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Abstract

Although polymers, polyplexes, and cells are exposed to various extracellular and intracellular pH
environments during polyplex preparation and polymeric transfection, the impact of
environmental pH on polymeric transfection has not yet been investigated. This study aims to
understand the influence of environmental pH on polymeric transfection by modulating the pH of
the transfection medium or the culture medium. Changes in the extracellular pH affected
polymeric transfection by way of complex factors such as pH-induced changes in polymer
characteristics (e.g., proton buffering capacity and ionization), polyplex characteristics (e.g., size,
surface charge, and decomplexation), and cellular characteristics (e.g., cellular uptake, cell cycle
phases, and intracellular pH environment). Notably, acidic medium delayed endocytosis,
endosomal acidification, cytosolic release, and decomplexation of polyplexes, thereby negatively
affecting gene expression. However, acidic medium inhibited mitosis and reduced dilution of gene
expression, resulting in increased transfection efficiency. Compared to pH 7.4 medium, acidic
transfection medium reduced gene expression 1.6~7.7-fold whereas acidic culture medium
enhanced transfection efficiency 2.1~2.6-fold. Polymeric transfection was affected more by the
culture medium than by the transfection medium. Understanding the effects of extracellular pH
during polymeric transfection may stimulate new strategies for determining effective and safe
polymeric gene carriers.

1. Introduction

A great effort for developing effective polymeric vectors has focused primarily on cellular
receptor targeting [1-3], endosomal escape [4-6], cytosolic transport [7-9], nuclear import [8,
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10, 11], and decomplexation [12-17]. The effects of the transfection environment with
respect to proteins [18-20], ions [3, 18, 21-23], pH [13, 16, 17, 24, 25], reduction/oxidation
potentials [14, 15, 26], and hypoxia [14, 27-29] have also been investigated in relation to
polyplex preparation and polymeric transfection. Among these effectors, we focused on pH
because the solution (or medium) pH, extracellular pH, and intracellular pH can all modify
characteristics of polymers, polyplexes, and cells.

When dissolving polycations and pDNA or preparing polycation/pDNA complexes, buffer
solutions, saline, and/or deionized water have all been routinely used. These solutions can be
artificially modulated by adjusting the pH, which can affect the ionization of polycations
and pDNA. A change in ionization influences the physicochemical characteristics (e.g.,
particle size and surface charge) and complexation/decomplexation behavior of polyplexes
[30].

The aforementioned solution can be described as the “extracellular medium,” especially
when the medium surrounds cells in vitro and in vivo. The extracellular medium used for
laboratory cell cultures can be modulated by adding or removing various components and by
adjusting the pH to fit specific purposes. However, in vivo extracellular environments are
predominantly affected by pathological differences. The extracellular pH of healthy organs
is close to pH 7.4 (e.g., pH 7.4 for normal blood, pH 7.2 for brain [31], and pH 7.5 for heart
[32]). Under certain pathological conditions, the extracellular pH can become acidic (e.g.,
approximately pH 6.4-6.8 for solid tumors [33], pH 6.4 for brain ischemia [31], and pH 6.8
for heart ischemia [32]). The extracellular pH can modulate various biological functions,
such as gene expression [34], growth rate [35], viability [36], cellular uptake [37],
endocytosis [37, 38], exocytosis [38], and lysosomal trafficking [39]. However, the effects
of pH on polymeric transfection have rarely been studied.

The intracellular environment is not fixed at a specific pH value. Subcellular compartments
such as endosomes (pH 5-7), lysosomes (pH 4-5), the cytosol (pH 6.7-7.1), and the nucleus
(pH 7.1-7.2) have separate pH environments [40-42]. Upon endosomal formation, the pH
drops with maturation from early to late forms. In particular, the late endosomal and
lysosomal pHs are quite distinctive depending on a cell’s drug resistance and/or sensitivity
(e.g., approximately pH 6.0 and pH < 5.8, respectively, for drug-resistant MCF7 cells and
pH 6.5 and pH > 5.8, respectively, for drug-sensitive MCF7 cells) [40, 41]. Regarding
intracellular pH, polymers for polymeric vectors have been designed primarily to target
endolysosomal pathways by either disrupting endolysosomal membranes [4-6] or degrading
polycations [16, 17].

As described, the pH environment affects characteristics of polymers, polyplexes, and cells.
However, after polyplexes or cells are exposed to certain medium or extracellular pH values,
it is unknown how the changed pH environments influence polymers, polyplexes, or cells
during cellular internalization and intracellular trafficking of polyplexes. Thus, this research
aims to understand how extracellular pH affects polyplexes and polymeric transfection. This
study examines whether the effects of extracellular pH on transfection efficiency are caused
by polyplex/polymer characteristics (e.g., pH-induced changes in surface charge, particle
size, and decomplexation of polycation/pDNA complexes and proton buffering capacity of
polymers) and/or cellular characteristics (e.g., cellular uptake of polyplexes, cell cycle
phases, and cell viability). Branched polyethyleneimine (PEI) and poly(, -lysine) (PLL) were
selected as model polymers due to their different degrees of ionization in response to
environmental pH changes. Four pHs (i.e., pHs 7.4, 7.0, 6.7, and 6.3) were selected between
the physiological pH 7.4 and the pathological lowest possible acidic pH 6.3.

