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ABSTRACT: The development of endosomal disruptive agents is
a major challenge in the field of drug delivery and pharmaceutical

chemistry. Current endosomal disruptive agents are composed of

polymers, peptides, and nanoparticles and have had limited clinical
impact. Alternatives to traditional endosomal disruptive agents are

therefore greatly needed. In this report, we introduce a new class of

low molecular weight endosomal disruptive agents, termed caged
surfactants, that selectively disrupt endosomes via reversible
PEGylation under acidic endosomal conditions. The caged
surfactants have the potential to address several of the limitations hindering the development of current endosomal disruptive
agents, such as high toxicity and low excretion, and are amenable to traditional medicinal chemistry approaches for optimization. In
this report, we synthesized three generations of caged surfactants and demonstrated that they can enhance the ability of cationic
lipids to deliver mRNA into primary cells. We also show that caged surfactants can deliver siRNA into cells when modified with the
RNA-binding dye thiazole orange. We anticipate that the caged surfactants will have numerous applications in pharmaceutical

chemistry and drug delivery given their versatility.
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Bl INTRODUCTION

The lysosomal degradation of endocytosed nucleic acid
therapeutics is a central problem in drug delivery and limits
the development of a wide range of experimental therapeu-
tics.”” For example, the percentage of endocytosed nucleic
acid/cationic lipid complexes that reach the cytoplasm is only
between 1 and 5%,”" and is similarly low for a variety of other
delivery vehicles. There is consequently an urgent need to
develop strategies for enhancing the endosomal release of
nucleic acid therapeutics. The endosomal membrane is a lipid
bilayer, similar to the plasma membrane, and strategies to
enhance endosomal release require the development of
compounds that can selectively disrupt the endosomal lipid
bilayer, while maintaining the integrity of the plasma
membrane lipid bilayer. The pH of the endosome is between
5 and 6, which is lower than the pH of the extracellular fluid.®
This difference has been widely exploited to develop agents
that can selectively disrupt endosomes, termed endosomal
disruptive agents.””

Three classes of pH-sensitive triggers have been developed
to engineer pH-sensitive membrane disruption, based upon (i)
the protonation of a carboxyl group, (ii) the hydrolysis of an
acid degradable linkage, and (iii) the protonation of ionizable
lipids. The two former strategies both function by increasing
the hydrophobicity of the endosomal disruptive agent under
acidic conditions, enabling membrane insertion at pH 5.0 but
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not at pH 7.4, while ionizable lipids destabilize the endosomal
membrane through a change in the lipid structure upon
protonation and subsequent fusion with the endosomal
membrane.” Lipid nanoparticles (LNPs) that contain ionizable
lipids have seen great clinical success, most recently in the
development of vaccines against the SARS-CoV-2 virus,” and
have demonstrated the tremendous benefits of efficient
endosomal disruption.

The earliest endosomal disruptive agents were based upon
the protonation of carboxylic acid groups. Carboxylic acids are
found in a variety of peptides, proteins, and polymers and
undergo a significant change in hydrophobicity upon
protonation, and hence, they are ideal for designing endosomal
disruptive agents and have found numerous applications.””’
For example, glutamic acid-containing peptides, such as the
GALA peptide,'’ are protonated in the acidic endosome,
causing an increase in hydrophobicity followed by insertion
and disruption of the endosomal membrane. These endosomal
disruptive peptides were capable of enhancing DNA, mRNA,

Received: July 19, 2021

Revised:  November 12, 2021
Accepted: November 19, 2021
Published: December 21, 2021

https://doi.org/10.1021/acs.molpharmaceut.1c00579
Mol. Pharmaceutics 2022, 19, 67—79


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+Justad+R%C3%B8ise"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hesong+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+Lucas+Kerr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chung+Taing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamyar+Behrouzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maomao+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+Ruan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+Ruan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lienna+Y.+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eli+M.+Espinoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="So%CC%88ren+Reinhard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanav+Thakker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+R.+K.+Mofrad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+R.+K.+Mofrad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niren+Murthy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.1c00579&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00579?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00579?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00579?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00579?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00579?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mpohbp/19/1?ref=pdf
https://pubs.acs.org/toc/mpohbp/19/1?ref=pdf
https://pubs.acs.org/toc/mpohbp/19/1?ref=pdf
https://pubs.acs.org/toc/mpohbp/19/1?ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org/page/policy/editorchoice/index.html
https://pubs.acs.org/page/policy/termsofuse.html

