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a b s t r a c t 

Generally, brain angiogenesis is a tightly regulated process, which scarcely occurred in the absence of 

specific pathological conditions. Delivery of exogenous angiogenic factors enables the induction of de- 

sired angiogenesis by stimulating neovasculature formation. However, effective strategies of mimicking 

the angiogenesis process with exogenous factors have not yet been fully explored. Herein, we develop 

a 3D printed spatiotemporally compartmentalized cerebral angiogenesis inducing (SCAI) hydrogel patch, 

releasing dual angiogenic growth factors (GFs), using extracellular matrix-based hybrid inks. We intro- 

duce a new hybrid biomaterial-based ink for printing patches through dual crosslinking mechanisms: 

Chemical crosslinking with aza-Michael addition reaction with combining methacrylated hyaluronic acid 

(HAMA) and vascular-tissue-derived decellularized extracellular matrix (VdECM), and thermal crosslink- 

ing of VdECM. 3D printing technology, a useful approach with fabrication versatility with customizable 

systems and multiple biomaterials, is adopted to print three-layered hydrogel patch with spatially sepa- 

rated dual GFs as outer- and inner-layers that provide tunable release profiles of multiple GFs and fabrica- 

tion versatility. Consequently, these layers of the patch spatiotemporally separated with dual GFs induce 

excellent neovascularization in the brain area, monitored by label-free photoacoustic microscopy in vivo . 

The developed multi-GFs releasing patch may offer a promising therapeutic approach of spatiotemporal 

drugs releasing such as cerebral ischemia, ischemic heart diseases, diabetes, and even use as vaccines. 

Statement of significance 

Effective strategies of mimicking the angiogenesis process with exogenous factors have not yet been fully 

explored. In this study, we develop a 3D printed spatiotemporally compartmentalized cerebral angio- 

genesis inducing (SCAI) hydrogel patch, releasing dual angiogenic growth factors (GFs) using extracellu- 

lar matrix-based hybrid inks. We introduce a new hybrid biomaterial-based ink through dual crosslink- 
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. Introduction 

An angiogenesis of a brain is a tightly controlled process [1] . In 

eneral, blood vessels are hardly formed in the mature brain, un- 

ess under specific pathological conditions (e.g. hypoxia/ischemia) 

 1 , 2 ]. Meanwhile, a transient ischemic attack (TIA), a brief episode

f brain dysfunction with clinical symptoms typically lasting less 

han one hour and without infarction, has a high possibility of pro- 

eeding to a permanent cerebral ischemia (i.e. ischemic stroke) [3–

] . Previous studies have shown that even though without current 

nfarction in brain, the early implementation of secondary stroke 

revention strategies, such as inducing angiogenesis, anticoagula- 

ion, and stents implantation, reduce the risk of stroke after TIA 

p to an 80% [6–9] . Among them, the induction of angiogenesis, 

hich have evaluated to have better prognosis [10] , serves to re- 

tore oxygen and nutrient supply needed for cellular infiltration 

nd metabolic support [ 11 , 12 ]. Since the angiogenesis requires a 

omplex and multi-step process with timely essential various an- 

iogenic growth factors (GFs), the exogenous administration of an- 

iogenic GFs could also effectively regulate the angiogenesis mech- 

nism [11–14] . Thus, the delivery of exogenous angiogenic GFs 

ave been emerging as a promising strategy for inducing blood 

essels formation [15] . 

The angiogenic GFs that promote the initial and maturation 

hases of angiogenesis have been well identified [ 14 , 16 ]. The co-

dministration of pro-angiogenic factors of each phase has also 

een recognized as a beneficial method to promote regeneration 

f the blood vessels [ 11 , 17-21 ]. In particular, vascular endothe- 

ial growth factor (VEGF) is one of the critical factors for pro- 

oting the initial phase of angiogenesis and proliferating the en- 

othelial cells to induce immature vessel sprouts. However, con- 

erns about the clinical usage of VEGF have been raised due to the 

dverse effects of VEGF, such as pro-inflammatory response that 

ncludes increased vascular permeability [11] . Hepatocyte growth 

actor (HGF)—another significant angiogenic factor that promotes 

he maturation phase of angiogenesis—plays synergistic effects 

ith VEGF via decreasing side effects of VEGF and promoting 

ascular endothelial cells. Thus, this sequential process can in- 

uce more robust angiogenic responses through prevention of ves- 

el regression or formation of the leaky vessels [ 11 , 12 ]. There-

ore, consecutive administration of these multiple pro-angiogenic 

actors, following the process of native angiogenesis mechanism, 

s imperative for promoting blood vessels formation effectively 

 18 , 22-24 ]. 

However, the conventional use of exogenous GFs, usually ad- 

inistrated by intravenous injections, is stunted by both safety and 

fficacy concerns. High dosages or repeated delivery are often re- 

uired to achieve a desired effect, which results in several side ef- 

ects and lower the efficacy [25–28] . Effectively inducing angiogen- 

sis by administrating the angiogenic factors in a manner of phys- 

ologically proper times (temporal modulation) and at the proper 

ite (site-specific spatial modulation) targeting remain imperative 

hallenges for engineered drug delivery platforms [29] . Thus, it 

s necessary to develop a hydrogel patch-type drug delivery sys- 

em having the tunable release profiles of angiogenic factors, while 
138 
slinking with aza-Michael addition, and thermal crosslinking. 3D printing

three-layered hydrogel patch with spatially separated dual GFs as outer-

unable release profiles of multiple GFs and fabrication versatility. Conse-

h spatiotemporally separated with dual GFs induce excellent neovascular-

ored by photoacoustic microscopy in vivo . 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

ith soft and flexible properties for the local application in the 

elicate and fragile brain area. 

To fabricate the patch, 3D printing technology could be adopted 

ue to its versatility for manufacturing controllable and customiz- 

ble patch-type delivery systems in a single and successive pro- 

ess using various types of biomaterials [30–32] . Many printing 

arameters (e.g., dimensions and design of the system) and ma- 

erial properties (e.g., synthetic and naturally-derived biomateri- 

ls, crosslinking density, and concentration) can be implemented 

ith a desired shape to customize the release profiles [33–36] . 

s for the biomaterials, tissue-mimetic decellularized extracellu- 

ar matrix (ECM)-based hydrogels and hyaluronic acid (HA, also an 

CM-based hydrogel as a major component of brain ECM), which 

ffects angiogenesis [ 37 , 38 ], have been suggested as a viable option

 30 , 31 , 39 ]. Particularly, we recently demonstrated a vascular tissue- 

erived decellularized extracellular matrix (VdECM) with capability 

s a drug delivery carrier. However, the deficiency of printability 

f single VdECM has made it a challenge to be used as a printable

iomaterial ink [ 29 , 40 , 41 ]. 

