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Abstract
Toxicity of polycations has been recognized since their first use in gene delivery. Bioreducible
polycations attract attention because of their improved safety due to selective intracellular
degradation by glutathione (GSH). Here we present a systematic study of the toxicity of
bioreducible poly(amido amine)s (PAA). PAA with increasing content of disulfide bonds were
synthesized by Michael addition. Toxicity of PAA was evaluated in two cell lines with different
innate levels of intracellular GSH. Increasing the content of disulfide bonds decreased the toxicity
of PAA, with more significant decrease observed in cells with high GSH. Depleting intracellular
GSH by diethyl maleate resulted in increased toxicity of bioreducible PAA. In contrast, increasing
the GSH concentrations by growing cells in hypoxic conditions resulted in further decreased
toxicity compared with cells grown in normoxic conditions. The presence of exofacial plasma
membrane thiols selectively increased toxicity of bioreducible PAA while having no effect on
non-degradable controls. These results improve our understanding of the cellular mechanisms of
polycation toxicity. They also shed light on the opposing effects of different cellular thiol pools on
the toxicity of bioreducible polycations.
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1. INTRODUCTION
Successful implementation of novel gene therapy protocols requires that we develop better
strategies to effectively deliver nucleic acids to disease targets. Synthetic delivery vectors
based on self-assembly of nucleic acids and polycations (polyplexes) continue to gain
strength as viable alternatives to viral vectors. Clinical success of polyplexes continues to be
hampered by adverse toxic effects associated with the use of polycations and by poor
therapeutic response due to low transfection. Significant effort has been devoted to the
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design of safer polyplexes and growing evidence suggests that their toxicity can be
decreased to a significant extent by using biodegradable polycations [1–4].

The toxicity of polycations such as poly(ethylenimine) (PEI) has been recognized since their
first use in gene delivery [5, 6]. Structural factors known to be involved in the toxicity of
polycations include molecular weight, molecular architecture, and charge density. In
general, flexible polycations with high molecular weight and high charge density exhibit
high cytotoxicity. However, the cellular mechanisms behind polycation toxicity are still not
fully understood and remain a subject of intensive research [7–9]. The most common
approaches to decreasing toxicity rely on decreasing the total number of charges and charge
density of the polycations. Biodegradability in particular, has been widely explored and
many biodegradable polycations indeed show lower toxicity than their non-degradable
counterparts.

Bioreducible polycations are among the most investigated biodegradable polycations.
Numerous groups reported synthesis of various bioreducible polycations, including
polycations based on cysteine-containing peptides, polymethacrylates, poly(β-amino ester)s
(PBAE), and poly(amido amine)s (PAA) [10–17]. Regardless of the chemical nature, all
bioreducible polycations exhibit decreased toxicity when compared with non-degradable
controls. Apart from decreased toxicity, bioreducible polycations offer additional benefits,
such as better spatial control of DNA release, especially when compared with hydrolytically
degradable polycations. Among the reported polycations, PAA and PBAE emerged as an
important class of nonviral delivery vectors because of their chemical versatility that allows
use of a broad range of amines in the synthesis. Indeed, multiple PBAE polycation libraries
have been synthesized by this approach [18].

The overall goal of this study was to elucidate the mechanism of decreased toxicity of
bioreducible PAA. We set to understand the effect of disulfide content in PAA and the role
of intracellular and membrane thiol pools in controlling PAA toxicity. We have
hypothesized that toxicity of PAA will be directly related to the intracellular glutathione
(GSH) content and that altering concentrations of intracellular GSH will affect the toxicity
of reducible polymers. We further postulated that toxicity caused by direct plasma
membrane perturbation by polycations will not be affected by the biodegradability of PAA
because plasma membrane interaction precedes PAA degradation inside of the cells.