Biomaterials. Author manuscript; available in PMC 2013 February 1.
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2. Materials and methods

2.1. Materials

PLL hydrobromide (M, (viscosity) 27.4 kDa), branched PEI (M, 25 kDa, M;, 10 kDa), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), RPMI1640 medium,
Ca?*-free and Mg2*-free Dulbecco’s phosphate buffered saline (DPBS), fluorescein
isothiocyanate (FITC), rhodamine B isothiocyanate (RITC), triethylamine (TEA), dimethyl
sulfoxide (DMSO), 4-(2-hydroxy-ethyl)-1-piperazine (HEPES), 2-(N-
morpholino)ethanesulfonic acid (MES), nigericin, monensin, glucose, sodium bicarbonate,
propidium iodide (PI), doxorubicin (DOX) (or adriamycin (ADR)), Triton®X-100,
recombinant human insulin, and paraformaldehyde (PFA) were purchased from Sigma-
Aldrich Companies (St. Louis, MO). Plasmid DNA (pDNA) encoding firefly luciferase
(gWiz-Luc or pLuc) was purchased from Aldevron, Inc. (Fargo, ND). Fetal bovine serum
(FBS), penicillin-streptomycin antibiotics, trypsin-EDTA, RNase, and YOYO-1 were
purchased from Invitrogen, Inc. (Carlsbad, CA). The luciferase assay kit and BCA™ protein
assay kit were bought from Promega Corporation (Madison, WI) and Pierce Biotechnology,
Inc. (Rockford, IL), respectively.

2.2. Cells and cell culture

MCF7 cells (a human breast adenocarcinoma cell line), MCF7/ADR-RES cells (a DOX-
induced multidrug resistant subline of MCF7), and MES-SA cells (a human uterus sarcoma
cell line) were used. The cells were cultured in RPM11640 medium supplemented with
glucose (2 g/L) and 10% heat-inactivated FBS under humidified air containing 5% CO, at
37°C. Additionally, insulin (4 mg/L) was added to RPMI11640 medium for MCF7 and
MCF7/ADR-RES cells. As previously reported [43], to maintain multidrug resistance
(MDR) of MCF7/ADR-RES cells, DOX (400 ng/mL) was added once weekly.

2.3. Acid-base titration of polycations

Acid-base titration was performed to monitor the proton buffering capacity of polymeric
gene carriers as previously reported [4]. PLL-HBr and PEI (10 mg) were dissolved in NaCl
aqueous solution (150 mM; 10 mL) with 1 N NaOH (aqg.) (100 uL). The polymer solution (1
mg/mL; 3 mL) was titrated with 0.1 N HCI at room temperature (RT). The pH changes of
polymer solutions were monitored.

2.4. Preparation and physicochemical characteristics of polyplexes

As previously reported [3, 43], polyplexes were prepared using pDNA and polycations (i.e.,
PEI and PLL) in HEPES buffer (20 mM, pH 7.4) supplemented with 5% glucose (HBG).
After mixing pDNA and polycations using predetermined complexation conditions, the
polyplexes (20 puL for 1 pg pDNA) were incubated for 30 min at RT. Complexation ratios of
polyplexes were calculated by counting the amines (N) of polycations and the phosphate
groups (P) of pDNA.

Particle size and surface charge of polyplexes were monitored under different medium pHs
to understand whether medium pH affects these polyplex characteristics. The polyplex
solution was added to HBG with different pHs (i.e., pHs 7.4, 7.0, 6.7 and 6.3). The
concentration of pDNA in the polyplex solution was 2.5 pg/mL for surface charge
measurements and 5 pg/mL for particle size measurements. Surface charge and particle size
of polyplexes were measured using a Zetasizer 3000HS (Malvern Instrument, Inc.,
Worcestershire, UK) at a wavelength of 677 nm with a constant angle of 90° at RT.

The pH-induced dissociation kinetics of polyplexes under different pH environments were
evaluated with a dye-dequenching method. PLL/pDNA and PEI/pDNA complexes were
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prepared with YOYO-1-intercalated pDNA (YOYO-1:pDNA = 1 molecules:5 base pair).
After adding polyplexes (20 uL; 1 ug pDNA) into different pH RPMI11640 media (180 pL;
adjusted to pHs 7.4, 7.0, 6.7, and 6.3), the fluorescence intensity of YOYO-1 in the
polyplexes was monitored at 491 nm (excitation) and 509 nm (emission) every 5 min for 4
hr. To evaluate the time-dependent fluorescence change of each polyplex exposed to
different pH media, the relative fluorescence units (RFU) of each polyplex at each pH were
measured and t=0 was set to 100%.

