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Abstract

Cyclic stretch has been shown to alter cell physiology, cytoskeletal structure, signal transduction, 

and gene expression in a variety of cell types. To determine the effects of stretch on the gene 

transfer process, we compared the transfection efficiencies of human A549 cells grown either 

statically or exposed to 10% cyclic stretch (Δ surface area) at 60 cycles/min (1 Hz) for 24 hours 

prior to, and/or after transfection with pEGFP-N1 and pCMV-lux-DTS using lipoplex or 

electroporation. Stretching the cells prior to transfection had no effect on gene transfer. By 

contrast, cyclic, but not continuous, stretch applied immediately after transfection for as little as 30 

minutes resulted in a 10-fold increase in gene transfer and expression by either transfection 

technique. These stretch conditions did not result in rupture of the plasma membrane based on the 

fact that DNA was unable to enter stretched cells unless either an electric field was applied or the 

DNA was complexed with liposomes. Taken together with the timing of the stretch response and 

the known effects of stretch on transcription, these findings suggest that cyclic stretch may be 

altering the intracellular transport of plasmids to increase gene expression.
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Introduction

Numerous studies have demonstrated that a variety of cells and tissues respond to 

mechanical signals. Such signals, including cyclic stretch and shear stress, are especially 

important in the lung where during the course of respiration and mechanical ventilation, 

cells of the epithelium are distorted and stress responses are initiated. Of the numerous 

biological and physiological responses to cyclic stretch, the majority can be classified into 
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four broad areas: alterations in the cytoskeleton and extracellular matrix, activation of cell 

signaling pathways, alteration of transcription factor function and gene regulation, and 

changes in cell proliferation [1,2]. It is rather intuitive that by stretching cells, changes in 

their cytoskeletal structure will occur. When smooth muscle cells are exposed to cyclic 

stretch (10 to 20% area strain at 30 to 60 cycles/min), stress fibers reorient within 15 

minutes, suggesting that stretch can induce rapid reorganization of actin filaments [3]. 

Similarly, the application of similar short term stretch to smooth muscle cells reorganizes 

microtubules [4,5]. Such changes in cytoskeletal organization are bound to have 

physiological consequences. Further, based on the model of tensegrity, Ingber and 

colleagues have demonstrated that alterations in cytoskeletal organization have a profound 

effect on integrin-mediated signal- and mechano-transduction in the cell and much of this 

effect is dependent on the intermediate filament network [6–8].

Mechanical strain can also alter signal transduction pathways within the cell [2]. In 

osteoblasts, cardiac myocytes, smooth muscle cells, and alveolar epithelial cells the 

activities of multiple protein kinases and phosphatases, including Ras, JNK, MAPK, PKC, 

ERK, and src-kinases are altered by cyclic stretch or shear stress [9–16]. Similarly, cyclic 

stretch of airway and alveolar epithelial cells has been shown to increase intracellular Ca2+ 

release, and cAMP and inositol 1,4,5-triphosphate levels [17–19]. One consequence of these 

activated kinase cascades and intracellular second messengers is the potential modulation of 

the cytoskeleton. Indeed, the stretch-induced activation of certain PKC isoforms and ERK 

have been shown by several groups to be regulated by cytoskeletal elements [14,20]. A 

second consequence of these activated kinase cascades and intracellular second messengers 

is the activation of a number of transcription factors. Transient cyclic stretch at low strain 

causes kinases to activate the transcription factor NF-κB by promoting its nuclear 

localization in osteoblasts and smooth muscle cells [9,21]. Both components of the AP-1 

transcription factor, fos and jun, are also activated upon cyclic stretch of cells [22–25]. In all 

of these cases, strain alters the cellular localization and/or activity of these factors, as 

opposed to up-regulating their expression. This stimulation of transcription factor activity 

most likely accounts for the increases in gene expression in cells exposed to cyclic stretch. 

Finally, activation of transcription factors may also account for the increased cellular 

proliferation seen with mechanical stress [2,10,22].

