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Abstract

Chronic fibrosis caused by acute myocardial infarction (MI) leads to increased morbidity and

mortality due to cardiac dysfunction. We have developed a therapeutic materials strategy that aims

to mitigate myocardial fibrosis by utilizing injectable polymeric microstructures to mechanically

alter the microenvironment. Polymeric microstructures were fabricated using photolithographic

techniques and studied in a three-dimensional culture model of the fibrotic environment and by

direct injection into the infarct zone of adult rats. Here, we show dose-dependent down-regulation

of expression of genes associated with the mechanical fibrotic response in the presence of

microstructures. Injection of this microstructured material into the infarct zone decreased levels of

collagen and TGF-β, increased elastin deposition and vascularization in the infarcted region, and

improved functional outcomes after six weeks. Our results demonstrate the efficacy of these
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discrete anti-fibrotic microstructures and suggest a potential therapeutic materials approach for

combatting pathologic fibrosis.

Keywords

Polyethylene Glycol Dimethacrylate; Cardiac Tissue Engineering; Photolithography; Fibrosis;
ECM; Collagen

Introduction

Coronary heart disease is a daunting challenge in the United States with nearly one million

new or recurrent MIs each year [1]. Although strategies for the acute management of an MI

have proven to be effective at improving mortality and morbidity outcomes, the

development of fibrous scar tissue in the infarct zone often leads to challenging chronic

complications and functional insufficiencies [2]. These subsequent morbidities highlight the

importance of the cardiac microenvironment in the development of pathology following MI

as stiffening and thinning of the infarcted wall leads to diminished pumping efficiency with

further progression to heart failure [3–8].

Recent work has focused on developing therapies to reintegrate healthy muscle tissue or

stem cell sources into the infarcted heart to induce regeneration of the damaged muscle [9–

12]. Others have demonstrated the advantage of mechanically supportive bulk injectable

gels composed of processed biological materials to improve functional outcomes after MI

[13–17]. Despite the early successes of some of these strategies, the dense fibrotic tissue that

begins to arise within days of the MI presents a barrier to both the biologic and mechanical

mechanisms of these potential therapies [18]. Cell survival or invasion into the scar tissue is

met with resistance from the pathologically altered microenvironment that is hostile to

cellular integration [19]. Meanwhile, stiffening of the muscle tissue with subsequent

decrease in contractile function limits the positive mechanical influence of bulk material

injections [15]. Therapies that directly target fibrosis at the local level after an infarct could

alleviate the maladaptive mechanical reaction responsible for the chronic decline in heart

function.

In addition to laying down the extracellular matrix (ECM) that creates the physiologic

mechanical environment in the heart, cardiac fibroblasts have been shown to play a critical

role in the injury response and limited regenerative potential of heart muscle [3–8,20,21].

After MI, a population of highly contractile myofibroblasts develops in the wake of

inflammatory matrix metalloproteinases, which degrade the injured muscle. Transformation

initiated by increased local tensile stresses on resident fibroblasts that are no longer able to

offload mechanical stress by attachment to a robust network of ECM proteins may

contribute to this pathologic response, resulting in accelerated ECM production and

increased release of signaling factors [7,8,20,22,23].

We have previously utilized a system of polymeric microstructures, termed “microrods” and

“microcubes” that act as anchors for cell traction and demonstrated their effects on fibroblast

growth in 2D and 3D culture [24–28]. Using basic techniques in photolithography, this
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system allows us to tune the shape and mechanical stiffness of these microstructures to

enhance interactivity and efficacy in mitigating myofibroblastic transformation. This

platform is also highly versatile and can be studied both in vitro and in vivo to assess the

mechanistic interactions and therapeutic potential of polymeric microstructures. Here we

demonstrate the effects that micromechanical environmental cues have on cells and tissues

by elucidating changes in the regulation of fibrotic activation at the transcriptional level and

correlating this to demonstrated therapeutic efficacy of microstructure injections into

infarcted myocardium.

Materials and Methods

Microstructure fabrication

Microrods (100 µm × 15 µm × 15 µm) and microcubes (15 µm × 15 µm × 15 µm) were

fabricated from PEG-DMA as previously described using commercially available materials

[24] and re-suspended in complete media for in vitro studies or sterile saline solution for

intra-cardiac injections (Figure 1). Briefly, polyethylene glycol dimethacrylate (PEG-DMA)

(MN = 750, Sigma Aldrich, St. Louis, MO) was diluted with Calcium and Magnesium-free

1× Phosphate Buffered Saline (PBS). The photo-initiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) (Sigma Aldrich, St. Louis, MO) solubilized at 100 mg/mL in

1-vinyl-2-pyrrolidinone (Sigma Aldrich, St. Louis, MO) was then added to this mixture in

equal volume to the PBS added and vortexed thoroughly. The solution was spun to a 15µm

thick layer on a piranha-solution-cleaned silicon wafer (Addison Engineering, San Jose, CA)

and exposed through a photomask to a 405 nm UV light source using a Karl Suss MJB3

mask aligner (Suss Microtec, Garching, Germany) to crosslink the desired regions in the

shape of microrods (100 µm × 15 µm × 15 µm) or microcubes (15 µm × 15 µm × 15 µm).