Herein, we fabricated a spatiotemporally compartmentalized 

erebral angiogenesis inducing (SCAI) hydrogel patch using a bio- 

ompatible and biodegradable ECM-based hybrid hydrogel ink 

 42 , 43 ] with 3D printing technology for printing sophisticated and 

patiotemporally separated patch at once with capability of se- 

uential and sustained release of dual angiogenic GFs ( Fig. 1 ). 

o develop the biomaterial ink, we used an effective chemical 

rosslinking mechanism at mild conditions, named as aza-Michael 

ddition reaction, to promote the printability of VdECM ink 

hrough combining with methacrylated hyaluronic acid (HAMA). 

ethacrylates (Michael acceptors) in HAMA and amines (Michael 

onors) in VdECM undergo chemical reaction to form a hybrid 

nk (HAVEM ink). The aza-Michael addition reaction is an ideal 

echanism for fabricating SCAI patch owing to the unnecessary 

f exogenous catalysts and the facilitating to tailor the printabil- 

ty and release profile of angiogenic GFs by simply changing the 

hemical crosslinking density. Using two types of HAVEM inks with 

ifferent chemical crosslinking densities, we were able to fabri- 

ate a structure with spatially separated outer and inner layer by 

D printing technique. In addition, we investigated the efficacy 

or the combination of both GFs (VEGF and HGF), enabling the 

imicking of angiogenesis for synergistically inducing more ro- 

ust blood vessels. Therefore, the outer layer of the SCAI patch 

as printed with the initial early angiogenic factor VEGF laden 

AVEM ink with lower chemical crosslinking density. Moreover, 

he inner layer was printed using the late angiogenic factor HGF 

aden HAVEM ink with higher chemical crosslinking density. Af- 

er printing, the vitrification process to the SCAI patch was ap- 

lied to make a thin, soft, flexible, and easily manipulable patch 

or grafting at the brain site. The superior in vitro and in vivo effi- 

acy for the promoted neovascularization were demonstrated for 

he SCAI patch-based approach. We particularly observed time- 

ependent angiogenesis behaviors of cerebral microvessels for 14 

ays after implantation using a label-free, optical-resolution pho- 

oacoustic microscopy (OR-PAM) system [44–50] . The quantified 

esults showed significant neovascularization performance at the 

rain site. Our dECM based hydrogel patch type approach with 

patiotemporally separated dual GFs leads to excellent neovascu- 
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Fig. 1. Schematics of fabricating SCAI patches with dual crosslinked hybrid ink composed of VdECM and HAMA (HAVEM ink). Printing process was performed using HAVEM 

ink with regulating chemical crosslinking density to fabricate SCAI patch. SCAI patch sustained and sequentially releases VEGF and HGF that could promote brain angiogenesis. 
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Table 1 

Compositions of two hybrid biomaterial inks prepared for 

printing SCAI patches. 

Composition of HAVEM inks 

VdECM (w/v%) HAMA (w/v%) 

4V0H ink 4 0 

HAVEM ink(4V0.5H) 4 0.5 

HAVEM ink(4V1H) 4 1 
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arization in the brain area, and it could potentially contribute 

o clinical studies in ischemic diseases requiring induction of the 

ngiogenesis. 

. Materials and methods 

.1. Preparation of VdECM ink 

Vascular tissue was decellularized according to the previously 

eported protocol with minor adjustments [40] . In brief, the fresh 

orcine aortas were collected from a nearby slaughterhouse. The 

orta tissues were stored at −80 °C or minced to cubic pieces of 

lmost 2 mm in length, followed by washing with deionized water 

or 6 h to remove any remaining blood. The sliced pieces were then 

equentially stirred in 0.3 wt% sodium dodecyl sulfate (Bioshop, 

anada) solution for 24 h and then in 3 wt% Triton X-100 (Bios- 

sang, Korea) solution for 24 h. After washing out the chemical 

etergents through rinsing with phosphate buffered saline (PBS) 

or 24 h, the tissues were treated with a nuclease solution of 

5 U mL −1 DNase (Sigma-Aldrich, USA) and 50 mM MgCl 2 (Sigma- 

ldrich, USA) solution in PBS at 37 °C for 24 h. The decellularized 

issues were then sterilized using 0.1% peracetic acid solution (Tae- 

ung international, Korea) in 4% ethanol (Samchun, Korea) for 4 h 

ollowed by rinsing several times with deionized water and PBS 

olution. Subsequently, the obtained VdECM was deep frozen at 

80 °C and lyophilized for 48 h. For the preparation of VdECM bio- 

aterial ink, the VdECM granules were dissolved in 7.5 mL 0.5 M 

cetic acid solution (Sigma-Aldrich, USA) with 15 mg of pepsin 

Sigma-Aldrich, USA) for 100 mg VdECM for 48 h with strong stir- 

ing (at approximately 120 rpm). The undigested particles were 

emoved by filtering VdECM solution through a 40 μm pore size 

esh filter. Finally, the pH of VdECM solution was neutralized to 

.4 through dropwise addition of 10 M sodium hydroxide solution 

Biosesang, Korea) on ice. 

.2. Preparation of HAVEM ink 

We used two different compositions of hybrid inks to produce 

CAI patches ( Table 1 ). The aza-Michael addition reaction between 

AMA (Advanced Biomatrix, USA) and VdECM produced a hybrid 

nk, named as HAVEM ink. To prepare HAVEM ink, VdECM and 

AMA were mixed in neutral condition of pH 7 and kept at 4 °C 

or 10–12 h. Afterward, each growth factor of VEGF or HGF was 

ixed at a concentration of 0.05 μg μL −1 to the pre-crosslinked 

AVEM inks to fabricate SCAI patches. 
139 
.3. Preparation of SCAI hydrogel patch 

To develop releasing platform for the spatiotemporal compart- 

entalized dual growth factors, 3-layered round patch type hydro- 

el scaffolds were fabricated. The first, the second-outer, and the 

hird layers were printed using HAVEM ink mixed with 0.05 μg 

L –1 VEGF (recombinant human VEGF 165, PeproTech, USA). The 

econd-inner layer was printed using HAVEM ink mixed with 

.05 μg μL –1 HGF (recombinant human HGF, PeproTech, USA). Two 

ypes of HAVEM ink were placed into each 24 G plastic nozzle- 

ounted 3-mL syringe (Musashi Engineering Company, Japan), 

hich were then loaded into a multi-head 3D printing system 

T&R Biofab, Korea). Under controlled temperature of 4 °C, all the 

hree layers were printed in a spiral shape according to a pro- 

rammed g-code. After printing each layer, a 20-second pause and 

00-μm raise in Z-axis direction were applied were given to pre- 

ent mixing between the stacked layers. 

.4. Fabrication of vitrified SCAI patch 

The printed 3-layered round SCAI patch was placed in an in- 

ubator for 1 h at 37 °C in 5% CO 2 environment for gelation pro-

ess. Thereafter, SCAI gel-patch was dried for 10–12 h under air- 

entilated conditions. The vitrified SCAI patches were used for 

n vitro and in vivo studies. 

.5. Physicochemical characterization of SCAI patch 

Rheological analysis of each prepared biomaterial ink was con- 

ucted using Discovery Hybrid Rheometer-2 (TA Instruments, USA) 

ystem with a 20-mm cone plate geometry. The pH-neutralized 

hree products of: (1) 4V0H ink; (2) 4V0.5H HAVEM ink; and (3) 

V1H HAVEM ink were prepared in solution state. Shear viscosity 

alues were determined at an increasing shear rate from 0.01 to 
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Table 2 

Primer sequence for quantitative real-time PCR analysis. 