2.5. In vitro transfection

MCF7, MCF7/ADR-RES, and MES-SA cells were used for in vitro transfection studies. As
reported previously [1, 18, 43], transfections were performed in 6-well plates, and cells were
seeded at a density of 5x10° cells/well. The seeded cells were cultured for 24 hr prior to
adding polyplexes. One hour before transfection, the complete culture medium was replaced
with serum-free and insulin-free medium. After dosing the polyplexes (20 uL; 1 ug pDNA),
the cells were incubated with transfection mixtures for 4 hr, followed by an additional 44 hr
incubation in complete culture medium. After transfection, the cells were rinsed twice with
DPBS and then lysed using a reporter lysis buffer. Measurements of relative luminescence
units (RLU) and protein content of transfected cells were performed per the manufacturer’s
instructions.

To investigate the effects of extracellular pH on polymeric transfection, four different pHs,
pH 7.4, 7.0, 6.7, and 6.3, were used. Transfection procedures were separated into two
periods (i.e., the 4 hr transfection period and 44 hr incubation period) as follows:

Condition A: 4-hr transfection period at different pHs (pH 7.4, 7.0, 6.7, and 6.3)
followed by the 44-hr incubation period fixed at pH 7.4.

Condition B: 4-hr transfection period at pH 7.4 followed by the 44-hr incubation period
at different pHs (pH 7.4, 7.0, 6.7, and 6.3).

Condition AB: 48-hr transfection period and incubation period both at different pHs
(7.4,7.0, 6.7, and 6.3).

2.6. In vitro metabolic activity

The MTT-based metabolic activity of polyplex-transfected cells was assessed using MCF7,
MCF7/ADR-RES, and MES-SA cells. Cells were seeded in 12-well plates at a density of
2.5x10° cells/well and cultured for 24 hr prior to polyplex addition. The experimental
procedure was the same as previously described for in vitro transfection except for the
polyplex loading dose (10 pL; 0.5 ng pDNA). After the 48-hr transfection procedure, MTT
solution (0.1 mL; 5 mg/mL) was added to the cells in 1 mL of culture medium. After 4 hr,
the MTT-containing medium was removed. Living cells produced formazan crystals that
were dissolved in DMSQO; crystal absorbance was measured at 570 nm with a microplate
reader.

2.7. Cellular uptake of polyplexes

As previously described for in vitro transfection, cells were prepared in 6-well plates.
Polyplexes (20 uL; 1 ug pDNA) prepared using YOYO-1-intercalated pDNA were added to
the cells. After a 4-hr incubation under 4 different pH environments (pH 7.4, 7.0, 6.7, and
6.3), the cells were detached and then fixed using 4% PFA solution. The cells containing
fluorescent polyplexes were monitored using flow cytometry (FACScan Anaylzer, Becton-
Dickinson, Franklin Lakes, NJ) with a primary argon laser (488 nm) and fluorescence
detector (530+15 nm) for YOYO-1. Polyplex uptake was analyzed using a gated population
containing at least 5,000 cells.

Biomaterials. Author manuscript; available in PMC 2013 February 1.
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2.8. Cell cycle phases

The cell-cycle phases of MCF7, MCF7/ADR-RES, and MES-SA cells incubated in different
pH media were assessed. Cells were seeded in 6-well plates at a density of 5x10° cells/well
and cultured for 24 hr prior to treatment with different pH media. Then, cells were exposed
to 4 different pH transfection media (i.e., pH 7.4, 7.0, 6.7 and 6.3) for 4 hr and then 4
different pH culture media (i.e., pH 7.4, 7.0, 6.7 and 6.3) for 44 hr. During the transfection
process, cells were sampled at predetermined time points (i.e., 0, 2, 4, 12, 24, 36, and 48 hr
post-transfection). The cells were rinsed twice with DPBS and detached with trypsin-EDTA
solution. The rinsed and suspended cells were fixed with cold 70% (v/v) ethanol (ag.). Fixed
samples were rinsed twice with DPBS and incubated with 1 mL of a Pl-containing DPBS
solution (50 ug/mL PI, 0.1% Triton®X-100 solution, and 15 pg/mL RNase) for 30 min at
RT. The stained samples were analyzed by flow cytometry with a primary argon laser (488
nm) and fluorescence detector (668 nm long pass); at least 15,000 cells were counted per
condition.

2.9. Intracellular pH measurement of polyplexes

3. Results

The intracellular pH environment of polyplexes was monitored using fluorescent dye-
labeled polymers as previously reported [43]. PLL and PEI were labeled with pH-sensitive
FITC and pH-insensitive RITC dyes using a simple coupling reaction. PLL and PEI were
each labeled with both FITC and RITC, creating FITC-PLL-RITC (2.3 mol% (based on .-
lysine units) FITC; 1.2 mol% RITC), and FITC-PEI-RITC (1.6 mol% (based on amines)
FITC; 0.4 mol% RITC), respectively [43].