1. MATERIALS AND METHODS
2.1. Materials

Branched polyethylenimine 25 kDa (PEI), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), and
N,N′-dimethyldipropylenetriamine (DMDPTA) were purchased from Sigma (St. Louis,
MO). Diethyl maleate (DEM) was purchased from Alfa Aesar (Ward Hill, MA). N,N′-
hexamethylenebisacrylamide (HMBA) and N,N′-cystaminebisacrylamide (CBA) were
obtained from Polysciences, Inc. (Warrington, PA). Dulbecco’s Modified Eagle Medium
(DMEM), Dulbecco’s Phosphate Buffered Saline (PBS), and fetal bovine serum (FBS) were
from Invitrogen (Carlsbad, CA). All other reagents and chemicals were obtained from Fisher
Scientific or VWR International unless otherwise noted.

2.2. Synthesis of PAA
A series of five PAAs containing different disulfide content was synthesized by Michael
addition reaction of a triamine monomer DMDPTA and different molar ratio of reducible
CBA and non-reducible HMBA as described in a previously published method [10]. The
polymers are designated as PAA-m, where m is the molar percent of the acrylamide units
containing disulfide bond (m = 100*[CBA]/([CBA]+[HMBA]). Average molecular weights
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of the polymers were determined by size exclusion chromatography using Shimadzu
LC-10ADVP liquid chromatography equipped with a multiangle light scattering detector
and a refractive index detector (Wyatt Technology, Santa Barbara, CA). Sodium acetate
(300 mM, pH 4.5) was used as an eluent at a flow rate of 1.0 mL/min at 35 °C.

2.3. Cell culture
Two human pancreatic cancer cell lines were used in all the studies. Both cell lines, human
ductal pancreatic adenocarcinoma cell line Panc-1 and human pancreatic adenocarcinoma
cell line Panc-28, were kind gifts from Dr. Sarkar (Karmanos Cancer Institute, Detroit, MI)
and were maintained at 37 °C in 5% CO2 atmosphere in DMEM supplemented with 10%
FBS. For experiments under hypoxic conditions, cells were maintained at 37 °C in 5% CO2
and 5% O2 atmosphere using incubator equipped with an oxygen controller (ProOx 110,
BioSpherix, Lacona, NY).

2.4. Determination of total intracellular GSH content
The total intracellular GSH content (i.e., both oxidized and reduced forms) was determined
using a previously published enzymatic recycling method [19]. Briefly, 3×105 Panc-1 and
Panc-28 cells were seeded in a 6-well plate. The cells were harvested after 24 h, pelleted,
and deproteinated using 5% solution of 5-sulfosalicylic acid. GSH content was then
determined colorimetrically using DTNB and the following assay buffer: potassium
phosphate buffer (95 mM, pH 7.0), EDTA (0.95 mM), NADPH (0.038 mg/mL), DTNB
(0.031 mg/mL), and GSH reductase (0.115 units/mL). Absorbance was measured at 410 nm
using kinetic mode on a Synergy2 Multi-Mode Microplate Reader (Biotek Instruments, Inc.,
Winooski, VT). A calibration curve was constructed with known concentrations of reduced
GSH. Protein content in the cell pellet was measured using the BCA™ Protein Assay
Reagent kit (Thermo Fisher Scientific Inc., Waltham, MA). The results were normalized to
protein content and expressed as mmol GSH/mg protein ± SEM (n=4).

2.5. Determination of total intracellular protein thiol (PSH) content
Panc-28 and Panc-1 cells (3 × 105 cells/well) were seeded in a 6-well plate. After 24 h, the
cells were incubated with 2.5 mM DEM in culture medium for 60 min to deplete
intracellular GSH. The cells were detached using non-enzymatic cell dissociation solution
(Cellstripper, Mediatech, Herndon, VA) and pelleted. Cellular proteins were precipitated by
addition of 100 μL of methanol to the cell pellet. The mixture was further centrifuged down
and the precipitate was thoroughly mixed with 1 mM DTNB in PBS. The total cellular
protein thiol (PSH) content was determined by measuring absorbance at 410 nm using
Synergy2 Multi-Mode Microplate Reader. The results were normalized to protein content
and expressed as mmol PSH/mg protein ± SEM (n=4).

