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Locally delivered plasmid DNA ( pDNA) is currently pursued as gene-based therapy for regenerative medicine, but important information on in situ pDNA pharmacokinetics and transgene expression is lacking in
animal models. To investigate pDNA pharmacokinetics in implants, low molecular weight (2 kDa) polyethylenimine (PEI) and linoleic acid substituted 2 kDa PEI (PEI-LA) were used for pDNA delivery in gelatin
sponges. An eﬃcient pDNA extraction method combined with quantitative PCR (qPCR) was found to give
equivalent quantitation of naked and polymer-bound pDNA, making it suitable to assess pDNA polyplexes
in implants. Naked pDNA implanted in a rat subcutaneous model was >98% lost after 24 hours whereas
PEI and PEI-LA delivered pDNA remained intact in implants for 2 and 4 weeks, respectively. Using a
plasmid expressing DsRed as a reporter gene, mRNA and protein expression was observed only for PEI-LA
despite the extended retention and cellular uptake of PEI complexes. The in vivo data were in agreement
with in vitro results showing that only PEI-LA was an eﬀective transfection agent even though both PEI
and PEI-LA complexes were internalized by the cells. Dose dependence was observed for mRNA
expression, with a 20 μg dose giving faster onset and higher expression levels compared to a 5 μg pDNA
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dose. The mRNA expression after PEI-LA mediated delivery was sustained for at least 4 weeks and a sig-
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niﬁcant correlation between pDNA retention in sponges and mRNA expression was observed. In addition
to establishing a promising gene carrier for gene delivery, these studies provided important information
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about the retention and transgene expression by implanted non-viral carriers.

1.

Introduction

Gene delivery is an exciting prospect for regenerative medicine
especially for bone tissue repair,1 based on its ability to deliver
a continuous supply of a therapeutic protein, in place of
protein delivery schemes where high protein doses are associated with undesirable and serious side eﬀects.2 The envisioned
paradigm is that a biomaterial scaﬀold impregnated with
either naked plasmid DNA ( pDNA) or a carrier/pDNA complex
is implanted at the desired repair site. Infiltrating host cells
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take up the administered pDNA, leading to local production of
a protein to induce eﬀective bone formation. This approach
has been previously demonstrated for bone regeneration with
both viral3,4 and non-viral carriers,5,6 although many virusbased vectors show reduced or abolished eﬃcacy in immunocompetent animals.7–9 Several studies have employed pDNA
without a carrier,10–13 but higher doses of pDNA (500–1000 μg)
were required in this case, indicating the low eﬃciency of
naked pDNA delivery. More tailored non-viral carriers have
been successfully applied to ectopic and intraosseous models,
and resulted in significant bone regeneration.6,14–16 The development of new non-viral carriers, however, is impeded by an
uncertain correlation between in vitro and in vivo performance
characteristics of the delivery systems.5,17,18 This is
further compounded by a lack of important information on
the pharmacokinetics of locally administered pDNA and
corresponding transgene expression in these gene-activated
matrix models.
The pharmacokinetics and pharmacodynamics of current
gene delivery systems have been recently reviewed, but with a
focus on intravenous administration of delivery systems.19
Only a few studies reported in situ gene expression following
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pDNA delivery5,6,20 but pharmacokinetics of the implanted
pDNA was missing in these studies. There is a fairly poor
understanding of specific events once the complexes are
locally delivered in implants, including how long the pDNA
remains at the local implant site, how long the pDNA is
expressed, and the role of a delivery system on transgene
expression. More detailed studies on the onset and duration of
mRNA expression would be helpful to understand diﬀerences
in functional response. Such information might also allow
investigations into correlations between in vitro and in vivo performance of carriers, especially in light of conflicting eﬃcacy
results from similar carriers in bone regeneration models.6,14
The pharmacokinetic studies for intravenous delivery have
typically employed modified pDNA to allow for tracking of
both complexes and naked pDNA using either fluorescent21
or radioactive labels.22 The presence of such a label, however,
does not guarantee the presence of pDNA or whether the
pDNA is still intact. Other options include Southern blots23 or
agarose gels,24 but these approaches are likely to detect only
naked pDNA that is not bound to a carrier, which is usually
impermeable into electrophoretic gels. Real-time PCR is a
more precise way to quantify pDNA, but challenges remain in
the amplification of pDNA bound to non-viral carriers, since
this technique is incapable of amplifying polymer-bound
pDNA. A recent method described an extraction method with
an anionic polymer to allow amplification of bound pDNA in
circulation,25 which could provide a more reliable assessment
of in situ levels of total pDNA, including the bound pDNA
fraction.
This study was conducted to determine the local kinetics of
pDNA delivered with polymeric carriers. A low molecular
weight (2 kDa) polyethylenimine modified with linoleic acid
(PEI-LA) was employed for in vivo pDNA delivery, given its
superior performance over the native 2 kDa PEI.18 Unlike
high molecular weight (25 kDa) PEI, which is highly eﬀective
but also toxic, unmodified PEI of this low molecular weight is
considered ineﬀective for in vitro delivery of pDNA26 and
siRNA27,28 alike. We set out to conduct thorough gene
expression studies following in vivo pDNA delivery using PEI
and PEI-LA, and present studies in this paper on the pharmacokinetics of pDNA, including a method of extracting pDNA
from complexes to allow PCR amplification of polymer-bound
pDNA. We specifically sought to identify the role of the carrier,
duration of pDNA retention at local implant sites and the
onset and length of mRNA expression.