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

Endosomal Conditions

A) Acid-Degradable
Acetal
RANE \/‘)‘N’?/\/
PEG chain prevents i
membrane insertion
~\— 350Da

Caged surfactant

\/mn('\z°-)5/~n X

Not Membrane Disruptive

B)
INON 0. 0. N0
H,N A N‘/}/\/ \/\é\IN :/\NHZ
N=N N=N
[¢]
s
So
o
\ 350Da
second Generation
Caged Surfactant

Positively charged caged surfactant (PCS)
(a) Binds nucleic acids through electrostatic
and hydrophobic interactions
(b) Enhances the ability of lipofectamine to
deliver mRNA into primary cells

Hydrophobic domain can insert

into membranes
o /

Acid Hydrolysis

z.
)

¥ 350Da
Free surfactant
Membrane Disruptive

C)

\N?«N V\N],\,é\,t ‘2
@ . B
6

Me} 350Da

third Generation
Caged Surfactant

Thiazole orange caged surfactant (TCS)
(a) Binds nucleic acids with high affinity
via intercalation
(b) Enhances the delivery of siRNA into cells

Figure 1. Caged surfactants: low molecular weight endosomal disruptive agents that can enhance the delivery of mRNA and siRNA. (A) Caged
surfactants composed of a surfactant that has been reversibly masked with PEG chains. The caged surfactants are not membrane-disruptive at pH
7.4. However, after endocytosis, the acidic pH of the endosome hydrolyzes their acetal linkage, unmasking their hydrophobic domains which can
then disrupt endosomes. The caged surfactants are efficient pH-sensitive membrane disruptive agents, despite their low molecular weight. In this
report, we synthesized second generation and third generation caged surfactants, which were able to enhance the delivery of mRNA and siRNA into
cells. (B) Second generation caged surfactants: a PCS that complexes nucleic acids via electrostatic and hydrophobic forces was synthesized. The
PCS was able to enhance the ability of lipofectamine to transfect mRNA into hard-to-transfect primary cell cultures. (C) Third generation caged
surfactants: a caged surfactant that contains the RNA binding dye thiazole orange (TO) (TCS) was synthesized. TCS was able to enhance the

delivery of siRNA into cells.

and siRNA delivery into cells''~"* and demonstrated that

endosomal disruptive agents could have a significant impact on
nucleic acid delivery. Endosomal disruptive agents based upon
synthetic polymers, such as poly(propyl acrylic acid), have also
been developed,'* which undergo large changes in hydro-
phobicity in acidic environments and are capable of
significantly enhancing the delivery of nucleic acids to cells
and in vivo.

While endosomal disruptive agents based upon the carboxyl
trigger have had some initial successes in cell culture and even
animal models, this class of endosomal disruptive agents has
had some downsides such as having low uptake efficiencies.'®
An alternative strategy achieves pH-sensitive membrane
disruption based upon reversible PEGylation, where PEG is
conjugated to a hydrophobic membrane disruptive polymer
through an acid labile linkage.'”'” The PEG chains prevent the
hydrophobic backbone from partitioning into the lipid bilayer;
however, after endocytosis, the linkage between the PEG and
polymer hydrolyzes and the polymer can then insert into the
membrane and disrupt it. This strategy has tremendous
versatility because PEG can be conjugated to a variety of
endosomal disruptive agents, such as cationic polymers,
liposomes, and nanoparticles.'*™"? In addition, because the
size of the PEG can be easily varied, this strategy allows for the
robust chemical optimization of endosomal disruptive agents.
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Despite the wide investigation on endosomal disruptive
agents, state-of-the-art approaches for nucleic acid delivery,
such as LNPs, still only achieve a 1—5% cytosolic delivery of
endocytosed cargo.” In addition, polymer-based approaches
such as polyethyleneimine and poly-lysine also cause
significant toxicity due to their concentrated cationic charges.”’
These downfalls have contributed to the delayed incorporation
of endosomal disruptive agents in clinical therapy. An
alternative to the common LNP and polymer-based
approaches is found in small molecule endosomal disruptors.
We hypothesized that small molecules have the potential to
address several drawbacks of polymer-based delivery strategies.
In particular, smaller molecules are well defined, can easily be
characterized by NMR, and are excretable without the need for
incorporating biodegradable linkers.

