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Abstract

Lipid-siRNA assemblies are modified with photo-responsive polymers to enable spatiotemporally-

controlled silencing of interleukin 1 beta (IL1β) and cadherin 11 (CDH11), two genes that are 

essential drivers of maladaptive responses in human aortic adventitial fibroblasts (AoAFs). These 

hybrid nanocomplexes address the critical challenge of locally mitigating fibrotic actions that lead 

to the high rates of vascular graft failures. In particular, the lipid-polymer formulations provide 

potent silencing of IL1β and CDH11 that is precisely modulated by a photo-release stimulus. 

Moreover, a dynamic modeling framework is used to design a multi-dose siRNA regimen that 

sustains knockdown of both genes over clinically-relevant timescales. Multi-dose suppression 

illuminates a cooperative role for IL1β and CDH11 in pathogenic adventitial remodeling and is 

directly linked to desirable functional outcomes. Specifically, myofibroblast differentiation and 

cellular proliferation, two of the primary hallmarks of fibrosis, are significantly attenuated by IL1β 
silencing. Meanwhile, the effects of CDH11 siRNA treatment on differentiation become more 

pronounced at higher cell densities characteristic of constrictive adventitial remodeling in vivo. 

Thus, this work offers a unique formulation design for photo-responsive gene suppression in 

human primary cells and establishes a new dosing method to satisfy the critical need for local 

attenuation of fibrotic responses in the adventitium surrounding vascular grafts.
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A lipid-polymer hybrid formulation is developed to spatiotemporally control the knockdown 
of IL1β and CDH11, two key genes implicated in maladaptive responses of human primary 

adventitial fibroblasts. The combined silencing of these genes for one week completely halts 

differentiation and significantly reduces proliferation, which are critical goals for treating fibrotic 

responses in injured cardiovascular disease.
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1. Introduction

Cardiovascular disease is the leading cause of death worldwide,[1] and vascular 

reconstructive surgeries, including the placement of bypass grafts, have become routine 

procedures for treating these ailments.[2] Unfortunately, even standard treatments, such as 

autologous vein grafts from the leg or arterial grafts from the arm or thorax, commonly fail 

within a few years due to inappropriate vessel remodeling.[3] These graft failures are 

primarily driven by maladaptive cellular responses elicited by tissue injury and 

hemodynamic stress.[4] Anastomoses, the sites of surgical vessel connection, are at 

particular risk due to suture line scarring, stricture, and higher incidences of stenosis and 

fibrosis.[5] Unfortunately, although drug eluting stents and externally applied films have 

shown promise in preventing complications, these interventions provide inadequate spatial 

and temporal control over cell behaviors in the graft conduit.[6] Thus, new methods are 

needed that can locally target the key cell types involved in failure. Such approaches could 

enable improved healing responses by tuning the application and release of regulatory 

therapies according to the localized environment within the site of injury.[7]

Adventitial fibroblasts (AFs), which populate the outermost layer of arteries, are particularly 

important cellular mediators of normal and pathogenic vessel remodeling.[8] Specifically, 

AFs are the dominant cell type in the adventitium, and they regulate the structural integrity 
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and growth of blood vessels through the production of extracellular matrix and the 

recruitment of the microvascular blood supply.[8b, 9] AFs contribute to the injury response 

through a variety of mechanisms, including their capacity to rapidly proliferate and 

differentiate into myofibroblasts, which have the ability to generate high contractile forces 

though the expression of alpha smooth muscle actin (αSMA) and the formation of 

multicellular networks.[10] Although such forces are necessary to induce vessel remodeling, 

this behavior is detrimental when it becomes excessive following reconstructive surgery.[11] 

In particular, AF proliferation and differentiation directly control the progression of intimal 

hyperplasia and fibrosis, leading to the accumulation of fibrous connective tissue, vessel 

thickening and scarring, and ultimately, graft failure.[7, 12] Therapeutic approaches geared 

toward the attenuation of AF-driven fibrosis would be extremely valuable.[10a] In fact, recent 

studies show significant promise for modulating adventitial responses through local 

application of biomaterials, such as hydrogels, to the abluminal surface of skeletonized 

vessels (e.g., contacting adventitium), a procedure which was shown to reverse a series of 

adverse vessel remodeling responses to mechanical injury when the materials were applied 

during the acute inflammatory phase of post-surgical recovery.[13]

In addition to the local targeting of AFs through biomaterials application, the control of 

genes that regulate maladaptive responses in AFs also is critical to promote healing at 

anastomotic sites. For example, recent studies have elucidated key proliferative effectors and 

phenotypic modulators that likely play significant roles in the fibrotic response of AFs.[14] 

Two prominent genes noted in the above studies are interleukin 1 beta (IL1β), a cytokine 

that mediates injury-induced inflammation,[15] and cadherin 11 (CDH11), a cell-cell 

adhesion receptor that coordinates the contraction of fibroblast populations.[16] It also is 

important to understand the differential effects of IL1β and CDH11 on the signaling cascade 

initiated by transforming growth factor beta 1 (TGF-β1), a potent activator of myofibroblasts 

that is produced by local inflammatory cells and overexpressed in diseased environments.[17] 

Although TGF-β1-induced changes in both IL1β and CDH11 expression have been 

correlated with myofibroblastic differentiation and inflammation in fibroblastic lineages, the 

functional relationship between IL1β and CDH11 has not been explored in the context of 

adventitial remodeling.

Herein, we modified lipid-small interfering RNA (siRNA) complexes (lipoplexes) with 

stimuli-responsive polymers to gain spatiotemporal control over gene knockdown in human 

primary aortic adventitial fibroblasts (AoAFs), which enabled the elucidation of the 

functional roles of IL1β and CDH11 in improving vascular healing. These hybrid 

nanocomplexes were necessary because primary cells (e.g., AoAFs) tend to be refractory to 

transfection compared to immortalized cell lines.[18] Moreover, our previous work 

established other beneficial properties of our mPEG-b-poly(5-(3-(amino)propoxy)-2-

nitrobenzyl methacrylate) [mPEG-b-P(APNBMA)] block copolymer system for vascular 

applications, including high stability and the capacity to locally regulate the extent of protein 

silencing on cellular length scales.[19] Such features make our nanocomplexes ideal for 

incorporation into biomaterials, such as abluminally-applied hydrogels, to enable regulation 

of adventitial cell behavior through a combination of mechanical stimulation and spatial 

regulation of gene expression in anastomoses. Additionally, the precisely controlled nature 

of the system allows for accurate predictions of siRNA dosing regimens that facilitate gene 
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knockdown over clinically-relevant timescales associated with adventitial remodeling (one 

week).[20]