2. Materials and methods
2.1.

Materials

Dulbecco’s modified Eagle media (DMEM), fetal bovine
serum (FBS), penicillin/streptomycin, trypsin/EDTA, and
DNase/RNase free water were obtained from Life Technologies
(Grand Island, NY). Absorbable gelatin sponges (Gelfoam)
were obtained from Pharmacia & Upjohn (Walkersville , MD).
The pCAG-DsRed plasmid was purchased from Addgene
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(Cambridge, MA), while the gWiz plasmid was purchased from
Aldevron (Fargo, ND). The Cy5 pDNA labelling kit was from
Mirus (Madison, WI). Branched PEI (2 kDa), poly-aspartic acid
(2 kDa), poly-acrylic acid (2 kDa), Tris-HCl, Proteinase K,
Hoechst 33258, heparin sodium salt, and sucrose were purchased from Sigma (St Louis, MO). Poly-L-aspartic acid sodium
salt was from Alamanda Polymers (Huntsville, AL). Phenylmethanesulphonylfluoride (PMSF) was from BioShop
(Burlington, ON). DNeasy Blood & Tissue kit, RNeasy kit, RNA
Later RNA stabilization reagent, and DNase I were all obtained
from Qiagen (Hilden, Germany). Ketamine was obtained from
Bayer HealthCare (Toronto, ON), while Xylazine was obtained
from Wyeth (Guelph, ON). Tris-hydroxypropylphosphine (THP)
was from EMD Millipore (San Diego, CA). Shandon Cryomatrix
was from Thermo Scientific (Pittsburgh, PA), Hank’s balanced
salt solution (HBSS) from BioWhittaker (Walkersville, MD).
Primers and FAM-labelled probes with Zen and Iowa fluorescent black quenchers were obtained from IDT Technologies
(Ottawa, ON). 2 kDa PEI modified with linoleic acid (PEI-LA;
4 LA substitutions per PEI) was prepared as previously
described.26
2.2.

