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Abstract

The study of biomaterials for gene delivery in tissue engineering and regenerative medicine is a

growing area, necessitating the investigation of new biomaterials and gene delivery vectors.

Poly(1,8-octanediol citrate) (POC) and poly(glycerol-sebacate) (PGS) are biodegradable,

biocompatible elastomers that have tunable mechanical properties, surface characteristics, and

degradation rate. The objective of this work was to investigate whether POC and PGS would

support the immobilization and release of lentivirus to allow sustained and localized transgene

expression. Porous biomaterials were prepared using salt as a porogen and in vitro and in vivo

transgene expression from immobilized and released lentiviruses were assessed. Cells seeded onto

biomaterials loaded with lentiviruses yielded titer-dependent transgene expression in vitro.

Lentivirus activity on both biomaterials was maintained for at least 5 days. When implanted

subcutaneously in rats, POC and PGS with immobilized lentivirus exhibited sustained and

localized transgene expression for at least 5 weeks. This research demonstrates that lentivirus

immobilization on POC and PGS is feasible and potentially useful for a variety of tissue

engineering and regenerative medicine applications.
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1. Introduction

Using biomaterials to modulate the microenvironment for tissue repair or regeneration is a

fundamental aspect of tissue engineering. In addition to possessing the appropriate

mechanical properties for cellular support, biomaterials must also provide suitable biological

cues. As such, many researchers have used biomaterials for drug and protein delivery.

However, these approaches are often challenging to implement in vivo due to rapid

clearance or proteolytic degradation, limited loading capacity, and difficulty in maintaining

long-term therapeutic levels [1]. As an alternative, biomaterial-mediated gene delivery is a

more versatile approach that allows for the host’s cells to serve as bioreactors and express

the proteins for extended periods of time.

Biomaterial-mediated gene delivery offers the opportunity for localized delivery at the

injury, which can be achieved by minimizing interactions with unwanted cells and

maximizing vector delivery via surface area adjustments of the biomaterial [2, 3]. Compared

to biomaterial-mediated gene delivery, vectors delivered intravenously and through direct

injection into tissues can lose activity, have limited interstitial convection, and may have off-

target gene expression [4, 5]. Lentiviral vectors are an attractive viral vector because they

can efficiently transduce both dividing and non-dividing cells, allow for stable long-term

gene expression [6, 7], have low genotoxicity [8–10], and lack immunogenic viral proteins

[11]. Lentiviral vectors can be delivered by immobilization onto biomaterials through

specific or non-specific interactions. Previous studies reported the modification of

poly(lactide-co-glycolide) (PLG) biomaterials with phosphatidylserine and the infusion of

hydrogels for lentivirus immobilization and delivery [12, 13]. Other work on substrate-

mediated lentivirus delivery includes hydroxylapatite-incorporated collagen hydrogels,

fibrin hydrogels, and Pluronic F127 gels [14–17].

Poly(1,8-octanediol citrate) (POC) and poly(glycerol-sebacate) (PGS) are attractive

polymers for tissue engineering and have been used to repair or regenerate vascular [18–21],

bone [22], cartilage [23, 24], neural [25], myocardial [26], and bladder tissue [27]. Although

POC, but not PGS, has been used for the delivery of non-viral vectors [28], the efficacy of

POC and PGS for gene delivery applications has not been investigated using lentivirus. We

hypothesized that the negative charges naturally present on the surface of POC and PGS (i.e.

the carboxyl groups) would be conducive to the immobilization and release of active

lentivirus, imparting new biofunctionality to these elastomers. This report builds on previous

reports in the literature that investigate the use of lentiviruses as a vector for substrate-

mediated gene delivery.

