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There is a need for new tools to better quantify intracellular de-
livery barriers in high-throughput and high-content ways.
Here, we synthesized a triple-fluorophore-labeled nucleic acid
pH nanosensor for measuring intracellular pH of exogenous
DNA at specific time points in a high-throughput manner by
flow cytometry following non-viral transfection. By including
two pH-sensitive fluorophores and one pH-insensitive fluoro-
phore in the nanosensor, detection of pH was possible over
the full physiological range. We further assessed possible corre-
lation between intracellular pH of delivered DNA, cellular
uptake of DNA, and DNA reporter gene expression at 24 hr
post-transfection for poly-L-lysine and branched polyethyleni-
mine polyplex nanoparticles. While successful transfection was
shown to clearly depend on median cellular pH of delivered
DNA at the cell population level, surprisingly, on an individual
cell basis, there was no significant correlation between intracel-
lular pH and transfection efficacy. To our knowledge, this is the
first reported instance of high-throughput single-cell analysis
between cellular uptake of DNA, intracellular pH of delivered
DNA, and gene expression of the delivered DNA. Using the
nanosensor, we demonstrate that the ability of polymeric nano-
particles to avoid an acidic environment is necessary, but not
sufficient, for successful transfection.

INTRODUCTION

Non-viral gene delivery has great promise in clinical applications
such as for cancer therapy where transient expression can be sufficient
to result in clinical efficacy." Compared with DNA-based viral gene
therapy, non-viral delivery methods are more amenable to repeat
administration due to reduced risk of immunogenicity and inser-
tional mutagenesis, but remain less efficient than viral delivery
methods."” Despite extensive progress in the previous decade,
many challenges in engineering successful non-viral gene delivery
platforms remain."”> Polymeric gene delivery in particular has made

extensive progress toward increased performance through rational
engineering of polymer structures as well as screening of broad li-
braries of polymer structures, but new quantitative bioassays are
required to fully understand the mechanisms by which existing nano-
particles achieve transfection.* "'

Barriers to successful polymeric gene delivery at the level of individual
cells include cellular internalization, endosomal escape, nucleic acid
unpacking, and nuclear transport.'>"” Of these barriers, overcoming
endosomal escape has been specifically identified as a critical rate-
limiting step in polycation nanoparticle-mediated transfection
because generally only a minor fraction of endocytosed polyplexes
manage to escape to the eytoplasty ' > n-endolysosomal trafficking
that does not require endosomal , but enables nuclear entry
through the endoplasmic reticultuus, 1as been shown to occur for
certain nanoparticulates, such as specific histone-targeted nanopar-
ticles, but it has not been demonstrated for the majority of nanopar-
ticle formulations.'>'® The presence of intracellularly delivered
nucleic acid at an acidic pH indicates that the nucleic acid is not
in the eytoplasny and is not in the environment required for
successful gene expression. Failure to escape the endosome to the

asm can result in nucleic acid degradation when the early

ome transitions to a late endosome/lysosome, typically within
an hour following uptake.'” The shift from early endocytic vesicle
to late endosome and eventually lysosome results from fusion of
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Figure 1. pH Nanosensor Synthesis

; (A) Synthesis of the triple-labeled pH sensor was achieved
; via a two-step process of UV photocrosslinking NHS-
psoralen to plasmid DNA followed by reaction with three
primary amine fluorophores (fluorescein, Oregon green
[OG], and Cy5). (B) Far-red channel fluorescence from Cy5
is pH-insensitive over the physiological pH range of inter-
est, whereas OG and fluorescein exhibit pH-sensitive
quenching relative to their pKa values of 4.6 and 6.4.
(C) The combination of these fluorophores results in a pH-
sensitive ratiometric relationship for cells electroporated,
fixed, and run through flow cytometry in known pH
solutions.
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the early endosome with other vesicles. The latter contain hydrogen
pump V-ATPases and digestive enzymes that result in acidification
and degradation of the nucleic acid contents of polymeric
nanoparticles.'”'®

To escape the endosome and avoid lysosomal degradation, polymeric
nanoparticles have been designed specifically with either moieties that
facilitate membrane pore formation or amine groups designed to
enable them to buffer vesicle acidification and consequently escape
the endosome via the hypothesized proton sponge mechanism.'®
Beginning with branched polyethylenimine (bPEI), many polymeric
nanoparticles have been engineered to take advantage of endosome
acidification as a means to protect their nucleic acid cargo and enable
endosomal escape.'® Despite extensive study in the two decades since
the first use of bPEI, the mechanism of endosomal escape for cationic
nanoparticles is still not universally agreed upon.'”*” The ability of
the cationic polymers containing tertiary amines to effectively buffer
in the physiological pH range between 5 and 7 has been demonstrated
in multiple settings,>”*® yet improved buffering capacity at low, phys-
iologically relevant pH has been shown to not always result in more
effective transfection.”” As a means of studying this mechanism uni-
versally among cell types and polymer systems, we sought to create an
intracellular pH sensor for probing the mean compartmental pH
environment of exogenously delivered DNA in individual cells and
to design this sensor to be readable in a high-throughput manner
by flow cytometry.

Approaches to single-cell and single-compartment pH measurements
have previously utilized fluorescence. A ratiometric, fluorophore-
based assay utilizing a pH-sensitive fluorophore and a pH-insensitive
reference fluorophore was reported by Murphy et al.*” using fluores-
cein isothiocyanate (FITC) and rhodamine B isothiocyanate (RITC)
to measure endosomal pH over time following insulin internalization.
Similar assays have been utilized to measure endosomal pH by
fluorophore labeling polymeric gene delivery vectors or plasmid
DNA.*>***! More sensitive ratiometric pH probes have recently
been developed for non-gene delivery applications using fluorescent
polymers and have shown the importance of using multiple pH-sen-
sitive fluorophores to effectively probe the lysosomal pH range.’**
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pH Insensitive ————>

Specifically for gene delivery applications, we aimed to investigate the
local pH of the exogenously delivered DNA, not the local pH of de-
livery polymers that may dissociate from the DNA. Here, we report
a triple-fluorophore-labeled plasmid DNA-based pH nanosensor
with improved sensitivity at lysosomal pH used for probing cellular
pH of exogenously delivered DNA to individual cells and cell popu-
lations following polymeric gene delivery. This ratiometric pH nano-
sensor enabled an investigation of endosomal buffering following
polymeric gene delivery in a high-throughput manner by flow cytom-
etry. Average pH of the nucleic acid pH nanosensor was monitored at
specific time points within individual cells to quantify trends between
cellular uptake of DNA, local pH environment of delivered DNA, and
successful expression of the DNA in both easy-to-transfect and hard-
to-transfect cell lines using bPEI and poly-L-lysine (PLL).