Gene Sequence 

hu-GAPDH Forward 5 ′ -CAATGACCCCTTCATTGACC-3 ′ 
Reverse 5 ′ -GACAAGCTTCCCGTTCTCAG-3 ′ 

hu-FLT1 Forward 5 ′ -CACCCAGCACATCATGCAA-3 ′ 
Reverse 5 ′ -TTCCCCCCTGCATTGGA-3 ′ 

hu-FLK1 Forward 5 ′ -ATTCCTCCCCCGCATCA-3 ′ 
Reverse 5 ′ -GCTCGTTGGCGCACTCTT-3 ′ 

hu-ANGPT1 Forward 5 ′ -GCGGGACAAAACCATGGA-3 ′ 
Reverse 5 ′ -AACTGGGCCCTTTGAAGTAGTG-3 ′ 

hu-PECAM Forward 5 ′ -TATGATGCCCAGTTTGAGGT-3 ′ 
Reverse 5 ′ -GAATACCGCAGGATCATTTG-3 ′ 
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0 0 0 s –1 at 4 °C to evaluate the flow behavior of each biomaterial

nk. The gelation kinetics of each product was examined in the os- 

illatory temperature sweep mode from 4 to 37 °C at a heating rate 

f 5 °C min 

–1 . To determine the frequency-dependent storage and 

oss moduli of biomaterial inks, a dynamic frequency sweep analy- 

is in the range of 0.1–100 rad s –1 was also performed at 2% strain

ondition after incubation of the samples at 37 °C for gelation. All 

xperiments were performed and data were analyzed in triplicate. 

o verify the chemical crosslinking reaction via aza-Michael addi- 

ion reaction, the lyophilized samples were dissolved in D 2 O and 

 H NMR (400 MHz) spectra were recorded on a Bruker Advance 

II HD 400-MHz NMR spectrometer. Afterward, the tensile prop- 

rties were examined using an MTS extensometer (AVX54, MTS). 

o prevent slipping, the rectangular-shaped vitrified patch samples 

25 mm × 8 mm × 400 μm) were prepared and fixed by means of 

 screw-grip mounted to the MTS extensometer. 

.6. Growth factors releasing examination 

Recombinant human VEGF 165 (100–20, PeproTech, USA) and 

ecombinant human HGF (100–39H, PeproTech, USA) were encap- 

ulated in each ink at a final concentration of 0.05 μg μL –1 . Then,

hey were subjected to two-step crosslinking and physical sepa- 

ation during SCAI patch fabrication steps. Vitrified disk-shaped 

8 mm in diameter and 250 μm in height) SCAI patch was im- 

ersed in 1.1 mL of PBS at 37 °C. In the next step, 1 mL of the so-

ution was harvested and stored at –80 °C on each pre-determined 

ime points while the same volume of PBS was replaced. We used 

LISA kits specific to determine VEGF (DY293B, R&D systems, USA) 

nd HGF (DY294, R&D systems, USA) according to the manufac- 

urer’s instructions to quantify the released growth factors from 

ach patch. All samples were examined and analyzed in triplicate. 

.7. In vitro characterization of SCAI patch 

Human brain microvascular endothelial cells (HBMECs; Inno- 

rot, Korea) were cultured using an endothelial cell medium kit 

ECM; Innoprot, Korea) supplemented with 5% (v/v) fetal bovine 

erum, 1% (v/v) endothelial cell growth supplement, and 1% (v/v) 

enicillin/streptomycin solution and incubated at 37 °C in 5% CO 2 

nvironment while the media changing in every two or three days. 

nce the confluence reached 90%, the cells were washed with Dul- 

ecco’s PBS and detached through incubating with 0.25% Trypsin- 

DTA (Gibco, USA) for 4 min at 37 °C in 5% CO 2 environment. 

Tube formation assay was performed according to the manufac- 

urer’s instructions. Briefly, on the day of the assay, 10 μL of ma- 

rigel (Corning) was added to the ibidi μ-Slide Angiogenesis dish 

ibidi, Germany) and incubated for 1 h at 37 °C with 5% CO 2 . Dur-

ng the incubation time, HBMECs were harvested. The cells were 

ounted and 50 μL of cells suspension containing 50 0 0 cells with 

ach growth factors of VEGF and HGF at a final concentration of 

.05 μg μL –1 were added to the wells containing the matrigel. The 

lides were then incubated at 37 °C for 48 h. The formed tubes 

ere visualized and captured by live-cell imaging mode using a 

uorescence microscope (Nikon Instruments, Japan). Tube forma- 

ion was quantified through measurement of the total tube length 

sing ImageJ software. 

To evaluate in vitro cell viability and cytotoxicity, 2 × 10 4 HB- 

ECs were added into each well of a 12-well cell culture plate 

hile vitrified SCAI patches were placed in the transwell inserted 

o each well. Cells were incubated for 7 days at 37 °C and 5% CO 2 

nd then dyed with a live/dead assay kit (LIVE/DEAD Cell Viabil- 

ty Assay, Thermo Fisher Scientific, USA) following the manufac- 

urer’s instructions. Live and dead cells were visualized in green 

nd red, respectively, under a fluorescence microscope (Nikon In- 

truments, Japan). The cell proliferation was quantified using the 
140 
ell counting kit-8 assay kit (Cell Counting Kit-8, Dojindo Molecu- 

ar Technologies, Japan) following manufacturer’s protocol. Briefly, 

he cells on the wells were cultured with CCK-8 solution at a 1:10 

ilution with fresh medium for 3 h at 37 °C. The solutions were 

ransferred in triplicate to an optically clear 96-well flat bottom 

late. Absorbance at 450 nm was measured using Multiskan GO 

icroplate spectrophotometer (Thermo Fisher Scientific, USA). 

.8. Quantitative real-time PCR analysis 

The HBMEC samples were cultured on 12-well plates with 

 kinds of patches (SCAI patches without exogenous GFs and 

CAI patches) placed on transwell (Corning, USA) at a density of 

.5 × 10 4 cells per well in 1.5 mL of ECM medium. On culture days 

f 3, 7, and 14, mRNA on the well was extracted using RNAiso- 

lus (Takara Bio, Japan). The RNA concentration and its purity 

ere determined with Nanodrop Lite spectrophotometer (Thermo 

isher Scientific, USA). Afterward, reverse transcription was per- 

ormed using the SuperScript IV First-Strand Synthesis System (In- 

itrogen Life Technologies, USA). Real-time PCR was performed us- 

ng StepOne Plus Real-Time Cycler (Applied Biosystems, USA) with 

YBR-green I reagent (Takara Bio, Japan). Data were analyzed using 

tepOne software v2.3 and expression levels of each gene normal- 

zed to GAPDH expression were calculated according to the 2 –��CT 

ethod. The primer sequences were designed based on published 

ene sequences on the NCBI and PubMed ( Table 2 ). Each group was

ested in triplicate. 