2.6. Determination of cellular surface protein thiol content
Panc-28 and Panc-1 cells were seeded in a 6-well plate (3×105 cells/well). The culture
medium was replaced after 24 h with 1 mM DTNB in PBS and the plates were shaken
gently on a plate shaker for 30 min at room temperature. Absorbance was measured at 410
nm and the content of cell surface protein thiols was determined using a calibration curve
constructed with known concentrations of reduced GSH. The results were normalized to cell
number and expressed as mmol/106 cells ± SEM (n=4).

2.7. Determination of PAA toxicity by MTS assay
Toxicity of PAA in Panc-28 and Panc-1 cells was determined by MTS assay using CellTiter
96® Aqueous Cell Proliferation Assay (Promega, Madison, WI). The cells were plated in
96-well microplates at 10,000 cells/well. After 24 h, culture medium was replaced with 200
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μL of serial dilutions of polycations prepared in complete culture medium and the cells were
incubated for another 24 h. The medium containing PAA was aspirated and replaced by a
mixture of 100 μL serum-free media and 20 μL of MTS reagent. After 1 h incubation, the
absorbance was measured at 505 nm. The relative cell viability (%) was calculated as
[A]sample/[A]untreated × 100%. IC50 values were determined using Boltzmann Sigmoidal
nonlinear regression and the results are expressed as IC50 ± S.D. (n = 4 – 8).

2.8. Determination of acute membrane toxicity of PAA by lactate dehydrogenase (LDH)
release assay

LDH release from polycation-treated cells was measured using CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega). Panc-28 and Panc-1 cells were seeded in 96-
well plates at 10,000 cells/well. After 24 h, the cells were incubated with increasing
concentrations of PAA-0 or PAA-100 for 30 min. The plates were then centrifuged at 250×g
for 4 min and 50 μL of the supernatant in each well was transferred to another assay plate.
LDH assay substrate mix (50 μL) was added to each well and incubated at room temperature
for 30 min in dark. Then, 50 μL of stop solution was added to each well and absorbance was
measured at 490 nm. LDH release (%) was calculated as [A]sample/[A]max × 100%, where
[A]max is the absorbance value of a positive control (Triton X-100) in which complete cell
lysis occurred.

2.9. Analysis of apoptosis induction by PAA using caspase 3/7 activity apoptosis assay
Induction of apoptosis by the polycations was determined by measuring caspase 3/7
activities using Caspase-Glo® 3/7 Assay (Promega). Panc-28 and Panc-1 cells were seeded
in white 96-well plates with optical bottom at 10,000 cells/well. After 24 h, the cells were
incubated with different concentrations of PAA-0 or PAA-100 in 100 μL culture medium for
different periods of time. The caspase 3/7 reagent (100 μL) was then added and the mixture
was incubated at room temperature in dark for another 30 min before measuring
luminescence on Synergy2 Multi-Mode Microplate Reader. Results were normalized to
luminescence of untreated cells and expressed as a mean fold increase ± SEM (n = 4).

3. RESULTS AND DISCUSSION
3.1. Synthesis of PAA

There is a great interest in developing biodegradable polycations as a way of overcoming
their well-documented toxicity. Although decreased toxicity is often explained by
degradability of such polycations, systematic studies quantifying specific contribution of
degradation to their toxicity are rare. Existing studies are too often compromised by multiple
confounding factors including differences in chemical structure, differences in charge
density, or rate of degradation too slow to affect toxicity typically measured within 24 h of
exposure. The main goal of this study was to conduct systematic study of the effects of
reductive biodegradability on the toxicity of polycations. We have selected poly(amido
amine)s (PAA) for this study because of the versatility of their synthesis which allows easy
control of chemical composition and properties.

