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Abstract

Efficient delivery of biomacromolecules (e.g., proteins, nucleic acids) into cell cytosol remains a
critical challenge for the development of macromolecular therapeutics or diagnostics. To date,
most common approaches to assess cytosolic delivery rely on fluorescent labeling of
macromolecules with an “always on” reporter and subcellular imaging of endolysosomal escape
by confocal microscopy. This strategy is limited by poor signal-to-noise ratio and only offers low
throughput, qualitative information. Herein we describe a quantitative redox-activatable sensor
(gRAYS) for the real-time monitoring of cytosolic delivery of macromolecules. gRAS-labeled
macromolecules are silent (off) inside the intact endocytic organelles, but can be turned on by
redox activation after endolysosomal disruption and delivery into in the cytosol, thereby greatly
improving the detection accuracy. In addition to confocal microscopy, this quantitative sensing
technology allowed for a high-throughput screening of a panel of polymer carriers toward efficient
cytosolic delivery of model proteins on a plate reader. The simple and versatile qRAS design
offers a useful tool for the investigation of new strategies for endolysosomal escape of
biomacromolecules to facilitate the development of macromolecular therapeutics for a variety of
disease indications.

Graphical Abstract

Correspondence to: Jinming Gao.
*These authors contributed equally to this work.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al. Page 2

Self-quenching o Ms e

macromolecules D
.T. ) ". .T. © Acceptor
"-.
e Endocytic
pathway
No membrane Membrane
disruption dlsmpo@

Fluorescence OFF (]

issn
o ' W
e I
Fluorescence ON

A quantitative redox-activatable sensor (QRAS) for the real-time monitoring of cytosolic
delivery of macromolecules was developed. The qRAS probe allowed for a high-throughput
screening of polymers toward efficient cytosolic delivery of macromolecules on a plate reader.
This new sensing platform will help accelerate the development of macromolecular therapeutics
for various diseases.
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Cytosolic delivery of biomacromolecules (e.g., proteins, peptides, nucleic acids) is critically
important to achieve biological efficacy in immunotherapy, gene therapy and RNA
interference.[!] Macromolecular agents are typically taken up by the target cells through
endocytosis or macropinocytosis, where escape from endolysosomes is essential to prevent
proteolytic degradation inside the lysosomes.[2] To achieve this goal, extensive efforts have
been devoted to the development of cytosolic delivery strategies that allow endolysosomal
escape of biomacromolecules to reach their targets in the cytoplasm.[3!

Despite great advances, the lack of a broad and quantitative detection assay presents a major
challenge in the rapid discovery of new strategies for the cytosolic delivery of
macromolecules with different size, charge and physical properties.[4l Conventional method
utilizes confocal microscopy to investigate the spatial and temporal distribution of
fluorescently labeled macromolecules.[5] Typical fluorescent labels employ “always on”
reporter molecules where detection intensity is solely dependent on the probe concentration.
Such imaging strategies have low signal-to-noise ratio and lack detection accuracy due to the
extensive dilution of probe in the cytosol, strong signal in the endocytic vesicles, and a
confounding effect of cytosolic autofluorescence background. Furthermore, they are not
compatible with high-throughput assays such as plate readers when quantification of
subcellular distribution is not feasible. Therefore, a simple, quantifiable cytosolic sensing
assay is urgently needed to achieve high-throughput screening and microscopic examination
of endolysosomal escape and cytosolic delivery of macromolecules in living cells.

Previous studies have reported that cell cytosol is a reducing environment with high
concentrations (1-10 mM) of glutathione (GSH) and neutral pH (7.4) that are optimal to
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reduce disulfides or reactive oxygen species.[8] In contrast, the endocytic vesicles are much
more oxidative with 100-fold lower concentration of GSH and acidic pH as low as 4.5. As a
result, disulfide bonds from exogenic molecules are stable in the endosomes or lysosomes,
but can be efficiently cleaved in the cell cytosol.[”] Several drug delivery systems have
employed disulfide bonds for cytosolic delivery of therapeutics to improve biological
efficacy.[®]