.9. Preparation and procedure of in vivo study of SCAI patch 

All animal studies were performed according to the guide- 

ines of national regulations with the approval of the local Insti- 

utional Animal Care and Use Committee (POSTECH-2021–0022). 

ight-week-old weighing 20 0–30 0 g male Sprague-Dawley (SD) 

ats were used for in vivo experiments. All experiments were per- 

ormed on experimental animal of at least four in each groups, a 

otal of 8 animals. The anesthesia of rats was performed using an 

nduction chamber with 4.0% isoflurane at first and then main- 

ained with 1.5% of isoflurane during surgery. Their heads were 

rmly fixed with ear bars in a stereotaxic frame, and the body 

emperature was maintained with a heating pad. After shaving 

he head, incision was made over the scalp of the hemisphere. 

he remaining epidermis and debris were removed with saline. 

 craniotomy was then carefully performed using a dental drill. 

he skull between bregma and lambda was removed in an oval 

hape of about 6 mm x 5 mm. The end of the 6 mm diameter

CAI patch was slightly folded and implanted on the exposed dura 

atter. The 6 mm diameter SCAI patch was then implanted on the 

xposed brain tissue. Then, an oval-shaped polydimethylsiloxane 

PDMS) membrane with a size of 8 mm × 7 mm and thickness 

f approximately 150 μm, which was sterilized and soaked in a 

aline fully covered the exposed brain site. The boundary of the 
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DMS membrane was sealed onto the skull using cyanoacrylate 

lue (Loctite, USA). Thereafter, a dental resin (OA2, Denkist Inc., 

orea) was applied along the edges of the PDMS membrane and 

xposed to UV light for 15 s for permanent implantation within the 

kull. Finally, the rats were administered Baytril (5 mg kg –1 , Bayer, 

ermany) via subcutaneous injection and returned to their cages. 

ubsequently, Tylenol (0.5 mg mL –1 , Janssen, Korea) and Marboxyl 

0.06 mg mL –1 , Vetoquinol, Korea) were provided in the drinking 

ater to relieve inflammation [51] . In the post-operative 2 weeks, 

he brain sites were monitored using OR-PAM system. Afterward, 

he brain tissues were harvested and analyzed using hematoxylin 

nd eosin (H&E) staining and immunohistochemistry (IHC) to eval- 

ate the functional angiogenic efficacy of SCAI patch. 

.10. In vivo time-dependent photoacoustic monitoring of cerebral 

ngiogenesis derived via SCAI patch 

We used an OR-PAM system (OptichoM, Opticho, Korea) 

o monitor brain angiogenesis [ 52 , 53 ]. OR-PAM is the premier 

n vivo imaging tool for non-invasive exploration of volumetric mi- 

rovasculature. The OR-PAM system uses a nano-pulse laser system 

VPFL-G-10, Spectra-Physics, USA) with a wavelength of 532 nm, 

hich is well absorbed by a red blood cell to generate ultrasound 

aves from the blood vessels. 

The generated ultrasound waves were measured with a custom- 

ade ultrasound transducer at a central frequency of 20 MHz 

nd a bandwidth of 60%, which has a theoretical axial resolu- 

ion of 113 μm. We reconstructed a wide field of view (FOV) im- 

ge through assembling segmented images. The segmented im- 

ges were acquired with a galvanometer scanner (GVS001, Thor- 

abs, USA) and two linear motorized stages (L-509.10SD00, Physik 

nstrumente, Germany). A galvanometer scanner and a linear stage 

ere used to obtain a segmented image. The galvanometer scan- 

er steers laser pulses at a scanning range length of 1.6 mm (with 

00 pixels) and with a scanning speed of 50 Hz. A linear motor- 

zed stage with a maximum scanning range of 26 mm (with a 

tep size of 5 μm) moves the scanning part of the OR-PAM system 

n a direction perpendicular to the scanning direction of the gal- 

anometer scanner. The scanning range of the stage was adjusted 

ccording to the size of ROI. The other linear stage enables to pro- 

ide segmented images from other regions by moving the scan- 

ing part in the same scanning direction as of the galvanometer 

canner. The obtained segmented images were reconstructed into 

 wide FOV image by a structural similarity (SSIM)-based volumet- 

ic image registration algorithm using a pyramid blending [ 52 , 54 ]. 

To quantify newly formed blood vessels in a photoacoustic (PA) 

mage, we compared the ratio of the area of blood vessels with 

 diameter of smaller than 50 μm to the area of ROI with the 

kull removed. To calculate the blood vessel density, first, a mask 

as created to remove the region outside of the ROI, and then the 

lood vessels larger than approximately 150 μm in diameter were 

emoved from the PA maximum amplitude projection (MAP) image 

f the rat brain. The area of the ROI was calculated with the area of

he mask. Next, after application of the hessian-based vessel filter 

55] , we extracted blood vessels with diameters of 50 μm or larger 

rom the filtered image and made a large vessel map based on the 

xtracted blood vessels. Finally, we subtracted the large vessel map 

rom the vessel-filtered image to reconstruct the small vessel map 

ith vessels smaller than 50 μm in diameter and calculated the 

rea of the small vessels based on the small vessel map. 

.12. Histological analysis 

After harvesting the brain, the samples were fixed in 4% 

araformaldehyde solution and sectioned at the region of the 

urgery part where the patch was attached. The paraffin-embedded 
141 
amples were transversely sectioned at thickness of 3 μm for H&E 

taining experiments. The stained images were digitally archived 

sing a microscopy system (Leica DM750, Leica, Germany). 

.13. Immunohistochemistry 

Tissue samples fixed in 4% paraformaldehyde- solutions were 

mbedded in paraffin and sectioned in 3 μm thickness for im- 

unofluorescence examinations. Deparaffinization and rehydration 

teps were performed using antigen retrieval with a buffer. The 

ections were incubated in 3% hydrogen peroxidase solution for 

0 min at room temperature and stained with primary antibod- 

es against CD31 (1:10 0 0, abcam, UK). The stained sections were 

urther incubated with peroxidase-conjugated secondary antibod- 

es (Envision + Rabbit, DAKO, USA) for 30 min and applied Mayer’s 

ematoxylin for counterstaining. The obtained slides were visual- 

zed under a microscopy system (Leica DM750, Leica, Germany). 

.14. Statistical analysis 

All data were provided as mean ± standard error of the mean 

SEM) and all statistical analyses were performed using GraphPad 

rism 8.2.1 program (GraphPad Software, USA). Significance of dif- 

erences between data were assessed via two-way ANOVA or t - 

est. The representation of statistical significance is as follows: ∗p 

 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0 0 01. 

. Results 

.1. Development and physicochemical properties of HAVEM ink 

To accomplish a programmed loading and releasing of an- 

iogenic factors from the patch, we developed a novel dual- 

rosslinked hybrid biomaterial-based ink via synthesizing HAMA 

nd VdECM, named as HAVEM ink. Since HAVEM inks could be 

ynthesized by various combinations of VdECM and HAMA ra- 

io, HAVEM inks synthesized by 4% VdECM with 0.5% HAMA, 

nd 4% VdECM with 1% HAMA were named 4V0.5H, and 4V1H, 

espectively. For the HAMA, two distinct chemical and thermal 

rosslinking (gelation) mechanisms were involved during pre- and 

ost-printing processes, respectively ( Fig. 2 (A)). First, the chem- 

cal crosslinking process of the HAVEM ink occurred between 

ethacrylates of HAMA and amines of VdECM via aza-Michael ad- 

ition reaction. Chemical bonds formed via aza-Michael addition 

eaction were verified using NMR spectroscopy ( Fig. 2 (B) and Fig- 

re S1). The NMR spectrum of HAMA shows the NMR character- 

stic peaks of methacrylate group at 1.9, 5.7, and 6.1 ppm [56] , 

hile these peaks were not observed in the spectrum of the ink 

ontaining only VdECM (4V0H) at the same positions, indicating 

he absence of the methacrylate group. Moreover, the NMR char- 

cteristic peaks were also not observed in the HAVEM ink groups 

4V0.5H and 4V1H), specifying that all methacrylate groups in 

AMA successfully reacted and formed chemical crosslinking in re- 

ction with the amine groups of VdECM. After, in the post-printing 

rocess, thermal crosslinking occurred in which the ECM-based ink 

rosslinked at 37 °C to form a gel [57] . 