Using our previously published protocol, we have synthesized a series of PAA (Figure 1)
with increasing content of disulfide bonds by increasing the relative content of the disulfide-
containing monomer CBA in the reaction mixture (Table 1). Detailed evaluation of
transfection activity of these polymers was reported previously [10]. Chemical similarity of
the non-degradable monomer (HMBA) and the bioreducible monomer CBA in which two
methylene groups are replaced with a disulfide minimizes potential influence of structural
differences and charge density on the observed results. Bioreducible polycations offer
additional advantages when compared with hydrolytically degradable polycations. Rapid
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cleavage of disulfide bonds inside the cells and the possibility to alter polycation
degradation rates by biochemically modifying the redox state of the cells allow us to directly
correlate the observed effects with degradation of the polycations. The synthesized
bioreducible polycations (PAA-25, 50, 75, and 100) all had similar molecular weight and
molecular weight polydispersity. The non-degradable control (PAA-0) exhibited about a 2-
fold higher molecular weight than the bioreducible PAA. While higher molecular weight is
associated with higher toxicity of polycations, the molecular weight difference between
PAA-0 and the rest of PAA was deemed acceptable for our study, which was primarily
concerned with the relative effects of changes in reducing environment on PAA toxicity.

3.2. Characterization of thiol pools in Panc-1 and Panc-28 cells
A redox potential gradient exists between extracellular environment and various subcellular
organelles. Disulfide bonds present in the structure of PAA are readily reduced in the
reducing intracellular environment, while they are generally preserved in the oxidizing
extracellular space. The intracellular degradation of PAA is mediated by thiol/disulfide
exchange reactions with small redox molecules like GSH and thioredoxin; either alone or
with the help of redox enzymes. GSH (L-γ-glutamyl-L-cysteinylglycine) is the most
abundant intracellular thiol present in mM concentrations inside the cell but only in μM
concentrations in the blood plasma [20].

Because of the importance of GSH for degradation of PAA, we have selected two pancreatic
cancer cell lines that in our previous studies demonstrated large innate differences in
intracellular GSH content [13]. The intracellular GSH concentration is an additive function
of both its oxidized (GSSG) and reduced form (GSH). The glutathione redox ratio ([GSH]:
[GSSG]) is maintained and determined by the activity of glutathione reductase, NADPH
concentrations, and transaldolase activity. The redox state of the GSH/GSSG couple is used
as an indicator of the overall redox environment of the cell. In most cancer cells, the ratio
[GSH]:[GSSG] typically exceeds the ratio found in normal cells and it is not unusual to
observe ratios >100:1. We have therefore determined only the total intracellular GSH (i.e.,
GSH + GSSG) using enzymatic recycling method. In this method, any GSSG present in
deproteinated cell lysate is converted into GSH by the action of GSH reductase. We
observed that Panc-28 had 2.5-times higher intracellular GSH concentration than Panc-1
(Figure 2). In addition to GSH, the total cellular pools of thiols also consist of protein thiols
(PSH) that may affect or participate in the degradation of PAA. Thus, we determined total
concentration of PSH using a recently reported method of Hansen et al. [21]. Unlike GSH,
Panc-1 and Panc-28 showed no significant differences in intracellular PSH levels (Figure 2).
The last cellular pool of thiols we quantified were redox-active PSH present on the surface
of plasma membrane. Similar to intracellular PSH, no significant differences in plasma
membrane PSH were observed between the two cell lines.