We exploited these characteristics through the formulation of hybrid nanocarriers that 

mediated on-demand, spatially-controlled knockdown of IL1β and CDH11 in AoAFs to ≤ 

5% of their initial levels following treatment with a photo-stimulus. The silencing of IL1β 
on its own significantly reduced myofibroblast differentiation and proliferation, whereas 

CDH11 silencing on its own had only a moderate effect. Subsequently, kinetic modeling 

approaches were used to design dosing regimens that fully silenced IL1β and/or CDH11 

together, over sustained time periods. Complete attenuation of TGF-β1-induced 

myofibroblast differentiation was achieved by simultaneously silencing IL1β and CDH11 

for one week, the timescale relevant to adventitial remodeling.[20] Thus, we uncovered 

synergistic functional roles of IL1β and CDH11 in AoAFs and showed that sustained 

knockdown of these genes is a viable method for mitigating fibrotic responses. In the longer 

term, the photo-sensitive lipid-polymer nanocomplexes offer a unique opportunity to locally 

regulate fibrotic conditions in anastomoses and improve healing following cardiovascular 

surgery.

2. Results and Discussion

2.1 Hybrid nanocomplexes enable on/off control over gene silencing

To achieve spatially-tailored and temporally-tuned gene silencing in AoAFs, various 

formulations of polymer-only-siRNA complexes (polyplexes) were tested that had 

previously been shown to provide efficient, light-triggered siRNA delivery in murine 

embryonic fibroblasts.[21] None of the polyplex formulations were able to mediate efficient 

gene silencing in AoAFs (Figure 1). We suspected that a lack of endosomal escape might be 

the limiting factor, based on prior evidence demonstrating that human primary cells often are 

refractory to transfection.[18] Lipoplexes comprised of Lipofectamine RNAiMAX were 

shown to transfect AoAFs efficiently (Figure 1), presumably because cationic lipids can 

interact with endosomal membranes and enhance cargo escape in primary cells.[22] 

However, these lipid solutions were not capable of mediating photo-controlled, 

spatiotemporal release. In contrast, hybrid nanocomplexes combining lipids and polymers 

remained dormant in the absence of a photo-trigger but rapidly released siRNA following 

the application of light, leading to efficient gene silencing in AoAFs (Figure 1). The model 

gene, IL1β, was knocked down to ~5% of the protein expression levels measured in 

untreated controls, demonstrating that the hybrid siRNA nanocarrier system was vital to 

overcoming the shortcomings of the individual polyplex and lipoplex formulations. 

Moreover, the on/off control over siRNA activity afforded by the hybrid nanocomplexes can 

be easily extended to spatially regulate gene expression at cellular length scales using 

previously described procedures.[19, 23]

The hybrid nanocomplexes were formulated according to the process depicted in Figure 2. 

First, siRNA was complexed with a cationic lipid, Lipofectamine RNAiMAX. Because these 

lipoplexes possessed a net positive charge and the mPEG-b-P(APNBMA) also was cationic, 

an anionic component was needed to facilitate electrostatic interactions. Poly(acrylic acid) 

[PAA], a polymer with a high anionic charge density,[24] was mixed with the lipoplexes to 
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reverse the overall charge. Finally, the cationic mPEG-b-P(APNBMA) was incorporated to 

impart photo-responsive characteristics (charge reversal) to the system.

The structural design and formulation process of the hybrid nanocomplexes share 

similarities with other lipid-polymer systems in the literature.[25] Generally, polymers are 

added to lipid-based carriers to impart a specific characteristic to the system. These features 

include reduced charge, stealthy behavior, biocompatibility, smaller sizes, and enhanced 

endosomal escape.[26] Although these modifications have proven to be effective, few 

stimuli-responsive components have been used to induce controlled siRNA release within 

hybrid lipid-polymer assemblies.[27] Herein, mPEG-b-P(APNBMA) was used to gain photo-

responsive control over the disassembly of lipid-containing complexes. This favorable 

combination of behaviors (e.g., light-responsiveness and endosomal escape) presumably 

arose as a result of polymer shielding of the endosome-destabilizing cationic lipids prior to 

light-triggered polymer cleavage/charge reversal, which then initiated lipid-mediated 

endosome destabilization.[28] Thus, our nanocomplexes provide the benefits of both lipids 

and stimuli-sensitive polymers, enabling precisely tuned on/off control over nucleic acid 

activity in human primary AoAFs.

It is important to note that the composition of the nanocomplexes was optimized to transfect 

human AoAFs. Gene silencing experiments in similar cell types, such as fibroblasts from 

other species and/or other tissue origins, demonstrated the cell specificity of the 

nanocomplexes and suggested that the effects of protein knockdown would be minimal in 

other mesenchymal cells found in adventitium (Figure S1). The selective transfection of 

different cell types is a critical potential advantage of our approach. Furthermore, the 

composition of the multi-component, highly modular hybrid nanocomplex system can be 

easily tailored to enable improved cell specificity and avoid off-target effects.

2.2 Characterization of hybrid nanocomplexes

The hybrid lipid-polymer nanocomplexes were characterized to determine their fundamental 

physicochemical properties. As shown in Table S1, the nanocarriers had an average diameter 

of 168 nm, which is within the size regime of nanoparticles that are able to undergo 

endocytosis and enter cells.[29] The nanocomplexes had a zeta potential of +3.1 mV (Table 

S1), indicating that the nanocarrier surface was slightly positively charged but close to 

neutral. The relatively neutral zeta potential suggests that the mPEG-b-P(APNBMA) 

polymers were coating the lipoplexes and that the PEG chains were forming an outer corona 

around the charged cores.[30] The slight positive charge is favorable for inducing cellular 

uptake while minimizing interactions with serum-components.