RESULTS

Nucleic Acid pH Nanosensor Synthesis and Validation

The triple-fluorophore-labeled plasmid pH nanosensor was synthe-
sized in a batch process using the reaction scheme shown in Figure 1A
using succinimidyl-[4-(psoralen-8-yloxy)]-butyrate (NHS)-psoralen
UV crosslinked into DsRed plasmid DNA prior to reaction with fluo-
rescein cadaverine (FL), Oregon green (OG) cadaverine, and cyanine-
5-amine (Cy5).”* It was designed to have a green channel-to-far-red
channel fluorescence ratio that would increase with increasing pH
as shown in Figures 1B and 1C. The reaction ensured that each
plasmid statistically had all three fluorophores with approximately
50 green and 50 far-red fluorophores per 4,700 bp plasmid as deter-
mined by spectrophotometry. The labeling efficacy was not particu-
larly sensitive to the amount of NHS-psoralen used, but required
sufficient DMSO (~30%) in the reaction solution to allow the more
hydrophobic fluorophores to react effectively.

The pH nanosensor sensitivity over the entire pH range of interest
was verified to be improved with the inclusion of two pH-sensitive
fluorophores and one pH-insensitive fluorophore in comparison
with plasmids labeled with only one pH-sensitive fluorophore and
one pH-insensitive fluorophore (Figure 2A). This nanosensor was
observed to have an approximately linear relationship between pH
and fluorescence ratio over the physiological pH range of interest

YMTHE 4338
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Figure 2. Fluorescence Ratio pH Calibration Curve

(A) Plate reader normalized fluorescence curves fit with a
logarithmic function show that two pH-sensitive fluo-
rophores were necessary for pH sensitivity over the range
of interest (all curves also contain Cy5 for pH-insensitive
fluorescence on the FL4 channel). (B and C) The triple-
labeled pH nanosensor gave an approximately linear
relationship over the pH range of interest measured using
(B) a fluorescence plate reader and (C) flow cytometry
following electroporation into HEK293T cells. Values
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(Figure 2B). For flow cytometry experiments, a calibration curve
relating fluorescence ratio to pH for the nanosensor was created by
electroporating the pH nanosensor into human embryonic kidney
cells (HEK293T) and human primary grade IV glioblastoma cells
(GB319),” fixing the cells to permeabilize them to free flow of ions
and running them through the flow cytometer following resuspension
in known pH buffer solutions (Figure 2C). The pH nanosensor was
further confirmed to be effective in a third cell line and was stable
when stored at —20°C over 6 months (Figure S1).

Additionally, fluorophore labeling of plasmid DNA to form the pH
nanosensor was confirmed not to affect nanoparticle physicochem-
ical properties in terms of hydrodynamic diameter or zeta potential
when combined with cationic polymers to form polyplex nanopar-
ticles (Figures 3A and 3B). Overall, PLL nanoparticles were approx-
imately 50 nm in size with a zeta potential of +20 mV, and PEI
nanoparticles were approximately 250 nm in size with a zeta poten-
tial of +25 mV. To test the influence of DNA labeling for the pH
nanosensor on polymer/DNA binding strength, we performed a
heparin competition binding assay using gel electrophoresis’ and
a Yo-Pro-1 iodide* competition binding assay that showed that poly-
mer-DNA interaction was minimally affected by covalent labeling
(Figures 3C and 3D).

Intracellular trafficking of covalently modified plasmid DNA has
likewise been a concern in previous studies,”® which we sought to
address by utilizing only 20% pH nanosensor DNA in studies
involving cellular uptake and expression. Although it is true that
the fluorescent labeling method does prevent expression from labeled
plasmids, this reduction in reporter gene expression was due to UV
exposure that likely results in nicks in the DNA during the labeling
process (Figure S2) and not necessarily fluorophore covalent conjuga-
tion. Recent studies have shown that bPEI polyplexes have on the
order of 10 plasmids per nanoparticle,”’” meaning that with 20% pH
nanosensor DNA used to form polyplexes in uptake and expression
experiments, each polyplex would statistically contain unmodified
plasmids.

Cellular Uptake and Transfection
Polymeric nanoparticles have been demonstrated previously in
HEK293 cells to traffic via an endolysosomal pathway, and the cell

shown are mean + SEM of four wells for (A) and (B) and
median ratio of >10,000 cells for (C). FLC, fluorescein; OG,
Oregon green.

line is particularly amenable as a well-established cell type for non-
viral transfection experiments.’>*® Human GB319 cells, in contrast,
are a difficult-to-transfect primary cell line, which show relatively
low reporter gene expression for a wide variety of transfection re-
agents.” Initial screens of the nanoparticle formulations were done
to identify optimal ratios between transfection reagent and DNA
that were effective for transfection without being highly cytotoxic
(Figures S3C and S3D), where polymer/DNA w/w ratios of 1:1 and
2:1 were selected. These ratios between polymer and DNA were in
line with polymer doses used previously’® and can be converted
from w/w to nitrogen (polymer) to phosphate (DNA) (N/P) ratio
by multiplying by 7.6 or 2.2, respectively, for 25 kDa bPEI and PLL.

For cellular uptake studies, including for pH measurements, cells
were washed with the polyanion heparin prior to flow cytometry
to remove any surface-bound but non-internalized nanoparticles
(Figure $4).%> Cellular uptake efficacy was determined via flow cy-
tometry by the fluorescence of the pH-insensitive fluorophore
(Cy5) at 2 hr after adding nanoparticles to the cells (Figures 4A
and 4B) as gated in Figure S5B. All nanoparticle formulations tested
demonstrated similar levels of particle uptake within each cell type in
terms of percent of uptake-positive cells as well as the normalized
geometric mean uptake, which correlates to the average number of
nanoparticles taken up by each cell. Due to the high labeling efficacy
using NHS-psoralen, and the sensitivity of the nanosensor, the frac-
tion of fluorophore-labeled DNA for pH determination and cellular
uptake experiments was able to be reduced to 20% of the total DNA
used to form polyplex nanoparticles. This was particularly important,
because exposure of the plasmid DNA to UV to promote covalent
bond formation in the pH nanosensor synthesis protocol resulted
in DNA nicks that eliminated expression from the labeled plasmid
DNA (Figure S2).