3.3. Effect of disulfide content on PAA toxicity
The effect of increasing disulfide content on PAA toxicity was investigated by incubating
the cells for 24 h with increasing concentrations of PAA and measuring cell viability using
mitochondrial activity-determining MTS assay. The concentration range of PAA used in the
studies was from 2 to 500 μg/mL. At least 10 different concentrations were used and the
observed cell viability values were fit to a Boltzmann sigmoidal equation and the
concentrations of PAA necessary to decrease cell growth by 50% (IC50) were calculated
(Figure 3). As expected, increasing the disulfide content resulted in decreased toxicity of
PAA in both cell lines, as indicated by increasing IC50 values. Toxicity of non-degradable
PAA-0 was similar in both cell lines as was the toxicity of control PEI (IC50 = 8.59 ± 0.35
μg/mL (Panc-28) and 6.30 ± 0.64 μg/mL (Panc-1)). The toxicity of PAA with the highest
disulfide content (PAA-100) decreased 25-fold in high GSH Panc-28 cells and 12-fold in
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low GSH Panc-1 when compared with PAA-0. Furthermore, PAA-100 was 2.2-fold less
toxic in Panc-28 than in Panc-1 cells. The toxicity dependence on disulfide content (x)
followed linear relationship that could be described by the following equations: IC50(PAA-
x) = IC50(PAA-0) + 0.95x for Panc-28 cells and IC50(PAA-0) = IC50(PAA-0) + 0.35x for
Panc-1 cells. The fact that biodegradability proved more beneficial for decreasing toxicity in
cells with high GSH (Panc-28) than in cells with low GSH (Panc-1) is likely a result of
faster intracellular degradation of PAA, and thus shorter exposure of the intracellular
environment to high molecular weight polycations. This conclusion is supported by the fact
that no significant differences in cytotoxicity were observed for non-reducible polymers.
These findings point to a possible direct correlation between the rate of intracellular
polycation degradation and toxicity.

3.4. Effect of bioreducibility on acute membrane toxicity of PAA
The ability of polycations to disrupt cellular membranes and induce membrane leakage due
to pore formation has been well-documented [6, 22, 23]. As proposed by Moghimi, the
membrane perturbation is part of the initial, phase 1, toxicity of polycations [7, 24]. One of
the hallmarks of this phase is the release of lactate dehydrogenase (LDH) within the first
hour of incubation and rapid redistribution of phosphotidylserine from the inner plasma
membrane to the outer cell surface. Degradation of bioreducible PAA takes place
predominantly in the cytoplasm of the cells. We therefore hypothesized that any potential
adverse effects of PAA during their initial interaction with cells will be largely independent
of their biodegradability. To test the hypothesis, we have investigated acute membrane
toxicity of PAA-100 and PAA-0 by measuring LDH release after 30 min incubation of the
cells with polycations (Figure 4). We have observed only small differences between PAA-0
and PAA-100 in their ability to disrupt membranes. While the non-degradable PAA-0
caused higher LDH release at all tested concentrations, the differences were relatively small
when compared with the 25-fold difference in IC50 values determined after 24 h incubation.
The results in Figure 4 suggest that degradation is a prerequisite for decreased ability of
biodegradable PAA to disrupt cellular membranes. The results also suggest that no
significant degradation of PAA-100 takes place in the extracellular space (culture medium).
We believe that the increased LDH release by PAA-0 is due to its higher molecular weight
compared with PAA-100.

3.5. Effect of changes in intracellular GSH concentration on toxicity of bioreducible PAA
The above results suggested that there is a direct correlation between intracellular GSH
levels and toxicity of bioreducible PAA. To obtain more supporting evidence, we have
hypothesized that artificially decreasing the intracellular GSH content will decrease the rate
and/or extent of PAA degradation and that this will be demonstrated by increased
cytotoxicity of bioreducible PAA-100 but not control non-degradable PAA-0. To test the
hypothesis, we treated the cells for 1 h with a GSH-conjugating agent DEM to deplete GSH
levels before incubation with PAA and determining changes in IC50. Exposure to DEM
resulted in a rapid (usually in 30–60 min) and significant decrease in GSH levels in both
Panc-1 and Panc-28 cells (Figure 5). In our setup, DEM alone caused no decrease in cell
viability. Prior evidence shows that both the cytosolic and the mitochondrial pools are
affected by DEM treatment [25]. Importantly, GSH depletion persists for many hours even
after DEM removal from the medium (50% recovery of GSH was reported 8 h after DEM
treatment [26]). In our experiment, we observed differences in the rate of GSH recovery
between the two cell lines, with Panc-28 recovering faster than Panc-1. We also observed
slower rate of GSH recovery in cells treated with PAA.