Another important consideration in the formulation of new siRNA delivery vehicles is their 

cytotoxicity, especially when treating sensitive human primary cells such as AoAFs. As 

shown in previous work, mPEG-b-P(APNBMA)-only polyplexes did not lead to any 

significant change in cell viability relative to untreated cells (Figure S2).[28] The hybrid 

nanocomplexes also possessed excellent biocompatibility (~98% cell viability), similar to 

the previously-reported polyplexes.[28] AoAFs that were treated with mPEG-b-

P(APNBMA)-only polyplexes or the hybrid nanocomplexes combined with the photo-

stimulus exhibited a modest (~20%) decrease in cell viability compared to untreated cells, 
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indicating that 365 nm light was moderately cytotoxic. However, lipoplexes comprised of 

Lipofectamine RNAiMAX were significantly more cytotoxic than the polyplexes or the 

hybrid nanocomplexes, as treatment with lipoplexes reduced cell viability by ~18% and 

~46% without and with 365 nm light, respectively (Figure S2). The lack of a significant 

cytotoxic response of the hybrid lipid-polymer nanocarriers further supports that the 

biocompatible mPEG-b-P(APNBMA) forms a corona that shields the cationic lipids from 

interacting with cells. This shielding feature, and its resulting low cytotoxicity, suggest that 

the hybrid nanocomplexes hold greater promise for use in therapeutic settings.

Finally, the light-triggered siRNA release behavior of the nanocomplexes was explored to 

gain a better understanding of the on/off gene silencing response. As shown in Figure S3, 

nanocarriers that were not irradiated with light remained stable and encapsulated nearly 

100% of the siRNA. Nanocomplexes that were treated with the photo-stimulus for 

increasing lengths of time exhibited increasing amounts of siRNA release. After 10 min of 

irradiation, which is the dosage of light used during transfections, ~56% of the siRNA was 

released. The high level of light-triggered siRNA release helps explain the efficient, on/off 

gene silencing trends detected in cells, even when low concentrations of siRNA (10 nm) 

were used.

2.3 Gene silencing dynamics following a single siRNA dose

Given the controlled release nature of the nanocomplexes, the dynamics of protein 

knockdown were investigated to determine how to appropriately dose siRNA in AoAFs. Two 

genes implicated in maladaptive responses, IL1β and CDH11, were studied using a 

combination of experimental analyses and kinetic modeling. siRNAs targeting IL1β or 

CDH11 were delivered to cells using the nanocomplexes, and siRNA release was induced 

upon application of a photo-stimulus at 3.5 h post-transfection. According to the model, 

protein expression for both genes was expected to decrease immediately following photo-

induced siRNA release (Figure 3A). However, the rate of change in protein concentrations 

varied between the two genes. IL1β protein expression was forecasted to be almost fully 

knocked down ~16 h post-transfection, whereas complete CDH11 knockdown was not 

expected until ~27 h post-transfection. The proteins were predicted to be silenced to ≤ 5% of 

their initial levels for ~47 h (IL1β) or ~34 h (CDH11) before recovering. Experimental 

measurements of protein concentrations taken at various times validated these predictions 

and demonstrated that the model could accurately capture all three phases of the gene 

silencing process – e.g., initial knockdown, maximal silencing, and recovery of protein 

expression.

The protein silencing dynamics for IL1β and CDH11 followed the same overall trend, 

expect that the rate of initial protein knockdown depended on the half-lives of the two 

proteins (IL1β and CDH11 have protein half-lives of ~2.5 h and ~8 h, respectively).[31] If 

sufficient amounts of siRNA are released to saturate the RNA-induced silencing complex 

machinery, the cleavage of targeted mRNAs rapidly occurs, and the translation of new 

protein is halted. The existing protein, translated before the onset of RNAi initiation, would 

then degrade in time according to its innate turnover rate. Therefore, the concentration of 

IL1β should decrease faster than CDH11 on the basis of its shorter protein half-life.
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On the other hand, the duration of sustained maximal silencing depends more strongly on 

the doubling time of the cells, and to a much lesser extent, upon the stability of the siRNA.
[32] The intracellular siRNA is diluted in time due both to cell division and degradation from 

nucleases, and RNAi effects generally only last for a few days in growing cells, such as 

AoAFs. The concentration of IL1β- and CDH11-targeted siRNA in the AoAFs decreased at 

approximately the same rate, and the protein levels start to recover at ~3 days post-

transfection as detailed by the modeling and experimental data. Thus, these analyses 

elucidated the dynamics of IL1β and CDH11 knockdown in AoAFs following a single dose 

of siRNA. These timescales are consistent with those for inflammation-mediated fibroblast 

proliferation,[8a, 13] providing further justification for the use of IL1β- and CDH11-targeted 

siRNAs for the treatment of cardiovascular disease.

2.4 Gene silencing dynamics following a double dose of siRNA

Following severe injury, adventitial remodeling/myofibroblast differentiation occurs over a 

time period of ~7 days,[20] and thus, sustained gene silencing is needed in such cases. Our 

kinetic modeling allowed the implementation of dosing schedules that enabled knockdown 

below a desired threshold over the one week duration. More specifically, using the 

framework established in Figure 3A, different dosing regimens were analyzed to predict the 

RNAi response following a second application of siRNA. As shown in Figure 3B, the 

second transfection was started at 72 h; i.e. near the time at which the protein levels were 

predicted to start recovering after the first transfection. The model forecasted that 

implementation of this dosing schedule would allow the knockdown of both genes to be 

sustained for ~7 days at levels of < 20% relative to untreated controls. Experimental 

measurements of protein levels validated this dosing regimen model and demonstrated that 

the predictions accurately captured the prolonged knockdown and recovery phases. Thus, 

our modeling approach allowed us to accurately predict that only two doses were needed to 

achieve gene silencing of both genes over the clinically-relevant timescale of one week.[13] 

Intriguingly, the relevance of this timescale for modulation of longer-term fibrotic responses 

was recently demonstrated by Robinson et al., who reported that vessels subjected to 

common surgical procedures used during grafting (e.g., skeletonization) displayed multiple 

maladaptive tissue responses within 3 days of surgery, with decreases in cyclic strain 

stabilizing within ~1 week.[13] In this model, acute abluminal application of thin (~1 mm) 

and mechanically-tunable hydrogels reversed fully many of the adverse responses to surgery. 

The addition of light-responsive nanocomplexes to such materials could provide a 

compelling approach to further tune and suppress failure responses, particularly in 

anastomoses or other regions of the graft tissue experiencing high mechanical stress.