Methods

2.2.1. Complex formation. DNA in DNase/RNase free water
(2.5 mg mL−1) was diluted in 150 mM NaCl, to which the
desired polymer solutions were added and gently mixed at
room temperature. The weight ratio of polymer to pDNA was
controlled at 10/2.20 Complexes for in vitro studies were
allowed to incubate for 30 minutes in microcentrifuge tubes at
room temperature, whereas the complexes for sponges used
in vivo were incubated for 15 minutes in microcentrifuge tubes
and 15 minutes after absorbing onto a 1 cm × 1 cm sponge.
The Cy5-labeled gWIZ (i.e., a control plasmid that gives no
transgene expression) was prepared for uptake studies using a
commercial labelling kit according to the manufacturer’s
instructions. The labelling protocol included a spin column to
purify the labelled pDNA and remove any unreacted free dye.
The gWiz-Cy5 was diluted 1 : 12 with unlabelled gWiz for use
in in vitro and in vivo delivery studies. The DsRed expressing
plasmid pCAG-DsRed2 was used for transfection.29 Sponges
for animal studies were loaded with either gWiz, gWiz-Cy5 or
pCAG-DsRed. The plasmids were loaded with PEI or PEI-LA in
a total volume of 150 μL with the pDNA dose described in each
of the studies (see figure legends). Blank sponges loaded with
saline alone were included as controls.
2.2.2. In vitro transfections. In vitro transfections were performed in the 293T cell line grown in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. Cells were
seeded the day before transfection in 24-well plates. Complexes
were added at a final concentration of 1 μg mL−1 pDNA. Complexes for uptake experiments contained either gWiz or Cy5gWiz, while the complexes for transfection experiments contained either gWiz or pCAG-DsRed. Control cells were treated
with saline (designated as no treatment). The cells for uptake
studies were harvested after a 24 hour exposure to complexes,
whereas cells for transfection studies were harvested 2 days
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after exposure to complexes. The cells were washed with HBSS,
trypsinized with 0.05% trypsin, and fixed in 3.7% formalin in
HBSS. The cells were stained with Hoechst 33258 at a final
concentration of 1 μM and then analysed using an LSR-Fortessa flow cytometer (BD Biosciences). A total of 10 000 cells
were counted for each sample, and analysed for Cy5 fluorescence (λex = 640 nm, λem = 670 nm) or DsRed fluorescence
(λex = 561 nm, λem = 586 nm) using Hoechst (λex = 355 nm, λem =
450 nm) to distinguish cells from debris. Each study group
contained three replicates.
2.2.3. Animal care and implantations. Female Sprague–
Dawley rats (4–6 weeks) were obtained from Biosciences
(Edmonton, AB). All procedures involving rats were approved
in advance by the Animal Welfare Committee at the University
of Alberta (Edmonton, AB). Animals were kept under standard
laboratory conditions (12 h light/dark, 23 °C) with free access
to water and rat chow, and allowed to acclimate for one week
prior to procedures. Rats were anesthetized with Ketamine/
Xylazine (80 and 8 mg kg−1, respectively), and their abdomens
shaved and prepared with an antiseptic iodine solution. Bilateral ventral pouches were made and a sponge containing
pDNA with or without a polymeric carrier as described above
was implanted in each pouch, with rats receiving replicates of
the same group. Each group contained 3–4 rats to give 6–8
implants, with the dose of pDNA described in figure legends.
Rats were sacrificed with CO2 at pre-determined time points
and sponges were harvested and taken for analysis as
described in the following sections.
2.2.4. Assessment of Cy5 and DsRed fluorescence in
implants. After harvest, whole explants were imaged with an
MF SX ProImager (Carestream) for either Cy5 (λex = 630 nm,
λem = 700 nm) or DsRed fluorescence (λex = 550 nm, λem =
600 nm). For pharmacokinetics studies, gWIZ-Cy5 retention in
explants was calculated based on the fluorescence of unimplanted sponges. These sponges were incubated at 37 °C,
and were loaded with an additional 50 μL of either 150 mM
NaCl or FBS to prevent drying. The un-implanted sponges with
unlabelled gWiz or saline were set to 0% pDNA, and sponges
containing the same dose of implanted gWiz-Cy5 were set to
100% retention. After imaging, the harvested sponges were cut
into smaller sections for various assays. To analyse the cellassociated fluorescence in sponges, half of the sponge was
trypsinized with 0.05% trypsin, fixed with 3.7% formalin, and
stained with Hoechst (1 μM). The extracted cells were analysed
by flow cytometry. A total of 10 000 cells were counted for each
sample and analysed for Cy5 fluorescence (λex = 640 nm, λem =
670 nm) using Hoechst (λex = 355 nm, λem = 450 nm) to distinguish cells from debris. Cells were also imaged with a Zeiss
LSM 710 laser scanning confocal microscope to investigate the
intracellular presence of complexes. The other half of the
explants were used for histological analysis; the explant was
fixed for 24 hours in 3.7% formalin at 4 °C and then for
another 24 hours in 30% sucrose as a cryoprotectant. The