As previously described for in vitro transfections [43], cells were prepared in 6-well plates.
Polyplexes (20 uL; 1 ug pDNA) were prepared using FITC-PLL-RITC or FITC-PEI-RITC,
and added to cells. At predetermined time points (i.e., 0.5, 1, 1.5, 2, 3, and 4 hr post-
transfection), the cells were detached and then resuspended in DPBS 1% PFA solution. To
create a pH calibration curve, the transfected cells were resuspended in 0.5 mL of pH clamp
buffers (approximately pH 7.4, 6.8., 6.0, 5.0, and 4.0) that were prepared by mixing DPBS
(pH 7.4) or MES (pH 4.0; 50 mM MES, 150 mM NaCl, 4 mM KCI, and 1 mM MgSQy).
Monensin (20 uM) and nigericin (10 uM) were added into pH clamp buffers to ensure
homogeneity of the pH environment for cells. The cells harboring fluorescent polyplexes
were monitored using flow cytometry (FACScan Anaylzer, Becton-Dickinson) with a
primary argon laser (488 nm) and fluorescence detectors (530£15 nm for FITC and 585+21
nm for RITC). The average intracellular pH of polyplexes was assessed by analyzing the
ratio of FITC to RITC intensity from a gated population of at least 5,000 cells. In order to
identify and assign the major intracellular compartments holding the polyplexes from the
intracellular pH, the entire fluorescent cell population was divided into four areas based on
the cellular pH calibration curve. The nucleus, and potentially the cytoplasm, was designated
by pH values greater than pH 6.8, early endosomes were approximated between pH 6.0 and
pH 6.8, late endosomes were between pH 5.0 and pH 6.0, and lysosomes were classified
with a pH less than 5.0 [43].

and discussion

Prior to applying extracellular media of various pH values (i.e., culture medium and
transfection medium) for in vitro polymeric transfection, the optimum conditions for PEI-
and PLL-based transfection of MCF7, MCF7/ADR-RES, and MES-SA cells were
determined using less toxic polymer/pDNA complexation ratios. For PEI/pDNA complexes,
N/P 5 was applied to all cell lines used in this study because, in general, higher N/P values
cause cytotoxicity [19, 22, 44]. For PLL/pDNA complexes, N/P 5 was used for MCF7 and
MCF7/ADR-RES cells based on our previous report [43]. For MES-SA cells, N/P 10 was
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used as the optimum transfection condition based on results from a test of N/P values
between 3 and 15 (Fig. S1).

3.1. Effects of extracellular pH on transfection efficiency

PEI- and PLL-mediated transfection efficiencies are shown in Fig. 1 for cells exposed to
specific extracellular pHs. Luciferase expression of the cells transfected with 4 different
medium pHs (i.e., transfection medium and culture medium) for 48 hr (Condition AB) was
polyplex- and cell-dependent. The medium pH strongly influenced transgene expression of
PEI/pDNA-transfected MCF7, MCF7/ADR-RES, and MES-SA cells (p<0.001, p<0.001,
and p=0.004 by one-way ANOVA, respectively). Using pH 7.4 medium, PEI/pDNA-
transfected MCF7 cells had approximately 2-fold to 3-fold higher transfection efficiency
than those at pH 7.0, 6.7, and 6.3 (p=0.01, p=0.02, and p=0.09 by one-way ANOVA with
Tukey HSD test, respectively). Interestingly, PEI/pDNA-transfected MCF7/ADR-RES and
MES-SA cells showed increased transgene expression with decreasing medium pH values.
Specifically, gene expression in medium pH 6.3 was approximately 2-fold higher than in
medium pH 7.4 (p<0.001 for MCF7/ADR-RES cells and p=0.01 MES-SA cells by one-way
ANOVA with Tukey HSD test).

PLL/pDNA-transfected cells experienced approximately 2-fold lower (for MES-SA cells) or
higher (for MCF7 and MCF7/ADR-RES cells) gene expression with medium pH 7.4 than
medium pH 6.3. However, PLL-mediated transfections were less sensitive to medium pH
(p=0.27 for MCF7, p=0.07 for MCF7/ADR-RES, and p<0.05 for MES-SA cells by one-way
ANOVA) than PEI-mediated transfections. Also, transfection results conducted at medium
pH 7.4 and medium pH 6.3 showed less significant differences (p=0.03 for MES-SA, p=0.21
for MCF7, and p=0.06 for MCF7/ADR-RES cells by one-way ANOVA with Tukey HSD
test) for PLL versus PEI.

These medium pH-induced polymeric transfection results were further analyzed to
understand which steps of polymeric transfection are strongly affected by the extracellular
pH. Thus, pH-controlled medium treatment was divided into transfection medium for 4-hr
transfection periods and culture medium for 44-hr incubation periods. When applying
Condition A (transfection media of various pHs) as shown in Fig. 1, acidic transfection
media caused either decreased or nearly equal transfection efficiencies compared with
neutral transfection medium. For PEI/pDNA-transfected MCF7 and MCF7/ADR-RES cells,
transfection medium pH 6.3 reduced transfection efficiency by as low as 7.7-fold and 2.1-
fold, respectively, compared with transfection medium pH 7.4 (for both, p=0.004 by one-
way ANOVA with Tukey HSD test). Acidic transfection medium (pH 6.3) also caused
approximately 25-35% reduced transgene expression of MES-SA cells compared to
transfection medium pH 7.4, although transfection efficiency was less affected by medium
pH (p=0.23 by one-way ANOVA).