One challenging aspect of implementing predictive siRNA dosing schedules is the effect of 

the silenced genes on cellular parameters governing responses to subsequent siRNA 

applications. Proliferation analyses (discussed later) determined that the knockdown of IL1β 
slowed cellular growth rates by ~30% after each dose. Thus, the kinetic model was updated 

with this information to account for the change in siRNA dilution rate as a result of a longer 

cell doubling time. The updated model accurately predicted that IL1β would remain 

knocked down longer than CDH11, which was verified by experimental measurements. 
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Therefore, the combination of a double dosing regimen and simple kinetic modeling enabled 

the knockdown of both genes to be sustained for one week in a predictable manner.

2.5 Gene silencing affects myofibroblast differentiation (αSMA protein expression)

One of the primary hallmarks of fibrosis is the differentiation of fibroblasts into 

myofibroblasts, which is driven by the production of TGF-β1 by local inflammatory cells.
[15] Accordingly, to simulate the inflammatory fibrotic responses in culture, recombinant 

TGF-β1 protein was added to the growth medium of AoAFs. The cells were treated with 

formulations of non-targeted siRNA, IL1β siRNA, CDH11 siRNA, or combined IL1β and 

CDH11 siRNAs via the single dosing schedule in Figure 3A. The extent of differentiation 

was determined by measuring changes in αSMA protein expression, the most widely used 

indicator of the myofibroblast phenotype.[4, 8a] As shown in the micrographs in Figure 4A, 

the addition of TGF-β1 induced AoAFs to differentiate into myofibroblasts within 3 days, 

consistent with responses reported in the literature.[33] Specifically, AoAFs that were not 

treated with TGF-β1 expressed low levels of αSMA protein relative to F-actin protein; 

however, cells treated with TGF-β1 and either no siRNA or a single dose of non-targeted 

siRNA exhibited robust αSMA protein expression.

AoAFs treated with TGF-β1 followed by application of functional siRNAs targeting IL1β 
exhibited a significant reduction in αSMA staining, indicating that knocking down IL1β 
blocks the differentiation cascade to a measurable extent. In contrast, TGF-β1-treated cells 

with silenced CDH11 maintained robust αSMA protein expression. AoAFs that were treated 

with both IL1β and CDH11 siRNAs also exhibited decreased αSMA staining. The 

quantification of protein expression based upon these immunocytochemistry (ICC) 

experiments is shown in Figure 4B and is presented as αSMA relative to F-actin. As can be 

noted from the micrographs, αSMA protein expression was only significantly attenuated 

when IL1β was knocked down (either alone or in combination with CDH11) using the single 

dose regimen.

To determine how myofibroblast differentiation would be affected by the double dosing 

regimen, αSMA protein expression was analyzed on day 8. The differences in protein 

expression as a function of IL1β and/or CDH11 knockdown were more prominent in the 

double dosing experiments, though the overall trends were similar to the single dosing 

studies (comparison of Figures 4B and 4C). The delivery of IL1β siRNA suppressed αSMA 

levels by ~45% at day 8 relative to treatment with non-targeting siRNA. However, CDH11 

silencing alone provided no reduction in αSMA protein expression compared to treatment 

with non-targeting siRNA. This behavior most likely was exhibited because AoAFs that 

were treated with only CDH11 siRNA had differentiated to approximately the same extent 

as cells treated with non-targeting siRNA before application of the second dose (Figure 4B), 

and further CDH11 knockdown could not reverse the myofibroblast phenotype. A recent 

report demonstrated that the de-activation of myofibroblasts is difficult to control and that 

the restricted capacity of myofibroblasts to de-differentiate is a major cause of fibrotic 

disorders.[34]

Regardless of dosing regimen, only cells treated with IL1β siRNA exhibited a significant 

reduction in αSMA protein expression (Figure 4). In agreement with our findings, Guo et al. 
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demonstrated that the neutralization of IL1β in vivo attenuated fibrosis and was correlated 

with decreases in TGF-β1 activity.[35] A number of recent studies also reported that 

increased IL1β levels enhanced the severity of fibrosis in vivo.[36] In a related example, 

Chen and coworkers showed that IL1β-stimulation of HO-8910PM and NIH3T3 cells 

increased the expression of αSMA and activated proteins involved in myofibroblast 

differentiation.[37] However, others have reported different impacts of IL1β activity on 

αSMA expression in other cell types,[15, 38] and moreover, Dewald et al. found significant 

species-specific differences in cellular responses to inflammatory cytokines following 

myocardial infarction.[39] Our finding that IL1β silencing effectively blocked TGF-β1-

induced αSMA protein expression in AoAFs is likely applicable to fibroblasts derived from 

different organs but may not directly translate to all cell types or species.

CDH11 silencing in AoAFs did not attenuate αSMA protein expression compared to 

treatment with non-targeting siRNA, and the combination of CDH11 and IL1β silencing also 

did not further reduce αSMA protein expression as compared with samples treated with 

IL1β siRNA only (Figure 4). The knockdown of CDH11 has been shown to regulate the 

myofibroblast phenotype differently depending on the cell type.[40] For example, Verhoekx 

et al. reported that αSMA expression remained unchanged in human dermal fibroblasts, but 

was reduced by ~50% in Dupuytren’s myofibroblasts following CDH11 silencing.[40b] 

Wang and coworkers also found that CDH11 knockdown did not affect differentiation when 

porcine valvular interstitial cells were treated with 5 ng mL−1 of TGF-β1.[17] Moreover, 

because the activity of CDH11 is dependent on the number of cell-cell contacts, differences 

in cell density also may contribute to the variations in cellular responses (discussed later).

2.6 Gene silencing affects myofibroblast differentiation (αSMA mRNA expression)

To gain a more quantitative understanding of temporal differences in myofibroblast 

differentiation, changes in the mRNA transcript levels also were analyzed. As shown in 

Figure 5A, the trends for the single dosing regimen were generally in agreement with the 

ICC data from Figure 4B. In particular, the addition of TGF-β1 induced a six-fold increase 

in αSMA transcripts, and the knockdown of IL1β provided a significant decrease in 

differentiation. The combined knockdown of IL1β and CDH11 lead to a greater attenuation 

of αSMA mRNA expression than IL1β knockdown alone, although the αSMA levels were 

still higher than the ‘no TGF-β1’ control. CDH11 knockdown resulted in a minor, but 

statistically significant, reduction of αSMA transcript levels relative to cells not treated with 

siRNA. Despite slight differences, the measurements of αSMA mRNA (3 days) and αSMA 

protein expression (4 days) post-transfection, respectively, were in agreement.