Transfection efficacy was assessed via flow cytometry (Figures 4C and
4D) and fluorescence microscopy (Figures S3A and S3B) in HEK293T
and GB319 cells, respectively. Despite the high levels of cellular up-
take of PLL/DNA nanoparticles, transfection via PLL polyplexes at
either w/w ratio was very ineffective in both HEK293T and GB319,
as anticipated. bPEI/DNA nanoparticles were more effective in
both cell lines and did so in a polymer-dose-specific fashion with
bPEI w/w 2 being superior to bPEI w/w 1 (Figures 4C and 4D).
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Figure 3. Biophysical Properties of Polymeric Gene Delivery Nanoparticles Were Not Affected by pH Nanosensor Labeling

(A and B) Polymeric gene delivery nanoparticles were formed by self-assembly of cationic polymers using the pH nanosensor or unlabeled plasmid DNA and assessed using
dynamic light scattering for (A) hydrodynamlc diameter and (B) zeta potenhal where no statlstlcal differences were observed. Values shown are mean + SEM of three
independently prepared samples. oA rptes; Differences between nanoparticles formulations
were assessed using multiple t tes nultlple comparisons corrected for using the Holm S|dak method. (C and D) Polymer binding strength with labeled pH nanosensor
or unlabeled plasmid DNA was co:wurwu using a (C) Yo-Pro-1 binding assay (values shown are mean + SEM of three wells) and (D) heparin binding assay, where only minor
differences were observed in polymer-DNA interaction. Values on the heparin binding assay show the w/w ratio of heparin to the mass of polycation per well. A possible
increase in binding interaction between pH nanosensor DNA and cationic polymer may be accountable by the presence of carboxylic acid groups in two of the

fluorophores used.

Calculated pH Measurements

HEK293T and GB319 cells were transfected with the nanoparticle
formulations using 20% pH nanosensor plasmid DNA, and average
pH of DNA was calculated at specified time points following the
initial addition of nanoparticles (Figures 5A and 5E). The fluores-
cence on the FL1H pH-sensitive and FL4H pH-insensitive channels
for individual cells as gated in the third panel of Figure S5A was
imported to MATLAB for processing. The ratio between the FL1H
and FL4H from individual cells was computed, and input into the
linear standard curve relating fluorescence ratio to pH (Figure 2C)
for individual cells and the median calculated cell pH per well was
determined. For all polyplex nanoparticles studied, acidification
rapidly occurred within the first 2 hr of transfection. pH of the nano-
sensor then remained effectively constant over the subsequent day
for all nanoparticles except PLL in HEK293T, where acidification
continued to occur at a slower rate until 8 hr post-transfection.
PLL/DNA polyplexes at both w/w 1 and w/w 2 acidified to an average
pH of approximately 4.5 for HEK293T and 5.5 for GB319. bPEI/DNA

4 Molecular Therapy Vol. 25 No 7 July 2017

polyplexes, in contrast, avoided dramatic acidification in both cell
lines, with HEK293T displaying an average pH of 6.0 at both polymer
doses. bPEI nanoparticles in GB319s appeared to reduce acidification
in a polymer dose-dependent fashion with w/w 1 having an approx-
imate median pH of 6.1 and w/w 2 having an approximate median
pH of 6.6.

At the 24 hr time point, DsRed expression was assessed as shown in
flow cytometry gating (Figure S5C) to determine characteristics of
cells having been successfully transfected compared with those cells
that were not successfully transfected. Fluorescence from the pH-sen-
sitive (green), pH-insensitive (far-red), and DsRed (red) channels
could also be clearly seen for each nanoparticle formulation using
fluorescence microscopy at 24 hr post-transfection (Figure S6). Over-
all, bPEI and PLL both showed statistically significant differences at
the population level for median pH of the DsRed” and DsRed ™ pop-
ulations (Figures 5B and 5F), but the pH distributions (Figures 5C,
5D, 5G, and 5H) were not qualitatively different except in the case

YMTHE 4338
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(A -and B) HEK293T (A) and GB319 (B) cellular uptake as percent of all cells and normalized geometric mean fluorescence of Cy5-labeled DNA were similar between PLL and
bPEI. (C and D) Transfection efficacy in (C) HEK293T and (D) GB319 cells as percent of all cells and normalized geometric mean expression showed that bPEl was much more
effective than PLL in transfecting cells. Lipofectamine 2000 showed similar levels of cellular uptake and transfection to bPEI with the conditions tested. Bars show mean +

SEM of four wells.

for w/w 1 bPEI in GB319 cells. For transfections with bPEI w/w 1 in
GB319 cells, acidic pH (5.0-6.0) correlated with a decreased fre-
quency of successful transfection (DsRed” > DsRed"), whereas
neutral pH (~7.0) weakly correlated with a higher frequency of suc-
cessful transfection (DsRed” > DsRed ). This trend was not noted in
HEK293T cells, however, despite the similar trend in increased trans-
fection efficacy with bPEI w/w 2 particles. For PLL, in both cell types
the DsRed ™ population had a narrow, acidic pH distribution indica-
tive of lysosomal fate (Figures 5D and 5H). For HEK293T cells posi-
tively transfected with PLL nanoparticles, the DsRed" population was
shifted to more neutral pH.