GSH depletion exerted significant effect on the toxicity of PAA-100 while having only a
small effect on the toxicity of PAA-0 and control PEI (Figure 5). The IC50 of PAA-100
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decreased substantially in both cell lines, indicating importance of intracellular GSH for
decreased toxicity of bioreducible PAA. The IC50 values of PAA-100 decreased 1.9-times
and 3.2-times in Panc-28 and Panc-1 cells, respectively. The observed changes in toxicity
are consistent with changes in the rate of intracellular degradation of PAA-100 which
proceeds via thiol-disulfide exchange between GSH and the polycation [27]. The observed
increase in toxicity of non-degradable PAA-0 and PEI controls is most likely a result of
sensitization of cells with depleted GSH to chemical injury.

Exposure of cancer cells to hypoxic conditions results in marked increase of GSH levels
[28–30]. We have utilized this phenomenon to further confirm relationship between
intracellular GSH concentrations and toxicity of bioreducible PAA. The cells were
incubated under hypoxia (5% O2) and IC50 values were determined as above. As shown in
Figure 6, toxicity of bioreducible PAA-100 decreased 2.4-times in Panc-28 and 2.0-times in
Panc-1 cells. In contrast, hypoxia had no significant effect on the toxicity of non-degradable
PAA-0. This finding suggests that hypoxia-induced increase of GSH levels promotes faster
degradation of bioreducible polycations, which in turn results in further decreased toxicity.

3.6. Effect of cell surface PSH on toxicity of bioreducible PAA
After elucidating the role of intracellular thiol pools in the toxicity of bioreducible PAA, we
focused our attention on a pool of redox-active protein thiols present on the surface of
plasma membrane. Although the membrane thiol pool is relatively small, mounting evidence
suggests that it may play a crucial role in cell uptake of bioreducible polycation/DNA
polyplexes [31–33]. Similar thiol-disulfide reactions on the cell surface are required for cell
entry of viruses like HIV and play a role in cell entry of disulfide-containing peptides [34–
37]. An early study also suggested the reducing cell surface thiols are involved in cell uptake
of bioreducible lipoplexes [38]. Therefore, it is reasonable to assume that interactions
between membrane PSH could also affect toxicity of bioreducible PAA, either through
increased cell uptake and more effective membrane attachment or through early degradation
of the polycations. The goal of this experiment was to investigate the contribution of
membrane PSH to the toxicity of bioreducible PAA.

As shown above in Figure 2, there were no differences in the membrane PSH content
between Panc-1 and Panc-28 cells. Both cell lines contained around 35 nmol PSH/106 cells.
To determine the effect of membrane PSH on the cytotoxicity of PAA, the cells were treated
for 30 min with cell impermeable nonspecific thiol blocker DTNB to mask all the membrane
PSH [39]. The cells were then treated with increasing concentrations of the polycations and
IC50 values were determined. As shown in Figure 7, blocking of the membrane PSH resulted
in a remarkable 2-fold and a 2.6-fold decrease in the toxicity of PAA-100 in Panc-28 and
Panc-1 cells, respectively. In contrast, blocking of the membrane PSH increased slightly the
toxicity of non-degradable PAA-0 and PEI controls.