In this study, to achieve an accurate measurement of cytosolic delivery efficiency of
biomacromolecules, we established a disulfide-based, redox-activatable fluorescent sensor
that stays off in the extracellular space and along the endocytic pathway, but can be turned
on after endolysosomal disruption and reaching the cell cytosol (Scheme 1). The quantitative
redox-activatable sensor (QRAS) is synthesized by conjugating a fluorescent donor and
acceptor pair onto the same cysteine (Cys) residue, one of which is through a disulfide bond
(Figure 1). At the off state with an intact disulfide bond, hetero-Forster resonance energy
transfer (hetero-FRET) abolishes the fluorescence signals of the donor dye. Upon disulfide
cleavage by GSH in the cell cytosol, the fluorescence signal is turned on as a result of donor/
acceptor separation. The donor-Cys-acceptor design maximizes atom efficiency while
allowing short distance of donor and acceptor molecules to achieve superior FRET
quenching efficiency.[%] Moreover, the available carboxylic acid group on the Cys residue
can be activated by the formation of Athydroxysuccinimide (NHS) esters and offers a
convenient strategy to conjugate qRAS to various amine-containing macromolecules.

Figure 1A illustrates the synthesis of an exemplary qRAS molecule, where tetramethyl
rhodamine (TMR) and Cyanine 5 (Cy5) were used as donor and acceptor, respectively. After
preparation and characterization of the qRAS (Figure S1), we investigated its fluorescence
activation in response to a disulfide-reducing agent, tris(2-carboxyethyl)phosphine (TCEP).
Before TCEP addition, fluorescence spectrum showed nearly extinguished emission at 575
nm for the donor TMR dye (Figure 1B). The FRET quenching efficiency was calculated to
be >97%. Upon addition of 5 mM TCEP, a dramatic increase of the emission intensity at 575
nm was observed, which was accompanied by a decrease in the emission intensity at 665
nm. These results are consistent with the cleavage of the disulfide bond of gRAS, which
abolishes the FRET from TMR to Cy5. Plot of Fg75/Fgg5 as a function of time showed a
short half-activation time (t1/2) at 3 mins and an impressive 70-fold activation ratio over the
initial state (Figure 1C). In contrast, cleavage of TMR has much less pronounced effect
(<1.4 fold) on the emission intensity of acceptor Cy5 (Fggs) When irradiated at 640 nm
(Figure 1C). The relatively redox-insensitive acceptor signal is valuable to track labeled
macromolecules during cell uptake studies. Similar FRET quenching and redox activation
ratios were obtained when the donor and acceptor positions were switched (Figure S2).

Besides TMR/Cy5, we also extended gRAS design to additional donor/acceptor pairs,
including 7-diethylaminocoumarin/QSY 35, 7-hydroxycoumarin/dabcyl, and BODIPY-493/
BHQ-1 quencher.l19] All exhibited efficient fluorescence activation in response to a reducing
agent (Figure S3). In addition, 7-hydroxycoumarin/dabcyl pair also took advantage of the
pH sensitivity of the donor 7-hydroxycoumarin, where the fluorescence signal is further
suppressed in the acidic environment such as endocytic organelles (Figure S4).[11] The dual
sensitivity design has the potential to further enhance the fluorescence signal in cell cytosol
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over endocytic organelles. The demonstrated chemical versatility allows a custom-made
gRAS probe from a broad selection of fluorophores for different detection platforms (e.g.,
fluorescence microscopy, plate reader, flow cytometry).

Next, we examined whether gRAS-conjugated proteins are able to maintain the redox
activation property. Ovalbumin was used as model protein and labeled by qRAS (OVAIRAS,
Figure 2A). As shown in Figure 2B, OVAIRAS jtself was almost nonfluorescent in the TMR
channel as a result of efficient FRET quenching. After incubation with GSH (5 mM) for 1 h,
a substantial increase of emission intensity of TMR was observed (30-fold). Fluorescent
images of OVAIRAS solution with and without GSH addition demonstrated conspicuous
on/off output in the donor channel (Figure 2C). Similar fluorescence activation profile was
detected when treating OVAIRAS with dithiothreitol (DTT), a commonly used reducing
agent for the disulfide bond (Figure S5). The achieved fluorescence activation ratio (30-fold)
offers a superior imaging window over reported FRET-based protein sensors.[12]
Quantification of the kinetics of redox activation showed a half time (t1/,) of 15 mins (Figure
2D). In addition, the TMR/CyS5 ratio remained constant across a broad pH range from 4.0 to
8.0 (Figure S6), which indicates that pH alone did not activate gRAS along the endocytic
path.