2. Materials and Methods

2.1 Biomaterial fabrication and characterization

POC pre-polymer was synthesized according to previously published methods [29]. Briefly,

equimolar amounts of citric acid and 1,8-octanediol (Sigma Aldrich, St. Louis, MO) were

added to a 100 mL round bottom flask. The monomers were melted under vigorous stirring

at 160–165°C. Upon melting, the mixture was polymerized at 140°C for approximately 1 h

to yield POC prepolymer. PGS pre-polymer was synthesized by combining equimolar
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amounts of sebacic acid and glycerol (Sigma Aldrich, St. Louis, MO). The monomers were

melted under vigorous stirring at 120°C under 2 Pa vacuum for approximately 5 h. The

prepolymers were dissolved in ethanol, mixed with NaCl (sieved 150–250 μm), which

served as a porogen (85 wt%), and casted into a Teflon plate. Upon solvent evaporation for

24 h, the Teflon plate was transferred into a vacuum oven (2 Pa) for post-polymerization

(120°C, 2 days). The salt in the resulting composite was leached by successive incubations

in water (produced by Milli-Q water purification system, Billerica, MA) for 7 days.

Biomaterials were cut into disks-shaped pieces (4 mm in diameter, 1 mm thickness) using a

cork borer. To remove any unreacted acidic residues, the polymer disks were incubated and

rinsed in phosphate buffered saline (PBS) until no further pH changes were detected. The

Toluidine Blue O dye binding assay was adapted to measure free carboxyl groups and

assumed a 1:1 ratio between carboxyl groups and dye [30]. Biomaterial disks were

incubated with 0.25 mM Toluidine Blue O (Sigma Aldrich, St. Louis, MO) at pH 10, 37°C

for 30 mins and subsequently washed several times with NaOH at pH 9 to remove non-

complexed dye. The dye was eluted from the biomaterial using 50% acetic acid and

measured at 633 nm using a UV-visible spectrophotometer and compared to a standard

curve of known dye concentrations in 50% acetic acid solution.

2.2 Lentivirus Production

Lentiviruses were produced according to previously established techniques. Lentiviral

packaging vectors, pMDL-GagPol, pRSV-Rev, and pIVS-VSV-G, were co-transfected with

plenti-CMV-luciferase into HEK-293T cells using Lipofectamine 2000 (Life Technologies,

Carlsbad, CA). The cell culture was maintained in DMEM plus 10% FBS at 37°C and 5%

CO2. After 48 h of transfection, the supernatant was collected and centrifuged to pellet any

residual cells. The supernatant was then concentrated using PEG-it (System Biosciences,

Mountain View, CA) and precipitated lentiviruses was resuspended in PBS. Lentivirus titer

was determined using an HIV-1 p24 Antigen ELISA Kit (ZeptoMetrix Co., Buffalo, NY).

2.3 Imaging of lentivirus-loaded biomaterials and in vitro transduction of cells

Biomaterial disks were sterilized using 70% ethanol followed by UV sterilization. The disks

were allowed to dry, rinsed with sterile PBS, and placed in the wells of ultra-low attachment

plates (Corning, Lowell, MA). Lentiviruses encoding for luciferase (Lenti-Luc) were loaded

onto the disks and allowed to bind for 30 mins at 4°C. Disks were washed two times with

PBS to remove any non-attached or loosely bound viruses and transferred to a new ultra-low

attachment plate. Due to the challenging nature of directly quantifying the amount of

lentiviruses immobilized onto the biomaterials, the amount of lentiviruses was indirectly

quantified using HIV-1 p24 Antigen ELISA Kits. The number of lentiviruses that were

initially loaded and released after PBS washes was quantified, and the difference was

assumed as the amount of lentiviruses that remain immobilized on the biomaterials. To

image the lentiviruses on the disks, disks were fixed in 2.5% paraformaldehyde/2.5%

glutaraldehyde, dehydrated using increasing ethanol concentrations, and imaged using

scanning electron microscopy (SEM, Hitachi S-4500). For in vitro transduction, HEK-293T

cells (6 × 104) were seeded onto each disk. Media was changed the next day to remove

unattached cells. After 3 days of transduction, biomaterials were transferred to a new tube.