Thiol-disulfide exchange with membrane PSH can lead to endocytosis and this mechanism
of uptake can be inhibited by DTNB [38, 40, 41]. To determine the effect of membrane PSH
on cell uptake of PAA, Panc-28 and Panc-1 cells were treated with DTNB prior to
incubating with FITC-labeled PAA-100 and PAA-0 for 30 min and 3 h. No differences
between DTNB-treated and untreated cells were observed at 30 min. At the later time point,
however, the uptake of both PAA-0 and PAA-100 increased in cells treated with DTNB
(Figure 8). Interestingly, DTNB treatment increased uptake of PAA-0 more than PAA-100
in both cell lines. This effect is most likely due to inhibition of exocytosis by DTNB
reported previously [42]. The fact that there was no decrease in the total amount of
PAA-100 after inhibiting membrane PSH suggests that other factors were responsible for the
decreased toxicity in DTNB-treated cells.
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Our results establish, for the first time, that thiol-disulfide reactions at the cell membrane
play a key role in enhancing toxicity of bioreducible PAA. This effect is most likely due to
increased ability of polycations covalently attached to membrane PSH to disrupt
membranes. Our findings also emphasize contrasting effect of intracellular thiols and
membrane thiols on the toxicity of bioreducible PAA. Limiting interactions of bioreducible
polycations with membrane PSH by PEGylation is likely to eliminate their contribution to
the toxicity of bioreducible polycations.

3.7. Effect of bioreducible PAA on apoptosis
Phase 2 toxicity of polycations arises from their intracellular effects responsible for
induction of apoptosis demonstrated by significant activation of the effector caspase 3 [6,
43]. Polycation-induced apoptosis is mainly the result of their effect on mitochondrial
membrane [9]. However, leakage of lysosomal proteases into cytoplasm as a result of endo/
lysosomal escape of the polycations could be another contributing factor to the apoptosis [7,
44].

Mitochondria participate actively in key apoptosis events, including the loss of
mitochondrial transmembrane potential and the release of proapoptotic cytochrome c which
activates effector caspases (e.g., caspase 3) [45]. Mitochondria are important intracellular
organelles that store about 10% of intracellular GSH. Because of a possible effect of
bioreducible PAA on mitochondrial redox state and membrane stability, it was important to
evaluate whether the observed differences in toxicity are reflected also in differential ability
of PAA-100 and PAA-0 to induce apoptosis. We have determined the effect of PAA-100
and PAA-0 on activation of caspases 3 and 7 using a commercial luminescence-based assay.
As shown in Figure 9, bioreducible PAA-100 exhibited no measurable activation of the
caspases at 6 h after incubation even when tested up to 200 μg/mL PAA-100 in Panc-28 and
80 μg/mL in Panc-1. In contrast, non-degradable PAA-0 displayed significant enhancement
of the caspase 3/7 activity already at a concentration of 8 μg/mL. To determine whether
PAA-100 may induce apoptosis at later time points, we have incubated the cells with sub-
lethal (approx. ½ of the respective IC50) concentrations of PAA-100 and PAA-0. The results
show that PAA-100 caused no significant increase in caspase 3/7 activity at least until 36 h.
PAA-0, on the other hand, caused a markedly enhanced activity of caspase 3/7 even though
PAA-0 was used at 25-times (Panc-28) and 10-times (Panc-1) lower concentrations than
PAA-100.