PLL-mediated transfections were also influenced by transfection medium pH (p=0.04 for
MCF7, p=0.02 for MCF7/ADR-RES, and p<0.001 for MES-SA by one-way ANOVA).
MCF7/ADR-RES and MES-SA cells transfected with transfection medium pH 6.3 had 2.4-
fold and 2.7-fold lower transfection efficiencies than those with transfection medium pH 7.4
(p<0.05 and p=0.001 by one-way ANOVA with Tukey HSD test, respectively). For PLL/
pDNA-transfected MCF7 cells, transfection medium pH 7.0 caused the highest transfection
efficiency, which was approximately 2-fold higher than those from other pH transfection
media.

However, unlike the pH effects of transfection media, transfection efficiencies increased in
acidic culture media (called as Condition B) (Fig. 1). The pH of the culture medium
significantly influenced transfection efficiencies for PEI/pDNA-transfected MCF7/ADR-
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RES and MES-SA cells (for both, p<0.001 by one-way ANOVA), and their transfection
efficiencies in culture medium pH 6.3 were 1.9-fold and 2.6-fold higher than those in culture
medium pH 7.4 (for both, p<0.001 by one-way ANOVA with Tukey HSD test). For PEI/
pDNA-transfected MCF7 cells, although the effect of culture medium pH on PEI-mediated
transfection efficiency was not statistically significant (p=0.31 by one-way ANOVA),
transfection efficiencies using culture medium pH 6.3 were 1.6-fold higher than those at
culture medium pH 7.4 (p=0.49 by one-way ANOVA with Tukey HSD test).

When transfecting cells with PLL/pDNA using Condition B, there was no statistically
significant influence of decreased culture medium pH values on transfection efficiencies
(p=0.22 for MCF7, p=0.28 for MCF7/ADR-RES, and p=0.30 for MES-SA cells by one-way
ANOVA). However, the culture medium pH 6.3 induced approximately 1.6-fold higher
transfection efficiencies for PLL/pDNA-transfected MCF7 and MCF7/ADR-RES cells than
culture medium pH 7.4 (p=0.33 and p=0.34 by one-way ANOVA with Tukey HSD test,
respectively).

3.2. Effects of extracellular pH on MTT-based cellular activity

MTT-based cellular activity assays were applied to understand how the extracellular pH
influences cell number, cell viability, metabolic activity, and the cell proliferation rate of
polyplex-transfected cells. When different medium pHs were applied to untransfected cells
(Condition AB), the cellular activities significantly decreased with decreasing pHs,
regardless of cell type (for all cell lines, p<0.001 by one-way ANOVA) as shown in Fig. 2.
These results are consistent with previous studies [35, 45]. However, regardless of the type
of polyplex used, the cellular activity of most transfected cells was almost the same as
untransfected cells at the same pH.

In Fig. 2, 4-hr treatment of acidic transfection media (Condition A) did not significantly
damage the cellular activities of untransfected or transfected cells versus neutral transfection
media treatment. On the other hand, longer treatment (44 hr) of acidic medium (Condition
B) induced similar cellular activities to Condition AB treatment. However, it is not clear
whether acidic medium caused reduced cell viability and/or metabolic activity or inhibited
cell proliferation (without cell death).

3.3. Effects of medium pH on polymers and polyplexes

When polymers and polyplexes are exposed to different pH environments, their chemical,
physical and electrochemical properties can be changed. First, the proton buffering capacity
of PEI and PLL were monitored by acidic titration. As shown in Fig. S2, a PLL solution had
no proton buffering capacity like a NaCl aqueous solution (150 mM) because the primary
amines of PLL stay protonated within the range of basic to acidic pHs. On the contrary, a
PEI solution exhibited proton buffering throughout a broad pH range (approximately pH
3-10) due to continuous protonation of primary, secondary, and tertiary amines upon
acidification. These results are consistent with previous reports [46].

During acidification, protonation of amines increases the net positive charge character, and
the altered charge could affect electrostatic interactions between polymers and pDNA. In
this way, medium pH (i.e., buffer pH) could influence complexation and decomplexation
between polymers and pDNA as well as particle size and surface charge of polyplex.
Nevertheless, Godbey et al., reported that PEI-mediated transfection efficiencies were not
different when PEI/pDNA complexes were prepared in different pH solutions [47]. Thus,
this study excluded the effects of medium pH on complexation. All polyplexes were
prepared at pH 7.4.

Biomaterials. Author manuscript; available in PMC 2013 February 1.
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When polyplexes were exposed to different medium pHs, the changes of PEI/pDNA and
PLL/pDNA complexes’ particle size, surface charge, and decomplexation were investigated.
As expected, the particle size and surface charge of PLL/pDNA complexes were not
affected by HBG with different pHs (p=0.88 and p=0.96 by one-way ANOVA, respectively)
(Fig. 3(a) and 3(b)). These results may be attributed to unaltered primary amine protonation
of PLL within the pH range of 6.3 to 7.4; the side chain of .-lysine has pK, 8.95. In the case
of PEI/pDNA complexes (Fig. 3(a) and 3(b)), particle sizes were around 80-90 nm in
solutions pH 6.7-7.4, although the size at pH 6.3 (106+£19 nm) was somewhat increased
compared to those at other pHs. Surface charges ranged between 10-15 mV without
statistical significance related to pH effects.