samples were then frozen at −20 °C in Shandon Cryomatrix,
sections and stained with DAPI. The cryosections were imaged
with the fluorescent microscope FSX100 (Olympus).
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2.2.5. RNA extraction, cDNA synthesis, and qPCR. RNA
was extracted from ∼30 mg sections of harvested explants
using the RNeasy Kit following homogenization with a
Qiashredder kit. The manufacturer’s instructions for RNA
extraction were followed including the optional treatment with
DNase I to remove possibly contaminating pDNA or genomic
DNA. The DNase I treatment was found to be suﬃcient to
remove contaminating plasmid or genomic DNA despite the
large amount of pDNA remaining on the sponge. Complementary DNA (cDNA) was synthesized from the RNA as previously
described.27 In brief, 0.5 μg of RNA was reverse transcribed
using M-MLV reverse transcriptase in a reaction mixture containing 5× synthesis buﬀer, random hexamer primers, dNTPs,
dithiothreitol, and RNase Out Ribonuclease Inhibitors. The
reaction mixture was incubated at 25 °C for 10 minutes, 37 °C
for 50 minutes, and then 70 °C for 15 minutes. The cDNA was
then analysed with quantitative PCR (q-PCR) on the Applied
Biosystems StepOne Plus (Burlington, ON) with SYBR green
chemistries. Each reaction contained 2.5 μL of cDNA, 2.5 μL of
3.2 μM forward and reverse primers, and 5.0 μL of a PCR
master mix containing SYBR green, with added ROX as a
passive reference. Sample was run with rat beta-actin (forward:
5′-CCACCCCACTTCTCTCTAAGGA-3′, reverse: 5′-AATTTACACGAAAGCAATGCT-3′) and DsRed (forward: 5′-CACTACCTGGTGGAGTTCAAG-3′, reverse: 5′- GATGGTGTAGTCCTCGTTGTG-3′)
primers. Each sample was performed in triplicate. The cycle
threshold (CT; number of cycles to reach a pre-determined
threshold) was determined using the Applied Biosystems
StepOne Plus software to find the most linear section of the
curve suitable for all samples. A ΔΔCT analysis was performed,
where the diﬀerences between the housekeeping (beta-actin)
CT and the target (DsRed) CT of the control and treatment
group are compared. Treatment groups were normalized
against the average of the blank control sponges for each time
point to obtain a relative quantitation.
2.2.6. DNA extractions and qPCR. pDNA was extracted
from explant samples using two extraction methods: a commercially-available Blood & Tissue Kit (Qiagen) and a modified
protocol originally described by Zhou et al.25 Extractions using
the Blood & Tissue Kit were extracted according to the manufacturer’s instructions, including an optional step where a
second aliquot of buﬀer was employed to increase pDNA yield
from the column. The two aliquots were combined and used
for further q-PCR analysis. Samples were extracted either with
or without a 60 minute incubation with heparin dissociation.
For the second extraction method, explant samples were incubated in a lysis buﬀer (0.5 mg mL−1 proteinase K, 2.0 mg mL−1
2 kDa poly-L-acrylic acid, and 10 mM tris-hydroxypropylphosphine) at ∼50 mg of tissue per mL of buﬀer overnight at
37 °C. Afterwards, 25 μL of the lysed tissue was added to
375 μL of TB buﬀer (1 mM EDTA, 183 mM KCl, 47 mM NaCl,
1 mM PMSF, 10 mM Tris-HCl, pH 6.8), and samples were
heated at 95 °C for 10 minutes. The extracted samples were
analysed with q-PCR on the Applied Biosystems StepOne Plus
(Burlington, ON) using probe based chemistry. For each reaction, 2.5 μL of sample was added to 1.25 μL of 3.2 μM DsRed
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primers described above, 1.25 μL of DsRed probe (5′-/56-FAM/
TCC ATC TAC/ZEN/ATG GCC AAG AAG CCC/IABkFQ/-3′), and
5 μL of master mix without SYBR green. ROX was used as a
passive reference for the reaction. The CT was determined with
the Applied Biosystems StepOne Plus software, and standard
curves were constructed relating CT to pDNA concentration by
spiking blank (saline) implanted sponge with either pDNA or
polymer/pDNA complexes. The CT of unknown samples was
compared against the standard curve to determine the concentration of the DsRed plasmid DNA (standard curves for pDNA
in solution and pDNA soaked in sponges were equivalent
under in vitro setting). Each 96-well plate for q-PCR included a
standard curve. Treatment groups containing pDNA were compared with the pDNA standard curve, whereas treatment
groups with polymer/pDNA complexes were compared with the
appropriate polymer/pDNA complex standard curve. The total
pDNA content in the whole sponge was extrapolated from the
amount of pDNA in the tissue section, based on the known
mass of total explants and the fraction used for pDNA
extraction.
2.2.7. Statistical analysis. Results were analysed using
analysis of variance (ANOVA). For groups that did not follow
Gaussian distributions, a Kruskal–Wallis non-parametric
ANOVA was used to determine significant diﬀerences of treatment groups from control. The relationship between gene
expression and pDNA retention in sponges was determined by
testing the significance of the Pearson product-moment correlation coeﬃcient.

