microparticles for 1 hour at 37 °C 13. To verify annealing, 

the storage moduli of uncrosslinked and tetrazine crosslinked microgels were measured 

using rheology. Crosslinked and uncrosslinked microgels were placed under an 8-mm 

parallel plate tool (TA Instruments, Discovery DH-2) and an oscillatory time sweep (1% 

strain, 1 rad/sec angular freq.) was performed to obtain the shear storage modulus (G’; n = 

3). In addition, to verify microporosity, TzMAP hydrogels were soaked in a 5 mg/mL 

solution of high molecular weight tetramethylrhodamine isothiocyanate-labeled dextran (155 

kDa, Sigma) and imaged using confocal fluorescence microscopy (Olympus FV1000). Z-

stack images were taken (200 um depth, 4.46 um step size) and porosity was determined via 

FIJI software by thresholding images to black & white and using the “Voxel Counter” plugin 
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to measure the volume of pore space (white voxels) and the total stack volume (total voxels). 

The following formula was used to calculate the percent microporosity:

Porosity ( % ) = (white voxels) ∕ (total voxels) x 100 %

In situ TzMAP hydrogel annealing in a tissue-like defect

To demonstrate in situ TzMAP hydrogel assembly, a tissue-like defect was made at the edge 

of a plaster block using a small end-mill bit. A glass slide was taped over the edge to provide 

containment for the microgels/crosslinker solution as well as provide cross-sectional 

visibility. Images were taken with a Canon DSLR camera at each step during the TzMAP 

hydrogel fabrication process (i.e., packing of microgels, addition of crosslinker solution, 

etc.). Alexa-548 functionalized microgels were utilized as they were colored blue under 

ambient lighting conditions, allowing for easy visibility of the microgels. After TzMAP 

hydrogel crosslinking, the wedge-shaped hydrogel was removed to verify annealing.

Stereomicroscopy imaging

Annealed constructs (6-mm diameter) were imaged under brightfield using a Zeiss SteREO 

Discovery microscope to show a generic TzMAP hydrogel. To enable fluorescence 

visualization, electrosprayed microgels were functionalized by incubation with Alexa-488 

NHS Ester or Alexa-548 NHS Ester for 1 hour at room temperature, resulting in fluorophore 

conjugation to the peptides in the microgels. Differentially colored microgels were then 

combined and added to an 8-mm diameter cylindrical silicone mold to make a heterogenous 

TzMAP hydrogel with various patterns (half & half and uniformly mixed). They were 

imaged using the Zeiss SteREO microscope in brightfield and using the green fluorescence 

filter.

Protein conjugation to TzMAP hydrogels

Texas Red-labelled Ovalbumin.—Texas Red-labelled Ovalbumin (1.5 mg/mL, Life 

Technologies) was reacted with 5-(4-(1,2,4,5-tetrazin-3-yl)-benzylamino)-5-oxopentanoic 

acid N-hydroxy succinimidyl ester (Tz-NHS, 10 molar equivalents, Sigma Aldrich), Tz-

NHS with a 5 unit PEG spacer (Tz-PEG-NHS, 10 molar equivalents, Click Chemistry Tools) 

or with dimethyl sulfoxide (non-functionalized protein, NF-Ovalbumin) for 1 hour at room 

temperature. Tetrazine-functionalized and non-functionalized fluorescent ovalbumin (1 

mg/mL) was reacted with norbornene-containing PEG microgels (50 μL) for 1 hour at room 

temperature, after which the microgels were washed four times with PBS and then annealed 

with PEG-di-tetrazine (2 mM) for 1 hour at room temperature to form TzMAP hydrogels. 

The TzMAP hydrogels were then imaged via confocal fluorescence microscopy and FIJI 3D 

Viewer plugin was used to generate images and qualitative assess protein conjugation.

Alkaline phosphatase conjugation and characterization.—Tetrazine-

functionalized alkaline phosphatase (Tz-ALP) was produced similarly to ovalbumin. Briefly, 

ALP (25 mg/mL) was incubated with Tz-NHS or Tz-PEG-NHS at three different molar 

ratios (10x, 20x, and 30x molar equivalents with respect to ALP) for 1 hour at room 

temperature to yield tetrazine-functionalized ALP (Tz-ALP). Tz-ALP solution was then 
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incubated with a microgel pellet for 1 hour at 37°C, to allow for the tetrazine-norbornene 

reaction to conjugate ALP to the microgels, followed by four wash steps with PBS to 

remove unbound protein.