Microstructures were rinsed, scraped from the surface gently using a cell scraper, and

sterilized in 70% ethanol. Before use, microstructures were centrifuged to allow aspiration

of the ethanol and re-suspension at the desired number-density in saline solution.

Cell culture and qPCR

Murine 3T3 fibroblasts (ATCC, Manassas, VA) were harvested between passages 18 and 20

and mixed with either microrods at a high ratio (1:1) or a low ratio (1:5) of structures to

cells, or microcubes at a high ratio (20:3) or low ratio (4:3) and added to liquid state Growth

Factor Reduced, High Concentration Matrigel (Lot 42155) (BD Biosciences, San Jose, CA)

doped with 10% (v/v%) of a 0.2% gelatin solution (Sigma Aldrich, St. Louis, MO) to a final

protein concentration of 4 mg/mL. The mixture was then seeded into ~2 mm thick cultures

in a 96-well plate before gelling at 37 °C. After gelation, fresh media was added on top and

replaced every other day for four days. Genetic material was harvested by standard TRIzol

(Life Technologies, Carlsbad, CA) extraction protocols.

A Viia7 qPCR machine (Life Technologies, Carlsbad, CA) was used to measure relative

expression levels of gene targets as compared to housekeeping gene 60s ribosomal protein

L19 (rpL19). Expression levels of genes for mmp2, SRF, YAP, and TAZ were evaluated

using Fast SYBR Green Mastermix (Life Technologies, Grand Island, NY) and custom
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made DNA primers (Integrated DNA Technologies, Coralville, IA) in triplicate for three

biological replicates (See Supplementary Table 1).

Infarct model and microstructure delivery

The animal protocol for induction of MI was approved by the Committee for Animal

Research of the University of California San Francisco and was performed in accordance

with the recommendations of the American Association for Accreditation of Laboratory

Animal Care. The ischemia-reperfusion model used in this study has been extensively tested

in our lab. All injections were performed successfully and there were no complications

resulting from surgery or injection in any animal. Protocols were approved by the IACUC of

UCSF. All studies were performed in two rounds of experiments (Experimental Group 1:

Saline – n = 10, Microrod – n = 20, Microcubes – n = 9, Experimental Group 2: Saline – n =

8, Microrod – n = 11, Microcube – n = 11).

To produce the MI model, female Sprague-Dawley rats (180–220g) underwent occlusion of

the left anterior descending coronary artery for 30 minutes followed by reperfusion while

under general anesthesia achieved by inhalation of 2% L/min isoflurane. The chest was then

closed and the animal was allowed to recover. The rats were randomized two days after MI

to saline-injected, microrod-injected, or microcube-injected treatment groups, and were

given one intramuscular injection into the heart wall under blinded conditions via ultrasound

guided transthoracic injection using a 29-gauge syringe. Each injection consisted of 50 µL of

sterile 0.9% sodium chloride solution (APP Pharmaceuticals, LLC, Schaumburg, IL)

containing no microstructures (n = 18), 2.5 × 105 microrods (n = 31), or 1.65 × 106

microcubes (n = 20) and was delivered to the center of the infarct region as visualized by

hyperechoic signal on ultrasound. Successful injection was confirmed by local increase in

ultrasound signal in the vicinity of the syringe.

Echocardiography

Transthoracic echocardiography was performed with a 15-MHz linear array transducer

system (Sequoia c256, Acuson, Erlangen, Germany) on all animals under 2% L/min

isoflurane. Echocardiography was done prior to injection on day two post-MI and six weeks

post-injection using standard methods that have been performed reproducibly in our lab

[29,30]. To determine the ejection fraction at 48 hours and six weeks, the ventricular shadow

was outlined in both systole and diastole and the single plane area length algorithmic

method was applied. Two-dimensional images were obtained in both parasternal long- and

short-axis views at the papillary muscle level. With sufficient two-dimensional image slips,

M-mode images were also obtained and the wall thickness and LV internal dimensions

(LVD) were measured according to the leading edge method of the American Society of

Echocardiography. End diastolic volume (EDV), end systolic volume (ESV), and ejection

fraction (EF) were calculated by the machine software algorithm from the parasternal long

axis view using the single plane area length method. Transverse images were obtained at

three levels: basal (at the tip of the mitral valve leaflets), middle (at the papillary muscle

level), and apical (distal to papillary muscle but before the cap of the cavity). All image

analyses were performed in a blinded fashion. In cases where the ventricular shadow was
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not clearly identifiable in the 48 hour or six week image, the heart in question was excluded

from echocardiographic analyses.