3. Results
3.1.

In vitro pDNA uptake and transfection

The pDNA uptake was investigated in 293T cells using gWizCy5. Cells exposed to PEI-LA/gWiz-Cy5 complexes gave high
fluorescence (Fig. 1A) whereas the background from PEI-LA/

gWiz complexes and naked gWiz-Cy5 was much lower as
expected. In a follow-up study, non-treated cells and cells
treated with unlabelled gWIZ complexes (PEI/gWiz and PEI-LA/
gWiz) gave low levels of autofluorescence, whereas cells treated
with PEI/gWiz-Cy5 and PEI-LA/gWiz-Cy5 gave high levels
of fluorescence (Fig. 1B-i). Approximately 63 and 68% of
the cells were positive for gWiz-Cy5 in the case of PEI and
PEI-LA, respectively (not shown). A DsRed expressing plasmid
( pCAG-DsRed) was used to evaluate transfection eﬃciency
(Fig. 1B-ii). Cells transfected with PEI/gWiz and PEI-LA/gWIZ
complexes gave no DsRed expression as expected. Some DsRed
positive cells were observed (∼2%, not shown) leading to a
small increase in DsRed fluorescence for PEI/pCAG-DsRed
transfected cells (433 au for PEI/pCAG-DsRed vs. 107 au for
PEI/gWiz). For PEI-LA/pCAG-DsRed transfected cells, however,
the fluorescence increased to 2.6 × 104 au (Fig. 1B-ii), corresponding to ∼65% DsRed-positive cell population (not shown).
3.2.

Pharmacokinetics of Cy5-labelled pDNA

3.2.1. pDNA retention on sponges. The retention of pDNA
in sponges was next investigated in a rat subcutaneous
implant model using gWiz-Cy5. The fluorescence of sponges
harvested from rats was normalized against the fluorescence of
un-implanted sponges. For the latter sponges, minimal
changes in fluorescence were observed from Day 1 to Day 7,
indicating stability of the label at 37 °C. A decrease in Cy5 fluorescence was observed when gWiz-Cy5 was bound to PEI, but
not to PEI-LA, and the fluorescence was not aﬀected by the
presence of serum under in vitro incubation conditions (ESI 1‡).
For implanted sponges, there was no autofluorescence in
the case of saline, PEI/gWiz and PEI-LA/gWiz soaked sponges
(Fig. 2A), as expected. Sponges soaked with gWiz-Cy5, PEI/
gWiz-Cy5, and PEI-LA/gWiz-Cy5 all had high Cy5 fluorescence
on both Day 1 and Day 7. The gWiz-Cy5 group had lowest
levels at 9.4 ± 1.6% and 3.6 ± 1.8% retention of the implanted