Individual Cell Relationships among Calculated pH, Cellular
Uptake, and Exogenous Gene Expression

An advantage of the fluorescence-based nanosensor developed is the
capability for high-throughput measurements of cellular uptake of
exogenous DNA, measurement of local pH of the exogenous DNA,
and expression of the exogenous DNA. Assessment of DsRed reporter
gene expression at 24 hr post-transfection as compared with pH
nanosensor measurements and cellular uptake measurements on
the pH-insensitive channel of the nanosensor enabled the analysis
of trends at the single-cell level. To clearly elucidate the DsRed™ pop-
ulation of cells from possible increased autofluorescence, we calcu-
lated the ratio of FL3H fluorescence to FL1H fluorescence for each
cell, which showed a clear difference for DsRed" cells (see gating of
Figure S6C). Plotting the DsRed expression in terms of FL3H/FL1H
versus calculated pH on an individual cell level basis did not show

a strong apparent correlation for bPEI or PLL at either w/w ratio or
cell line tested (Figures 6A-6H). There did, however, seem to be a
weak correlation with bPEL but only at w/w 1 ratio in GB319 cells
(Figure 6F). Quantification of the correlation between variables spe-
cifically for the DsRed-expressing cell populations using Pearson’s
correlation coefficient (PCC) in MATLAB showed that there was
quantitatively minimal correlation between most of the variables
(Figures 6I-6N). Weak positive correlation (0.2 < PCC < 0.4) between
DsRed expression and pH was observed only for bPEI in either cell
line (Figures 61 and 6L), whereas cells transfected with PLL showed
no significant correlation between the variables. This result was sur-
prising, given the cases of strong statistical significance between the
median pH values of the DsRed” and DsRed ™ populations for both
bPEI and PLL (Figures 5B and 5F). For other relationships, nanopar-
ticle uptake and cell pH showed weak correlation only for bPEI w/w 2
in GB319 cells (Figure 6M), and nanoparticle uptake and gene expres-
sion showed weak correlation only for bPEI w/w 2 and PLL w/w 2 in
GB319 cells (Figure 6N).

Microscopy Verification and Lysosome Colocalization

The pH nanosensor was verified to function visually using confocal
microscopy in the harder to transfect GB319 cell line, where it was
noted that bPEI was prone to having high variability in the fluores-
cence ratio between individual endosomes, spanning both neutral
and acidic pH ranges (Figure 7A). Following transfection with
bPEI/DNA nanoparticles, within individual cells, some endosomes
had a high fluorescence ratio, indicating a near-neutral pH, whereas
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(A and E) Median pH of intracellular DNA calculated at various time points following transfection for the entire cell populations showed PLL failing to avoid a lysosomal fate,
whereas bPEI showed a pH closer to neutral in both (A) HEK293T and (E) GB319 cells. (B) Comparison via Holm-Sidak corrected multiple t tests of the median pH values from
the DsRed positively transfected populations and negative untransfected populations at 24 hr showed statistically significant differences between the populations for bPEI
w/w 1, bPEl w/w 2, PLL w/w 1, and PLL w/w 2 for HEK293T cells. (F) In GB319 cells, statistically significant differences in median pH values between the successfully
transfected populations and untransfected populations for bPEI w/w 1, bPEI w/w 2, and PLL w/w 1 were observed. (C) For HEK293T cells transfected with bPEI w/w 2 and
w/w 1, less acidic pH of the delivered DNA in individual cells (>5.5) was slightly correlated with an increase in fraction of cells transfected compared with more acidic pH of the
delivered DNA in the individual cells (<5.5). (D) Interestingly, HEK293T cells transfected with PLL showed the same behavior to a greater extent. (G) For GB319 cells
transfected with bPEI, transfection resulted in a wider distribution of calculated pH than with PLL particles. Following transfection with bPEI, acidic pH (5.0-6.0) correlated
with a decreased frequency of successful transfection (DsRed™ > DsRed*), whereas neutral pH (~7.0) correlated with a higher frequency of successful transfection
(DsRed* > DsRed™). (H) For GB319 cells transfected with PLL, there were only minor differences between the DsRed™ and DsRed ™ populations. All errors bars show the
mean + SEM of four wells. Histograms show the binned flow cytometry data from four wells. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

other endosomes had the pH-sensitive fluorophores effectively
quenched, thus indicating their presence in lysosomes. PLL, in
contrast, had low pH-sensitive fluorescence and low fluorescence
ratios with only the pH-insensitive fluorescence strongly observed.
These results were confirmed by staining for lysosomes with a pH-
sensitive dye (see Materials and Methods) and analyzing colocaliza-
tion of the pH-insensitive fluorophore with lysosomes (Figures 7A
and 7B). The fraction of DNA colocalized with lysosomes was more
than 75% for PLL at both 3 hr and 24 hr post-transfection, whereas
for bPEI the fraction of DNA colocalized with lysosomes was less
than 40% at 3 hr and increased between the 3 and 24 hr time points
(Figure 7C).

Application to Non-polymeric Non-viral Nanoparticles

We additionally evaluated the pH nanosensor using the liposomal
transfection reagent Lipofectamine 2000 to test its efficacy with a
non-polymeric non-viral transfection agent (Figure 8). Lipofectamine
2000 at a w/w 1 ratio showed a median pH of DNA of approximately
6.0, demonstrating that some plasmids fail to fully escape a late endo-
some or lysosomal fate. The mechanism of endosomal escape of lipid
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reagents like Lipofectamine 2000 is not fully established, but recent
reports have shown that the vast majority of lipid nanoparticles still
reach lysosomes and escape is a relatively rare event.””*" Overall,
we detected only minimal differences in the calculated pH between
DsRed" and DsRed™ populations of cells transfected with Lipofect-
amine 2000 and did not find any correlation between nanoparticle
uptake and transfection or nanoparticle uptake and pH. That being
said, acidic pH (4.0-6.0) correlated with a slightly decreased fre-
quency of successful transfection (DsRed ™ > DsRed "), whereas higher
pH (7.0-8.0) weakly correlated with a higher frequency of successful
transfection (DsRed” > DsRed ™). However, because high transfection
was seen with Lipofectamine 2000 across the whole range of pH
(4.0-8.0), significant trafficking of the delivered DNA to acidic com-
partments was not a significant barrier to Lipofectamine 2000 as a
non-viral transfection agent, unlike with PLL.