Histology

Sacrifice was performed after six weeks by maintaining the animal at 5% L/min isoflurane

for five minutes, followed by bilateral thoracotomy and injection of potassium chloride into

the right atrium to arrest the heart in diastole. The heart was then extracted and frozen in

OCT (Sakura Finetech USA, Inc., Torrance, CA) on 2-methylbutane (Sigma Aldrich, St.

Louis, MO) on dry ice and sectioned for histology and image analysis. Tissue blocks were

cryo-sectioned at a thickness of 10 µm starting at the apex of the left ventricle and collecting

10 serial sections every 350 µm until 100 sections were collected. Sections were stained by

standard protocol with aniline blue (Sigma Aldrich, St. Louis, MO) or fixed in 100%

acetone for 10 minutes, blocked with 10% BSA (for TGF-β, Myosin Heavy Chain, and

Actin sections) and dual endogenous enzyme block (DAKO, Carpinteria, CA) (for Elastin,

αSMA, and Cardiac Troponin sections), followed by incubation with primary and secondary

antibodies using standard protocols. In brief, samples were incubated overnight with primary

antibodies at 4°C in a solution of 0.5% Triton X-100 and 1% BSA in PBS (Elastin, ab21610,

1:250, Abcam, Cambridge, England), (αSMA, a2547, 1:400, Sigma Aldrich, St. Louis,

MO), (Cardiac Troponin, ab47003, 1:400, Abcam, Cambridge, England), (TGF-β, sc-146,

1:250, Santa Cruz Biotechnology, Inc., Dallas, TX), (Myosin Heavy Chain, sc-20641, 1:200,

Santa Cruz Biotechnology, Inc., Dallas, TX). After rinsing, secondary antibody was added

(Goat anti-mouse IgG HRP conjugated, ab6789, 1:500, Abcam, Cambridge England), (Goat

anti-rabbit IgG HRP conjugated, ab6721, 1:500, Abcam, Cambridge England), (Goat anti-

rabbit alexafluor 488, a11008, 1:200, Life Technologies, Carlsbad, CA) for 45 minutes at

room temperature. For fluorescent staining, DAPI (1:1000) and rhodamine phalloidin

(1:200) were added as a counterstain (Life Technologies, Carlsbad, CA). For HRP-

conjugated secondaries, diaminobenzidine (DAKO, Carpinteria, CA) was added to one

section and timed for each antibody until the tissue turned sufficiently colored and was

repeated for all sections stained with that antibody. Adjacent sections were treated with

secondary antibody without primary antibody to assess the extent of non-specific staining

for each secondary antibody.

Image Analysis

Images were taken using a Nikon 6D optical microscope (NIKON Instruments, Inc.,

Melville, NY) at 4–20× magnification and quantified for staining metrics using Adobe

Photoshop (Mountain View, CA). All image acquisition and analysis was performed in a

blinded fashion. Rubrics of histological exclusion were pre-determined for each type of

staining to address damaged sections. For blinded analysis of elastin and α-SMA staining, at

least three sections separated by 350 µm, each, had to include both an identifiable

ventricular cavity as well as a clearly outlined infarct zone. For blinded analysis of

fluorescent TGF-β staining, a sequential pair of undamaged, serially sectioned slices was

required for appropriate background signal subtraction. These analyses were performed on

the Experimental Group 2 subset of animals from the entire group consisting of n = 8 saline-

treated, n = 11 microrod-treated, and n = 11 microcube-treated animals. Any histological
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section from this sub-group that did not meet these minimum analytic rubrics was excluded

from histological analysis in a blinded fashion.

For collagen analysis, five sections of each heart were selected from throughout the coronal

plane of the infarct zone and stained with Aniline Blue simultaneously to assess the

distribution and density of collagen in the injured hearts. After isolating the blue channel of

the left ventricle from color images of these sections taken at 4× magnification, a

colorimetric heat map was applied, transforming the blue color density of each pixel to a

linear green-red spectrum with pure red representing maximum staining intensity and pure

green representing the absence of staining. Sections with an identifiable population of

microstructures still embedded in the tissue were then assessed for local collagen staining

density by applying a color threshold to all pixels at a consistent color value (chosen at pure

yellow) and randomly selecting circular regions of 125 µm diameter throughout the infarct

zone. The highlighted microstructures were then overlaid on this image and the percentage

of thresholded pixels per circular area (subtracting pixels occupied by microstructures) as

compared to the percent of pixels occupied by microstructures was plotted for 75 sampled

regions.

Antibody staining for elastin in the tissue sections was quantified by averaging the ratio of

the area of elastin staining in the infarct zone to the area of the infarct in multiple coronal

sections and normalizing this averaged ratio across all three groups. A similar analysis was

performed for quantification of fluorescently labeled TGF-β in the infarct region using

background subtraction of adjacent negative control stained sections without the use of

primary antibody.