Fig. 1 pDNA uptake and transfection in vitro. 293T cells were used to investigate pDNA uptake with naked and PEI-LA complexes (A) and to
compare PEI and PEI-LA for uptake (B-i) and transfection (B-ii). For the uptake, cells were exposed to the indicated pDNA or complexes for 24 hours,
and then analysed for Cy5 content using ﬂow cytometry. For transfection, cells were exposed to the indicated complexes for 24 hours, and then
harvested for ﬂow cytometry after two days for analysis of DsRed expression.
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Fig. 2 Pharmacokinetics of pDNA assessed with gWiz-Cy5. Sponges were loaded with indicated gWIZ and gWIZ-Cy5 complexes of PEI and PEI-LA,
and implanted subcutaneously in rats. Harvested sponges were assessed for Cy5 ﬂuorescence 1 and 7 days after implantation (A). Cells extracted
from the Day 1 (B) and Day 7 (C) harvested sponges were analysed for Cy5 ﬂuorescence with ﬂow cytometry and the mean (±SD) ﬂuorescence/cell
are shown.

dose for Days 1 and 7, respectively. While PEI/gWiz-Cy5 gave
28.1 ± 4.1% and 45.1 ± 8.3% retention, whereas PEI-LA/gWizCy5 gave 17.9 ± 10.1% and 11.3 ± 2.9% retention for Days 1
and 7 respectively.
3.2.2. Cellular uptake of Cy5-labelled pDNA. To diﬀerentiate between the pDNA residing in the extracellular space of
sponges and the cell internalized pDNA, cells were harvested
from the implants and analysed for Cy5 fluorescence using
flow cytometry. Cells harvested from blank, PEI/gWiz, and
PEI-LA/gWiz sponges all had low autofluorescence for both
Day 1 (Fig. 2B) and Day 7 (Fig. 2C). Cells harvested from naked
gWiz-Cy5, PEI/gWiz-Cy5, and PEI-LA/gWiz-Cy5 soaked sponges
all gave high fluorescence for both time points. The harvested
cells were further analysed by confocal microscopy for gWizCy5 particles (Fig. 3). The blank and gWiz containing groups
gave no Cy5 fluorescence under confocal analysis as expected
(data not shown). Both PEI/gWiz-Cy5 and PEI-LA/gWiz-Cy5
implants contained cells with distinct particles internalized
(Fig. 3B, C, E and F). The naked gWiz-Cy5 also gave some cellassociated Cy5 fluorescence, but was less bright and more
diﬀused without any particulate appearance. In confocal
microscopy images, there were no obvious diﬀerences between
PEI/gWiz-Cy5 and PEI-LA/gWiz-Cy5 particles.

This journal is © The Royal Society of Chemistry 2014

Fig. 3 Confocal microscopy of cells recovered from implants. Cells
were harvested from sponges explanted on Day 1 (A–C) or Day 7 (D–F)
and ﬁxed cells were analysed with confocal microscopy (representative
pictures shown). Sponges were loaded with naked gWiz-Cy5 (A and D),
PEI/gWiz-Cy5 complexes (B and E), or PEI-LA/gWiz-Cy5 complexes
(C and F). Blue: Hoechst, Red: gWIZ-Cy5.
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3.3. Method development for PCR based detection of pDNA
in sponges
A qPCR-based method was investigated in order to determine
the intact amount of pDNA in implants. Standard curves were
constructed from naked pCAG-DsRed and PEI-LA/pCAG-DsRed
complexes either in solution or absorbed onto sponges. Using
a commercial kit designed for pDNA extraction from blood
and tissue, a linear standard curve was obtained for naked
pDNA but no relationship was obtained for the PEI-LA/pDNA
complexes (ESI 2A‡). For the PEI-LA complexes, the cycle
thresholds for all points of the standard curve were 23–24 in
our set-up, which was similar to the background levels (i.e., no
pDNA). Polymer binding therefore seems to abolish the feasibility of amplification by PCR. To allow amplification in
PEI-LA/pDNA complexes, heparin was used to dissociate the
complex,20 but this did not also allow amplification of the
PEI-LA/pDNA complexes (ESI 3‡) and even interfered with the
amplification of naked pDNA.
A second extraction method was undertaken where samples
are incubated with anionic poly-acrylic acid. We used polyacrylic acid in place of poly-L-aspartic acid employed in the
original procedure25 since PCR amplification with poly-L-aspartic
acid interfered with the ROX dye used as a passive reference
(data not shown). Linear standard curves were obtained for
both naked and PEI-LA-bound pDNA in this method (ESI 2B‡).
Separate calibration curves were generated for naked and
polymer bound pDNA, and due to the slight divergence of the
curves at higher pDNA doses, treatment groups were run with
a standard curve containing the same type of pDNA (i.e. either
naked or specific polymer bound pDNA).
Finally, to account for the possibility of aberrant amplification from implanted sponge contents, standard curves were
generated in a background of explanted sponges. Standard
curves from 1-day implanted sponges had higher CT compared
to un-implanted sponges (ESI 4‡). Sponges implanted for
7 days also gave higher CT compared to sponges implanted for
1 day. To determine the reason for this shift, pDNA standard
curves were spiked with blood components. The addition of
serum had minimal eﬀect on the amplification of pDNA
(ESI 5A‡) while the addition of clotted blood exhibited a
dose-dependence shift in CT (ESI 5B‡). Based on this shift,
we estimate that an implant with ∼50% whole blood
would lead to approximately 1 CT decrease, giving an
apparent reduction of half pDNA dose. The total error
for explanted sponges, however, is likely less than this value
since the bloodiest implants had an estimated ∼30% blood
content.
3.4. Comparison of pDNA pharmacokinetics and expression
by qPCR
Sponges implanted with naked pCAG-DsRed or PEI-LA/
pCAG-DsRed, complexes were harvested after 1 or 7 days to
measure pDNA retention with qPCR (Fig. 4A). No pDNA was
detected in blank sponges (i.e., the signal below the detection
limit of 0.01 μg per sponge on Day 1 and 0.3 μg per sponge on
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Fig. 4 Retention and expression of naked and PEI-LA-bound
pCAG-DsRED. The plasmid retention was quantitated by qPCR and
using blank implants spiked with either free pCAG-DsRED or PEI-LA/
pCAG-DsRED complexes to create standard curves (A). qPCR was used
to measure mRNA expression of DsRed relative to beta-actin in explants
harvested after 1 or 7 days (B). The mRNA results were analysed with a
Kruskal–Wallis test. *p < 0.05, **p < 0.01, ***p < 0.001 compared to
blank implants for each time point.