To examine the capability of OVAIRAS for quantification of cytosolic delivery in living cells,
we firstly demonstarted the redox activation of OVAIRAS (Figure S7) and a linear corrleation
between detected fluorescence signal and OVAIRAS concentration on a plate reader (Figure
S8). Polyethylenimine (PEI) has been known to mediate endosomal escape of nucleic acids
through the “proton sponge effect”.[13] A commercially available JetPEl was used in this
study. PEG-b-poly(D, L-lactic acid) (PEG-PLA) was employed as a negative control due to
its low transfection efficiency. Following co-incubation with OVAIRAS the fluorescence
activation was monitored for 24 h. Results showed that JetPEI led to significantly higher
signal of activated OVAIRAS gver 24 h when compared to PEG-PLA (Figure 2E), consistent
with the ability of JetPET for disrupting the endolysosomal membranes for cytosolic
delivery. In addition, when replacing OVAIRAS with a cytotoxic protein, ribonuclease A,
JetPEI exhibited significantly stronger inhibitory effect on the proliferation of cancer cells
over the PEG-PLA control (Figure S9). To further demonstrate the GSH-specific activation
of OVAIRAS e pretreated the A549 cells with A-ethylmaleimide (NEM), an irreversible
and membrane-permeable sulfhydryl blocker. Data showed significant suppression of
fluorescence signals (Figure 2F), suggesting the redox activatable mechanism of OVAIRAS,
The ability to quantify cytosolic delivery efficiency on a plate reader offers a simple and
high-throughput method for real-time monitoring of endolysosomal escape and cytosolic
delivery of biomacromolecules.

Previously, we synthesized a library of ultra-pH-sensitive (UPS) copolymers with ionizable
tertiary amine side chains. The library covers an entire physiologic range of endocytic pH
(4.0-7.4) with 0.3 pH increments (Figure 3A and $10).[24] In this study, we screened the
library of UPS copolymers and evaluated their ability for cytosolic delivery of proteins. For
the UPS copolymers with linear aliphatic side chains, higher pKa resulted in stronger
activation signal of OVAIRAS (Figure 3B). We previously reported the pH-specific strong
buffer effect of UPS copolymers at their pKa values.['5] Results from this study indicate a
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pH selectivity where buffering the organelle pH at early stage of endocytic maturation is
more effective for cytosolic delivery. In addition, we observed that a UPS copolymer with a
cyclic 7-membered ring on the side chain (PC7A, pKa = 7.0) rendered the most efficient
cytosolic delivery of proteins with minimal cytotoxicity (Figure S11). Our data also showed
that JetPEI induced higher level of cytosol delivery of protein over branched PEI (BPEI,
Figure 3B), consistent with previous reports.[16] Similar structural dependence of cytosolic
delivery of UPS copolymers was also observed when immunoglobulin G was used as a
model protein (Figure S12), demonstrating the versatility of the qRAS probe for the labeling
of different macromolecules to assess their cytosolic delivery in a high-throughput setting.

To evaluate whether gRAS is able to improve the accuracy of microscopic imaging of
cytosolic delivery of macromolecules, we performed confocal microscopy analysis of A549
cells incubated with IgGIRAS, PC7A and UPS, 4 copolymers with strong and weak cytosolic
delivery efficiency, respectively, were employed for comparison (Figure S13). Cells treated
with UPS, 4 showed a nominal donor TMR signal up to 12 h indicative of minimal
activation. In contrast, punctate distribution of acceptor Cy5 signal fully colocalized with
lysosensor probe confirming endolysosomal entrapment of the protein (Figure 4A and
S14A). For the cells treated with PC7A, a dynamic pattern of endolysosomal disruption and
cytosolic delivery of 1gG was observed in PC7A treated cells. Emission intensity in the
donor TMR channel was dramatically increased over time (Figure 4B and S14B). At 0.5 h,
no TMR signal was observed demonstrating the advantage of qRAS design in suppressing
the signal from dose accumulation in the endocytic vesicles (IgG can still be tracked by the
acceptor Cy5 signal). At 3 h, a punctate distribution of TMR signal was observed, which
indicates that at early times, PC7A may disrupt endolysosomal membranes for GSH entry
and activation of IgGIRAS inside the vesicles. A subset of TMR and CyS5 signals was
separated from the lysosensor signals. At 12 h, endolysosomal escape of IgG proteins was
pervasive as evidenced by broad TMR and Cy5 fluorescence spread throughout the
cytoplasm and decreased colocalization level with lysosensor (Figure 4B). These data
suggest that the gRAS design is able to overcome the challenge in cytosolic dilution and
high signal intensity in endocytic vesicles for microscopic imaging of macromolecules using
“always on” labels, leading to improved accuracy to study endolysosomal escape of
macromolecules into the cell cytosol.