Cryo-sectioned and fixed tissue slices were also evaluated for vascularization density in the

infarct region six weeks after infarct. Tissues were stained with αSMA and vessels were

counted. To be included in the count, vessel structures were required to fulfill the following

criteria: 1) be contained entirely within the scarred region (as determined by overlay of a

sequential Aniline Blue-stained section); 2) be identified by positive αSMA signal in a

continuous circle or ellipse; and 3) fall in the appropriate range of diameters greater than 10

µm and less than 100 µm. All imaging analyses were done in a blinded fashion.

Statistical Analysis

All values for continuous variables are listed as the mean ± 95% confidence intervals, unless

otherwise indicated. In vitro analysis was performed using a two-tailed Student’s t-test. In

vivo markers were assessed for normality (See Supplementary Figure 1) before using a one-

tailed (paired or unpaired) student’s t-test to detect expected improvements in fibrotic

response and functional performance as instructed by the anti-fibrotic results of the in vitro

experiments and previous work [24,25]. In cases where there were signs of possible left or

right-skew of the data, a one-tailed Mann-Whitney test was used as an alternative

consideration of significance. Adjustments for small sample size were not deemed necessary

due to the continuous distribution of all data sets and the close concordance with a normal

distribution. Statistical significance was set at p < 0.05. Correlations were determined using

a Pearson Correlation Coefficient assuming a linear relationship. Analysis was performed

with Microsoft Excel.
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Results

In vitro model of fibroblast-microstructure interactions

We evaluated the effect of the presence of polymer microrods and microcubes on fibroblasts

grown in a soft three-dimensional construct of Matrigel. Microrods (100 µm × 15 µm × 15

µm) and microcubes (15 µm × 15 µm × 15 µm) were fabricated at a stiffness of at least 20

kPa, as this stiffness was shown to be the threshold for maximum biological effect in

previously published work by our group (Figure 2A,B) [24]. These shapes were chosen to

evaluate the effect of two extremes of contact area and aspect ratio on cell-microstructure

interaction. Fibroblasts cultured in the presence of these polymer microstructures are highly

interactive with the introduced physical cues. Whereas fibroblasts tend to cluster on or near

microrod structures, they demonstrate a more dynamic interaction with microcubes by

extending cell processes to bind to or envelop the structure (Figure 2C,D). In contrast,

fibroblasts grown in the absence of microstructures showed a much more characteristic

growth pattern with multiple long cell processes and increased spreading area (Figure 2E).

Incorporation of two dose concentrations of microstructures were compared to cultures in

gels not containing microstructures to assess transcription-level changes in fibroblasts

interacting with stiff extracellular cues in a soft gel environment. To examine the effect of

these microstructures on the TGF-β pathway, which is crucial to the fibrotic response to

injury and myofibroblastic transformation [31,32], we analyzed the levels of SRF and

mmp2, both of which are indicated in regulation and activity of TGF-β (Figure 3A,B) [33–

35]. Although low concentrations of microrods and microcubes had little effect on

transcription of these two factors, increased concentration of microstructures resulted in a

nearly two-fold decrease in expression levels of mmp2 and SRF in response to microrods

(p=0.007 and 0.01, respectively) and a consistent trend of down-regulation in response to

microcubes.

Upstream sensing of mechanical stimuli encountered by the cells in the three-dimensional

constructs was examined by measuring expression levels of known mechanotransductive

mediators, YAP and TAZ (Figure 3C,D) [36–38]. Expression of YAP followed a parallel

trend with low concentrations of microstructures having no significant effect while a high

concentration of microrods elicited a significant down-regulation (0.71×, p = 0.02) and high

concentration microcubes exhibited a similar, yet non-significant trend (0.75×, p = 0.2).

Expression of TAZ, on the other hand, was significantly decreased in the presence of high

concentration microrods (0.58×, p = 0.04), low concentration microcubes (0.77×, p = 0.03),

and high concentration microcubes (0.74×, p = 0.004).

Microstructure influence on the infarcted cardiac microenvironment

Both microrods and microcubes were delivered into the infarct zone by ultrasound-guided,

transthoracic injection 48 hours after the induction of an infarct. After six weeks, the hearts

were harvested and fresh frozen for subsequent cryo-sectioning and immunohistochemical

analysis. This allowed us to examine tissue-level effects of polymeric microstructures on

infarcted tissue as compared to saline-injected hearts.
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Aniline blue staining delineates the scarred region and allows identification of injected

microstructures, as seen in false color in Figure 4A. Evaluating the prevalence of collagen

staining in proximity to injected microstructures shows a significant inverse relationship

between microstructure location and collagen density with a Pearson Correlation Coefficient

of R = 0.71 (Figure 4B). Integration of microstructures with cardiac tissue at the cellular

level, as opposed to space displacement seen in many types of bulk material injections, was

confirmed histologically, showing the presence of cells throughout deposits of injected

microstructures (Figure 4C).