The αSMA transcript levels also were studied on day 7 of the double dosing schedule. 

AoAFs incubated in TGF-β1 exhibited ~4.5 times more αSMA mRNA transcripts than 

untreated cells (Figure 5B), suggesting that untreated cells did not significantly alter their 

fibroblast phenotype on tissue culture plastic over 7 days (Figure S5). The delivery of IL1β 
siRNA significantly reduced αSMA mRNA levels relative to the delivery of non-targeting 

siRNA, whereas CDH11 silencing did not provide these effects. However, the combined 

knockdown of IL1β and CDH11 attenuated αSMA mRNA expression to the same level as 
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the no TGF-β1 control, indicating that differentiation was completely halted over one week 

with the double dosing schedule.

Given the lack of response from CDH11 silencing alone, the significantly enhanced 

attenuation of differentiation from the combined delivery of IL1β and CDH11 siRNA in 

comparison to IL1β siRNA alone (i.e., combined effects that were more than simply 

additive) suggests that the two genes may cooperate synergistically. Little is known about 

the direct relationship between IL1β and CDH11, but Yoshioka et al. recently reported that 

the knockdown of CDH11 reduced IL1β-induced proliferation by 42% in rheumatoid 

arthritis-derived synovial fibroblast cells.[41] The authors concluded that CDH11 is involved 

in IL1β-mediated pathways, and that there is an indirect interplay between the two genes via 
β-catenin.[41] In a related study, Chang and coworkers demonstrated that CDH11 

engagement had strong synergies with IL1β signaling upon interleukin 6 (IL-6) induction in 

synovial fibroblasts, and that the mitogen-activated protein kinase (MAPK) [c-Jun N-

terminal kinase (JNK) and extracellular signal–regulated kinase 1 and 2 (ERK1/2)] and the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways were 

activated.[42] Thus, the signaling cascades of IL1β and CDH11 may be related through β-

catenin, MAPK, and/or NF-κB in AoAFs. These reports suggest that the two genes affect 

one another in other cell types,[43] but more work is needed to probe the intricate 

interactions between the downstream effectors of IL1β and CDH11 in AoAFs. However, our 

data strongly suggest that the combined knockdown of the two genes provides a powerful 

synergistic method for attenuating TGF-β1-induced myofibroblast differentiation.

2.7 Attenuation of cellular proliferation following gene silencing

In addition to myofibroblast differentiation, increased cellular proliferation is a classic 

hallmark of fibrosis. The reduction of fibroblast proliferation is a critical therapeutic goal to 

mitigate maladaptive responses and promote healing in cardiovascular tissues, particularly in 

the first week following vessel injury.[8a, 44] Changes in the growth rates of the AoAFs were 

analyzed to determine if the knockdown of IL1β and/or CDH11 affected proliferation. As 

shown in Figure 6, non-targeting siRNA did not significantly alter proliferation, which is 

indicative of the biocompatibility of the hybrid nanocomplexes. The knockdown of IL1β 
reduced proliferation by ~30% and ~50% following a single and double dose, respectively. 

The delivery of only CDH11 siRNA provided a relatively minor reduction in proliferation 

rate in comparison to the untreated control samples. The combined knockdown of IL1β and 

CDH11 reduced proliferation to the same extent as IL1β alone. Thus, IL1β, but not CDH11, 

appears to play a critical role in AoAF proliferation.

Our findings in AoAFs are generally in agreement with most literature reports of IL1β and 

CDH11 in other cell types.[37, 41, 45] While IL1β has been widely identified as playing a key 

role in fibroblast proliferation, few studies have implicated CDH11.[41] For example, Vesey 

et al. found that IL1β was a potent inducer of proliferation with similar activities to those of 

TGF-β1 in human cortical fibroblasts.[45] Consistent with these findings, our studies 

indicated that the synergistic effects of knocking down IL1β and CDH11 attenuated 

differentiation (Figure 5) but were not detected in the AoAF proliferation analyses.
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2.8 Cell density effects on CDH11 knockdown

In both the single dose and double dose studies, the knockdown of CDH11 provided only 

minor, if any, attenuation of myofibroblast differentiation. However, previous work 

identified CDH11 upregulation in inflamed AoAFs as a primary marker of myofibroblasts,
[14a, 16] thus making it a promising target for mitigating differentiation. One possible reason 

for this discrepancy is that CDH11 signaling requires cell-cell adhesion,[16] which occurs at 

high cell densities,[17] yet under standard culturing conditions, cell-cell contacts are not 

made until confluency (3–4 d in our study). Within the context of Figure 3B, CDH11 may be 

a better target after day 3 when the cells are beginning to become more confluent. A second 

possible explanation is that CDH11 is simply a downstream effector of other proteins that 

govern the differentiation pathway, and the modulation of CDH11 does not impact upstream 

cascades.

To determine if silencing CDH11 has a significant impact on differentiation under other 

culturing conditions, cells were grown at different confluencies. As shown in Figure 7A, 

CDH11 siRNA was applied to low density and high density cells. There were almost no 

AoAFs with cell-cell contacts in the low density samples, but the majority of cells were in 

contact with other cells in the high density samples. AoAFs growing at the higher density 

expressed greater amounts of CDH11, as reported in the literature.[17] Both the low density 

and high density samples exhibited nearly complete knockdown when treated with CDH11 

siRNA, despite the overexpression of CDH11 in the high density case. The αSMA protein 

expression of the cells was measured, and there was no difference in αSMA protein levels 

between the untreated samples and treated low density samples (Figure 7B). However, 

CDH11 siRNA treatment of the cells grown at high density was found to significantly 

reduce αSMA protein expression (Figure 7B), albeit to a lesser extent than IL1β siRNA 

treatment (see also Figures 4 and 5). Therefore, CDH11 knockdown is a more promising 

strategy for attenuating differentiation when the number of AoAF cell-cell contacts is 

greater.