In conclusion, we report the design and development of a versatile redox-activatable sensor
for real-time monitoring and high-throughput quantification of cytosolic delivery of
macromolecules. The gRAS probe can be easily synthesized and conjugated to multiple
classes of macromolecules (OVA, IgG, and additional proteins and polymers, Figure S15).
Macromolecules labeled with gRAS remain silent in the extracellular environment and intact
endocytic vesicles, but can be dramatically activated in response to reducing environment of
cytosol. The highly sensitive and specific cytosolic activation of the gRAS conjugates
enables the quantitative assay of endolysosomal disruption on a microtiter plate. This high-
throughput capability offers an attractive sensing platform to mechanistically investigate key
physicochemical parameters of existing nanocarriers as well as discover new compositions
for cytosolic delivery of multiple classes of macromolecules. These efforts will help
accelerate the clinical translation of macromolecular therapeutics for a variety of disease
indications.
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Figure 1.
Synthesis and characterization of a representative qRAS molecule. A) Scheme of gRAS

synthesis using TMR and Cy5 as model fluorescent donor and acceptor, respectively. B) The
fluorescence spectra of gqRAS after the addition of TCEP to cleave the disulfide bond. The
sample was excited at 550 nm. C) Ratio of F575/Fgg5 over time in response to redox cleavage
by TCEP (black diamonds). Data was obtained from 1B. The emission intensity of Cy5
(Fees5, excited at 640 nm; blue squares) was used for comparison. Both Fg75/Fgg5 and Fggs
values were normalized to those at t = 0.
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Figure 2.

A) Schematic of qRAS conjugation to OVA and redox activation by GSH in the cytosol. B)
Emission spectra of qRAS-labeled OVA (OVAIRAS) hefore and after the addition of GSH (5
mM) in PBS. Samples were excited at 550 nm. C) Fluorescent images of OVAIRAS solution
with and without GSH by a Maestro Imaging system. D) Normalized fluorescence activation
of OVAIRAS gver time in response to a redox stimulus. E) Real-time monitoring of cytosolic
delivery efficiency of OVAIRAS by JetPEl and PEG-PLA in the A549 lung cancer cells (n =
3). F) A549 cells were pretreated with NEM before incubation with JetPEl and OVAIRAS,
The activation percentage is normalized to the control cells without NEM treatment (n = 3;
**:p <0.01).
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Figure 3.

High-throughput screening of cytosolic delivery of OVAIRAS by UPS polymeric
nanoparticles on a plate reader. A) Chemical structures of UPS copolymers PEG-6-P(R1-r~
R,) with finely tunable hydrophobicity and pKa. B) Cytosolic delivery efficiency of the
polymers at 24 h after co-incubation with OVAIRAS in A549 cells for 40 min (n = 3; **: p <
0.01).
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Figure 4.
Confocal microscopy analysis of endolysosomal escape and cytosolic delivery of 1gG in live

cells. A549 cancer cells were co-incubated with IgGIRAS and UPS, 4 (A) or PC7A (B) for
40 min. LysoSensor DND-189 was used to image the lysosomes (Blue). Both the donor
TMR (Green) and acceptor Cy5 (Red) signals of qRAS were recorded over time. Scale bars
=10 pum.
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Scheme 1.
High-throughput assay of cytosolic delivery of biomacromolecules labeled with a redox-

activatable sensor using a plate reader. The fluorescence signal is off in the extracellular
environment and through the endocytic pathway. After endolysosomal disruption and
reaching to the cell cytosol, the fluorescence signal is turned on by cytosolic GSH activation.
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