Evaluation of elastin staining reveals a two-fold increase in relative elastin content in the

infarct zone of microrod-treated hearts (normalized mean = 2.09, range = 0.61 – 3.04) as

compared to saline-treated hearts (normalized mean = 1.0, range = 0.47 – 1.95) (p = 0.01,

student’s t-test; p = 0.05, Mann-Whitney test), with a mild, non-significant increase in

microcube-treated hearts (normalized mean = 1.31, range = 0.33 – 2.84) (p = 0.2, student’s

t-test; p = 0.4, Mann-Whitney test) (Figure 5A).

Fluorescent staining for TGF-β with background subtraction using adjacent negative control

stained sections also revealed reproducible trends between the three groups. Figure 5C

shows a representative infarct from a saline-treated heart stained for TGF-β with dense and

pervasive staining throughout the infarct zone, as is expected in the inflammatory, fibrotic

environment. Reduced infarct-bound TGF-β staining was noted in microrod-treated (mean =

27%, range = 15 – 39%) and microcube-treated (mean = 30%, range = 5 – 53%) hearts, as

quantified in Figure 5B and represented in Figure 5D. TGF-β staining in the microrod-

treated hearts was nearly one-half of that in saline-treated hearts (mean = 43%, range = 23 –

64%) (p = 0.01), while microcube-treated hearts showed approximately two-thirds as much

TGF-β, on average (p = 0.05) (Figure 5B).

False-color highlighting of vessel structures that meet these criteria is shown for

representative saline-treated (Figure 6A) and microcube-treated (Figure 6B) heart sections.

Quantification of independent vessel structures in all three groups yielded a significant

relationship of nearly two-fold increase in vascularization in both types of microstructure-

treated hearts (microrods: mean = 28.3 vessels/mm2, range = 19.3 – 54.9, p = 0.01, student’s

t-test; p = 0.005, Mann-Whitney test; microcubes: mean = 30.7 vessels/mm2, range = 21.3 –

52.4, p = 0.005, student’s t-test; p = 0.002, Mann-Whitney test, as compared to saline-

treated hearts: mean = 18.4 vessels/mm2, range = 12.7 – 24.3) (Figure 6C).

Functional benefits of intra-cardiac microstructure injection after MI

To assess the cardiac function of the infarcted hearts, the percent change in ejection fraction

(EF) was evaluated over a six week period. Ligation of the LAD followed by reperfusion

resulted in a precipitous decline in cardiac function in this standard rodent infarct model

[29]. Over six weeks, the function of the heart continued to deteriorate, as seen in the saline-

injected group, which demonstrated an 11.9% comparative loss in EF over the course of the

experiment (mean = −11.9%, range = −48.3% – 10.4%). The injection of microrods or

microcubes directly into the infarct zone 48 hours after infarct, however, mitigated this loss

of cardiac function (Figure 7a). Microrod-treated hearts showed only a 2.7% comparative

loss in EF (mean = −2.7%, range = −32.3% – 59.8%, p = 0.08), whereas microcube-treated
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hearts showed a significant average relative increase in EF of 1.4% after six weeks (mean =

1.4%, range = −33.0% – 37.2%, p = 0.03). Internal one-tailed paired t-test comparison

within each group corroborates a non-significant absolute change in EF from two days to six

weeks in both the microrod (p = 0.08) and microcube-treated (p = 0.5) groups, while the

saline-treated group experienced a significant 6% absolute drop in EF (p = 0.008),

demonstrating the improved maintenance of cardiac function in the chronic setting.

Although the same dose of microrods or microcubes was delivered to each infarct, the

delivery efficiency varied depending on infarct geometry and injection kinetics. To assess

the efficiency of each injection, microstructures were stained and counted in five sections

throughout the depth of the infarct. Microcubes were recovered in the tissue at a ratio

roughly equal to the larger number of microcubes injected as compared to microrods to

achieve control of total volume of polymer injected. A direct linear correlation was found

between the number of microstructures recovered histologically and the change in EF over

six weeks (Figure 7b). This correlation describes a significant relationship between dose and

functional response of the microstructure-based therapy with a Pearson Correlation

Coefficient of R = 0.66. When greater than 200 microstructures (microrods or microcubes)

were counted across five distinct sections of the infarct region, ten of eleven animals had a

change in EF that was better than the average for the saline-injected group and nine of

eleven animals showed absolute improvement in their EF as compared to post-infarct

measurements.

Histological examination of a heart with a highly efficient delivery of microstructures

demonstrates marked effects both at the tissue level and the functional level (Figure 7c). The

region of the infarct proximal to the microstructure injection shows decreased collagen

content as compared to the distal infarct region. Illustratively, the animal with the highest

number of microstructures recovered across five sections (700) showed the greatest

improvement in EF over six weeks (+50%).