The effects of medium pH on decomplexation were monitored over time as shown in Fig.
3(c). Medium pH 7.4 resulted in increased decomplexation (i.e., increased fluorescent
intensity) with time, regardless of polyplex type. However, acidic medium (pH 6.3 to 7.0)
compared to medium pH 7.4 showed decreasing or constant fluorescent intensity over time.
These results may be caused by increasing (+/—) charge ratios of polyplexes because the
phosphate groups of pDNA (approximately pK, 6.3) are less negatively charged at acidic pH
than pH 7.4. This phenomenon may be similar to tight complexation of polyplexes at high
(+/-) charge ratios.

Our findings suggest that polyplexes may be stable in acidic extracellular environments and
during endosomal acidification, but could be dissociated in neutral pH environments such as
the cytoplasm or the nucleus. If medium pH 7.4 can induce a weak attraction between
polycations and pDNA in polyplexes within 4 hr, before cellular internalization, this may
facilitate pDNA release from polyplexes after endosomal release, thereby enhancing
polymeric transfection efficiency. That is, high pH-induced decomplexation could generate
higher transfection efficiency than low pH-induced decomplexation.

3.4. Effects of medium pHs on polyplex uptake

In transfection experiments, transfection medium was applied for 4 hr and then replaced
with culture medium. At 4 hr post-transfection, the polyplexes that were not endocytosed
will be removed. Thus, only internalized polyplexes will be available for gene expression.
During the first 4 hr post-transfection, the different pHs of transfection medium for
Conditions AB and A could affect cellular polyplex uptake, whereas the same pH of
transfection medium under Condition B could cause the same cellular uptake.

Thus, when different medium pHs were applied, cellular uptake 4 hr post-transfection was
monitored by flow cytometry. As shown in Fig. S3, PEI/pDNA uptake in MCF7 cells in
transfection medium pH 7.4 was somewhat lower than uptake under other transfection
medium pHs. A similar amount of PLL/pDNA complexes was internalized into transfected
MCFT7 cells regardless of the transfection medium pH. However, MCF7/ADR-RES and
MES-SA cells showed negligible effects of altered transfection medium pH for PEI/pDNA
and PLL/pDNA uptake.

3.5. Effects of medium pH on cell cycle phases

The cell-cycle phase of transfected cells affects cellular internalization, endocytosis, and
transfection efficiency of gene complexes [48-51]. Cellular internalization of nonviral gene
complexes during the Go/M phases was 1.5-fold lower than during late G4 [51]. Polymeric
transfection initiated at the S or G,/M phases caused approximately 30-fold or more than
500-fold higher transgene expression than transfections beginning at G4, respectively [48].
Thus, we monitored the effect of medium pH on cell cycle phases. During the first 4 hr post-
transfection, the G4, S, and G, phases of cells from different medium pHs were not
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significantly different (Fig. S4). This may support the similar cellular internalization of
polyplexes shown in Fig. S3. Under Condition A, the effects of different tranfection pHs on
polymeric transfection efficiency may be caused by other effectors, but not the cell-cycle
phase.

However, after the first 4 hr post-transfection, cell-cycle phases were indeed influenced by
medium pH. Even though the impact of acidic medium is cell-dependent, the medium at pH
6.3 induced more G1 phase and less S and G, phases than other pHs, regardless of the cell
type (Fig. 4). In MCF7 cells, medium at pH 6.3 slightly inhibited cellular functions such as
cell proliferation (G, phase) and DNA duplication (S phase) compared with other medium
pHs. Compared to MCF7 cells, MCF7/ADR-RES and MES-SA cells were strongly
influenced by medium pH. In the case of MCF7/ADR-RES cells, medium at pH 6.7, 7.0 and
7.4 did not show any significant changes on cell cycle phases within the first 12 hr post-
transfection. However, acidic (pH 6.3) medium-treated MCF7/ADR-RES cells had
remarkably increased G; phases and reduced S and G, phases 24 hr post-transfection, unlike
treatment with the other pH media. For MES-SA cells, acidic medium clearly showed higher
G phases and lower S and G, phases than neutral medium 4 hr post-transfection. These
findings indicate that the cytoskeletal network for endocytosis of polyplexes may be
maintained. Also, the lower proportion of mitotic cells in acidic medium could prevent
dilution of gene expression per cell so long as the acidic medium does not damage cell
viability. These two possibilities indicate that acidic culture media induces better transgene
expression than neutral culture media under Condition B.