Day 7). A minimal amount of pDNA was detected in both
naked pDNA groups on Day 1: 0.06 μg of pCAG-DsRed left
from the 5 μg implant dose and 0.1 μg from the 20 μg implant
dose. This represents 1.3% and 0.6% retention for the corresponding groups. All explants from 5 μg and 20 μg naked
pCAG-DsRed groups on Day 7 gave signals below the detection
limit of the PCR assay (∼0.3 μg per explant). For the 5 μg dose
of PEI-LA/pCAG-DsRed, an average of 6 μg of pDNA/sponge
was detected after a 1 day implantation and an average of 5 μg
after 7 days. For the 20 μg dose of PEI-LA/pCAG-DsRed, PCR
calibration curves indicated ∼31 and 39 μg of pDNA/sponge
were detected after 1 and 7 days respectively. These values were
seemingly equivalent or higher than the implant dose (see the
Discussion section).
Sponges implanted with naked pCAG-DsRed and PEI-LA/
pCAG-DsRed complexes were investigated for DsRed mRNA
expression. Low levels of DsRed mRNA were found 1 day after
implantation when most pDNA were present. Only the high
(20 μg) dose of PEI-LA/pCAG-DsRed complexes led to significant ( p < 0.05 vs. Blank) levels of DsRed mRNA on Day 1
(Fig. 4B). At 7 days, both the 5 μg ( p < 0.01) and 20 μg
( p < 0.001) dose of PEI-LA/pCAG-DsRed complexes led to high,
dose-dependent DsRed mRNA expression.
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Fig. 5 DsRed quantitation by ex vivo ﬂuorescence imaging. Sponges were harvested after 1 to 4 weeks for DsRed imaging and the measured ﬂuorescence was normalized against the mean ﬂuorescence of blank sponges from the same harvest time (A). PEI/pDsRed and PEI-LA/pDsRed sponges
were compared against blank sponges for each time point using a Kruskall–Wallis test, followed by the Dunn post-hoc test. **p < 0.01 compared to
blank sponges for each time point. Sponges harvested after one week were frozen in cryomatrix and sectioned. Images show representative sections
of blank sponges (B), PEI/pCAG-DsRed soaked sponges (C), and PEI-LA/pCAG-DsRed soaked sponges (D) from week 1. Blue: DAPI, Pink: DsRed.

3.5.

Long-term pCAG-DsRED delivery by PEI and PEI-LA

The long-term (4 weeks) eﬃciency of in vivo gene delivery with
unmodified and LA-modified PEI was next investigated.
Explanted sponges were imaged for DsRed fluorescence, and
normalized against the blank (saline) sponges at corresponding time points (Fig. 5A). No significant increase in
DsRed fluorescence was observed for PEI/pCAG-DsRED at any
time point. For PEI-LA/pCAG-DsRED implants, increased fluorescence ( p < 0.01) was observed for sponges harvested at 1, 2,
and 4 weeks. Although PEI-LA/pCAG-DsRED sponges on week
3 had comparable fluorescence to PEI-LA/pCAG-DsRED sponges
from other time points, the background fluorescence for blank
sponges was higher for this time point, leading to a lack of significant diﬀerence. The measured fluorescence is likely an
underestimation of DsRed content in sponges, since the presence of blood significantly attenuated the DsRed fluorescence
(ESI 7‡). Sponges were processed for histology to confirm the
presence of transfected cells. No DsRed was observed in the
DAPI-stained sections of blank (Fig. 5B) or PEI/pCAG-DsRED
(Fig. 5C). Regions of DsRed fluorescence, however, were
observed with PEI-LA/pCAG-DsRed samples (Fig. 5D).
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Using the qPCR methodology, no pDNA was detected in
any of the blank implants again (Fig. 6A). The pDNA
was detected in both the PEI and PEI-LA delivered
pCAG-DsRed groups after 1 week, with 14 and 3 μg pDNA/
sponge respectively. The PEI/pCAG-DsRed group had only
∼0.06 μg pDNA/sponge after 2 weeks, with pDNA being
below the limit of detection after 3 and 4 weeks. The amount
of pDNA in PEI-LA/pCAG-DsRed sponges was significantly
higher; 4, 0.6, and 0.1 μg per sponge for week 2, 3, and 4,
respectively. As before, there was no DsRed mRNA in any
of the blank sponges, and no diﬀerences were found between
blank sponges and PEI/pCAG-DsRed sponges (Fig. 6B).
The PEI-LA/pCAG-DsRed containing sponges, however,
gave increased DsRed expression at all four weekly time
points ( p < 0.01 for week 1, 3 and 4; p < 0.05 for week 2),
with maximal expression appearing at 2 and 4 weeks. A
relationship between mRNA expression and pDNA retention
was investigated by pooling implants containing PEI-LA and
PEI complexes from all time points; a significant correlation
between mRNA expression and pCAG-DsRED retention was
found for PEI-LA implants ( p < 0.01), but not for PEI implants
(Fig. 7).
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4.