DISCUSSION

In this work, we have created a nucleic-acid-based pH nanosensor for
investigating the local pH of plasmid DNA following transfection
with non-viral carriers. Notably, the pH nanosensor synthesized
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Figure 6. Relationships among Individual Cell pH, Uptake, and Gene Expression at 24 hr

(A-H) Representative scatterplots of DsRed" (red) and DsRed ™ (black/gray) populations of cells transfected with (A and E) bPEl w/w 2, (B and F) bPEl w/w 1, (C and G) PLL
w/w 2, and (D and H) PLL w/w 1 qualitatively showed minimal correlation between gene expression and calculated pH. (I-N) To quantify correlation between variables, we
calculated Pearson’s correlation coefficient (PCC) for each well for variables in the case of HEK293T (I-K) and GB319 (L-N). (I and L) PCC between pH and gene expression
showed weak (0.2 < PCC < 0.4) correlation only in the case of HEK293T cells transfected with bPEl at w/w 1 and w/w 2, as well as GB319 cells with bPEI w/w 1. (J and M) pH
and nanoparticle uptake showed weakly positive correlation only for GB319 cells transfected with bPEI w/w 2. (K and N) Nanoparticle uptake and gene expression showed
weak correlation only for GB319 cells transfected with bPEI w/w 2 and PLL w/w 2. All errors bars show the mean + SEM of four wells for PCC calculated for the cells in

that well.

here utilized two pH-sensitive fluorophores, fluorescein and OG, with
respective pKa values of 4.6 and 6.4 for improved sensitivity at lower
pH ranges of interest (Figure 2A), which was required to probe lyso-
somal pH levels.” Using the ratio of the fluorescence of the pH-sen-
sitive fluorophores to the pH-insensitive fluorophore, we calibrated a
standard curve for intracellular pH readings (Figure 2C) that could be
quantified in a high-throughput manner through flow cytometry.

Previous studies have focused on labeling polymers directly as a pH
probe, whereas less research has been done constructing pH sensors
from nucleic acids to specifically investigate vesicles containing
DNA.****%%3! Labeling of polymers directly has been shown to influ-
ence the size and properties of the particles studied.” In this study,
nanoparticles formed from cationic polymers complexed with 100%
pH nanosensor DNA were not statistically different in size, zeta
potential, or polymer binding strength from nanoparticles formed

with unlabeled DNA (Figure 3). Additionally, given that free polymer
has been shown to play a large role in transfection and that some poly-
mers may form particles in the absence of DNA, studying the traf-
ficking of a fluorescently labeled polymer is a less direct method to
assess the behavior of those particles and endosomes specifically con-
taining plasmids.””*' Labeling plasmids directly with fluorophores
also enabled a single ratiometric curve to be generated for the specific
batch of labeled plasmid as nanosensors, eliminating the need to label
and characterize multiple polymers individually when using the
nanosensor to probe biomaterial structure-function relationships.

PLL and bPEI were optimal polymers to use as a proof of concept,
because they are established gene delivery materials and were shown
to have a similar degree of nanoparticle uptake (Figures 4A and 4B).
As expected from previously published results in other cell types,
bPEI was much more effective than PLL for overall transfection in

Molecular Therapy Vol. 25 No 7 July 2017 7

YMTHE 4338



Please cite this article in press as: Wilson et al., A Triple-Fluorophore-Labeled Nucleic Acid pH Nanosensor to Investigate Non-viral Gene Delivery, Molecular
Therapy (2017), http://dx.doi.org/10.1016/j.ymthe.2017.04.008

Molecular Therapy

A pH Insensitive pH Sensitive Threshold
N : - 3
3
\ 5
2 '
w
[-%
o]
(o]
3
~N
3 ;
= :
o
DNA/Lysosome Colocalization
B 250 ¢
Il 3h
1.0 * 3 24h
0.8
Region 3
Colocalized

Lysosome intensity

| — |
0.6+
0.4+
0.2+
0.0-

bPEIw/w 2 PLLw/w 2

Absolute Pixel Frequency
Overlap Coefficient (PCC) M1

DNA intensity

.

Figure 7. Confocal Microscopy Qualitative Assessment of pH Nanosensor Function and Lysosome Colocalization

(A) Endosomes 3 hr post-transfection containing bPEI w/w 2 or PLL w/w 2 nanoparticles formed with the pH nanosensor show qualitative functioning of the nanosensor for
live cell microscopy using GB319 cells, whereby the pH-insensitive fluorophore intensity was not dependent on pH, whereas the pH-sensitive fluorophores were quenched
when DNA was present in lysosomes. Images were thresholded for analysis of colocalization of DNA via the pH-insensitive channel with lysosomal tracking dye. Com-
partments containing DNA non-colocalized with lysosomes are shown in pink, whereas lysosomes not containing DNA are shown in red, and compartments containing DNA
colocalized with lysosomes are shown in yellow. Scale bars, 20 um. (B) Scattergrams show the analysis of the representative microscopy images with distribution of pixels
with DNA fluorescence intensity shown on the x axis, lysosome fluorescence intensity shown on the y axis, and region 3 showing thresholded colocalized pixels.
(C) Quantification of Pearson’s correlation coefficient M1 for colocalization of DNA and lysosomes showed PLL nanoparticles colocalized with lysosomes at both 3 and 24 hr
post-transfection, whereas bPEI nanoparticles partially avoided an initial lysosomal fate at 3 hr, but not at 24 hr. Quantified results were tested using multiple t tests corrected
for multiple comparisons using the Holm-Sidak method. Errors bars show mean + SEM of five images taken with the same microscope settings. *p < 0.05.

both cell lines tested (Figures 4C and 4D). Using the pH nanosensor,
we observed that plasmid DNA delivered with bPEI maintained a
near-neutral pH, whereas DNA delivered with PLL was trafficked
to acidic compartments (Figures 5A and 5E).”**' Interestingly, the
dose-dependent difference in median pH of the GB319 cell popula-
tion for bPEI was not observed in the HEK293T cells and disappeared
when examining only the DsRed” population (Figure 5F). Examining
differences between DsRed” and DsRed™ populations at 24 hr post-
transfection showed significant differences in the median pH of the

8 Molecular Therapy Vol. 25 No 7 July 2017

populations for both bPEI and PLL, although the significance was
greatest for bPEI at a w/w 1 dose (Figures 5B and 5F). Analysis of
the DsRed” and DsRed™ populations (Figure 5) showed that for
both polymers in both cell lines, when the average pH was close to
neutrality, the relative frequency of successful transfection (DsRed"/
DsRed ) increased. Intriguingly, when moving from a population
perspective to a single-cell perspective, the strong positive correlation
between increased intracellular pH and increased transfection is
no longer observed (Figure 6). These results are in agreement with
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previous claims that only a small fraction of polyplexes ever manage
to escape endolysosomes to the cytosol.”’ Thus, the many polyplexes
that do not escape the endolysosomes and the many cells that do not
become successfully transfected obscure the potential correlation of
those that do. Nonetheless, with the right polyplex material, these
non-escaping polyplexes and these non-transfected cells can still all
exhibit an increase in pH sensed by the nanosensor that correlates
to a transfection advantage for the cell population overall.