Protein bioactivity and functionalization of the resulting microgels were characterized via 

absorbance spectroscopy. ALP activity was assessed using p-nitrophenylphosphate (pNPP). 

100 μL samples of microgels were placed in a 96-well plate along with 25 μL of pNPP 

substrate solution (Thermo Fisher). Absorbance values were measured at 405 nm at five-

minute intervals for twenty minutes to quantify pNPP conversion. The rate of change was 

then calculated in order to determine the relative degree of protein activity (n = 3). To 

quantify ALP loading, the microparticles were degraded with 0.1 M sodium hydroxide 

overnight and absorbance values were read at 280 nm, leveraging the presence of aromatic 

rings in the structure of ALP 20. Protein concentrations were calculated using a standard 

curve prepared of ALP ranging from 0 to 10 mg/mL (n = 3).

Mineralization of alkaline phosphatase-functionalized TzMAP hydrogels

To demonstrate formation of a mineralized/non-mineralized interface in the TzMAP 

hydrogels, a batch of ALP-functionalized microgels prepared with 10x Tz-PEG-NHS 

functionalized ALP were mixed with ALP-free microgels. TzMAP hydrogels were then 

made in a 6-mm diameter silicone mold as previously described with half of the hydrogel 

made from ALP-functionalized microgels and the other half with ALP-free microgels. For 

mineralization, the TzMAP hydrogels were placed in calcium glycerophosphate (0.1 M in 

ultrapure water) for 1 hour at 37° C, and mineralization was visualized using alizarin red S 

staining and brightfield imaging on a Zeiss SteREO Discovery microscope. Higher 

magnification images were also taken using brightfield imaging on a Zeiss AxioVert.A1 

microscope.

PDGF-BB Loading and Retention

TzMAP hydrogels were prepared as previously described. For PDGF-BB retention studies, 

120 ng of human recombinant PDGF-BB (Peprotech) was added during the microgel 

annealing step. TzMAP hydrogels were incubated at 37 °C in 1 mL PBS. At predetermined 

time points, 1 mL of PBS was removed for analysis on a PDGF-BB ELISA (Peprotech), and 

1 mL of fresh PBS was replaced. The concentration of PDGF-BB released was determined 

by comparing the absorbance values of the samples to the standard curve provided in the kit. 

PDGF-BB retention was calculated by subtracting measured release values from the loaded 

PDGF-BB amount. (n = 3).

Additionally, PDGF-BB loaded MAP hydrogels were tested directly using a modified 

ELISA to monitor growth factor retention. Again, 120 ng of PDGF-BB was loaded within 

TzMAP hydrogels that were annealed as described above. TzMAP hydrogels were 

immediately tested after annealing or after 48 hrs incubation in PBS at 37 °C. In brief, 

TzMAP hydrogels were transferred into a 96-well plate, blocked in 1% BSA for 1 hour, 

incubated with PDGF-BB detection antibody (0.25 μg/mL) for 2 hours, followed by Avidin-

HRP conjugate (1:2000) for 30 minutes. TMB liquid substrate (100 μL) was added and 

allowed to develop for 4 minutes before stopping with TMB stop solution (100 μL, 1% 
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HCl). Solution was moved to a new well and read via an absorbance plate reader (450 nm). 

Absorbance values were normalized to a blank MAP hydrogel (n = 3).

PDLSC incorporation and effects of PDGF-BB loading

PDLSCs were isolated and expanded as previously described 21. Briefly, periodontal 

ligament was scraped off of dissected 3rd molars' roots and digested in collagenase/dispase. 

Use of human third molars was approved by University of Illinois at Chicago Office for the 

Protection of Research Subjects. Primary cells were plated and cultured in Dulbecco’s 

modified eagle’s medium (DMEM), and plastic adherent cells were passaged once they 

reached confluency. After 3 passages, the cells were expanded and treated with recombinant 

human fibroblast growth factor (rhFGF) for 2 weeks or fibroblast growth factor 2 (FGF2) 

and connective tissue growth factor (CTGF) for 10 days. PDLSCs were then transferred to 

growth medium (high glucose DMEM supplemented with 10% FBS and 1% P/S) until use. 