Meanwhile, the chemical crosslinking density could be con- 

rolled by regulating the reaction ratio of each VdECM and HAMA. 

hen, the printability and mechanical properties of the HAVEM 

nk depending on the ratio of HAMA was confirmed. Both of 

he HAVEM inks with different chemical crosslinking densities 

4V0.5H and 4V1H) exhibited a shear-thinning rheological behavior 

ith slightly higher viscosity than the ink containing only VdECM 

4V0H) ( Fig. 2 (C)). More specifically, as the chemical crosslinking 

ensity increased, the fluidity of inks decreased while their viscos- 

ty increased. While the viscosity of each HAVEM ink was hardly 
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Fig. 2. Characteristics of HAVEM inks. (A) Schematic of dual crosslinking mechanism of HAVEM ink and mechanism of chemical crosslinking derived from aza-Michael 

addition reaction through synthesizing VdECM and HAMA. (B) Nuclear magnetic resonance (NMR) spectra for VdECM (4V0H), HAMA, and HAVEM (4V0.5H) ink to verify 

occurrence of crosslinking reactions. NMR characteristic peaks related to methacrylate group were highlighted at 1.9, 5.7, and 6.1 ppm. (C) Variations of viscosity at various 

shear rates at printing condition of 4 °C and sol state images for various combinations of HAVEM inks according to differences of chemical crosslinking density. Samples: 

4V0H, 4V0.5H, and 4V1H. (D) Gelation kinetics represented by variation in modulus at temperatures from 4 to 37 °C. (E) Variation of dynamic modulus at various frequency 

at 37 °C. (F) Release profile of HGF encapsulated in 4V0.5H and 4V1H with ± SEM measured for 7 days. All experiments were performed in triplicate. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 

a

t

4

d

c

i

r

i

t

c

l

M

a

4  

H

c

p

t

(

w

i

r

a

d

c

d

c

o  

g  

l

l

t

w

t

d

s

i

l

3

t

p

3

o

a

o

H

(

s

H

(

u

G

m

t

t

l

(

I

ffected in the course of time after the chemical crosslinking reac- 

ion (Figure S2). 

Whereas the mechanical properties of each of the inks (4V0H, 

V0.5H, and 4V1H) drastically changed after completing the 

ual crosslinking process. To verify the effects of the regulating 

rosslinking density on the mechanical characteristics, the changes 

n the complex moduli of fabricated inks were monitored while 

aising the temperature from 4 to 37 °C. As expected, the HAVEM 

nk containing higher HAMA concentration (4V1H) exhibited fur- 

her increase in complex modulus as thermal crosslinking pro- 

eeded in comparison with that of the HAVEM ink containing 

ower HAMA concentration (4V0.5H) and VdECM alone (4V0H). 

oreover, the time required to reach the plateau was observed rel- 

tively longer for 4V1H HAVEM ink than the other ones (4V0.5H, 

V0H) ( Fig. 2 (D)). It could be inferred that as the proportion of

AMA in the HAVEM ink increased, more chemical crosslinking oc- 

urred, resulting in a larger complex modulus. At plateau, the com- 

lex modulus of 4V1H ink was observed to be 1.91 times and 3045 

imes greater than those of the 4V0.5H and 4V0H inks, respectively 

indicated by red, blue, and black dotted lines, respectively). Next, 

e verified the complex modulus of the gel-state inks after chem- 

cal and thermal crosslinking of HAVEM inks. The 4V1H ink also 

evealed the largest value of complex modulus followed by 4V0.5H 

nd 4V0H inks. The observation indicates a robust structural fi- 

elity of this hybrid inks depending on the pre-printing chemical 

rosslinking densities ( Fig. 2 (E) and Figure S3). Consequently, the 

esired mechanical properties were accomplished by changing the 

hemical crosslinking density in the HAVEM inks. 

Furthermore, we exhibited that a chemical crosslinking density 

f each HAVEM ink had a direct impact on the release rate of an-

iogenic factor loaded in the ink ( Fig. 2 (F)). Two types of HGF-

aden HAVEM inks, 4V0.5H and 4V1H, were used to verify the re- 
d

142 
ease rate of HGF from hydrogel made with each ink. We identified 

hat HGF was released more slowly from the hydrogel fabricated 

ith 4V1H ink, which had a higher chemical crosslinking density, 

han from the hydrogel fabricated with 4V0.5H. Thus, the results 

emonstrate that the higher the chemical crosslinking density, the 

lower GFs releasing rate, which indicates the chemical crosslink- 

ng density of HAVEM ink is one of the critical factors for control- 

ing GFs releasing rate. 

.2. Design and fabrication of SCAI patch using 3D printing 

echnology 

We selected two types of HAVEM inks to fabricate the SCAI 

atches; 4V0.5H and 4V1H. The patch structure was designed and 

D printed in a three-layered round shape, compartmentalizing the 

uter and the inner layers. As the erosion occurs faster in the sep- 

rated outer layer than in the inner layer, the loaded GFs on the 

uter layer could release faster [58] . On the outer layer, 4V0.5H 

AVEM ink with lower chemical crosslinking density loaded VEGF 

the angiogenic factor involved in the early phase of angiogene- 

is) was applied for early releasing, while on the inner layer, 4V1H 

AVEM ink with higher chemical crosslinking density loaded HGF 

the angiogenic factor for the later phase of the angiogenesis) was 

sed for sustained releasing ( Fig. 3 (A)). The combination of these 

Fs effectively induced rapid and prolonged tube formation of hu- 

an brain microvascular endothelial cells (HBMECs) and formed 

he greatest number of total tube length after 48 h compared with 

he group treated the single GFs (Figure S4). Consequently, VEGF- 

aden 4V0.5H HAVEM ink (Ink A) and HGF-laden 4V1H HAVEM ink 

Ink B) were used to fabricate the 8-mm diameter SCAI patches. 

nitially, the first layer was printed using Ink A with 8 mm in 

iameter of spiral trace (Movie S1). For physically blocking the 
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Fig. 3. Fabrication of triple-layered SCAI patch separated by dual HAVEM inks (4V0.5H and 4V1H) with different compositions of VdECM, HAMA and growth factors. (A) 