To further investigate functioning of the pH nanosensor following
transfection and to evaluate polyplex activity in GB319 human glio-
blastoma cells in the context of previous reports that have observed
the vast majority of polyplexes taken up by a cell fail to escape the
endosomes, we performed confocal microscopy at 24 hr post-trans-
fection (Figure 7). The pH sensor was confirmed to function as ex-
pected, further validating results from flow cytometry, with the
pH-sensitive channel showing much greater fluorescence in propor-
tion to the pH-insensitive channel for bPEI-mediated transfection
than for PLL. Interestingly, endosomes containing the pH nanosen-
sor and bPEI appeared to exhibit a wide variance in pH, which was
apparent from confocal images and was further confirmed by assess-
ing the specific fraction of DNA in lysosomes via colocalization anal-
ysis (Figures 7B and 7C). For nucleic-acid-containing nanoparticles
that manage to escape the endosome, they will no longer appear as
punctate points in microscopy images, and imaging would be hin-
dered by the much brighter concentrated pixels of nanoparticles in
endolysosomes; these same nanoparticles that have successfully
escaped the endosomes would, however, be accounted for in total
fluorescence with flow cytometry. This could explain in part the
possible discrepancies between flow cytometry and confocal micro-
scopy analysis, whereby nucleic acids delivered with bPEI have
been reported in other cell types to maintain a median pH greater
than 5 when assessed with flow cytometry, but less than 5 with
confocal microscopy.””***!

Our studies set out to investigate to what extent certain non-viral gene
delivery nanoparticles reach a state of acidification in endolysosomes
or else manage to avoid that fate through the use of a DNA-based
nanobiosensor. An important aspect to note is that there is a variety
of means for a nanoparticle to avoid acidification. Although prevent-
ing acidification through endosomal buffering and titratable amine
groups has been demonstrated in part by some biomaterials such as
PEI, this is not the only method by which particles escape a lysosomal
fate.”> An alternative possibility is avoidance of these acidic pathways
altogether through uptake into non-acidifying vesicles'>'® or direct
entry to the cyteplasm through induced nanopores.*” A related aspect
is that the type of endocytosis, such as clathrin-mediated versus cav-
eolae-mediated, can also make a significant difference to the efficiency
of transfection, and that this can occur in a polymer structure-specific
manner.”’ Nonetheless, it is clear that sequestration of delivered DNA
into acidic late endosomes and lysosomes means that those DNA
molecules are not available to be transcribed in the pH-neutral nu-
cleus, the target of the gene delivery. Thus, this nanobiosensor can
play an important role in probing this barrier in a high-throughput,
single-cell, and dynamic fashion.

Even given successful and canonical endocytosis of a nanoparticle,
there are additional intracellular barriers beyond endosomal escape
to successful transfection including DNA unpacking, nuclear
import, and nuclear retention of DNA that must be considered
for a delivery approach, but the endosomal barrier remains in
many cases the rate-limiting step in expression following nanopar-
ticle uptake.'* In recent studies, the rarity of endosomal escape of
lipid nanoparticles as well as polymeric nanoparticles has been like-
wise well documented.””*” These studies in particular have noted
the difficulty in using fluorescence-based imaging for tracking
labeled molecules or particles that have successfully escaped the en-
dosome, because the fraction of total fluorescence detectable in the
cytosol is very low. With this in mind, we have chosen to focus on
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the specific barrier to transfection of endosomal escape in our cre-
ation of a new tool.

The proton sponge hypothesis posits that because of endosomal buft-
ering by a protonatable base, such as PEI (the “proton sponge”), there
will be a concomitant flux of anions into the endosome to maintain
electroneutrality and consequent buildup of osmotic pressure that
can lead to endosomal rupture. The results of this study do not
confirm or deny the existence of the proton sponge mechanism as
it was first proposed by Boussif et al.,'” but do argue against a simple
buffering-limited endosomal escape path for polymeric vectors. If
transfection of cells were to be limited by the buffering capacity of
the polymeric vectors used, including bPEIL, buffering capacity of
nanoparticles in the pH 5-7 range would be expected to show strong
direct correlation with transfection efficacy, which is not what we
observe when we look at the cells on a single-cell level in our study
(Figure 6).

Theoretical approaches to assessing the feasibility of the proton
sponge mechanism are inconclusive. Purely theoretical assessment
of the feasibility of the proton sponge mechanism based on the com-
bination of osmotic pressure and pressure from the charged polymer
has been used to argue that buffering of endosomal pH with enough
free (uncomplexed) cationic polymer was sufficient for rupturing
endosomes.”® Assessment of the feasibility of the proton sponge
mechanism via quantification of the amount of fluorescently labeled
bPEI that accumulated in endosomes in combination with the theo-
retical buffering capacity and estimated critical lysosomal membrane
tension of 10 mJ/m? has been used to argue that osmotic pressure
could not lead to endosomal escape on its own.”’ Likewise, the
maximum endosomal osmotic pressure possible based on the buff-
ering capacity of bPEI has been estimated to be below the level neces-
sary for full endosomal membrane disruption.*®