Cells on the biomaterials were lysed with reporter lysis buffer (Promega, Madison, WI) and
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analyzed for enzymatic activity using Luciferase assay reagent (Promega, Madison, WI) and

Synergy Microplate Reader (Biotek, Winooski, VT). The relative light units (RLU) were

normalized against protein concentration in the cell extracts, measured by a micro BCA

assay kit (Pierce, Rockford, IL).

2.4 Quantification of lentivirus released from biomaterials

Biomaterials with immobilized lentiviruses (Lenti-Luc, 2 × 108 particles) were incubated in

DMEM plus 10% FBS at 37°C and 5% CO2 to quantify the amount of lentiviruses released

from biomaterials. At different time points, the media was removed (supernatant), stored at

−80°C, and fresh media was added to the well. Virus concentration in the supernatant was

determined by an HIV-1 p24 Antigen ELISA Kit.

2.5 Activity of lentiviruses released from biomaterials

Biomaterials with immobilized lentiviruses (Lenti-Luc, 2 × 108 particles) were washed two

times with PBS and placed into transwell inserts (6.5 mm in diameter, 8 μm pore size)

(Corning, Lowell, MA) to determine the activity of the lentiviruses released from the

biomaterials. At different time points, inserts with the lentivirus-loaded biomaterials were

transferred to new wells pre-seeded with HEK-293T cells. After 3 days of transduction, cells

from each well were lysed as previously described and assayed for enzymatic activity.

2.6 Assessment of active lentiviruses retained on biomaterials

Biomaterials with immobilized lentiviruses (Lenti-Luc, 2 × 108 particles) were washed two

times with PBS and incubated in DMEM plus 10% FBS at 37°C and 5% CO2 to assess the

activity of lentiviruses retained on biomaterials. At different time points, the media were

removed, biomaterials transferred to a new well, and HEK-293T cells were seeded on the

biomaterials. Three days after cell seeding and transduction, cells on the biomaterials were

lysed as previously described and assayed for enzymatic activity.

2.7 Assessment of in vivo transduction via lentivirus-loaded biomaterials

In vivo gene expressions following subcutaneous implantation of lentivirus-loaded

biomaterials were determined through bioluminescence imaging. Biomaterials containing

lentiviruses (Lenti-Luc, 6 × 108 particles) were prepared as previously described and

implanted into Sprague-Dawley rats. Three rats were used per group. Four subcutaneous

pockets were created by blunt dissection under deep isoflurane-O2 general anesthesia. Prior

to imaging, animals were anesthetized and received an intraperitoneal injection of 30 mg/kg

of D-luciferin (Caliper Life Sciences, Hopkinton, MA). Animals were monitored over time

for transgene expression using IVIS imaging system (Caliper Life Sciences, Hopkinton,

MA). Animals were cared for in compliance with the regulations established by the

Northwestern University Institutional Animal Care and Use Committee.

2.8 Statistical Analysis

Statistical analysis was conducted using GraphPad Prism software (La Jolla, CA). Statistical

significance between groups was determined after log transformation by one-way ANOVA
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followed by Tukey’s post test for multiple comparisons and two-tailed Student’s t-test, when

appropriate. A level of p < 0.05 was accepted as significant.

3. Results

3.1 POC has greater number of carboxyl groups relative to PGS

We initially investigated the surface density of carboxyl groups on the biomaterials, as

negative charges may influence the adsorption of lentiviruses [12, 14, 17]. Toluidine Blue O

is a catonic dye used in histology to bind to negatively charged compounds. The total

pmoles of carboxylic acid per mg of biomaterial was approximated to be 14.78 and 7.9

pmoles/mg of biomaterial for POC and PGS, respectively (Fig. 1).

3.2 Lentivirus binding to POC and PGS

SEM images of POC and PGS samples loaded with lentivirus after washing steps show that

particles were absorbed and distributed uniformly on both biomaterials (Fig. 2). The size of

the particles are consistent with the reported sizes of lentiviral particles [31]. Particles were

not observed on biomaterial disks that were not loaded with lentiviruses.