Intriguingly, these cyclic stretch-induced cellular responses are directly related to the 

process of gene delivery to cells and tissues. Exogenous DNA, either viral or non-viral, must 

cross the plasma membrane into the cell, travel through the cytoplasm and the cytoskeletal 

networks, enter the nucleus, and be transcribed in order for gene therapy to be successful. 

Based on the similarities in the pathways used for gene transfer and those affected by cyclic 

stretch, the present studies were undertaken to determine whether cyclic stretch can 

modulate the gene transfer process.

Results

Cyclic Stretch Increases Transfection Efficiency and Gene Expression

To test whether cyclic stretch had any impact on the transfection efficiency of cells, we 

transfected A549 cells derived from a human lung epithelial carcinoma and exposed them to 
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cyclic stretch. The cells were grown on laminin-coated BioFlex stretch plates to 60% 

confluency and transfected with two plasmids, one expressing luciferase and the other 

expressing green fluorescent protein (GFP) [26]. The cells were subjected to one of four 

stretching regimens (Fig. 1). The cells were either unstretched before and after transfection, 

stretched for 24 hours prior to transfection and left unstretched afterwards, unstretched 

before transfection and stretched immediately following DNA addition, or stretched both 

prior to and after transfection. All cells were stretched at 1 Hz (60 cycles/min) at 10% 

change in surface area (10% area strain) using the Flexercell 3000FX with loading posts in 

place for equibiaxial strain. These conditions were chosen based on the experiments of 

Tschumperlin and Margulies [27–29] and Sznajder, Glucksberg and colleagues [16,30–32]. 

The normal respiratory rate of rats is 60 breaths/min (hence 1 Hz) and a change in alveolar 

basement membrane surface area of 10–20% corresponds to between 60 and 80% total lung 

capacity (TLC), based on morphometric analysis [27].

Cells were transfected using lipoplex (Lipofectin-complexed plasmid) or by electroporation 

of the adherent cells using a Petri-pulser electrode (BTX, San Diego, CA). In order to carry 

out the transfections, cells were removed from the stretch device for no more than 5 minutes. 

Twenty-four hours post-transfection, the cells were viewed by fluorescence microscopy for 

GFP expression, and subsequently lysed for measurement of luciferase activity. Using this 

approach, we are able to obtain both qualitative data, including the number of cells that have 

productively received the transgene and the relative levels of gene expression within these 

cells, as well as quantitative data, including the total level of gene expression for the 

population at large. In lipoplex transfected cells, reasonable luciferase gene expression was 

obtained in cells that were grown under static conditions prior to and following transfection, 

as is typically seen in standard transfections (Fig. 2; relative transfection efficiency of 1.0). 

Similar levels of expression were seen in cells that were stretched for 24 hours prior to DNA 

addition. In contrast, when the cells were stretched either prior to and after DNA 

transfection, or only after transfection, an almost 10-fold increase in gene expression was 

detected over that found in cells grown under static conditions. There was no statistical 

difference between cells stretched before and after transfection or just after DNA addition. 

When the results from 8 independent experiments using A549 cells were combined, the 

mean increase in gene expression seen in cells stretched after DNA administration vs. static 

cells was 9.5 ± 4.8 fold. Similar results were obtained when the DNA was delivered to the 

cells by electroporation (Fig. 3). In this case, the absolute level of gene expression was much 

lower in electroporated cells than in lipoplex-transfected cells, but the application of cyclic 

stretch after electroporation (with or without stretch prior to DNA addition) increased gene 

expression between 2 and 15-fold compared to that seen in static cells. As seen in lipoplex-

transfected cells, the stretchinduced increase in gene expression was statistically significant 

compared to cells grown under static conditions or with stretch applied only before 

electroporation; there was no statistical difference between cells stretched after transfection 

only or both before and after. Thus, the application of cyclic stretch to cells after the 

addition of DNA results in increased transfection efficiency.