Discussion

Existing therapies to treat chronic complications of MI have been largely hampered by the

robust fibrotic response of the injured tissue [39–41]. Differentiation and long-term over-

proliferation of the myofibroblast subpopulation of stromal cells leads to the development of

dense scar tissue and thinning of the ventricular muscle wall, which presents a physical

barrier to both exogenous and limited endogenous regeneration mechanisms [39–41]. After

rapid development of the scarred tissue, strategies to introduce progenitor cell populations or

induce re-muscularization of the injured region face tremendous obstacles in the form of the

hostile microenvironment of the post-infarct zone [15,19]. We have utilized a physiologic

stiffness-relevant three-dimensional tissue assay to mimic the early infarct zone

microenvironment and study the mechanisms through which microtopographical features

exert their anti-fibrotic effects. Here, we demonstrate this minimally invasive materials-

based strategy that uses discrete micro-environmental cues to influence and attenuate the

development of fibrotic scar tissue after MI.
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Studies examining cellular interaction with substrates and constructs in which they are

grown have highlighted the importance of the microenvironment in dictating cellular

behavior and response to both physiologic and pathologic stimuli [15,24,27,28,30,42–45]. In

particular, we focused on mediators of the mechanotransductive pathways responsible for

translating environmental cues into behavioral responses at the cellular level.

Recent work has indicated the role of YAP/TAZ transcriptional regulation in responding to

matrix elasticity to effect subsequent downstream changes in cell behavior and growth

characteristics through direct signal transduction to the nucleus [36–38]. In two-dimensional

growth environments, YAP and TAZ expression levels have been shown to be decreased on

softer substrates when cellular tension is low and stress fiber formation is reduced as

compared to stiff substrates [36]. In three dimensions, however, decreased matrix elasticity

leads to reactive stiffening of fibroblastic cells in the matrix, as illustrated by the cardiac

injury response. This may be due to the limited availability of binding sites in the sparse

ECM, which leads to increased deposition of ECM proteins and contraction of the

environment to regenerate appropriate tension levels, as seen, for example, in the wake of

MI. In this setting, we hypothesize that YAP/TAZ transcription would be heightened in

fibroblasts exposed to a soft three-dimensional matrix that leads to the development of

increased cell processes and cellular tension (See Figure 2). Replacing the “missing” ligands

in the three-dimensional milieu with rigid microstructures may serve to anchor fibroblasts

and facilitate the generation of appropriate cellular tension. This attenuates YAP/TAZ

production that is pathologically triggered by the increased cellular tension created by far-

reaching, contractile fibroblastic cell processes.

The dose-dependent decrease of YAP and TAZ transcription in response to the introduction

of both microrods and microcubes in a soft three-dimensional environment suggests that the

presence of exogenous micro-environmental cues can deactivate mechanotransductive

pathways that lead to fibroblastic activation, and may further lead to modulation of

activation of the TGF-β pathway at large, as indicated by the concomitant changes observed

in mmp2 and SRF. SRF is known to up-regulate and translocate to the nucleus when cells

experience high tension. Similarly, mmp2 is up-regulated in response to the increased

transcription of TGF-β, along with increased release of latent matrix-bound TGF-β [31–

33,38]. The decrease in mmp2 in response to decreased SRF could be an example of a

valuable check on the positive feedback cycle normally generated in injured tissue as

transcribed and released metalloproteinases continue to cleave the surrounding ECM and

release further latent TGF-β stores, resulting in self-perpetuation of the overactive

fibroblastic response.

This concerted effect may be critical to the therapeutic potential of exogenously introduced

microtopographical cues, as was demonstrated by our animal studies. Endogenously,

activation of pathways that lead to increased transcription and nuclear translocation of

factors such as YAP, TAZ, and SRF may ultimately lead to the production and deposition of

stiff ECM collagen and fibronectin proteins in response to elevated levels of TGF-β [6,35].

Following infarct, inflammatory components lead to the destruction of the native ECM with

reactive myofibroblastic transformation as increased TGF-β release triggers fibroblasts to

over-produce stiff collagen to repair injured tissue. Attenuating this runaway response
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through manipulation of the microenvironment may lead to a reduction in pathologic

production of stiff collagen and highly cross-linked ECM components. In turn, this

compliant tissue may facilitate improved penetration by vascular beds and functional muscle

tissue, leading to more rapid and effective recovery

Previously, our lab has shown that microstructural cues can lead to decreased proliferation

and production of ECM proteins by fibroblasts in three-dimensional culture which, from this

current work, can be speculated to derive from decreased activation of stress-induced

mechanotransductive pathways [24,25]. This is corroborated by the contrasting decrease in

local collagen deposition in injured MI tissue in the vicinity of injected microstructures and

the increased deposition of softer ECM components, such as elastin. We propose that

introducing artificial anchors for cells to bind to in the softened, post-infarct matrix reduces

mechanotransduction-instigated up-regulation of TGF-β release and collagen deposition,

and, instead, favors deposition of softer ECM components that are more physiologically

relevant to a healthy, uninjured microenvironment. Ultimately, this may be responsible for

creating an injured environment that can passively coordinate with healthy myocardial

contraction.