Schematics of fabricating SCAI patch using 3D printing technique to print triple-layered structures with dual growth factors of VEGF and HGF. (B) Confocal microscopy images 

of cross-section and each layer of patch structures (scale bars: 200 μm). (C) Fabricated versatile structures having various combinations of HAVEM ink and crosslinking with 

vitrification images of each structure. In Design 1 (upper row), spiral shape was printed using 4V0H ink; Design 2 (middle row), SCAI patch was printed using 4V0.5H ink in 

outer part and 4V1H ink in inner part; Design 3 (lower row), lattice shape was printed using 4V0.5H ink (scale bars: 10 mm). (D) Tensile strength examination results and 

swelling ratio for vitrified SCAI patch. (E) SEM micrographs of vitrified patch containing various inks of 4V0H, 4V0.5H, and 4V1H (scale bars: 1 μm). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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GF from the external area, the second-inner layer was printed 

ith Ink B in diameter of 6 mm of the spiral trace with same

enter, followed by second-outer and third layers printing using 

nk A in the same printing conditions. After printing each layer, 

 20-second pause and 200-μm raise in Z-axis direction were ap- 

lied. Thus, HGF was not only spatially compartmentalized through 

he printing process, but also temporally compartmentalized us- 

ng 4V1H HAVEM ink, which prevented the release of HGF from 

he patch at the initial phase of the angiogenesis process. In this 

trategy, the core layer was printed with HGF-laden 4V1H HAVEM 

nk (Ink B), totally enclosed by the outer layers printed with VEGF- 

aden 4V0.5H HAVEM ink (Ink A). On the other hand, VEGF-laden 

V0.5H HAVEM ink (Ink A) was placed at all first and second-outer 

nd third layers so that VEGF could immediately be released af- 

er grafting the patch to amplify the efficacy of inducing the ini- 

ial angiogenesis process. This compartmentalized structure of the 

atch was well maintained after printing and post-printing ther- 

al crosslinking process (Movie S2). The observation demonstrates 

xcellent printability of HAVEM ink for producing the desired con- 

truct using a multi-material-based printing process ( Fig. 3 (B)). In- 

eed, 4V0H ink was not appropriate for printing the desired shape 

f the SCAI patch because of its relatively lower shape fidelity than 

hat of the HAVEM ink ( Fig. 3 (C)). However, the HAVEM ink re-

ealed versatility for fabrication. With this ink, not only the spiral- 

haped SCAI patch, but also a double-layered lattice-shaped fine 

ore hydrogel construct was possibly fabricated. 

After completing post-printing thermal crosslinking of the 

rinted SCAI patch, a vitrification process was performed [59] to 

acilitate thin as a thickness of 130 ± 20 μm, easy handling and 

torage for the following grafting process during surgery due to 

ncreased mechanical properties (Movie S3). Tensile stress-strain 

roperties were examined to evaluate mechanical properties of the 

CAI patch after the vitrification process. The vitrified SCAI patch 
143 
xhibited a tensile strength of 18.62 MPa, which was 12.46 times 

reater than that of the control sample without going through the 

itrification process ( Fig. 3 (D)). The vitrified SCAI patch was rapidly 

ehydrated when immersed in a saline, resulting in a swelling ra- 

io of up to 151%. The ultrastructure of the vitrified SCAI patch 

as evaluated using SEM technique, exhibiting interconnected and 

orous structures as the changing of the crosslinking densities 

 Fig. 3 (E)). When the crosslinking density increased, the fibril den- 

ity also increased [60] . This observation is clearly demonstrated in 

he SEM micrographs by showing the increasing fibril densities as 

he crosslinking densities increase, in the order of 4V0H, 4V0.5H, 

nd 4V1H. 

.3. Sustained and sequential release profiles of SCAI patches and 

n vitro cellular behaviors 

After characterization of SCAI patches, we investigated the re- 

ease profiles of GFs from the fabricated patches. In order to sus- 

ained and sequentially release of VEGF and HGF, we adopted two 

trategies: Tailoring the chemical crosslinking density of HAVEM 

nk containing each GFs and using 3D printing technique to fab- 

icate hydrogel patch having spatiotemporally separated two an- 

iogenic factors. 

Hydrogel with lower chemical crosslinking density contains 

ore water, causing faster degradation of hydrogel, resulting in a 

apid release of laden GF. Likewise, the higher chemical crosslink- 

ng density of hydrogel, the lower release rate for the GF [35] . As 

he SCAI patch was chemically crosslinked in a hydrophilic ma- 

rix, tailoring the chemical crosslinking density could regulate the 

egradation rate of the chemical bonds which can be considered as 

n erosion, result in control of the release profile of the embedded 

Fs [61] . 
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Fig. 4. Sustained sequential growth factors releasing kinetics of SCAI patch and in vitro experiments. (A) Illustration of multilayer SCAI patch designed for sequential drug 

release of VEGF and HGF. (B) Cumulative release profiles of VEGF and HGF in each type of the patches evaluated for a month. i) In left graph, HAVEM ink (4V0.5H) containing 

0.05 μg μL –1 of VEGF was used for outer layer and HAVEM ink (4V0.5H) containing 0.05 μg μL –1 of HGF for inner layer; and ii) in right graph, HAVEM ink (4V0.5H) containing 

0.05 μg μl −1 of VEGF was used for outer layer and HAVEM ink (4V1H) containing 0.05 μg μL –1 of HGF for inner layer. (C) In vitro HBMECs culture results. HBMECs were 

cultured with SCAI patch on transwell and cell proliferation analysis results of HBMECs within the SCAI patch obtained on days 1, 4, and 7. (D) Live/dead cell assay results for 

cell viability of HBMECs of SCAI patch on days 1, 4, and 7 (scale bars: 50 μm). (E) In vitro angiogenic gene expression results (PCR) on day 7 and day 14. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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To validate our strategy designed for the sustained and sequen- 

ial drug release of VEGF and HGF, we made two experimental 

roups based on the multilayer SCAI patches ( Fig. 4 (A) and (B)). 

n one group (i), a VEGF-laden 4V0.5H ink (Ink A) on the outer 

ayer and HGF-laden 4V0.5H ink (Ink B) on the inner layer were 

sed to fabricate patch. As each of the GFs were laden with the 

ame 4V0.5H ink and only spatially compartmentalized, the effi- 

acy of spatial separation on the sustained release of GFs could be 

erified ( Fig. 4 (B)). On the other hand, in another group (ii), SCAI

atches were fabricated by using a VEGF-laden 4V0.5H ink (Ink 

) on the outer layer and HGF-laden 4V1H ink (Ink B) on the in-

er layer. Two angiogenic factors, VEGF and HGF in the SCAI patch 

ere temporally separated using HAVEM inks with different chem- 

cal crosslinking densities, and spatially compartmentalized using 

D printing technique. We could verify the efficacy of sustained 

nd sequential release of dual GFs in spatiotemporally compart- 

entalized structures using these strategies. 

As a result, for VEGF encapsulated in the outer layer of the 

atches in both groups, 50.07% ± 10.63% were released within a 

ay (24 h) for both groups without any significant difference. On 

he other hand, in the case of HGF in both groups, since it was

patially separated and located in the inner layer, it could be rela- 

ively protected from erosion by the aqueous environment in both 

roups, which obviously showed sustained release kinetics com- 

ared with VEGF. Moreover, unlike group (i), in group (ii), ink con- 

itions were also differentiated to separate GFs temporally, by us- 

ng HAVEM inks with different chemical crosslinking densities in 

nk A and Ink B, respectively. In group (ii), which had different 

hemical crosslinking densities of HAVEM inks used for the outer 

nd inner layers, HGF encapsulated in the 4V1H of the inner layer 

howed a sustained release profile which took about 30 days to re- 

ease approximately 50% of the initial loading amount, whereas the 
144 
roup (i) of HGF contained in the 4V0.5H ink of the inner layer, a 

imilar amount of was released in just 4 days. Therefore, the data 

f group (ii), in which the growth factors were separated tempo- 

ally and spatially, suggested significantly reinforced sustained and 

equential release profile than group (i), which was separated only 

patially. 