PDLSCs were kept at 10 passages or lower for all experiments.

TzMAP hydrogels were prepared as described above. 50,000 PDLSCs and 120 ng of 

recombinant human PDGF-BB (Peprotech) were incorporated during the microgel annealing 

step for each 50 μL hydrogel. Constructs were incubated in 1 mL of growth medium at 37 

°C, 5% CO2 for 5 days. Media was changed every 2 days. PDLSCs in TzMAP hydrogels 

without PDGF-BB were used as a negative control (n = 6).

PDLSC viability

PDLSCs were incorporated in TzMAP hydrogels during annealing as described above. After 

24 hours, cells were stained with calcein-AM (Marker Gene Technologies, 1:2000, 2 μM) 

and ethidium homodimer (Chemodex, 1:500, 4 μM) for 30 minutes at room temperature and 

imaged on a Zeiss AxioVert.A1 microscope to determine the percentage of live cells (n = 3).

PDLSC spreading and proliferation

After 5 days, TzMAP hydrogels containing PDLSCs were fixed with 4% formaldehyde for 

15 minutes at 4 °C, followed by PBS washing. The cells were then stained with Rhodamine 

Phalloidin (Molecular Probes) for 1 hour at room temperature, washed with PBS to remove 

excess staining solution, and finally stained with DAPI (Cayman Chemical) for 15 minutes 

at room temperature. Cell-laden constructs were imaged (200 μm z-stacks) using confocal 

fluorescence microscopy (Olympus FV1000). Cell nuclei were counted from the z-stack 

images using the “Particle Counter” plugin in FIJI to quantify cell number, and cell area was 

quantified using the “Voxel Counter” plugin in FIJI to determine cell spreading.

Statistical Analysis

Statistical analysis of the quantitative data was performed using GraphPad prism. Statistical 

significance of ALP loading and activity were determined by two-way ANOVA with post-

hoc comparisons, and statistical significance of storage modulus, cell number and volume, 

and modified PDGF-BB ELISA were determined by two-tailed Student’s t-test (p < 0.05).
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RESULTS

TzMAP hydrogel formation

Submerged electrospraying produced PEG hydrogel microparticles that were approximately 

150 μm in diameter and contained unreacted norbornene groups for annealing. The synthesis 

of the hydrogel microparticles was similar to our previous work, in which we showed via 1H 

NMR that stoichiometric control over the thiol-ene reaction can be leveraged to produce 

microparticles with free norbornene groups that can subsequently be utilized for tetrazine 

click reactions 16. The hydrogel microparticles were also crosslinked with a well-known 

MMP cleavable peptide sequence13,17 to make them susceptible to cell-mediated 

degradation, since degradability is critical for use in tissue engineering. For clinical 

application, we envision the microparticles being applied directly to a tissue defect either via 

syringe or by being manually scooped/packed-in and then crosslinked in situ. We are 

particularly interested in periodontal defects, with the TzMAP hydrogels being used to 

deliver therapeutics like PDGF-BB and PDLSCs (Figure 1). To demonstrate the utility of 

our TzMAP hydrogels for this application and simulate a periodontal defect, microgels were 

packed into a wedge-shaped mold and crosslinked with the addition of PEG-di-tetrazine 

(Figure 2a-c). The resulting 3D hydrogel after annealing was well-packed, cohesive, and 

perfectly matched the wedge defect (Figure 2d).

The TzMAP hydrogels were further characterized by microscopy and rheology. 

Stereomicroscopy revealed a bumpy surface topography, and individual microparticles could 

be visualized (Figure 2e). Shear rheological tests showed a statistically significant 1.7-fold 

increase in storage modulus from 1.16 kPa to 1.97 kPa after annealing with the PEG-di-

tetrazine (Figure 2f), indicating tetrazine crosslinking enhanced mechanical properties. To 

visualize pore size within the TzMAP hydrogels, the microgels were perfused with 

tetramethylrhodamine isothiocyanate-labelled dextran and imaged via confocal microscopy. 

Imaging demonstrated the presence of substantial void space and interconnected pores. The 

average porosity was measured to be 26.0 ± 9.1 %, with pore sizes ranging from tens to 

hundreds of microns (Figure 2g).

Heterogeneous TzMAP hydrogels were produced using fluorophore-labelled microgels. 