This finding is particularly important because the in vivo environment of the adventitium is 

crowded, and the cells are densely packed with many cell-cell interactions.[8a] Recent 

reports in the literature also found CDH11 to be not merely a downstream effector of TGF-

β1, but also a factor able to regulate myofibroblast differentiation through multiple other 

pathways.[17, 42] Moreover, the possible synergistic effects of CDH11 and IL1β knockdown 

(see Figure 5B) and the role of CDH11 in the propagation vs. suppression of maladaptive 

responses in adventitial fibroblasts (e.g., by coordinating the contraction of fibroblast 

populations)[10a, 11, 14a] justify further exploration of CDH11 as a possible therapeutic 

target. Taken together, CDH11 silencing may be a more promising strategy in clinical 

settings, especially if combined with the knockdown of IL1β.[43]

3. Conclusion

We developed a novel lipid-polymer hybrid formulation to spatiotemporally control the 

knockdown of key genes implicated in maladaptive responses of human primary adventitial 

fibroblasts. Our nanocarriers remained dormant in AoAFs until triggered and then silenced 

protein expression to ≤ 5% of initial levels upon application of a photo stimulus. 
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Additionally, the dynamics of protein turnover of two functional genes, IL1β and CDH11, 

were accurately predicted using simple kinetic modeling. This approach allowed the 

implementation of a double dosing regimen that sustained the knockdown of both genes for 

one week, which is the time period relevant for severely injured tissue to undergo adventitial 

remodeling. Cells with silenced IL1β expression for one week exhibited attenuated 

differentiation and a ~50% reduction in proliferation. The effects of CDH11 knockdown 

alone were relatively minor, but were significantly enhanced at higher cell densities. 

However, the combined delivery of IL1β and CDH11 siRNAs resulted in the complete 

halting of myofibroblast differentiation, as characterized by αSMA expression. Thus, this 

work provides a new formulation design for imparting stimuli-responsive features into 

materials capable of transfecting primary cells and elucidated the key functional roles of 

IL1β and CDH11 in mediating fibrotic responses in AoAFs, both of which are critical for 

advancing therapies in the clinic to treat cardiovascular disease.

4. Experimental Section

4.1 Materials

Lipofectamine RNAiMAX, anti-CDH11 siRNA, and rabbit IgG polyclonal antibody were 

purchased from Life Technologies (Carlsbad, CA). Non-targeted (universal negative control) 

siRNAs were purchased from Sigma-Aldrich (St. Louis, MO). Anti-IL1β siRNA and rabbit 

IgG polyclonal antibody were obtained from Santa Cruz Biotechnology (Dallas, TX). PAA 

(Mw = 240,000 g mol−1) was obtained from Acros Organics (Waltham, MA). The mPEG-b-

P(APNBMA)n polymers (Mn = 7,900 g mol−1, n = 7.9; Mn = 13,100 g mol−1, n = 23.6) were 

synthesized via atom-transfer radical polymerization as described previously.[46] Dulbecco's 

Modified Eagle Medium (DMEM) and Dulbecco's phosphate-buffered saline (DPBS, 150 

mM NaCl, pH of 7.4) were obtained from Corning Life Sciences – Mediatech Inc. 

(Manassas, VA). Opti-MEM medium, SuperSignal West Dura Chemiluminescent Substrate, 

Phalloidin-660, Hoescht 33258, TRIzol Reagent, and AlamarBlue were purchased from Life 

Technologies (Carlsbad, CA). Antibodies (rabbit anti-GAPDH IgG polyclonal, rabbit anti-

αSMA IgG polyclonal, secondary goat anti-rabbit IgG polyclonal-horseradish peroxidase 

(HRP), and secondary goat anti-rabbit IgG polyclonal-Alexa Fluor 488) and recombinant 

human TGF-β1 were purchased from AbCam (Cambridge, MA). Bovine serum albumin 

(BSA) and a bicinchoninic acid (BCA) protein assay kit were purchased from Pierce 

(Rockford, IL). Primers were obtained from Eurofins MWG Operon (Huntsville, AL) with 

the following sequences: αSMA forward 5' TATCCCCGGGACTAAGACGG 3'; αSMA 

reverse 5' CACCATCACCCCCTGATGTC 3'; GAPDH forward 5' 

CGGGTTCCTATAAATACGGACTGC 3'; GAPDH reverse 5' 

CCCAATACGGCCAAATCCGT 3'. The iTaq Universal SYBR Green One-Step Kit and 

optical flat 8-cap strips were purchased from Bio-Rad (Hercules, CA). All other reagents 

were obtained from Thermo Fisher Scientific (Waltham, MA).

4.2 Formulation of siRNA nanocomplexes

The hybrid nanocomplexes were formed using a solution mixing self-assembly method. 

Solutions of siRNA and Lipofectamine RNAiMAX were prepared in Opti-MEM and mixed 

according to Life Technologies’ protocol (to produce a final solution containing 0.2 µg 
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siRNA and 3 µL Lipofectamine in a total volume of 96 µL). After a 5 min incubation period, 

0.2 µg 240,000 g mol−1 PAA was added to the lipoplex solution. The solution was mixed via 
gentle vortexing and then incubated for 20 min. A separate polymer solution was prepared 

by adding equimolar amounts of mPEG-b-P(APNBMA)7.9 and mPEG-b-P(APNBMA)23.6, 

on the basis of cationic amine groups. The polymer solution was mixed, via gentle 

vortexing, with the lipoplex/PAA solution to form hybrid complexes with an N:P ratio (N: 

cationic amine groups on polymer, P: anionic phosphate groups on siRNA) of 4. The hybrid 

complexes were incubated in a dark environment at room temperature for 30 min prior to 

further analysis. For the on/off photo-controlled protein silencing experiments, two separate 

control formulations were used: lipoplexes made with Lipofectamine RNAiMAX according 

to the manufacturer’s protocol and polyplexes formed as described previously.[21]

4.3 Cell culture

Human aortic adventitial fibroblasts were obtained from Lonza (Walkersville, MD) and 

cultured following Lonza’s protocol in stromal cell basal medium (SCBM) supplemented 

with the stromal cell growth medium (SCGM) SingleQuot Kit. The cells were cultured in a 

humid environment maintained at 37 °C and 5 vol% CO2.

4.4 In vitro cell transfection

AoAFs were cultured in plates at a density of 15,000 cells cm−2 for 24 h. Before 

transfection, the supplemented growth medium was removed, the cells were washed with 

DPBS, and Opti-MEM was added to the plates. The nanocomplex solutions were then added 

dropwise at a final siRNA concentration of 10 nM. Following a 3 h transfection period, the 

Opti-MEM was replaced with supplemented growth medium for a 30 min recovery period. 