3.6. Intracellular environment of polyplexes

The intracellular location and pH of polyplexes or pDNA strongly affect polymeric
transfection efficiency [43, 52]. Thus, we estimated how the medium pH influences the
intracellular environment of polyplexes using flow cytometry as previously reported [43]. In
cells transfected with PEI/pDNA and PLL/pDNA complexes, the average intracellular pH
environment was monitored during the first 4 hr post-transfection (Fig. 5). Polyplexes
continuously internalize until they are used up from the extracellular medium. Therefore,
polyplexes could be exposed to different subcellular locations, and the transfected cells
having these polyplexes may experience different intracellular pHs over time. Thus, as
shown in Fig. 6 and Fig. 7, it was estimated how many polyplex-transfected cells had
average intracellular pHs conducted from polyplexes exposed to the pH of subcellular
compartments (e.g., the cytosol, the early and late endosomes, the lysosomes, and the
nucleus) over time.

As shown in Fig. 5, the effects of transfection medium pH on the average intracellular pH of
polyplex-transfected cells were cell- and polyplex-dependent. The average intracellular pH
of PLL-mediated MCF7 transfected cells was not significantly influenced by the medium
pH, whereas the intracellular pH for MCF7/ADR-RES and MES-SA transfections was
affected by medium pH. In PLL/pDNA-transfected MCF7/ADR-RES cells, acidic medium
induced a slow drop in intracellular pH within the first 2 hr post-transfection. Recovery of
intracellular pH, which was caused by endosomal escape of polyplexes [43], was somewhat
lower (approximately 0.1~0.2 pH units). Furthermore, the time points for intracellular pH
recovery were delayed (2 hr post-transfection for medium pH 6.3 vs. 0.5-1 hr post-
transfection for medium pH 7.4). Similarly, MES-SA cells transfected with PLL/pDNA
complexes showed an acidic medium (pH 6.3)-mediated slow intracellular pH recovery (1.5
hr post-transfection vs. 0.5-1 hr post-transfection at medium pH 7.4) and low recovered
intracellular pH (~ pH 6.5 vs. pH 6.7 at medium pH 7.4). These results are probably not
attributed to polymer characteristics because PLL does not have proton buffering capacity in
the pH range experienced during intracellular polyplex trafficking. One significant
contribution could be the acidic medium-induced changes to cell characteristics; acidic
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extracellular medium lowered intracellular (cytoplasmic) pHs [37], and acidic cytosolic pHs
are known to inhibit/delay the endocytosis of therapeutics such as proteins [38, 53-55].

Delayed endosomal acidification rates and lower intracellular recovery pHs of PLL/pDNA-
transfected cells in acidic medium could be supported by the population data of cells with
average intracellular pHs related to subcellular compartments. As shown in Fig. 6, it seems
that medium pH does not significantly affect time-dependent polyplex uptake (column plots)
or the average intracellular pH (dot plots) relevant to subcellular compartments. Regardless
of the medium pH, PLL/pDNA-transfected MCF7 cells had an average intracellular pH
between pH 7.25-7.35 (relevant to the cytosol/the nucleus), pH 6.55-6.70 (relevant to the
early endosomes), pH 5.40-5.55 (relevant to the late endosomes), and ~ pH 4 (relevant to the
lysosomes). The pH ranges of PLL/pDNA-transfected MCF7/ADR-RES cells were pH
7.01-7.13, pH 6.18-6.47, pH 5.40-5.57, and pH 4.00-4.10, and were lower than those of
MCF7 transfected cells due to the fast endosomal acidification rates of MDR cells [43].
Also, PLL/pDNA-transfected MES-SA cells had pH 7.17-7.27, pH 6.44-6.64, pH 5.48-5.65,
and pH 4.00-4.15. However, in PLL/pDNA-transfected MCF7/ADR-RES cells and MES-
SA cells, the peak cell populations relevant to late endosomes and lysosomes (from column
plots of Fig. 6) were delayed with acidic medium treatment. This acid medium-induced
delayed acidification process could cause delayed cytosolic release of polyplexes. Also, the
lower intracellular pH may slow down decomplexation rates. Together, these phenomena
may influence the acidic transfection medium-induced decrease in polymeric transfection
efficiency.

When applying PEI/pDNA complexes (having endosomal disruption capability) to the cells,
the intracellular pH of transfected cells was higher (> ~pH 6.7) than those of PLL/pDNA-
transfected cells (Fig. 5) because the proton buffering capacity of PEI can break endosomal
membranes, quickly releasing PEI/pDNA into the cytoplasm. Like PLL/pDNA-transfected
cells, PEI/pDNA-transfected cells were influenced by delayed endocytosis and endosomal
acidification of polyplex-trapped endosomes when treated with acidic transfection medium.
This was clearly demonstrated by the fast endosomal acidification rates (e.g., MCF7/ADR-
RES cells in this study). As shown in Fig. 7, transfection medium pH 6.3 caused more cells
to be exposed to early endosomal pHs than transfection medium pH 7.4. Also, the delayed
endosomal acidification may negatively influence the endosomal release of PEI/pDNA
complexes because the proton buffering capacity of PEI is strongly affected by decreasing
pH.