To determine whether the stretch-induced increase in gene expression was due to increased 

numbers of cells expressing product or increased gene expression in a limited number of 

individual cells, we visualized the expression of GFP in cells that had been co-transfected 
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with plasmids expressing GFP and luciferase (Fig. 4). As seen with luciferase expression, 

the application of cyclic stretch to cells after transfection resulted in increased gene 

expression in both lipoplex-transfected and electroporated cells. It appears that cyclic stretch 

increases both the number of cells expressing gene product as well as the absolute level of 

gene expression within individual cells. Similar to the results obtained in Figs. 2 and 3, the 

application of stretch prior to transfection had no effect on gene expression compared to 

cells grown under static conditions (not shown).

Short Durations of Cyclic Stretch are Sufficient to Cause Increased Gene Transfer

Figures 2 to 4 show that the application of cyclic stretch to cells for 24 hours following 

DNA transfection resulted in increased gene transfer and/or expression in pulmonary 

epithelial cells. To determine whether cyclic stretch was required for the entire 24 hour 

period following transfection, cells were exposed to cyclic stretch for varying amounts of 

time immediately following DNA transfection (Fig. 5). When cells were exposed to as little 

as 30 minutes of cyclic stretch (1 Hz, 10% area stretch) and then grown under static 

conditions for another 23 hours, the levels of expression obtained were essentially the same 

as those seen in cells exposed to cyclic stretch for the entire 24 hour period. Similar results 

were obtained in cells transfected with lipoplex (Fig. 5A) and by electroporation (Fig. 5B). 

These results demonstrate that the effects of cyclic stretch are initiated within the first 30 

minutes following transfection.

Cyclic and Continuous Stretch Elicit Different Responses on Gene Transfer

Static deformation of cells often results in responses that are different from those obtained 

under dynamic conditions. To test whether the application of a continuous 10% surface area 

deformation increased gene transfer and expression to the same levels as cyclic stretch of the 

same intensity, cells were grown on Bioflex plates, transfected with lipoplex, and then either 

subjected to our standard cyclic stretch regimen (10% area stretch, 1 Hz for 24 hours) or to 

static deformation (stretched to a 10% area change over 1 second and then left at this strain 

without cycling for 24 hours). Figure 6 shows that in contrast to the effects of cyclic stretch 

on transfection efficiency, the application of continuous stretch for 24 hours did not increase 

gene transfer when compared to cells grown without stretch. Similar results were obtained 

when cells were electroporated (not shown). Thus, stretch-enhanced gene transfer requires 

cyclic stretch.

Rupture of the Plasma Membrane is Not Responsible for Stretch-Enhanced Gene Delivery

One explanation for the stretch-induced increase in gene transfer is that the plasma 

membrane of the cells is being damaged during application of cyclic stretch, thus allowing 

DNA in the medium to enter the cytoplasm via these transient tears in the membrane. This 

could account for the fact that transfection enhancement is observed only when stretch is 

applied after DNA addition. To determine whether this was the case, DNA alone in the 

absence of liposomes or electroporation was added to cells that were then grown under static 

conditions or stretched (1 Hz, 10% area strain) for 24 hours after DNA addition (Fig. 7). If 

tears in the membrane occur with stretch, as has been suggested [33], DNA in the absence of 

transfection reagent or an electric field should be capable of entering the cells and directing 

transgene expression. Addition of DNA in the absence of liposomes to cells that were 
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subsequently stretched resulted in no gene expression above background (no DNA), 

although transfection of cells grown statically with DNA complexed with liposomes gave 

high level gene expression that could be further increased upon stretch. This suggests that 

cyclic stretch is not promoting membrane tears large enough to allow the entry of plasmids. 

However, it does not rule out the possibility that the stretch applied after lipoplex addition 

increases expression by facilitating lipoplex uptake. To address this, we effectively bypassed 

the membrane uptake event by using electroporation. Cells were electroporated with DNA 

and immediately washed with fresh medium to remove extracellular DNA and stretch was, 

or was not, applied 10 minutes later. Because the membrane pores formed by electroporation 

close when, or very shortly after, the electric field is removed (t1/2 on the order of msec to 

sec) [34], the enhancement of gene expression obtained in electroporated cells after stretch 

is due to effects on DNA already in the cell.