Perhaps buffering capacity of polymers for gene delivery may make
endosomal escape more likely without directly causing endosomal
escape via the hypothesized proton sponge mechanism on its own.
Polymer buffering capacity may cause an increase in osmotic pressure
across the membrane in such a way as to make it more vulnerable to
disruption by other attributes of the polymer, such as its increasingly
high charge, similarly to how an overly inflated balloon is easier to
pop with a pin than a partially inflated balloon. This hypothesis is
supported by experimental results from multiple groups demon-
strating interaction of polymer directly with cellular membranes,
because charged cationic polyplexes have been demonstrated to
lead to membrane disruption directly.'*'® Further, the spacing of
cationic charges in polymer structure has been demonstrated to affect
both transfection efficacy and cellular viability, as observed in the
odd-even effect with polyaspartamides.** Coupled with results from
groups demonstrating efficacy of amphiphilic polymers for gene de-
livery that have relatively low charge densities, this balance between
ability to possibly generate osmotic pressure because of buffering
capability and ability to disrupt membranes by physical means may
be critical for polymeric vector cytosolic delivery.*
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In conclusion, we have demonstrated that a triple-fluorophore-
labeled nucleic acid can function as a sensitive pH nanosensor to
probe the environment of exogenous nucleic acid delivered by poly-
meric and liposomal non-viral carriers through the whole range of
physiological pH. bPEI, in comparison to PLL, exhibited a higher
average intracellular pH, as well as a higher variance in intracellular
pH. Population average measurements of pH were found to correlate
well to successful transfection of human cells, whereas single-cell
measurements were found to be only weakly correlative. These results
suggest limitations to the proton sponge hypothesis and also that the
ability of polymeric nanoparticles to avoid an acidic environment is
necessary, but not sufficient, for successful transfection. To our
knowledge, this is the first reported instance of high-throughput sin-
gle-cell analysis between cellular uptake of DNA, intracellular pH of
delivered DNA, and gene expression of the delivered DNA. This
nanosensor technology can be of benefit to increase fundamental
quantitative understanding of how biomaterial properties affect intra-
cellular delivery and to glean high-content and high-throughput in-
formation on the local environment of DNA as it transports through
the cell.

MATERIALS AND METHODS

Materials

bPEI 25 kDa (408727), PLL sodium chloride 15-30 kDa (P2658),
buffer salts, and organic solvents were purchased from Sigma-
Aldrich. NHS-psoralen (23013), OG cadaverine (010465), and
FL (A10466) were purchased from Thermo Fisher. Cy5-amine
(230C0) was purchased from Lumiprobe. All fluorophores were dis-
solved in DMSO at a concentration of 10 pg/uL and stored at
—20°C in small aliquots. Plasmid pDsRed-Max-N1 (Addgene
21718) was used for construction of the pH nanosensor, whereas
peGFP-N1 (Addgene 2491) was used for initial transfection efficacy
screens.

Nucleic Acid pH Nanosensor Synthesis

DsRed plasmid DNA at a concentration of 1 pg/pL was mixed in a
mass ratio of 16:1 with NHS-psoralen in DMSO at a concentration
of 1 pg/pL.*® The solution was distributed to a 96-well round-bottom
plate with 50 pg DNA/well and placed on ice. Psoralen was then
crosslinked into the DNA by 25 min of UV exposure using a
0.16 A 365 nm lamp placed directly over the plate. For each well,
8 uL of 10x PBS, 17 uL of DMSO, 25 pg of FL, 25 nug of OG cadav-
erine, and 2.5 pg of Cy5-amine were added, well mixed, and then
incubated at room temperature for 1 hr while protected from light
to prevent photobleaching. It was necessary to fine-tune DMSO vol-
ume percent of the solution to 30% to facilitate reaction of the more
hydrophobic fluorophores. Labeled DNA was then ethanol precipi-
tated two times to remove excess reactants and purify the DNA.
The purified pH nanosensor was then resuspended in ultrapure water
at 75% of the original volume. The concentration and labeling efficacy
were determined using a NanoDrop spectrophotometer (Thermo
Fisher Scientific), and the volume was increased to make the pH
nanosensor concentration 1 pg/uL. DNA was then divided into ali-
quots and stored at —20°C protected from light. Additional DNA
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was labeled using only fluorescein or OG and Cy5 for comparison
of the triple-labeled pH nanosensor to more commonly utilized
dual-labeling techniques with only one pH-sensitive fluorophore.
Fluorescence over the pH range from 3.0 to 9 for the different versions
of the pH nanosensor was assessed using a Synergy 2 multiplate
reader (Biotek) with four replicates.

Cell Culture

Human glioblastoma astrocytes (GB319) were grown as adherent
cells as previously described on tissue culture flasks in DMEM/F12
(11330057; Thermo Fisher) with 10% heat-inactivated fetal bovine
serum (16140071; Thermo Fisher) and 1% antimycotic/antibiotic
(15240062; Thermo Fisher).” HEK293T were purchased from
ATCC and cultured in DMEM (11965092; Thermo Fisher) with
10% fetal bovine serum and 1% penicillin/streptomycin.

pH Standard Curves

The pH nanosensor was introduced to cells for creation of the stan-
dard curve relating fluorescence ratio to pH by electroporation using
the Neon Transfection System (Thermo Fisher). In detail, cells were
passaged to individual tubes with 200,000 cells/tube, then fully aspi-
rated and kept on ice for 20 min. The cells were then resuspended
in 10 pL of the Neon System-supplied R-buffer containing 1 pg of
100% labeled DNA and electroporated with one pulse at 1,300 V
for 20 ms. For the flow-cytometry-based pH curve, the electroporated
cells were transferred to a solution of PBS with 2% FBS, centrifuged,
and aspirated to remove R-buffer. Cells were then resuspended in PBS
containing 4% formalin for 15 min for simultaneous fixation and per-
meabilization, centrifuged, and aspirated to remove formalin, then re-
suspended in known pH point buffers prior to flow cytometry.
Known pH point 150 mM buffer solutions were made for pH values
between 4.0 and 9.0 with a final concentration of 120 mM NaCl and
30 mM citrate phosphate buffer with 2% v/v FBS. Precise pH was
measured using a SevenEasy pH Meter (Mettler Toledo) following
addition of FBS.*! A BD Accuri C6 (BD Biosciences) flow cytometer
with two lasers (488 and 633 nm) with four channels corresponding
to green, yellow, red, and far-red fluorescence (FLI at 530 + 15 nm,
FL2 at 565 + 10 nm, FL3 at 610 + 10 nm, and FL4 at 675 %
12.5 nm, respectively) was used for all flow cytometry experiments
in combination with a HyperCyt autosampler (IntelliCyt). For plate
reader experiments, pH nanosensor was diluted to 0.01 pg/uL in
known pH buffer solution in 96-well plates with four replicates. Fluo-
rescence measurements were taken with a Synergy 2 plate reader
(Biotek).