CONCLUSIONS
This study presented systematic evaluation of the mechanism of toxicity of bioreducible
polycations. We have found that toxicity decreases in a linear fashion with increasing
disulfide content in PAA. The observed toxicity is cell-dependent, with lower toxicity found
in cells containing higher concentrations of GSH. Decrease of the toxicity of bioreducible
PAA is directly related to the intracellular GSH concentrations as demonstrated by increased
toxicity upon GSH depletion and decreased toxicity upon elevation of GSH in hypoxic
conditions. Unlike intracellular thiols that are responsible for the decrease of toxicity,
plasma membrane protein thiols exert an opposite effect and are responsible for increased
toxicity of bioreducible PAA. Intracellular degradation of bioreducible PAA results also in
greatly decreased induction of apoptosis. In conclusion, this work increases our
understanding of the mechanisms of polycation toxicity as it directly demonstrates a link
between intracellular degradation of bioreducible polycations and decreased toxicity and the
distinct roles of different cellular thiol pools in the toxicity of bioreducible polycations.
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Figure 1. Chemical structure of bioreducible poly(amido amine)s (PAA)
PAA with increasing disulfide content (x) were synthesized: x = 0, 25, 50, 75, and 100%.
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Figure 2. Characterization of different thiol pools in Panc-28 and Panc-1 cells
The following pools of cellular thiols were determined: (i) total intracellular GSH, (ii) total
intracellular protein thiols (PSH), and (iii) exofacial plasma membrane PSH. All results
expressed as normalized mean thiol content ± SEM (n = 4–6). *P < 0.005 vs. Panc-28.
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Figure 3. Effect of increasing disulfide content on cytotoxicity of PAA in Panc-28 and Panc-1
cells
Cell viability was measured by MTS assay after 24 h incubation with Panc-28 (●) and
Panc-1 (▲) cells with increasing concentrations of PAA with increasing disulfide content.
Results are expressed as IC50 values ± SEM (n = 5).
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Figure 4. Effect of reducibility on acute membrane toxicity of PAA in Panc-28 and Panc-1 cells
Acute membrane toxicity was measured by LDH assay after 30 min incubation with
bioreducible (PAA-100) and non-degradable (PAA-0) polycation. Results are expressed as
mean % LDH release ± SEM (n = 5).
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Figure 5. Effect of altered intracellular GSH on toxicity of polycations
Intracellular GSH was depleted in Panc-28 and Panc-1 cells by 1 h preincubation with 2.5
mM DEM. Toxicity of PAA-100, PAA-0, and PEI was evaluated by incubating DEM-
treated and control untreated cells with increasing concentrations of the polycations and
determining IC50 values using MTS assay after 24 h incubation. (mean ± SEM, n = 4)
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Figure 6. Effect of hypoxia on toxicity of PAA-100 and PAA-0
Panc-28 and Panc-1 cells were incubated either under standard 5% CO2 conditions
(normoxia) or in 5% O2 + 5% CO2 (hypoxia). Toxicity of PAA-100 and PAA-0 was
evaluated by incubating the cells with increasing concentrations of the polycations and
determining IC50 values using MTS assay after 24 h incubation. (mean ± SEM, n = 5)
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Figure 7. Effect of membrane PSH thiols on toxicity of polycations
Membrane thiols were blocked by preincubating Panc-28 and Panc-1 cells with 1 mM of
membrane impermeable DTNB for 30 min. Toxicity of PAA-100, PAA-0, and PEI was
evaluated by incubating DTNB-treated and control untreated cells with increasing
concentrations of the polycations and determining IC50 values using MTS assay after 24 h
incubation. (mean ± SEM, n = 5)
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Figure 8. Effect of membrane PSH thiols on cell uptake of PAA-100 and PAA-0
Membrane thiols were blocked by preincubating Panc-28 and Panc-1 cells with 1 mM
DTNB for 30 min before incubation with FITC-labeled PAA-100 and PAA-0. Cell uptake
was determined after 30 min and 3 h incubation by measuring cell-associated fluorescence
intensity. Cell uptake in untreated cells after 30 min incubation was set as = 1 and the results
are expressed relative to this value. (mean ± SEM, n = 3)
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Figure 9. Effect of bioreducibility on induction of apoptosis measured by activation of caspase
3/7
(top panels) Panc-28 and Panc-1 cells were incubated with increasing concentrations of
PAA-100 and PAA-0 and activity of caspase 3/7 was measured after 6 h and normalized to
untreated cells. (bottom panels) Panc-28 and Panc-1 cells were incubated with the indicated
concentrations of PAA-100 and PAA-0 for 12, 24, and 36 h and caspase 3/7 activity was
measured and normalized to untreated cells. (mean ± SEM, n = 4)
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Table 1

Characterization of PAA

PAA Disulfide content (%) Mn (kDa) Mw/Mn

PAA-100 100 12.6 1.34

PAA-75 75 13.7 1.53

PAA-50 50 11.7 1.20

PAA-25 25 12.2 1.22

PAA-0 0 22.4 2.67
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