3.3 Titer-dependent in vitro cell transduction on lentivirus-loaded biomaterials

Lenti-Luc were nonspecifically adsorbed onto both biomaterials and were retained following

repeated washes with PBS. Lentiviruses retained on the biomaterial were active as they

transduced cells that were seeded and cultured on the biomaterial. Transgene expressions on

POC and PGS were comparable when similar quantities of Lenti-Luc were deposited on the

biomaterials. The luciferase activity increased as the number of lentiviral particles

immobilized onto POC and PGS increased (Fig. 3), suggesting that the extent of transgene

expression can be modified by varying the density of lentivirus deposited on the biomaterial.

3.4 POC exhibited increased lentivirus retention relative to PGS

The quantity of lentivirus that was released from the biomaterial was assessed. Biomaterials

with immobilized lentiviruses were washed in PBS and incubated in serum-containing

media. Released lentiviruses were collected and quantified by ELISA. After PBS washes,

70–80% of lentiviruses loaded onto the biomaterials were retained (Fig. 4a). The greatest

loss of lentiviruses occurred on the first day while subsequent days resulted in minimal

elution of viruses. Although not statistically significant, POC retained lentiviruses better

than PGS.

3.5 Lentiviruses released from biomaterials are active

Lentiviruses released from the biomaterials were active and capable of transducing

surrounding cells (Fig. 4b). At day 1, when there is the greatest release of lentiviruses, the

transgene expressions from PGS and POC were 2.11 × 106 and 5.04 × 105 RLU/mg of

protein, respectively. The differences between PGS and POC were statistically significant

for all days except day 4. The lentiviruses released into the media after day 1 were capable

of transducing cells yielding low level of transgene expression that decreased over time. The

biggest decrease in transgene expression of approximately 50 fold was between day 1 and 2

for PGS, while POC had a decrease of approximately 4 fold.
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3.6 Lentiviruses on POC and PGS are protected from inactivation

Biomaterials loaded with lentiviruses were incubated in serum-containing media at 37°C for

several days before cell seeding. Lentiviruses that are retained on the biomaterial were still

active for at least 5 days (Fig. 5). POC and PGS at day 1 resulted in 2.07 × 106 and 1.02 ×

106 RLU/mg of protein, respectively. POC yielded statistically higher transgene expression

than PGS for all time points except at day 1.

3.7 In vivo transduction via lentivirus-loaded biomaterials

To evaluate sustained and localized transgene expression in vivo, biomaterials containing

lentiviruses were implanted into two of the four rat subcutaneous pockets. Based on the

bioluminescence imaging, transgene expression persisted for at least 5 weeks (Fig. 6a).

Using 3D Diffuse Luminescence Image Tomography (DLIT4) to determine the spatial

orientation of the expression, it was confirmed that the transgene expression was localized at

the implant site (Fig. 7). At 7 days post-implant, PGS samples exhibited greater luciferase

expression than POC samples (5.71 × 105 and 2.24 × 105 radiance, respectively). However,

PGS was not significantly different from POC for all time points (Fig. 6b). The greatest

decline of 7.3 fold was between week 1 and 2 for PGS, while POC declined by 1.4 fold.

Luciferase expression during subsequent weeks dropped by 1–2 fold for both POC and PGS.

4. Discussion

One of the goals of using biomaterials in tissue regeneration applications is to provide

microenvironments with appropriate mechanical support and biological cues to modulate

tissue formation. In this regard, POC and PGS are promising biodegradable elastomers that

have desirable mechanical properties that are comparable to native tissue [32, 33]. Although

therapeutic proteins or drugs can be delivered from biomaterials, there are significant

challenges in maintaining long-term therapeutic levels due to short half-lives or loss of

activity during immobilization. Gene delivery can enhance the bioactivity of biomaterials by

allowing for prolonged gene expression. However, a major barrier to clinically successful

gene delivery is the lack of a safe and efficient mode of gene delivery. Non-viral vectors

such as polyethyleneimine and lipofectamine, the most commonly studied polymer and lipid

for nonviral gene delivery, not only elicit low levels of gene expression, but their clinical

potential is limited due to their reported toxicity and lack of stable and sustained expression