The medium was replaced with phenol red-free Opti-MEM, and the cells were irradiated 

with 365 nm light at an intensity of 200 W m−2 for 10 min on a 37 °C hotplate. 

Supplemented growth medium was added to the wells after irradiation. To stimulate cell 

differentiation in some samples, TGF-β1 was added to the growth medium at a 

concentration of 10 ng mL−1. The growth medium and TGF-β1 were replenished every two 

days.

4.5 Protein knockdown analysis

Western blot analyses were used to measure IL1β and CDH11 protein silencing. In the 

single dose experiments, cells were transfected and lysed at the specified time points. The 

protein was extracted from the cells by adding a lysis solution composed of 0.5 vol% Triton 

X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 5 mM Tris–HCl (pH 7.4), 5 mM EDTA, 

and 1× Halt Protease and Phosphatase Inhibitor cocktail. For the repeated dosing 

experiments, a second transfection of nanocomplexes was performed 72 h after the first 

transfection, and protein was extracted at the given time points. The total protein 

concentration of each sample was measured using the BCA Protein Assay Kit. The protein 

solutions were subjected to 4% – 20% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) for 35 min at 150 V. The separated proteins then were 

transferred onto a poly(vinylidene fluoride) membrane at 18 V for 75 min. The membrane 

was subsequently blocked in 5 vol % BSA in Tris–HCl-buffered saline (50 mM Tris–HCl, 

pH 7.4, 150 mM NaCl) containing 0.1 vol % Tween 20 (TBST) at room temperature for 1 h. 
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The membrane was incubated overnight with IL1β or CDH11 primary antibodies in TBST 

at 4 °C. The next day, the membrane was incubated in a solution of secondary antibody 

conjugated to HRP for 1 h. The SuperSignal West Dura Chemiluminescent Substrate was 

used to enable detection of the bands through chemiluminescent imaging in a FluorChem Q 

(ProteinSimple, San Jose, CA). To image the GAPDH bands, the membrane was stripped for 

15 min with Restore PLUS Western Blot stripping buffer, blocked in BSA solution for 1 h, 

and subsequently incubated with GAPDH primary antibody overnight. The next day, after 

incubation in a solution of secondary goat anti-rabbit antibody conjugated to HRP, 

chemiluminescent imaging was used to detect the bands. The intensity of each target protein 

was analyzed with ImageJ software. Note: A representative western blot image of the anti-
IL1β antibody staining is located in Figure S6.

4.6 RNAi modeling

A set of equations (Equations S1–3) was solved using differential equation solver ode45 in 

MATLAB.[19] Each siRNA dose was modeled by increasing the normalized siRNA 

concentration by 100 units following time points corresponding to light-triggered siRNA 

release. The siRNA turnover rate was estimated by determining the cell doubling time of 

AoAFs cultured in standard growth medium, which was measured to be ~38 h (Figure S7). 

Protein degradation rate constants were computed on the basis of IL1β and CDH11 half-

lives, which were ~2.5 h and ~8 h, respectively, as reported in the literature.[31] The mRNA 

degradation rate constants were estimated by using a ~8 h half-life for both genes, as this is 

the approximate average mRNA turnover rate.[47] Representative MATLAB code is provided 

in the SI.

4.7 Immunocytochemistry

Cells were transfected with siRNAs. At the specified time points, the cells were washed with 

DPBS and fixed in 4% paraformaldehyde for 15 min. The cells were permeabilized with 

0.1% (v/v) Triton X-100 in DPBS for 15 min and blocked with 5% bovine serum albumin in 

DPBS for 1 h. αSMA, a marker of myofibroblast differentiation, was detected by overnight 

incubation at 4 °C in an αSMA primary antibody solution [2 µg mL−1 in DPBS]. 

Alternatively, CDH11 protein expression was detected by overnight incubation at 4 °C in a 

CDH11 primary antibody solution [2 µg mL−1 in DPBS]. Samples were then incubated with 

a solution of secondary antibody labeled with AlexaFluor® 488 [4 µg mL−1 in DPBS] for 1 

h. Cells were incubated in a solution of Phalloidin-660 [160 nM in DPBS] for 30 min to 

detect F-actin, and then the cells were incubated in a solution of Hoescht 33258 [0.5 µg mL
−1 in DPBS] for 10 min to detect nuclear DNA. Cells were visualized using a 20× objective 

on an LSM META 510 confocal microscope (Zeiss, Germany) controlled by Image Pro Plus 

software (version 7.0; Media Cybernetics). The fluorescence intensities in zoomed-out (4× 

magnification) micrographs were quantified using ImageJ software. The fluorescence 

intensities of at least 1,000 cells from each channel were averaged through the quantification 

of total pixel intensity. Then, the signal from the protein of interest (αSMA or CDH11) was 

divided by the signal from the housekeeping protein (F-actin).
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4.8 mRNA knockdown analysis

αSMA mRNA knockdown was measured using quantitative PCR (qPCR). Single and 

double transfections were carried out, and RNA was isolated by TRIzol Reagent according 

to the manufacturer’s protocols. The iTaq Universal SYBR Green One-Step Kit was used to 

prepare samples for qPCR in triplicate, using the αSMA or GAPDH primers, as described in 

the manufacturer’s protocols. cDNA synthesis and qPCR were conducted on a Bio-Rad 

CFX96TM using the following conditions: 10 min at 50 °C; 1 min at 95 °C; 40 cycles of 10 

s at 95 °C and 30 s at 60 °C; and finally, a 65 °C to 95 °C ramp at a rate of 0.5 °C every 5 s. 

The ΔΔCT method was used for analysis,[48] and all sample data were normalized to data 

from untreated cell controls.

4.9 Cell Proliferation

Cell growth was evaluated using the AlamarBlue assay according to the manufacturer’s 

protocols. Cells were transfected and grown in fully supplemented medium for 4 days or 7 

days after the first transfection for the single dose and double dose experiments, respectively. 

Medium containing 10 vol% AlamarBlue was added to each well, and the cells were 

incubated for 6 h in a humid environment maintained at 37 °C and 5 vol% CO2. 