Transfection

For transfection efficacy experiments, cells were plated in CytoOne
96-well tissue culture plates (USA Scientific) 24 hr prior to transfec-
tion with 15,000 cells/well in 100 pL of media. Nanoparticles were
formed by mixing eGFP-N1 DNA and polymer solutions at 1:1 v/v
ratio followed by 10 min of incubation to allow for particle formation.
PLL and bPEI from stock aqueous concentrations of 10 pg/pL were
diluted to their necessary concentrations in 10 mM HEPES or
150 mM NaCl, respectively, before being mixed 1:1 with DNA diluted

to 0.06 pg/pL in the equivalent buffer. For notation, w/w 1 or w/w 2
for bPEI and PLL denotes a 1:1 or 2:1 w/w ratio with plasmid DNA,
respectively. Lipofectamine 2000 was used according to manufac-
turer’s instructions, prepared in Opti-MEM at w/w 2 and w/w 1
ratios. Twenty microliters of the nanoparticle solution was added to
each well of cells containing 100 puL of complete media and allowed
to incubate for 2 hr, at which point the media were replaced. Trans-
fection efficacy was assessed for percent transfected cells and geomet-
ric mean expression approximately 48 hr following transfection. Cell
viability was assessed using MTS CellTiter 96 Aqueous One
(Promega) cell proliferation assay approximately 24 hr following
transfection.

Cellular Uptake and pH Measurements

Cells were again plated at a density of 15,000 cells/well in 96-well
plates in 100 pL of media and allowed to adhere for 24 hr. Nanopar-
ticles were formed identically to the procedure for determination of
transfection efficacy other than the use of 20% plasmid pH nanosen-
sor pre-mixed with 80% unlabeled DsRed DNA. Following 2 hr of in-
cubation, media were aspirated and the cells were washed two times
with 50 pg/uL heparin in 150 mM PBS with five triturations followed
by a single PBS wash to remove surface-bound polyplexes. PBS was
then aspirated and replaced with fresh complete media. At specified
time points, cells were lifted and resuspended in 150 mM PBS con-
taining 2% v/v FBS before being run through a BD Accuri C6 flow
cytometer with HyperCyt CFlow autosampler as previously detailed.
Flow cytometry data were gated using Flow]Jo as shown in Figure S4
to determine cellular uptake and exclude cells with fluorescence in
either channel of the pH nanosensor below background autofluores-
cence levels. Cellular uptake was quantified using Cy5 from the pH
nanosensor for the percent of cells having uptaken polyplexes and
geometric mean fluorescence. Data from the cells above background
level for both FL1H and FL4H were exported and analyzed in
MATLAB. The ratio of FL1H/FL4H for pH-sensitive/-insensitive
fluorescence (FL1H/FL4H) was calculated for each cell. Then the
median FL1H/FL4H ratio for each well was determined and used to
calculate the average pH for that well using the linear standard pH
curve (Figure 2C).

Confocal Microscopy

GB319 cells were plated on Nunc Lab-Tek chambered borosilicate
coverglass well plates (155411; Thermo Fisher) at 37,500 cells/well
for the same seeding density as transfections in 96-well plates. Cells
were incubated for 2 hr with nanoparticles formed from 1,500 ng of
the plasmid pH sensor and the respective polymer. Cells were then
washed three times with 50 pg/mL heparin (379059; Sigma-Aldrich)
in 150 mM PBS. At 24 hr post-transfection, cells were stained for
10 min with Hoechst 33342 (H3570; Thermo Fisher) for nuclei visu-
alization, as well as Cell Navigator Lysosome Staining dye (AAT Bio-
quest), then washed three times with PBS and imaged in live cell
imaging solution (A14291D]J; Thermo Fisher) at 37°C in 5% CO..
Images were acquired using a Zeiss LSM 780 microscope with Zen
software and 63x oil immersion lens. Specific laser channels used
were 405 nm diode, 488 nm argon, 561 nm solid-state, and 639 nm
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diode lasers. Laser intensity and detector gain settings were optimized
for cells transfected with PEI w/w 2 and maintained for all imaging
experiments.

Nanoparticle Characterization

Three samples were independently prepared for each nanoparticle
formulation at the same concentrations as outlined earlier in the
Transfection section. Nanoparticles for pH nanosensor measure-
ments were formed from 100% labeled DNA. Nanoparticle hydrody-
namic diameters were determined by dynamic light scattering (DLS)
in disposable micro-cuvettes using a Malvern Zetasizer NanoZS
(Malvern Instruments) with a detection angle of 173°. Each sample
was then diluted in 10 mM NaCl by a dilution factor of 5, and zeta
potential was measured by electrophoretic light scattering in dispos-
able zeta cuvettes at 25°C using the same Malvern Zetasizer NanoZS
(Malvern Instruments).

Heparin binding competition assay between polyplex nanoparticles
and DNA was run similarly to previously published.” In brief, poly-
plex nanoparticles were formed between unlabeled or 100% labeled
plasmid DNA and either bPEI or PLL at a w/w ratio of 2 and con-
centration of 0.03 pg/uL in 10 mM NaCl. The nanoparticles were
then added to separate solutions of heparin sodium salt (Sigma
H3393) diluted in 10 mM NaCl to give the specified amounts
of heparin per well in nanograms. The solutions of polyplex nano-
particles with heparin were then diluted with 30% glycerol to give a
5% glycerol solution, after which 15 pL was loaded into a 1%
agarose gel.

Yo-Pro-1 iodide binding assays were run similarly to previously pub-
lished results," where DNA and Yo-Pro-1 iodide (Thermo Fisher)
were both diluted to a concentration of 1 pM in 10 mM NaCl. For
pH nanosensor trials, 100% Cy5-only-labeled DNA was used to avoid
fluorescence from the green channel fluorophores. The solution of
Yo-Pro-1 and DNA was then mixed in a 1:1 ratio with a polymer
solution to give the specified polymer concentration per well. Green
channel fluorescence was then measured using a plate reader (Biotek
Synergy 2).

Data Analysis, Statistics, and Figures

Prism 6 (GraphPad) was used for all statistical analyses and curve
plotting. Unless otherwise specified, statistical tests were performed
with a global alpha value of 0.05. ChemDraw (Perkin Elmer) was
used for chemical structures and schematics. Unless otherwise stated,
absence of statistical significance markings where a test was stated to
have been performed signified no statistical significance. Figures were
structured such that red lines, bars, or dots specifically denote DsRed”
populations, whereas DsRed™ populations were denoted with black
(HEK293T) or gray (GB319).
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