[34, 35]. Lentiviral vectors are a unique type of retroviral vector that was developed to

efficiently transduce both dividing and non-dividing cells and allow for long-term gene

expression via stable integration of the cargo into host chromosome [6, 7]. The fact that

lentiviral vectors have low genotoxicity [8–10] and lack immunogenic viral proteins [11]

makes lentiviral vectors one of the most promising gene delivery vectors. Several

cardiovascular gene therapy studies have reported that lentiviral vectors are more efficient

than adenoviral and adeno-associated vectors at transducing vascular cells [36, 37]. Other

studies that utilize lentiviral vectors include the treatment of sickle cell anemia [38], severe

combined immunodeficiency [39], melanoma [40], leukemia [41], and Parkinson’s disease

[42]. Furthermore, lentiviral vectors are in the planning phase for phase III clinical trials and

have shown promise for the treatment of HIV infections [43] and a fatal neurodegenerative

disease [10] in humans. However, these studies employ ex vivo transduction or direct
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injection of lentiviral vectors and reports for biomaterial-mediated lentivirus delivery are

scant.

Shin et al demonstrated that lentivirus immobilized on hydroxyapatite particles incorporated

into collagen gels effectively transduced cells and proposed that the negatively charged

phosphate groups were important for stabilizing the lentivirus [14]. In a different study, they

also showed that lentiviruses do not effectively bind to bare poly(lactide-co-glycolide)

(PLG) and that anionic head groups provided by phosphatidylserine immobilized onto the

polymer were important to allow substrate-mediated transgene delivery [12]. Based on those

previous studies, we hypothesize that the negative surface charges of POC and PGS

biomaterials are conducive to the immobilization of lentiviruses. Relative to hydrogels and

lactide- and glycolide-based polyesters, POC and PGS are tough yet significantly more

elastic making them more suitable for soft tissue applications (e.g., bladder, elastic cartilage,

blood vessels) [44]. In fact, POC without any reinforcement, showed very promising result

as an elastic scaffold in bladder augmentation procedure in small animals [27]. Lentiviruses

encoding for growth or transcription factors are expected to increase the bioactivity of POC

and PGS and improve tissue regeneration.

In this report, we investigated the use of POC and PGS as substrates for in vitro and in vivo

localized lentivirus delivery. According to our data and previous studies [12, 14], it is likely

that electrostatic interactions from available, negative carboxyl groups on POC and PGS

facilitated the nonspecific lentivirus immobilization. The Toluidine Blue O experiment

confirmed that POC had a greater number of carboxyl groups compared to PGS. This is

expected as POC utilizes a tricarboxylic acid (citric acid) monomer while PGS utilizes

dicarboxylic acid (sebacic acid) monomer. This difference in negative surface charges may

have resulted in less lentivirus elution and a lower transgene expression from released

lentivirus transduction at day 1 for POC when compared to PGS. Furthermore, POC yielded

higher transgene expression from retained lentivirus transduction when compared to PGS.

Both POC and PGS showed decreased transgene expressions over time and such finding is

expected as lentiviruses’ activity has an inverse relationship with the duration of exposure to

serum proteins and heat, factors known to cause lentivirus deactivation [45, 46].

Nevertheless, POC and PGS are suitable substrates for lentivirus delivery and yielded

substantial gene expression that can be tailored as suggested by the titer-dependent

transduction results.