Incubation of microgels with Alexa-488 and Alexa-546 NHS esters resulted in distinct color 

and fluorescence properties due to fluorophore conjugation to amine groups in the peptides. 

These colored microgels were easily distinguished from one another in TzMAP hydrogels 

when uniformly mixed and when a half/half pattern was produced. In the bright-field 

images, Alexa-488-labelled microgels in the TzMAP hydrogel appeared yellow whereas 

Alexa-546-labelled ones appeared blue (Figure 3a,b). Alexa-488-labelled microgels also 

fluoresced brightly in green-channel fluorescence images, whereas the Alexa-546-labelled 

ones appeared dark (Figure 3c,d).

Protein-functionalized TzMAP hydrogels

Unreacted norbornene groups in the microgels were successfully leveraged for protein 

functionalization prior to annealing using the same tetrazine click reaction. Texas Red-

labelled Ovalbumin was reacted with Tz-NHS or Tz-PEG-NHS to form fluorescent 
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tetrazine-modified protein. Non-functionalized protein was used as a control. Subsequently, 

the protein was incubated with microgels, which were then annealed into TzMAP hydrogels. 

Images obtained from confocal microscopy revealed qualitatively that TzMAP hydrogels 

produced from Tz-NHS and Tz-PEG-NHS showed relatively no difference in fluorescence. 

While we might expect differences in functionalization based on tetrazine linker structure, 

some amine groups on ovalbumin have already been used for Texas-Red fluorophore 

conjugation. Thus, differences between Tz-NHS and Tz-PEG-NHS based on the remaining 

amine groups available for functionalization may be difficult to observe visually. Regardless, 

both tetrazine functionalized protein microgels demonstrated significantly more fluorescence 

than non-functionalized counterparts, indicating the importance of the tetrazine moiety 

(Figure 4).

After determining successful protein conjugation to TzMAP hydrogels, bioactive protein 

conjugation was investigated. Tetrazine-functionalized ALP (Tz-ALP) was prepared 

similarly to ovalbumin with incubation with Tz-NHS and Tz-PEG-NHS, and the tetrazine 

reagents were tested at 10x, 20x, and 30x equivalents to evaluate this variable. The resulting 

Tz-ALP or non tetrazine-functionalized ALP (NF-ALP) was reacted with microgels for 1 

hour to form ALP-conjugated and ALP-free TzMAP hydrogels, respectively. Interestingly, 

microgels incubated with Tz-NHS exhibited significantly more protein loading compared to 

Tz-PEG-NHS across all equivalent groups, and increasing the equivalents of Tz-NHS 

increased protein loading (Figure 5a). While further investigation is needed to elucidate the 

reason for the higher loading achieved with Tz-NHS, the bioactivity measurements suggest 

that increased loading was not necessarily beneficial. Tz-NHS conjugation resulted similar 

bioactivity compared to Tz-PEG-NHS, and no statistically significant differences in 

bioactivity were observed between the 10x, 20x, and 30x treatments (Figure 5b).

Finally, based on the bioactivity results, microgels prepared with 10x Tz-PEG-NHS 

modified ALP were utilized to produce heterogeneous TzMAP hydrogels that were ALP-

functionalized on one half and ALP-free on the other. Following incubation with calcium 

glycerophosphate, these ALP-functionalized TzMAP hydrogels were stained with alizarin 

red to visualize mineralization. Substantial mineralization was observed only on the ALP-

functionalized half of the TzMAP hydrogels and had a distinctive red appearance, while the 

other half of the hydrogel and control hydrogel (non-protein functionalized) showed no 

evidence of mineralization (Figure 5c-f).

PDGF-BB and PDLSC incorporation into TzMAP hydrogels

To determine how well the TzMAP hydrogels localize protein for encapsulated cells, 120 ng 

of PDGF-BB was loaded into 50 μL TzMAP hydrogels during annealing and release was 

monitored at several time points (30 min, 1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 24 

hours, and 48 hours) over a period of 2 days via ELISA. A burst release of approximately 

9% of the initial loading concentration of PDGF-BB was observed after 1 hour, and minimal 

release was observed from 1 hour to 48 hours (Figure 6a). To corroborate this data, PDGF-

BB loaded TzMAP hydrogels were also tested via a modified ELISA to directly measure 

growth factor retained in the hydrogels. Importantly, there was no statistical difference in 
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growth factor loaded TzMAP hydrogels after 48 hours compared to those at 0 hours 

(Supporting Information, Figure S1), thereby confirming PDGF-BB retention.