Fig. 6 Long-term pDNA pharmacokinetics and mRNA expression. The
amount of pDNA remaining on sponges was quantiﬁed with qPCR (A).
The mRNA expression was also analysed using qPCR (B). The mRNA
levels at each time point were compared against blank sponges with a
Kruskal–Wallis test at each time point. *p < 0.05 and **p < 0.01.

Fig. 7 Correlation between gene expression and pDNA retention.
Graph shows the correlation between DsRED mRNA expression (in relative quantity) and pDNA retention (in μg per sponge) for each individual
implant. PEI/pCAG-DsRED and PEI-LA/pCAG-DsRED implants were
pooled from all harvest points between week 1 and week 4.
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Discussion

Investigations into pDNA pharmacokinetics and mRNA
expression dynamics are paramount to provide information for
development of biomaterial carriers intended for in vivo use.
Such studies will depend on a reliable method to quantitate
pDNA and mRNA levels in implants. Commercially available
kits are usually designed for extraction of naked pDNA and,
although low concentrations of heparin were compatible with
PCR,30 the high amount required to fully dissociate polymeric
complexes impeded PCR amplification in this study. Besides
the method described in this paper, only one other competitive qPCR-based method has been described where pDNA was
quantitatively detected in polymeric complexes using an
internal standard (IS) as a competitor molecule.31 In this
method, a second plasmid template (IS) that produced a
diﬀerent size PCR product is amplified alongside the target
plasmid. Standard curves with varying amounts of IS can be
constructed to provide a relationship between concentration of
the target pDNA and the ratio of amplification between the
target and IS. In the study that compared uptake and intracellular traﬃcking of naked to that of PEI-bound pDNA,31 the
generated standard curves allowed the authors to perform
pharmacokinetics of pDNA bound to complexes, but the
curves for naked and bound pDNAs were very diﬀerent. This
method would therefore be error-prone in biological samples:
pDNA is eventually released from the complex during transfection, and therefore a portion of pDNA in a sponge sample
would be naked pDNA. This contrasts our method where the
standard curves for naked and bound pDNA are similar, so
that we could generate the total quantity of pDNA in implants.
Our qPCR-based method, which was modified from a previous report,25 was found to be suitable for quantifying pDNA
on the sponge, but not diﬀerentiating between the naked and
bound pDNA. This method, however, might still be associated
with error due to the dynamic nature of tissue in sponges,
where cell invasion and vascularization occurred as a function
of time. There was a range of hematomas in sponges harvested
at diﬀerent times, whether they were blank or pDNA-containing sponges. The variability was evident within each study
group (i.e., the same type of implant) so that this variability
might reflect diﬀerences in the physiology of individual rats.
Blood clots impeded the qPCR reaction in our hands and
other studies have also reported qPCR interference due to both
heme and leukocytes in blood.30,32 The original extraction protocol from Zhou et al.25 was applied to complexes in blood
samples but it was possible that a systematic error was introduced to all samples given the same ‘background’ interference.
The immune response to our complexes was investigated to
ensure that blood in our studies was not enriched with activated leukocytes. Levels of tumor necrosis factor-α, interleukin-6, and interleukin-2 in implants showed no increase
with implantation of complexes (ESI 8‡), ruling out the activated
leukocytes as a source of error for qPCR. Another source of
error may be due to a lack of uniform distribution of pDNA in
sponges, particularly for the PEI-LA and PEI complexes. This
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variability might be due to initial loading diﬀerences or due to
release from implants, which was expected to deplete pDNA
from the periphery. Since we sample only a small fraction of
sponges (15–50% depending on implant mass), it is possible
to erroneously calculate the retained dose due to heterogeneous sampling. Despite these unresolved issues, the qPCR
method remains a promising way to measure the amount of
pDNA in sponge.
There was a good agreement between the Cy5- and qPCRbased assessments of pDNA pharmacokinetics for polymer
complexes. Retention studies using gWIZ-Cy5 and qPCR gave
similar results with respect to initial ability of PEI and PEI-LA
to retain pDNA in implants. Both PEI and PEI-LA complexes
showed similar retention after 1 and 7 days of implantation
with both methods, even though PEI appeared to provide
higher localization initially. Assessment by gWIZ-Cy5, however,
gave results that were not in agreement with the qPCR-based
methodology specifically for naked pDNA implants. Due to
lack of DsRed mRNA expression, we hypothesize that the
majority of naked pDNA implanted were degraded (or lost)
within one day, as indicated by the qPCR method. It was considered likely that the gWIZ-Cy5 assessment was obscured by
the liberated Cy5 label, which highlights the benefit of qPCR
to ensure detection of intact pDNA. This finding is in agreement with previous systemic delivery studies that found naked
pDNA to be rapidly degraded with a half-life on the scale of
minutes.21 While some bone regeneration studies found a beneficial eﬀect due to locally delivered pDNA without a carrier,
the dose required for this eﬀect was generally high5,10–12 or
multiple smaller doses were required for an eﬀect.13 Unlike
our study, naked pDNA and mRNA expression were detected
after 6 weeks in one study,5 but that study used a 1000 μg
pDNA dose as compared to our 5 and 20 μg doses (i.e., such
excessive doses may exceed the amount of pDNA that can be
degraded in a short period of time). It is possible that diﬀerence in biomaterial scaﬀold used as a vehicle for pDNA
implantation may alter the half-life of the pDNA payload, with
changes in scaﬀold’s integrity potentially altering the clearance of pDNA, either naked or polymer-bound, from the site.
The sponges in our study showed a gradual decrease in size
over the course of the four-week implantation period (size
ultimately reducing to <half ). It is likely that this is indicative
of sponge degradation, which may have accelerated release or
clearance of DNA from the implantation site. It remains
unclear whether the therapeutic eﬀect reported with diﬀerent
scaﬀolds was due to production of the protein or the foreign
body/immune response to implanted pDNA. The beneficial
eﬀect of the naked pDNA may be due to a general immunogenic response, since unmethylated cytosine–guanine
dinucleotides (CpG motifs) of pDNA are known to be
immunogenic.33
The pDNA delivered with PEI and PEI-LA both showed prolonged retention in implants. The pDNA delivered by PEI was
detected for up to 2 weeks and pDNA from PEI-LA complexes
remained in implants for at least 4 weeks. This diﬀerence in
retention could be due to a diﬀerence in intracellular fate of
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pDNA. Both in vitro and in vivo, this low molecular weight PEI
gave comparable cellular uptake of pDNA but negligible transfection as compared to PEI-LA delivery. The rate-limiting step
for 2 kDa PEI complexes appeared to be endosomal escape,34
and so that the pDNA contained within PEI complexes might
be eventually destroyed and no longer detectable. In contrast,
the PEI-LA complexes led to eﬀective transgene expression, so
that pDNA was likely in the nucleus where it was less likely to
be destroyed. The agreement between the transfection results
from an immortalized cell line and an animal model is particularly encouraging. Although the absolute transfection
eﬃciency observed here in vitro and in vivo is likely diﬀerent,
intracellular traﬃcking appears to be a limited factor for
unmodified PEI.
A correlation was found between mRNA expression and
pDNA retention for PEI-LA implants, but not for PEI implants.
This is in line with the lack of expression from the PEI complexes. An even stronger correlation would be expected with a
better sampling strategy, as there should be a delay between
pDNA presence and mRNA expression, and implants that
retained higher pDNA at initial time points would have led to
higher mRNA expression at a later time point. This, however,
would have required multiple samplings from the same
sponge while still being implanted, which was not possible
with our current methodology. Nevertheless, the observed correlation is a testament to the stronger mRNA expression by the
PEI-LA/pCAG-DsRed complexes during the study period. In
addition to long duration of expression, mRNA was also
expressed very quickly: with a 20 μg dose of pDNA in PEI-LA
complexes, increased levels of DsRed mRNA were detected
within 24 hours of implantation. The lower 5 μg dose was also
eﬀective, but increased mRNA expression was not observed
until the second time point (7 days post-implantation). The
subcutaneous model employed for these studies may be less
biologically active than an intraosseous site, but these studies
are intended to provide preliminary information about pDNA
retention and mRNA expression for non-viral delivery systems.
The length and onset of transgene expression is especially
encouraging for bone regeneration therapies, where weeks of
expression and fast onset would be beneficial. Since transgene
expression was possible at four weeks, future studies will investigate when transgene expression diminishes, as extended production of bone inducing proteins is eventually not needed.
The correlation between the presence of pDNA and mRNA
expression also calls for gene delivery approaches that maximize pDNA retention in implants as a means to enhance transgene expression. With the availability of the current qPCRbased methodology, we envision more detailed investigations
of pDNA pharmacokinetics in implanted sponges to be
pursued in the future.

5. Conclusions
A polymeric carrier for gene delivery is expected to display
two important functions, namely to protect pDNA from
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degradation in the extracellular environment and to navigate
cellular barriers to allow protein expression. We distinguished
between the pDNA uptake and successful intracellular traﬃcking with the comparison of PEI and PEI-LA carriers in this
study. While both carriers appeared to protect pDNA in
implants initially, the delivered pDNA remained detectable for
a prolonged time (up to 4 weeks) with the PEI-LA carrier. Similarly, expression of a DsRED reporter gene was observed within
24 hours of implantation with the more eﬀective PEI-LA,
whose pharmacokinetics profile corresponded closely to the
transgene expression profile up to 4 weeks. A relatively weak
but nevertheless significant correlation between pDNA retention of transgene expression was observed. The methodology
described here and the unique carriers characterized should
facilitate gene delivery eﬀorts in tissue regeneration and
repair.
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