Recent research into other materials strategies for bolstering cardiac recovery after infarct

has utilized bulking agents to artificially increase wall thickness in the infarcted zone in

order to decrease wall tension [13,16,17,30,44]. Although the introduction of

microstructures into the cardiac muscle tissue inherently supplies a small amount of bulking

agent (~1 µL/injection), it seems more likely that the mechanism of action is independent of

this relatively insignificant volume addition. The small size of the discrete structures enables

them to travel in all directions between tissue planes and spread distal to the injection site,

leading to increased global tissue impact area with minimal local volume effects. Instead, it

may be attributed to the high surface area presented by the injected microstructures that

allows widespread distribution and interaction with large fibroblastic populations throughout

the infarcted region. This, in turn, decreases local cellular tension throughout the damaged

tissue, mitigating the reactive fibrotic response.

Although our in vitro work suggested that the higher aspect ratio microrods enjoyed greater

efficacy, possibly attributed to their increased hydrodynamic profile and thus heightened

effective resistance to cellular contractile forces, our in vivo results indicate that the total

surface area available for cell adhesion may be the critical factor in predicting therapeutic

potential of microstructural shape. This helps to explain the apparent increased therapeutic

efficacy of the low profile microcubes over high aspect ratio microrods, as the total polymer

volume-controlled injection of microcubes yielded 40% more surface area for cell

interaction. In addition, this may indicate why some histologic metrics showed greater

improvement in the microrod group due to the focal nature of the discontinuous thin-section

analysis. These effects may not have been as dispersed throughout the entire infarct zone to

impart as great a functional benefit in the microrod case due to the reduced surface area of

contact presented by the comparatively lower number of injected microrods versus

microcubes. The shape profile of the microcube group may have also facilitated increased

injection efficiency, tissue dispersion, and, ultimately, improved therapeutic outcomes.

Future studies will utilize methods to improve delivery efficiency through the syringe and to
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control for surface area availability of different structure shapes to better understand the role

of microstructure geometry in affecting fibroblastic development in infarcted tissue.

It is important to recognize that although there is a strong correlation between microstructure

delivery efficiency to the heart muscle and functional outcomes, as well as significant

parallel trends in vascularity and TGF-β expression in the infarct zone in microstructure-

treated groups, the complete list of causative phenomena are likely multifaceted and

complex, and this study is not situated to draw complete conclusions about their nature.

Continued experiments using non-cardiac models of tissue fibrosis are underway to help

elucidate the important effectual parameters of this promising anti-fibrotic material strategy

while limiting some of the challenges of intra-cardiac study. This could further elucidate the

mechanisms by which micro-structured materials can be used as a viable therapeutic

strategy for fibrotic pathologies.

Conclusion

We have demonstrated the use of discrete mechanical cues to alter pathways of

mechanotransductive activation in a three-dimensional microenvironment and their potential

as an effective anti-fibrotic therapy in the setting of acute MI. Introduction of a small

volume of polymeric microstructures to the injured heart was shown to decrease local

collagen density and TGF-β activation, increase elastin and vascular density, and, ultimately,

mitigate chronic functional losses caused by the runaway myofibroblastic response in the

post-infarct heart. In addition, we are currently examining the long-term release of

therapeutic molecules from the hydrogel matrix of the microstructures to concomitantly

recruit regenerative cell populations or reduce local inflammation over long periods in the

vicinity of the injected material, broadening the full potential of this multifunctional

therapeutic strategy. This strategy presents a cost-effective and minimally invasive materials

approach to combat complications of pathologic scar tissue and could be used in concert

with other therapeutics to attenuate the pervasive chronic complications of myocardial

fibrosis and pave the way for more effective recovery from MI.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Microstructure fabrication and experiment design
Microstructures are fabricated photolithographically by exposure of a thin film of hydrogel

polymer to UV energy through a patterned photomask (A). Microrods and microcubes are

released from the surface in sterile saline solution (B). From here, the microstructures are

either added to a solution of fibroblasts and liquid phase Matrigel to create in vitro 3D tissue

constructs for study of cell-microstructure interactions (C), or are injected in saline solution

into the infarct zone of Sprague-Dawley rats under ultrasound guidance 48 hours after
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temporary LAD ligation and reperfusion (D). Light micrographs show high throughput

arrays of microrods (E) and microcubes (F) on a silicon wafer. Scale bar = 500 µm.
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Fig. 2. Microrods and microcubes interact with fibroblasts in vitro
Scanning electron micrograph of free-standing microstructures fabricated from polymerized

polyethylene glycol dimethacrylate (“microrods”, 100 µm × 15 µm × 15 µm (A);
“microcubes”, 15 µm × 15 µm × 15 µm (B)). Fluorescent immunocytochemical stain of adult

Sprague-Dawley ventricular cardiac fibroblasts interacting with a microrod (C), microcubes