To verify cytocompatibility, PDLSCs were incorporated within TzMAP hydrogels during 

annleaing and cell viability was measured via live/dead staining. After 24 hours, PDLCs 

showed good viability (87% ± 5%) within the TzMAP hydrogels (Supporting Information, 

Figure S2). PDLSCs were then incorporated in PDGF-BB loaded TzMAP hydrogels, fixed, 

and stained with DAPI and rhodamine phalloidin to examine PDGF-BB retention effects on 

encapsulated cells. After a 5-day incubation within the TzMAP hydrogels, cell number and 

cell volume were increased in TzMAP hydrogels with PDGF-BB, shown by increased DAPI 

and rhodamine phalloidin staining (Figure 6d) compared with PDLSCs in a TzMAP 

hydrogel with no PDGF-BB. Quantitatively, images obtained from fluorescent confocal 

microscopy show a significant 89.7% increase in cell count on day 5 in TzMAP hydrogels 

with PDGF-BB compared to PDGF-BB free controls (Figure 6b). We also evaluated cell 

spreading by determining total rhodamine phalloidin staining volume per DAPI count to 

obtain the average volume per cell. Average cell volume increased by 156% on day 5 in 

TzMAP hydrogels with PDGF-BB compared to the PDGF-BB free controls (Figure 6c).

DISCUSSION

MAP hydrogels are attracting increasing interest in biomaterials research and have shown 

superior tissue regeneration results compared to conventional nanoporous hydrogels. The 

work of Griffin et al. examined PEG based MAP hydrogels in a murine skin wound healing 

model and found that MAP hydrogels increased wound closure, increased cell infiltration 

within the hydrogel, and had a decreased immune response compared to monolithic 

hydrogel slabs of the same composition 3. Also relevant is the work of Nih et al. examining 

hyaluronic acid MAP hydrogels for promoting tissue regeneration following ischemic 

strokes 4. In a murine stroke model, the hyaluronic acid-based MAP hydrogels promoted 

neural progenitor cell migration and led to superior tissue regeneration in comparison to 

monolithic hyaluronic acid hydrogels. Hou et al. studied gelatin-based MAP hydrogels in an 

ex vivo porcine cornea model and demonstrated increased corneal epithelial cell infiltration 

in the MAP hydrogel compared to a nonporous gelatin hydrogel 22. Collectively, these 

studies show MAP hydrogels’ potential for developing improved tissue regeneration 

strategies.

Here, we report a new MAP hydrogel platform comprising RGD-functionalized, MMP-

degradable PEG-based microgels that are prepared via off-stoichiometric thiol-norbornene 

click chemistry and then annealed with bio-iorthogonal tetrazine click chemistry (i.e., 
TzMAP hydrogels; Figure 1,2). The use of thiol-norbornene click chemistry, which is 

photoinitiated and free radical-mediated, permits facile tuning of the physicochemical 

properties of the microgels 23. Combining this tunability with the ability to incorporate 

multiple microgel populations (Figure 3) could be leveraged to develop novel and more 

effective hydrogels for tissue regeneration. A key feature, however, is the bio-orthogonality 

of the tetrazine-norbornene click reaction used for annealing. In contrast to our prior work 

using a secondary thiol-norbornene reaction for annealing, this reaction proceeds readily 

under mild conditions, without requiring an initiator or catalyst, and can be done in living 
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systems. It also permits a suitable working time for clinical implementation. We specifically 

used a hydrogen-terminated tetrazine (Figure 1), which exhibits faster reaction kinetics with 

norbornene groups compared to methyl-terminated tetrazines 24. With this chemistry, 

TzMAP hydrogels become cohesive within minutes after adding a small amount of di-

tetrazine crosslinker, which is suitable for injectability.