Fluorescence was measured using a GloMax-multi detection system plate reader (Promega, 

Madison, WI). To determine the baseline fluorescence, medium containing 10 vol% 

AlamarBlue was added to a well without cells. Note: All samples were treated with the 
photo-stimulus to isolate the effects of protein knockdown on cellular proliferation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Photo-controlled IL1β protein silencing with mPEG-b-P(APNBMA) polyplexes, 

Lipofectamine RNAiMAX lipoplexes, and hybrid nanocomplexes. AoAFs were treated with 

siRNA using the various carriers, irradiated with 365 nm light for either 0 min (black bars) 

or 10 min (gold bars), and lysed for western blot analysis at 48 h post-transfection. Data 

represent the IL1β protein expression levels relative to the levels of the loading control 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), normalized to the protein levels in 

controls with no siRNA treatment. Results are shown as the mean ± standard deviation of 

data obtained from three independent experiments.
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Figure 2. 
Schematic depicting the formulation of the hybrid nanocomplexes. First, nucleic acids 

(siRNA) were encapsulated in lipoplexes using cationic lipid (Lipofectamine RNAiMAX). 

Second, anionic polymer (PAA) was added to reverse the lipoplexes surface charge. Third, a 

mixture of photo-responsive cationic polymers (mPEG-b-P(APNBMA)n with 50% n = 7.9 

and 50% n = 23.6, on a molar basis of cationic amine groups) was incorporated into the 

formulation to form the hybrid nanocomplexes.
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Figure 3. 
Dynamics of IL1β and CDH11 protein silencing following a single dose (A) or double dose 

(B) of siRNA. Kinetic modeling was used to predict the temporal IL1β (dashed red line) and 

CDH11 (dashed blue line) protein expression following doses of siRNA. Initial protein 

concentrations were normalized to 100, and the model predictions were verified 

experimentally using western blotting. Data points represent the normalized IL1β (red 

diamonds) or CDH11 (blue squares) protein expression levels relative to the loading control. 

Experimental results are shown as the mean ± standard deviation of data obtained from three 

independent samples. (A) AoAFs were transfected with the hybrid nanocomplexes at t = 0 h, 

irradiated with 365 nm light to release the siRNA 3.5 h post-transfection, and lysed at the 

times indicated by the data points. (B) AoAFs were transfected with the hybrid 

nanocomplexes at t = 0 h and t = 72 h, irradiated with 365 nm light 3.5 h after each 

transfection, and lysed at the times indicated by the data points.

Greco et al. Page 20

Adv Biosyst. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Attenuation of myofibroblast differentiation (αSMA protein expression) following siRNA 

dosing. AoAFs underwent transfection with different siRNA formulations and were treated 

with either 0 or 10 ng mL−1 TGF-β1 to induce differentiation. (A) Representative ICC 

micrographs of AoAFs 4 days post-transfection following a single dose of siRNA. AoAFs 

were stained for F-actin (magenta), αSMA (green), and nuclear DNA (blue). Scale bars = 50 

µm. Note: A representative zoomed-in micrograph of F-actin staining showing stress fibers 
is located in Figure S4. (B) Quantification of relative αSMA protein expression from single 

dose ICC micrographs in (A). (C) Quantification of relative αSMA protein expression from 

double dose ICC micrographs [not shown], characterized on day 8. The average total 

fluorescence intensity of αSMA relative to F-actin of at least 100 cells per sample was 

measured using ImageJ for both the single and double dose regimens. All results are shown 

as the mean ± standard deviation of data obtained from three independent experiments. An 

asterisk indicates a statistically significant difference in αSMA protein expression in 

comparison to the no siRNA and 10 ng mL−1 TGF-β1 treatment control (p < 0.05).
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Figure 5. 
Attenuation of myofibroblast differentiation (αSMA mRNA expression) following the two 

different siRNA dosing schedules. AoAFs underwent transfection at either t = 0 h (A) or t = 

0 h and t = 72 h (B) with various siRNA formulations and were treated with either 0 or 10 ng 

mL−1 TGF-β1 to induce differentiation. (A) qPCR analyses of αSMA mRNA expression 

levels 3 days post-transfection in the single dose regimen. (B) qPCR analyses of αSMA 

mRNA expression levels 7 days after the first transfection [4 days after the second 

transfection] in the double dose regimen. qPCR values were normalized to the levels in the 

no siRNA and no TGF-β1 treatment control for each dosing schedule. All results are shown 

as the mean ± standard deviation of data obtained from three independent samples. A single 

asterisk indicates a statistically significant difference in αSMA mRNA expression in 

comparison to the no siRNA and 10 ng mL−1 TGF-β1 treatment control, and a double 

asterisk indicates a statistically significant difference in αSMA mRNA expression in 

comparison to the IL1β siRNA treatment formulation (p < 0.05).
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Figure 6. 
Proliferation of AoAFs following the single or double dose siRNA regimen. AoAFs were 

treated with different siRNA formulations and irradiated with 365 nm light for 10 min after 

each transfection. The change in the number of cells was measured using the AlamarBlue 

assay 4 days or 7 days after the first transfection for the single dose (orange bars) and double 

dose (purple bars) experiments, respectively. Data represent the normalized extents of 

cellular proliferation relative to cells that were not treated with siRNA, with 100 indicating 

no change relative to untreated cells. A value of 0 indicates no change in the absolute 

number of cells from the time of transfection. Results are shown as the mean ± standard 

deviation of data obtained from three independent experiments. An asterisk indicates a 

statistically significant difference in proliferation in comparison to the no siRNA treatment 

controls (p < 0.05).

Greco et al. Page 23

Adv Biosyst. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Effect of cell density on myofibroblast differentiation following CDH11 knockdown. AoAFs 

were plated at 10,000 cells cm−2 (low density) or 30,000 cells cm−2 (high density), 

transfected with CDH11 siRNA, and treated with 10 ng mL−1 TGF-β1 to induce 

differentiation. ICC analyses were conducted to measure (A) CDH11 or (B) αSMA protein 

expression. (A) Representative ICC micrographs of AoAFs 2 days post-transfection. AoAFs 

were stained for F-actin (magenta), CDH11 (yellow), and nuclear DNA (blue). Scale bars = 

50 µm. (B) Quantification of αSMA protein expression from ICC analyses. The average 

total fluorescence intensity of αSMA relative to F-actin of at least 100 cells per sample was 

measured using ImageJ. Results are shown as the mean ± standard deviation of data 

obtained from three independent samples. An asterisk indicates a statistically significant 

difference in αSMA protein expression in comparison to the no siRNA treatment control at 

the appropriate cell density (p < 0.05).
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