For assessment of the potential of inducing angiogenesis, we 

xamined cytocompatibility and biofunctionality of the SCAI patch 

n vitro . The patch did not show any deleterious effect on the cell 

iability when it was cultured with HBMECs for 7 days and pro- 

oted proliferation rate compared with that of the non-treatment 

roup ( Fig. 4 (C)). This phenomenon was also cross validated using 

ualitative live/dead cell staining assay ( Fig. 4 (D)). In addition, the 

uantitative analyses of the expressions of angiogenesis-specific 

ene markers were performed to evaluate the cellular performance 

nder the influence of the SCAI patch ( Fig. 4 (E) and Figure S5). 

t the early phase of angiogenesis, the SCAI patch-treated group 

id not reveal a significant difference in regulating gene expres- 

ion involved in the angiogenesis than the non-treatment group 

nd the SCAI patch without GFs group (day 3 and 7). As the phase 

f the angiogenesis progressed, the difference in expression levels 

f angiogenic gene of SCAI patch treated group showed increas- 

ng trend over time compared to the non-treatment group and the 

CAI patch group without GF group (day 3, 7, and 14). The expres- 

ions of crucial angiogenic gene markers, including FLT1, FLK1, and 

NGPT1, elevated in the patch implanted groups (SCAI patch group 

nd SCAI patch without GFs group) after 14 days. Especially, the 

xpressions of these genes showed a statistically increased in the 

CAI patch implanted group after 14 days. With these results, it 

an be noted that the SCAI patch presents a strong influence on the 

pregulating the expressions of pro-angiogenic genes, particularly 

elated to the neovessels maturation. The spatiotemporally sequen- 
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Fig. 5. Patch induced neovascularization in vivo experiments. (A) Schematics of in vivo experiment. After implanting a SCAI patch into cerebral cortex of a SD rat, the 

implanted region was monitored with OR-PAM for 14 days. (B) Variation of implanted SCAI patch thickness with cross-sectional PA B-mode images of patch-implanted 

region on days 0, 1, 4, and 7 (scale bars: 200 μm). (C) MAP images of cerebral vasculature of SD rats with and without an implanted SCAI patch on days 0 and 14. Large 

blood vessels are highlighted by yellow dotted lines in enlarged image (scale bar: 1 mm). (D) Cross-sectional PA B-mode images in regions of C1 and C2 white dotted 

lines of PA image obtained from rat with a SCAI patch in (C) (scale bar: 400 μm). White and yellow dotted curves include neovasculature and covered large blood vessels, 

respectively. (E) Quantitative analysis of blood vessel density with ± SEM using OR-PAM images. (F) H&E staining images and IHC images (CD 31) of non-treatment group 

and SCAI patches implanted group after 14 days (scale bars: 50 μm, for enlarged images, scale bars: 20 μm). (G) Blood vessel quantification with ± SEM using IHC images. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ial releasing of VEGF and HGF from the SCAI patch to the HBMECs 

imics the angiogenesis process and synergistically induces effec- 

ive angiogenesis compared to the SCAI patch without exogenous 

Fs. 

.4. In vivo brain angiogenesis after implanting SCAI patches 

To evaluate the brain angiogenesis inducing potential in vivo , 

e used an OR-PAM system to visualize angiogenic behaviors of 

he cerebral blood vessels induced by the SCAI patch in a time- 

ependent manner ( Fig. 5 (A)). A cranial window was generated 

uring craniotomy on rats in which the vitrified SCAI patch with a 

hickness of 130 ± 20 μm was implanted where the skull was re- 

oved, followed by covering with a transparent polydimethylsilox- 

ne (PDMS) membrane with a thickness of approximately 150 μm 

o enable penetration of optical beams and PA waves for moni- 

oring [51] . The regions of interest (ROI) of the rats were photoa- 

oustically imaged for 14 days to monitor the blood circulation and 

hanges in the cerebral cortex microvasculature. In order to com- 

are the angiogenesis results for each group, we displayed repre- 

entative images obtained by OR-PAM from the same mouse in the 

ame area of interest with the skull removed. 
145 
The cross-sectional PA B-mode images were obtained from the 

mplanted site to track the change in the SCAI patch over time 

 Fig. 5 (B) and Figure S6). The boundaries of the patches were de- 

ermined by weak PA signals generated from the translucent SCAI 

atch, highlighted by the yellow dotted lines. The thickness of the 

atch was measured as 140 μm on day 0, similar to that of the 

itrified SCAI patch. The thickness of the swelled patch increased 

p to 240 μm after one day of implantation and then gradually 

egraded until approximately 110 μm on day 7. After 14 days of 

mplantation, the patch was no longer observed in the PA B-mode 

mages, indicating that the degradation process was complete be- 

ween 7 and 14 days (Figure S6). 

The angiogenesis induced by the implanted SCAI patches over 

ime was photoacoustically recorded ( Fig. 5 (C) and Figure S7). After 

4 days of implantation, multiple sprouting of microvascular struc- 

ures was observed at the surface of the SCAI patch implanted site, 

hereas no significant changes of microvascular structures were 

evealed in the non-treatment group. The newly-formed blood ves- 

els with a diameter of 50 μm or smaller were highly observed 

n day 14 in the SCAI patch group due to the synergistic angio- 

enic efficacy of released VEGF and HGF [62] . Meanwhile, the orig- 

nal blood vessels, partially covered with the newly generated ves- 
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els, could be identified in the magnified image (exhibited by inset 

mages). The hidden original vessels were clearly visible in the B- 

ode images from the C1 and C2 regions of image in Fig. 5 (C),

ighlighted with white dotted line in the MAP images ( Fig. 5 (D)). 

he original and newly generated vessels are outlined with yellow 

nd white curves, respectively. We confirmed that during the an- 

iogenesis process induced by SCAI patches, the existing blood ves- 

els remain intact. 

Additionally, quantitative analyses of the density for the newly 

ormed blood vessels were performed by comparing the density of 

lood vessels ( Fig. 5 (E)). The densities of blood vessels were de- 

ermined as the ratio of area for the blood vessels smaller than 

0 μm in diameter to the implanted surface area. The densities 

btained before and 14 days after patch implantation were com- 

ared. The densities were found as 0.0609 ± 0.0052 mm 

2 mm 

–2 

nd 0.1999 ± 0.0239 mm 

2 mm 

−2 on day 0 and day 14, respec- 

ively. The densities were increased approximately 3.3 times in 14 

ays after SCAI patches implantation The results suggested the ef- 

cacy of the SCAI patch to promote cerebral angiogenesis. 