Discussion

Mechanical stretch induces multiple biological responses in cells, including alterations in the 

cytoskeleton, activation of cell signaling pathways, and upregulation of transcription factors. 

These responses are directly related to the process of gene delivery. Exogenous DNA, either 

viral or non-viral, must cross the plasma membrane into the cell, travel through the 

cytoplasm either utilizing or circumnavigating the cytoskeletal networks, form complexes 

with transcription factors and/or other nuclear proteins in order to enter the nucleus, and be 

transcribed in order for gene therapy to be successful. Because mechanical stress affects the 

plasma membrane, the cytoskeleton, and the levels and subcellular localization of many 

transcription factors, it is likely that mechanical strain could play a large role in gene 

delivery. By exposing pulmonary epithelial cells to a 10% area strain at 60 cycles/min prior 

to and/or after transfection of reporter plasmids, we found that cyclic stretch applied after 

DNA exposure resulted in increased gene transfer and expression. Statistically significant 

increases of 2- to 15-fold were observed in cells that were stretched after transfection using 

either lipoplex or electroporation of naked DNA. As little as 30 minutes of cyclic stretch 

immediately after transfection followed by 23 hours of static growth elicited the same 

enhancement of gene transfer and expression as did 24 hours of stretch following 

transfection. This enhancement was only observed when cyclic strain was applied; 

application of non-cycling, continuous stretch of the same magnitude caused no increase in 

transfection efficiency. These results demonstrate that there is likely a link between the 

biological responses induced by cyclic stretch and the mechanisms of gene transfer.

The mechanism(s) by which cyclic stretch enhances gene transfer are unknown. Based on 

our data, we can eliminate several possible mechanisms and steps in the gene transfer 

process. First, it is unlikely that cyclic stretch is exerting its effects at the plasma membrane 

because the enhancement of gene transfer is seen when cells are transfected by lipoplex as 

well as by electroporation (Figs. 2–4). DNA complexed with cationic lipids interacts with 

the plasma membrane and is internalized into endosomes prior to release into the cytoplasm 

[35]. By contrast, electroporation opens transient pores in the plasma membrane to allow the 

external DNA to enter the cell during the pore lifetime [34]. Because stretch increases gene 

expression obtained with both of these mechanistically distinct transfection methods, the 

step at which stretch acts must be downstream of plasma membrane entry. Our data also 
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suggest that it is unlikely that cyclic stretch is rupturing the plasma membrane thereby 

allowing access of exogenous DNA into the cell (Fig. 7). If such rupture occurs with cyclic 

stretch under the conditions employed in these experiments, uncomplexed DNA in the 

medium should have had access to the cytoplasm and lead to increased gene expression. 

This was not the case. Although these results do not preclude the possibility of stretch-

induced plasma membrane tearing, if such tears do result from stretch, they appear not to be 

of sufficient size to allow the entry of substantial amounts of plasmid into the cell. These 

results suggest that the effects of stretch are downstream of DNA uptake by the cell, 

although in the case of lipoplex-transfected cells, membrane effects may play an additional 

role.

Second, it is unlikely that the increases in transfection efficiency are due to increased 

transcription in the cells. It is well documented that cyclic stretch can increase expression of 

a variety of endogenous genes, primarily through the activation of a number of transcription 

factors, including AP1 and NF-ΚB, that in turn stimulate expression [9,15,21,24,36,37]. In 

most cases, the increases in transcription factor activation and subsequent gene expression 

occur rapidly within minutes of stretching and can last for up to 48 to 72 hours post-stretch. 