Based on the transfection results of Conditions AB, A, and B (as summarized in Table 1),
acidic transfection media decreased polymeric transfection efficiencies, whereas acidic
culture media enhanced efficiencies. The effects of transfection media on transfection
efficiency may be mediated by the delayed acidification rates of polyplex-trapped
endolysosomes and the decomplexation rates during the transfection period. Delayed
endosomal acidification caused by acidic transfection media resulted in delayed cytosolic
release of polyplexes (i.e., sequestrated in the late endosomes and lysosomes). In addition,
polyplexes in acidic extracellular environments and slightly acidic cytosol could be
tightened and then slowly release pDNA. These reasons might explain why acidic
transfection media decreased polymeric transfection efficiencies.

On the other hand, the culture medium affected the cell cycle phase and metabolic activity
of transfected cells. Under acidic conditions, the metabolic activity of transfected cells was
reduced. Although these results may have been caused by a reduction in viable cells, the
metabolic functions of transfected cells could be limited by cellular arrest (i.e., increased G
phase and decreased G, and S phases) without cell death. Cellular arrest could delay mitosis,
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leading to less dilution of gene expression in transfected cells. As a result, acidic culture
medium can enhance polymeric transfection efficiencies.

Thus, the impact of transfection media and culture media on cells may determine the effects
of medium pH on transfection efficiency. Nevertheless, in regard to the effects of
extracellular pH on polymeric transfection, the pH of the culture medium could be more
influential than the pH of the transfection medium because transfected cells are exposed to
culture medium longer (44 hr) than transfection medium (4 hr). The findings in this study
may be helpful for developing effective polymeric vectors for solid tumors and ischemia
because these cells pathologically feature acidic extracellular environments.

4. Conclusion

In vitro polymeric transfection was strongly affected by the extracellular pH. Transfection
media modulated both polymer/polyplex characteristics (e.g., proton buffering and
decomplexation) and cellular characteristics (e.g., endocytic trafficking), whereas culture
medium affected only cellular characteristics (e.g., cell proliferation, cell cycle phase, and
mitosis). In conclusion, acidic transfection medium reduced and acidic culture medium
enhanced polymeric transfection efficiency. When treating with a specific extracellular pH
during polymeric transfection, the impact of transfection medium and culture medium may
determine the effect of medium pH on transfection efficiency.
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Effects of extracellular pH (e.g., medium pH for Condition AB, transfection medium pH for
Condition A, and culture medium pH for Condition B) on the transfection efficiency of PEI/
pDNA- and PLL/pDNA-transfected MCF7, MCF7/ADR-RES, and MES-SA cells. (n=8;

mean+SEM)
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Effects of extracellular pH (e.g., medium pH for Condition AB, transfection medium pH for
Condition A, and culture medium pH for Condition B) on MTT-based cellular activity of
PEI/pDNA- and PLL/pDNA-transfected MCF7, MCF7/ADR-RES, and MES-SA cells.

(n=6; meantSEM)
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Effects of medium pH on (a) particle size, (b) surface charge, and (c) decomplexation of
PEI/pDNA (N/P=5) and PLL/pDNA (N/P=5) complexes. (n=3; meanSD)
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Gy, S, and G, phases of MCF7, MCF7/ADR-RES, and MES-SA cells after treatment with
transfection media of varying pH (48 hr incubation).
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Average intracellular pH of PEI/pDNA- or PLL/pDNA-uptake in MCF7, MCF7/ADR-RES,
and MES-SA cells within 4 hr after polymeric transfection (mean+SEM; n=3).
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Fig. 6.

Subcellular pH distributions of PLL/pDNA-uptake in MCF7, MCF7/ADR-RES, and MES-
SA cells within 4 hr after polymeric transfection. The pH of each subcellular compartment
in polyplex-transfected cells and the number of cells in each subcellular compartment at a
given time point following transfection are represented in the following dot plots and
column plots, respectively. The intracellular pH for polyplex-transfected cells relevant to the
pH of lysosomes (black circle, ), late endosomes (gray inverse triangle, ¥), early
endosomes (dark gray square, ®), and the cytosol/nucleus (bright gray diamond, ) are
represented in dot plots. The corresponding % cell numbers are represented as &, ¥, i, and

in the column plots. The cell number at 4 hr post-transfection was set to 100% (mean=SEM,;
n=3).
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Fig. 7.
Subcellular pH distributions of PEI/pDNA-uptake in MCF7, MCF7/ADR-RES, and MES-
SA cells within 4 hr after polymeric transfection (mean+SEM; n=3).
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Summary of cell transfection enhancement or reduction with extracellular pH 6.3 compared to extracellular

Table 1
pH 7.4.
McF7  \MEFEL . MES-sA
Condition AB  2-fold | 2.2-fold 1 2-fold 1
PEI/pDNA-
mediated Condition A 7.7-fold |  2.1-fold | 1.6-fold |
transfection .
ConditionB  1.6-foldt  1.9-foldt  2.6-fold 1
Condition AB  1.7-fold 1 1.8-fold 1 1.5-fold |
PLL/pDNA-
mediated Condition A 1-fold 2.4-fold |  2.7-fold |
transfection .
ConditionB  1.6-fold 1 1.6-fold 1t 1.2-fold 1t

| and 1 mean lower and higher, respectively.
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