The histological evaluations were also conducted to verify an- 

iogenic efficacy of the SCAI patch, which revealed similar results 

s the PAM imaging experiments. With the brains of sacrificed rats 

4 days after SCAI patch implantation, we observed that the large 

lood vessels were remained, capable of supplying of blood to the 

urrounding tissues at the patch implanted site ( Fig. 5 (F)). Mean- 

hile, we could not observe the hydrogel SCAI patch, since the 

atch was completely degraded after 14 days. Numerous capillar- 

es with various diameters and lengths were also highly observed 

n the group with implanted SCAI patch, indicated by black ar- 

ows. Some of the blood vessels were sprouted from the original 

arge vessel, which is an obvious evidence of angiogenesis (shown 

y blue arrow). In contrast, the non-treatment group did not show 

ny sprouted blood vessels. We also cross-validated the angiogenic 

ffects of the implanted patch using immunohistochemistry (IHC) 

gainst the blood vessel specific antibody and observed similar 

rends to that of the hematoxylin and eosin (H&E) staining re- 

ults (indicated by black arrows). These IHC images were obtained 

hrough cutting the brain longitudinally with respect to the patch 

mplantation site 14 days after the patch was implanted. The blood 

essels were observed even to a depth of approximately 100 μm 

nder the influence of the growth factors released from the im- 

lanted SCAI patch. Furthermore, the degree of angiogenesis was 

uantified with counting the number of blood vessels per unit area 

1 mm 

2 ). The numbers of blood vessels were revealed 167 ± 13 for 

he SCAI patch implanted group and 29 ± 5 for the non-treatment 

roup. This observation indicates 5.76 times greater number of ves- 

els in 1 mm 

2 in the SCAI patch implanted group ( Fig. 5 (G)). Taken

ogether, we concluded that the SCAI patch clearly promoted an- 

iogenesis and neovascularization, maintaining its efficacy up to 14 

ays in vivo . 

. Discussion 

In this study, we developed a flexible patch-type drug deliv- 

ry system with capability to provide the desired release profiles 

f dual angiogenic factors to promote cerebral angiogenesis at the 

rain site. The core competencies of the developed SCAI patch in- 

lude: (1) Controllability of the release profiles with varying the 

ensity of the chemical crosslinking between the methacrylate and 

he amine functional groups in the developed HAVEM inks; (2) se- 

uential and sustained release of the factors via spatiotemporally 

ompartmentalization to localize these angiogenic GFs using 3D 

rinting technology. 

The conventional biofabrication strategies (e.g., mold casting, 

as foaming, and freeze-drying) have been widely applied for pro- 
146 
ucing biomaterials-based drug delivery systems; however, these 

ethods inevitably entail multiple and complex processes [ 52 , 53 ]. 

oreover, these approaches may require the additional processes 

or the treatment of cytotoxic solutions or managing the harsh en- 

ironmental factors (e.g., pH, temperature), which are highly crit- 

cal to decrease the stability of protein-based drugs [52] . On the 

ther hand, application of 3D printing technology allowed us to 

abricate spatially separated inner and outer layers in a single-step 

rocess without any physical interruptions. This method is benefi- 

ial to reduce the overall fabricating time and provide proper con- 

itions to maintain higher bioactivity of GFs [52] . Furthermore, the 

eveloped HAVEM ink is also able to contribute to maintain bioac- 

ivity of GFs, because the inks were formed under mild crosslink- 

ng conditions that do not require catalysts as well as chemically 

ctive substances, including toxic radicals were not formed during 

eaction. 

The patch with spatiotemporally compartmentalized dual an- 

iogenic factors provides significant impacts on inducing the neo- 

ascularization in the brain. We investigated in vivo angiogenic ef- 

cacy using the OR-PAM system to monitor the time-dependent 

hanges of microvasculature in the cerebral cortex of rats for 14 

ays. This imaging modality is an agent-free vascular imaging 

ethod, obtaining vascular images through measurement of the 

enerated PA waves by intrinsic red blood cells from the vascu- 

ature. Therefore, we could identify the functional and integrated 

ewly formed vessels with a more effective non-invasive way com- 

ared with the conventional vascular imaging modalities [63] . 

The SCAI patch may also serve as a reliable guidance for fur- 

her investigations of its neoangiogenic potentials in the brain is- 

hemic areas. We will conduct PK/PD studies in vivo for further 

alidation of SCAI patches. The developed patch system of slow- 

eleasing angiogenic GFs will likely expand a therapeutic window 

o target challenging and intractable chronic cerebral ischemic dis- 

ases, such as moyamoya disease. This disease is a progressive 

cclusive arteriopathy characterized by occlusion of the internal 

arotid artery and its branches. Surgical intervention (i.e., direct 

nastomosis, indirect revascularization) is the standard therapy for 

atients with moyamoya disease; however, there is no choice for 

ediatric patients because of the small caliber of their superficial 

emporal artery (STA) for direct anastomosis to the middle cere- 

ral artery. Therefore, indirect revascularization strategies (i.e. en- 

ephaloduroarteriosynangiosis (EDAS)) are widely accepted as the 

reatment choice in children with moyamoya disease. The efficacy 

f this indirect surgery is usually due to the higher levels of GFs in 

he cerebrospinal fluid and an age-associated angiogenic capability 

 64 , 65 ]. The developed SCAI patch may have beneficial effects to 

romote the synangiogenesis between the STA and the dural blood 

essels as well as neovascularization by simply placing the SCAI 

atch nearby the area after the indirect surgery or by replacing 

he omental and the dural flaps as an accelerator to increase the 

urface area of contact between the vascularized outer layer and 

he ischemic brain. 

Furthermore, we will apply the developed SCAI patch to an 

ged brain in our future work. Through this, we could verify the 

attern of angiogenesis induced in the aged brain and how it is the 

ame as or different from that in the young brain [66] . In particu-

ar, it will be possible to determine how the angiogenesis pattern 

hanges by specific external factors (e.g., stroke). In addition, the 

atch developed with this 3D printing technology could be used 

o improve long-distance nerve guide regeneration strategies [67] . 

D printing in peripheral nerve regeneration is an automated fab- 

ication process with versatility of drugs delivery (potentially cus- 

omized their diameter and length specifically for the patient) and 

f structures within the nerve guide that significantly outperform 

he nerve autograft over large gap injuries. 
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. Conclusions 

In summary, the results from this study highlight the outstand- 

ng potential of the spatiotemporally compartmentalized cerebral 

ngiogenesis inducing patch using the HAVEM ink crosslinked via 

za-Michael addition reaction. To the best of our knowledge, this is 

he first successful study using the crosslinking chemistry of aza- 

ichael addition reaction to synthesize dECM-based hybrid inks 

or effective production of complex patch-type constructs with en- 

anced printability. The hybrid ink with higher crosslinking density 

an effectively decrease the releasing rate of GFs since the higher 

hemical bond density affects to have smaller pore areas. More- 

ver, 3D printing technique enables to compartment the laden GFs 

n SCAI patches, which induces sustained and sequential release 

f GFs. Hence, the fabricated SCAI patches within these strategies 

re capable to deliver dual angiogenic GFs for a sustained and se- 

uential manners to induce angiogenesis. Consequently, this drug 

elivery platform may effectively overcome the challenges of cur- 

ent long-term drug delivery approaches. The composition of the 

atch, consisting of VdECM and HA, is highly tissue specific ma- 

erial that provides soft and flexible properties with fabrication 

ersatility [57] . The developed SCAI patch may offer a promising 

lternative therapeutic approach to effectively induce neovascular- 

zation in diverse acute or chronic cerebral ischemic diseases. Fur- 

hermore, the patch may also serve as promising guidance for the 

niversal dosage-regulating local drug delivery approach by simply 

pplying various alternative drugs or fabricating additional layers 

o laden multiple drugs of patch which may be applicable for fur- 

her clinical perspective with ischemic heart diseases, diabetes, and 

ven vaccines for COVID-19. 
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