Thus, if the stretch-induced enhancement of gene transfer is due to increased transcription 

via transcription factor activation, when cells were stretched prior to transcription, we 

should have detected an increase in gene expression versus static controls. However, stretch-

induced increases in expression occurred only when stretch was applied after addition of 

DNA (Figs. 2 and 3). Taken together, these results suggest that stretch may be exerting its 

effect either on the movement of DNA through the cytoplasm (e.g., altered interactions with 

the cytoskeletal network) or on the nuclear import of the DNA.

Although it is clear that DNA-protein complexes must enter the nucleus, it is unclear how 

DNA moves through the cytoplasm to arrive at the nuclear envelope. It has been shown that 

macromolecules over 500 kDal are highly restricted in their cytoplasmic diffusion [38–40]. 

Thus, if movement were strictly by diffusion, viral particles and plasmids should never reach 

the nucleus, even though they do. It has been shown that certain viral particles utilize motors 

such as kinesin or dynein and the microtubule network (adenovirus, HIV, and herpesvirus), 

or motors associated with actin filaments (baculovirus) for their directed movement to the 

nucleus [41–45]. Thus, it is possible that cytoplasmically delivered DNA-protein complexes 

use similar mechanisms to traverse the cytoplasm. Because cyclic stretch has been 

demonstrated in a number of cell types to alter cytoskeletal networks [3–5], any re-

organization of the structural components will affect the ability of their motors as well. 

Further, stretch-induced reorganization of any of the filament or tubule networks in the 

cytoplasm will greatly affect the “meshwork” structure of the cytoplasm and alter the ability 

of molecules to move by diffusion [46]. If DNA simply diffuses through the cytoplasm, the 

lack of any one network should alter the ability of the DNA to move. Consequently, the 

stretch-induced reorganization of microtubules, microfilaments, or intermediate filaments 

could alter the viscosity and ability of DNA to move toward the nucleus.

A second mechanism by which cyclic stretch could be increasing gene transfer is at the level 

of nuclear import. The nuclear envelope is one of the major barriers to gene transfer [47–

50]. Our laboratory has demonstrated that nuclear import of plasmids in non-dividing cells is 
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sequence-specific [47,48]. Plasmids containing one of these DNA nuclear import sequences 

are able to enter the nucleus, while those lacking such a sequence remain in the cytoplasm 

until cell division or until they are degraded [47,48]. The common feature of these DNA 

import sequences is that they contain binding sites for transcription factors that in turn 

harbor protein nuclear localization signals that interact with the cell’s machinery for nuclear 

protein import. Thus, the DNA sequence acts as a scaffold for transcription factors and the 

plasmid becomes coated with protein NLSs which enables it to enter the nucleus. Because 

cyclic stretch has been widely shown to upregulate transcription factors, either by increased 

transcription [24,37], activation [22], or by promoting the nuclear import of existing 

transcription factors in the cytoplasm [9,21], it is possible that under conditions of cyclic 

stretch, more DNA-transcription factor complexes could form in the cytoplasm and be 

transported into the nucleus than in static cells. Using DNA microarrays, we have found that 

cyclic stretch upregulates the expression of a number of transcription factors known to bind 

to the SV40 DNA nuclear import sequence, including AP1 family members, GATA factors, 

and NF-ΚB (Machado-Aranda and Dean, unpublished data). It is also possible the cyclic 

stretch alters the transport properties of the nuclear pore complex itself, to allow more DNA 

to enter the nucleus. Feldherr and colleagues have reported that the functional diameter of 

nuclear pore complexes is dependent on cell shape and is larger in flattened, extended cells 

than in rounded ones [51–53], supporting the possibility of a role for increased nuclear 

transport as a mechanism for stretch-enhanced gene transfer. More recently, it was 

demonstrated that the shape of the nucleus can also affect rates of transcription and even 

which genes are turned on in cells, perhaps through a mechanism involving nuclear import 

or nuclear organization [54]. This supports the model of tensegrity which has also been used 

to explain how mechanical stimuli are translated into transcriptional responses [6–8].