An additional advantage of our TzMAP hydrogel platform is its compatibility with tetrazine-

norbornene click-mediated bioactive protein conjugation (Figure 4). Conjugation to 

biomaterials can provide sustained but localized presentation of bioactive proteins, which 

could be broadly useful for tissue engineering. However, mild conjugation chemistries must 

be used in order to preserve protein bioactivity. Tetrazine click chemistry is a particularly 

attractive strategy for conjugation, and we previously demonstrated the use of a tetrazine 

succinimidyl ester (Tz-NHS) for protein functionalization and bio-orthogonal conjugation to 

PEG microgels 16 and bulk hydrogels 25. Here, we built on this prior work and compared the 

effects of two different tetrazines added at varying molar equivalents to ALP. We specifically 

compared a short tetrazine linker versus a longer tetrazine linker with a flexible PEG chain, 

which we hypothesized would make the tetrazine moiety more accessible for conjugation to 

the microgels. However, we found that the shorter tetrazine linker resulted in higher protein 

conjugation. In addition, while increasing the molar equivalents of tetrazine did increase 

protein conjugation, this was at the expense of ALP bioactivity (Figure 5). This result in 

particular is important, as it suggests that the stochastic nature of the succinimidyl ester 

modification results in a tradeoff between the amount of protein loading achieved and 

bioactivity preservation, despite the bio-orthogonality of the tetrazine-norbornene click 

reaction.

Due to its critical role in biomineralization, the ability to conjugate ALP to the microgel 

building blocks of TzMAP hydrogels presented a unique opportunity to engineer a 

composite material. To this end, we incubated TzMAP hydrogels that contained ALP-

functionalized microgels in one half and ALP-free microgels in the other half with calcium 

glycerophosphate. Importantly, only the ALP conjugated region of the TzMAP hydrogels 

produced mineralization, demonstrating not only that the conjugated protein remained 

bioactive but also that localizing it to a specific region can produce a spatially patterned 

calcium phosphate-hydrogel composite (Figure 5). These materials could be useful for 

mimicking complex tissue interfaces such as craniofacial, oral, and musculoskeletal tissues 
26, 27. More complex patterns and multi-phasic materials can also be envisioned and could 

potentially aid in regenerating multiple tissues types simultaneously, an important challenge 

in the field of tissue engineering 26. For example, periodontal tissue healing, which requires 

the simultaneous regeneration of the periodontal ligament, alveolar bone, and cementum 28, 

has been especially challenging due to current treatments such as open flap debridement, use 

of barrier membranes, and use of growth factors having limited regenerative potential 29-35. 

Composite TzMAP hydrogels could be promising materials for addressing this challenge.

To evaluate the utility of TzMAP hydrogels for delivering regenerative therapeutics, we 

incorporated PDGF-BB during annealing. PDGF-BB, which is an isoform of PDGF found in 

both soft and hard tissues,36 is of high interest for treating periodontal disease28. This 

chronic inflammatory disease afflicts 47.2% of adults ages 30 and older in the United States 

Isaac et al. Page 11

ACS Biomater Sci Eng. Author manuscript; available in PMC 2021 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and, if left untreated, will lead to degradation of the periodontal ligament and alveolar bone, 

speech and masticatory diseases, and premature tooth loss 37, 38. While PDGF-BB delivery 

has previously been found to improve periodontal disease outcomes in vivo in both canine 

and non-human primate models 39, 40 and in clinical trials 41, further improvements could 

potentially be achieved with new delivery systems. Importantly, approximately 91% of the 

initial loading amount of PDGF-BB was found to be retained within the hydrogel after 48 

hours (Figure 6a), suggesting that TzMAP hydrogels can effectively localize this growth 

factor and serve as a depot of therapeutic protein. While this feature could be leveraged for a 

cell-free approach to periodontal regeneration, regenerative efficacy could be further 

augmented by co-delivery of therapeutic cells. In particular, PDLSCs, which can be 

extracted and isolated from human molars 42, may be needed due to the decreased 

prevalence of PDLSCs in periodontal disease patients caused from chronic inflammation43. 

Importantly, PDLSCs can be easily incorporated into TzMAP hydrogels during annealing 

and responded to PDGF-BB loading by significantly increasing their proliferation and 

spreading (Figure 6b-d). This result confirmed PDGF-BB bioactivity and is in agreement 

with prior work on the effects of PDGF-BB on PDLSCs in vitro 44-47.

CONCLUSIONS

Electrosprayed PEG microgels prepared via off-stoichiometric thiol-norbornene click 

chemistry were successfully annealed into MAP hydrogels using a PEG-di-tetrazine linker. 