(D), or in the absence of microstructures (E) suspended in a 3D culture of Matrigel. Scale

bar = 50 µm (red = rhodamine phalloidin, blue = nuclei and microstructures).
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Fig. 3. Gene expression analysis of microrods and microcubes in 3D cell culture
Fibroblasts cultured in three-dimensional constructs in the presence of varying

concentrations of microrods and microcubes show a decrease in the expression of mmp2

(A), SRF (B), YAP1 (C), and TAZ (D), in a dose dependent manner for both structure types,

as compared to gel constructs with no microstructures (n = 3). (Two-tailed student’s t-test, *

= p < 0.05, # = p < 0.01, as compared to Matrigel only. Data points indicate the mean of

three biological replicates each composed of a pooled sample from multiple cultures. Error

bars = 95% confidence intervals.) (MG = Matrigel alone; RL = microrods, low

concentration; RH = microrods, high concentration; CL = microcubes, low concentration;

CH = microcubes, high concentration).
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Fig. 4. Collagen production reduced proximal to microstructures in vivo
Local changes in the makeup of the scar tissue are seen in the presence of microstructures. A

representative aniline blue stained left ventricle of an infarcted rat treated with a single

injection of microcubes is false-colored to depict collagen density based on colorimetric

stain intensity (A), showing an inverse relationship between local collagen content and

coverage area by microstructures after six weeks in the scarred region surrounding the

injection site (Pearson Correlation Coefficient: R = 0.71) (B). Microstructures make

independent and intimate contact with surrounding fibrotic and healthy cardiac tissue at the

cellular level, analogous to the interactivity seen in the in vitro culture model. Two

microcubes are outlined for reference (C). Scale bar = 100 µm (red = rhodamine phalloidin,

green = myosin heavy chain antibody, blue = nuclei and microstructures).
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Fig. 5. Elastin and TGF-β expression altered by microstructures in the infarct zone
Quantification of the relative coverage area of elastin staining in the infarct zone as

normalized to that seen in saline-treated animals shows a significant two-fold increase in

elastin content in microrod treated hearts (p = 0.01 by student’s t-test, p = 0.05 by Mann-

Whitney test) and a mild increase in microcube-treated hearts (p = 0.2 by student’s t-test, p =

0.4 by Mann-Whitney test) (A). Quantification of the percentage of the infarct zone staining

positive for TGF-β shows a significant decrease in expression in microrod-treated hearts (p

= 0.02) and a trend toward decreased expression in microcube-treated hearts (p = 0.05) (B).
Fluorescent immunohistochemistry for TGF-β in the infarct region shows high staining

density in saline-treated hearts (C) and reduced TGF-β content in microcube-treated hearts

(D). White dotted outline indicates infarct. Scale bar = 1 mm (One-tailed student’s t-test and

Mann-Whitney test as alternative consideration in cases of potential asymmetric data
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distribution, * = p < 0.05 by student’s t-test. Data points indicate the mean. Error bars = 95%

confidence intervals).
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Fig. 6. Enhanced vascularization in the infarct zone after treatment
Representative image of a saline-treated (A) and microcube-treated (B) infarct

immunohistochemically stained for αSMA. Vessels were counted and normalized to the

area of the infarct and highlighted in red for visualization. Quantification of the number of

αSMA-positive vessels per infarct area shows a significant increase in the density of vessels

in microrod-treated hearts (p = 0.01 by student’s t-test, p = 0.005 by Mann-Whitney test)

and microcube-treated hearts (p = 0.005 by student’s t-test, p = 0.002 by Mann-Whitney

test) (C). Scale bar = 1 mm (One-tailed student’s t-test and Mann-Whitney test as alternative

consideration in cases of potential asymmetric data distribution, * = p < 0.05, # = p < 0.01 as

compared to saline control by student’s t-test. Data points indicate the mean. Error bars =

95% confidence intervals).
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Fig. 7. Functional benefits of microstructure injection
The relative change in ejection fraction (EF) over the course of the six weeks as compared to

the EF after infarct induction, immediately preceding microstructure injection or saline

control injection, was calculated by the formula (EF6 weeks – EFinitial)/EFinitial. Injection of

microrods and microcubes mitigated the chronic decline in heart function typically seen in

untreated hearts, as depicted by the saline-injected control group. (One-tailed student’s t-

test, * = p < 0.05 as compared to saline control. Data points indicate the mean. Error bars

represent 95% confidence intervals) (A). Microstructures recovered in the tissue were

quantified, showing a direct correlation between functional outcomes and microstructure

delivery efficiency (Pearson Correlation Coefficient, R = 0.65) (B). Aniline blue stained

section of the highest performing heart (change in EF = +56%) shows a large pocket of

microrods in the infarct zone with reduced adjacent collagenous scarring (arrows, red) as

compared to the distal region of the infarct with no microrods present (arrowheads, black)

(C). Scale bar = 1 mm.
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