Our results demonstrate that cyclic stretch can increase gene transfer and expression in 

pulmonary epithelial cells. These results are important not only for gaining insight into the 

cell biology of gene transfer and the mechanisms of gene delivery, but may also have 

implications for the development of gene therapy strategies in the injured lung. Current 

nonviral technologies to deliver genes are not sufficient to make gene therapy a reality in 

patients under even optimal conditions, let alone under stresses associated with many 

disease states [55]. Based on our results, we can speculate that short-term exposure to the 

cyclic mechanical force induced by ventilators may lead to increased gene transfer to the 

injured lung. Thus, while the effects caused by high levels of mechanical strain are 

presumed to be deleterious to cells and the lungs [56,57], our results on stretch-enhanced 

gene transfer suggest that mild stretch may be beneficial in terms of gene delivery.

Materials and Methods

Plasmids

The plasmids pEGFP-N1 (Clontech, Palo Alto, CA) and pCMV-lux-DTS express green 

fluorescent protein (GFP) and firefly luciferase, respectively, from the CMV immediate 

early promoter/enhancer [26]. Plasmids were propagated in Escherichia coli and purified 

using Qiagen Giga-prep kits, as described by the manufacturer (Qiagen, Chatsworth, CA). 
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Agarose gel electrophoretic analysis demonstrated that greater than 80% of the purified 

DNA was present in the supercoiled form, and no RNA was detected.

Cell culture

A549 cells were purchased from ATCC (Rockville, MD). Cells were maintained in DMEM 

containing 10% fetal bovine serum, kanamycin, and antibiotic/antimycotic solution 

(Invitrogen, Carlsbad, CA). For transfection experiments, cells were plated to 50% 

confluency on laminin coated 6-well BioFlex plates (Flexcell International, McKeesport, 

PA).

Application of cyclic or continuous stretch

Cells were grown on laminin coated 6-well BioFlex plates and exposed to 10% equibiaxial 

cyclic stretch (Δ surface area) at 60 cycles/min (1 Hz) using the Flexercell baseplate with 

loading posts in place, unless otherwise stated. Stretch was applied to the plates using the 

Flexercell FX3000 (Flexcell International, McKeesport, PA). Cells were also continuously 

stretched using the same device, where indicated. For continuous stretch, the membrane was 

stretched to increase area by 10% over a 1 second period and left at this strain for the 

remainder of the experiment.

Transfections and quantification of gene expression

Cells were transfected at approximately 60% confluency using either lipoplex or 

electroporation. Under conditions where the cells were stretched prior to and/or after 

transfection, the plates of cells were removed from the Flexercell FX3000 for less than 10 

minutes to perform the washes and addition of DNA. Stretch was reapplied within 5 minutes 

of DNA addition. For lipofection, plasmids (5 µg/well) were complexed with Lipofectin (10 

µg/well; Invitrogen) and added in serum-free DMEM to cells that had been washed with 

phosphate-buffered saline, as described by the manufacturer. Four hours later, DMEM 

containing 10% fetal bovine serum was added to the cells and the stretch was continued. For 

electroporation studies, plasmids (10 µg/well) were suspended in serum-free medium (1 ml/

well) and added to washed cells. One 10 msec pulse of 100V was delivered to the adherent 

cells using the PetriPulser electrode (BTX, San Deigo, CA) that was rested on the 

monolayer of cells. Five minutes after electroporation, serumcontaining DMEM was added 

to the cells and the plates were returned to the stretching device. Twenty-four hours after 

addition of DNA by either method, the cells were removed from the apparatus, rinsed with 

cold phosphate-buffered saline, and GFP fluorescence was visualized in individual cells 

using a Leica DM RA upright microscope equipped with water immersible objectives. 