In vivo, lentiviruses retained on the biomaterial are expected to infect host cells infiltrating

the biomaterial while lentiviruses released from the biomaterial are expected to infect tissues

and cells surrounding the biomaterial. The in vivo results are consistent with the in vitro

experiments, which showed the activity data of retained and released lentiviruses on both

POC and PGS. The in vivo bioluminescence imaging experiment demonstrated substantial

expression from both biomaterials that was significantly higher than background. Although

not statistically significant, PGS yielded greater transgene expression than POC by almost 2

fold at 7 days post-implant. As lentiviruses released more readily from PGS, this could be

due to rapid transduction of surrounding tissues and cells as suggested by the in vitro

experiments. On the other hand, POC retained more lentiviruses but had not yet been fully

infiltrated by host cells for transduction. No significant differences between POC and PGS
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were detected during the in vivo study. Both biomaterials yielded substantial expression that

decreased over the 5-week study. A decrease in the in vivo expression over the course of

several weeks has been reported in several studies [12, 14, 17], and is often expected due to

natural cell turnover or to an immune response that clears the gene-modified cells [50]. At

the end of the 5-week study, POC was better at maintaining transgene expression with 14%

of the expression on day 7 compared to 2.8% for PGS.

5. Conclusion

We report the in vitro and in vivo delivery of lentiviral vectors from POC and PGS

biomaterials for the purpose of sustained and localized transgene expression. Based on the

titer-dependent transduction studies, transgene expressions can be modified on both

biomaterials by changing the density of immobilized lentiviruses. However, in vitro, POC

was more effective than PGS at retaining lentiviral vectors on the biomaterial. The in vitro

data suggest that lentiviruses retained and released from POC and PGS were active for at

least 5 and 4 days, respectively. When implanted subcutaneously in rats, both biomaterials

resulted in sustained and localized transgene expression for at least 5 weeks. This study

demonstrates that POC and PGS, without modification with other compounds, can bind and

release bioactive lentiviruses and facilitate transgene expression in cells. Both of these

elastomers represent a novel choice for applications that would benefit from substrate-

mediated gene delivery.
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Figure 1.
Toluidine Blue O carboxylic acid determination assay. POC disks had significantly greater

dye binding and carboxylic acid compared to PGS (n=4, mean ± SEM). *statistical

significance at P<0.005.
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Figure 2.
SEM images of PGS and POC disks after lentivirus immobilization and washing steps.

Disks with immobilized lentiviruses (left) and without lentiviruses (right).
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Figure 3.
Titer-dependent transduction on POC and PGS. Multiple titers of Lenti-Luc were

immobilized on scaffolds and washed twice to remove unbound viruses. HEK-293T cells

were seeded immediately and analyzed for luciferase activity after 3 days of transduction

(n=4, mean ± SEM).
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Figure 4.
Assessment of lentiviruses released from POC and PGS. (A) Cumulative percent release of

lentiviruses loaded onto POC and PGS were quantified over several days. (B) Transgene

expressions of cells after 3 days of transduction with active lentiviruses released from POC

and PGS scaffolds using transwell system (n=4, mean ± SEM). *statistical significance at

P<0.05.
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Figure 5.
Activity of retained lentiviruses on POC and PGS. Biomaterials loaded with lentiviruses

were incubated in serum-containing media for different durations. Transgene expressions of

cells seeded onto the lentivirus-loaded biomaterials were analyzed after 3 days of

transduction (n=3, mean ± SEM). *statistical significance at P<0.05.
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Figure 6.
In vivo transgene expressions. (A) Bioluminescence imaging of rats with lentivirus-loaded

PGS (top panel) and lentivirus-loaded POC (bottom panel) in the anterior left (AL) and

posterior right (PR) subcutaneous pockets. Anterior right (AR) and posterior left (PL)

pockets were sham operations and control scaffolds without lentiviruses. Expression was

measured using constant-size regions of interest over the implant site. (B) Radiance

quantification (photons/sec/cm2/steradian) of luciferase expression for 5 weeks following

subcutaneous implantation of PGS and POC loaded with lentiviruses. (n=3, mean ± SEM)

*statistical significance at P<0.05 for both POC and PGS versus background
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Figure 7.
3D Bioluminescence localized at implant site. 3D reconstruction of the rat with lentivirus-

loaded POC at week 3, which is also representative of PGS scaffolds. Coronal, sagittal, and

transaxial planes intersect the anterior right subcutaneous implant.
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