This approach is amenable to in situ MAP hydrogel formation and is expected to be broadly 

useful for tissue regeneration and repair. One possibility is to combine TzMAP hydrogels 

with tetrazine click-mediated protein conjugation to engineer functional and even 

heterogenous materials, as demonstrated with ALP. ALP conjugation was specifically 

leveraged to produce a mineralized/non-mineralized interface, but recent advances in 3D 

printing MAP hydrogels could enable the production of more sophisticated heterogenous 

structures. The mild bio-orthogonal tetrazine click reaction is also attractive for 

incorporating protein and cellular therapeutics during annealing. TzMAP hydrogels 

exhibited excellent PDGF-BB retention, and future studies should investigate if other protein 

therapeutics are similarly retained. PDLSCs were also incorporated into TzMAP hydrogels 

and increased proliferation and spreading in response to PDGF-BB loaded in the materials, 

suggesting utility for periodontal regeneration. Future studies should investigate TzMAP 

hydrogels for this as well as other applications in tissue engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of materials used to produce PEG microgels and anneal them into TzMAP 

hydrogels and a schematic illustrating the use of TzMAP hydrogels for delivery of platelet-

derived growth factor-BB (PDGF-BB) and periodontal ligament stem cell (PDLSC) into a 

periodontal defect.
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Figure 2. 
In situ formation and characterization of TzMAP hydrogels. A-D) Photographs showing 

formation of a TzMAP hydrogel within a tissue-like defect (scale bar = 5 mm). E) 

Brightfield stereomicroscopy image of a TzMAP hydrogel (scale bar = 1 mm). F) Storage 

moduli of microgels before and after annealing (** indicates p < 0.01). G) Confocal 

fluorescence image of a TzMAP hydrogel perfused with tetramethylrhodamine 

isothiocyanate-labelled dextran to show micropore interconnectivity (scale bar = 200 μm).
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Figure 3. 
Heterogeneous TzMAP hydrogels constructed from fluorophore-labelled PEG microgels. 

Brightfield and fluorescence images of TzMAP hydrogels made from A,C) half Alexa-488/

half Alexa-548 conjugated microgels and B,D) uniformly mixed Alexa-488 and Alexa-548 

microgels. Scale bars = 1 mm.
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Figure 4. 
Confocal fluorescence microscopy images of protein conjugation to TzMAP hydrogels. 

Texas Red-labelled ovalbumin was modified with A) Tz-NHS or B) Tz-PEG-NHS and 

incubated with PEG microgels, which were then used to produce TzMAP hydrogels. C) 

Non-functionalized (NF) Texas Red-labelled ovalbumin was used as a negative control. 

Scale bars = 200μm.
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Figure 5. 
ALP conjugation and mineralization of TzMAP hydrogels. A) Concentration of ALP 

conjugated to the microgels using different tetrazine reagents and molar ratios (* indicates p 

< 0.05 for comparisons between Tz-NHS and Tz-PEG-NHS with same equivalents; # 

indicates p < 0.05 for comparisons between 30x equivalents of PEG-NHS to 20x and 10x 

equivalents of Tz-NHS). B) Microgel bioactivity after ALP conjugation, assessed via the 

average rate of pNPP conversion. Brightfield images of TzMAP hydrogels produced from C) 

half ALP-functionalized microgels and half non-functionalized microgels, and D) all non-

functionalized microgels. Alizarin red (mineralization) staining after 1-hour incubation with 

calcium glycerophosphate of E) half ALP-functionalized microgels and half non-

functionalized microgels and F) all non-functionalized microgels. Scale bars = 1 mm. Insets 

show higher magnification images.
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Figure 6. 
PDGF-BB loading and PDLSC incorporation within TzMAP hydrogels. A) PDGF-BB 

retention within TzMAP hydrogels over 48 hours measured indirectly through release of 

PDGF-BB. B) Number of cells per 50 μL hydrogel observed at 5 days (* indicates p < 0.05). 

C) Average cell volume of PDLSCs at 5 days (**** indicates significant difference; p < 

0.0001). D) Z-stack projections (200 μm depth) of PDLSCs stained with DAPI (nucleus) and 

Rhodamine Phalloidin (actin) to visualize cell spreading in TzMAP hydrogels at 5 days (w/ 

and w/o PDGF-BB). Scale bars = 200 μm.
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