Images were captured and analyzed with a Hamamatsu ORCA 2 cooled CCD camera and 

Openlab 3.0 software (Improvision, Lexington, MA). Immediately following visualization 

of GFP expression (typically within 30 minutes for a 6 well plate), the cells were lysed in 

Promega lysis buffer and luciferase activity was measured using the Promega Luciferase 

Assay System, as previously described [26]. All transfections and electroporations were 

done in triplicate wells in each experiment, and experiments were repeated at least three 

times. All luciferase activities were normalized to protein levels in the cells and are reported 

as fold-increase over cells that were transfected but never exposed to cyclic stretch. For 

statistical analyses, non-parametric Mann-Whitney U tests were performed.
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FIG. 1. 
Stretching regimen. Pulmonary epithelial cells were plated on laminin-coated BioFlex plates 

and grown to 60% confluency. Cells were either subjected to stretch or grown under static 

conditions for 24 hours before and/or after transfection as described in Materials and 

Methods. Cyclic stretch of 10% area strain (equivalent to a 10% change in basement 

membrane surface area) was used at 60 cycles/min (1Hz).
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FIG. 2. 
Cyclic stretch applied immediately following DNA-liposome addition greatly increases gene 

transfer. A549 cells were grown for 24 hours prior to and after transfection with pCMV-lux-

DTS and Lipofectin. Cyclic stretch (10% area strain at 1 Hz) was applied as indicated with 

respect to DNA addition. Transfections were performed in triplicate. Luciferase expression 

was normalized relative to expression seen in statically grown transfected cells. Non-

parametric Mann-Whitney U test gave a p < 0.01 (*) compared to cells grown under static 

conditions (“none”).
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FIG. 3. 
Cyclic stretch applied immediately following DNA electroporation greatly increases gene 

transfer. A549 cells were grown and treated as in Fig. 2, but DNA was electroporated into 

the adherent cells using a Petri Pulser electrode. Luciferase expression was normalized 

relative to expression seen in statically grown electroporated cells. *, p < 0.02 compared to 

cells grown under static conditions (“none”).
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FIG. 4. 
Cyclic stretch increases the number of cells transfected. A549 cells were grown under static 

conditions for 24 hours before and 24 hours after transfection with pEGFP-N1 (“static”) or 

exposed to cyclic stretch for 24 hours before and after transfection with pEGFP-N1 

(“stretch”). Transfections were performed using lipoplex or electroporation as described in 

Materials and Methods. Twenty-four hours after transfection, cells were fixed and GFP 

expression was visualized and photographed using the same exposure times for all 

conditions.
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FIG. 5. 
Cyclic stretch for 30 min post-transfection is sufficient for maximal enhancement of gene 

transfer. A549 cells were transfected with DNA using liposomes (A) or electroporation (B) 

and then stretched for 30 min and grown statically for 23.5 hours or stretched for 24 hours. 

Luciferase expression was normalized relative to expression seen in statically grown 

transfected cells. In these experiments, the absolute level of transfection was 10-fold greater 

in lipoplex-transfected cells. *, p < 0.01 versus 0 time. No statistical difference was 

observed between 0.5 and 24 hours for either method.
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FIG. 6. 
Cyclic stretch, but not continuous stretch increases gene transfer efficiency. A549 cells were 

transfected with DNA using liposomes and then grown for 24 hours with or without stretch. 

Stretch (10% area change) was either cyclic at 1 Hz or continuous (one 24 hour stretch). *, p 

< 0.001 for cyclic stretch vs continuous or no stretch.
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FIG. 7. 
Rupture of the plasma membrane is not responsible for stretch-enhanced gene delivery. 

A549 cells were grown with or without cyclic stretch prior to and after addition of DNA in 

the medium (no liposomes, no electroporation, “DNA Only”) as in Fig. 2, transfected with 

liposomes and stretched or grown statically with the same regimen (“lipofection”), or 

electroporated and stretched or grown statically with the same regimen (“electroporation”). 

No statistical differences were observed within the no DNA or no liposome group. *, p < 

0.001 for stretched liposomes vs static liposomes, #, p < 0.001 vs DNA only, ‡, p < 0.01 for 

stretched electroporated vs static electroporated.

Taylor et al. Page 18

Mol Ther. Author manuscript; available in PMC 2015 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