However, despite their potential, the development of low
molecular weight endosomal disruptive agents has been
challenging. At present, the only strategy available for
disrupting endosomes with low molecular weight molecules
is via the proton sponge effect, based on molecules such as
chloroquine, which selectively partitions into endosomes.
However, chloroquine requires high concentrations and
incubation times of 10—12 h to efficiently promote nucleic
acid delivery, which in addition to its toxicity severely limits its
use as an endosomal disruptive agent.”"”” Developing
endosomal disruptive agents based upon the proton sponge

https://doi.org/10.1021/acs.molpharmaceut.1c00579
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effect will be challenging, given the high concentrations
needed, and consequently, additional strategies for disrupting
endosomes with low molecular weight molecules are necessary.

Surfactants have great potential as platforms for developing
endosomal disruptive agents due to their low molecular weight,
synthetic accessibility, high membrane disruptive efficiency,
and low immunogenicity. For example, surfactants such as
Triton X have a generic structure of PEG-hydrocarbon chain
and have a membrane-disruptive efficiency comparable to ED
peptides,” lack antigenicity, are small enough to be excreted
from the kidneys, and have been used extensively as excipients
in a wide variety of medical products. However, Triton X lacks
pH-sensitive membrane disruptive properties, leading to high
toxicity, and consequently cannot be used directly as an
endosomal disruptor.

In this report, we demonstrate that Triton X-like surfactants
can be converted into pH-sensitive membrane disruptive
agents via reversible PEGylation. This new class of endosomal
disruptors are termed caged surfactants and are the first
example of low molecular weight pH-sensitive membrane
disruptive agents. They have a base structure of (PEG),-acetal-
hydrocarbon-PEG, as shown in Figure 1A. The hydrocarbon-
PEG fragment of the caged surfactants is modeled after
common membrane disruptive surfactants such as Triton X
and Nonoxynol-9, which disrupt cells through membrane
insertion and destabilization. However, the caged surfactants
are not membrane-disruptive in their intact form because their
(PEG), chains prevent their hydrophobic domains from
inserting into the membrane. In contrast, after endosomal
uptake, the acidic pH in the endosome hydrolyzes the acetal
linkage connecting the caging PEG to the hydrocarbon-PEG
domain, and this allows the hydrophobic domain of the caged
surfactant to penetrate the membrane and trigger endosomal
disruption.

In order to optimize their efficacy, we performed a
structure—activity analysis of the caged surfactants and
identified that a C12 chain was the optimal hydrophobic
length for efficient membrane disruption. The C12 caged
surfactant was able to disrupt red blood cell (RBC)
membranes at a concentration of 24 yM at pH 5.5, with no
disruption at pH 7.4. This is similar to the working
concentrations of the GALA peptide”'> and ionizable lipids
such as DLin-MC3-DMA,** which are both in the 5—10 uM
range. For the caged surfactants to be able to deliver nucleic
acids, they must have some affinity to bind DNA and RNA. We
therefore synthesized second and third generation caged
surfactants, which had either amine moieties or RNA-binding
dyes conjugated to the distal ends of their PEG chains (Figure
1B,C). The second generation caged surfactants bind nucleic
acids via a combination of electrostatic and hydrophobic
forces” 7 and are able to significantly improve the ability of
lipofectamine to deliver mRNA into HUVECsS, a primary cell
culture that is challenging to transfect.

A limitation of the second generation caged surfactants is
that they bind nucleic acids with relatively weak affinity, and
we therefore further optimized them by replacing their amines
with RNA binding dyes, which bind nucleic acids with much
higher affinity than positive charges. The third generation
caged surfactants (termed TCS) bound nucleic acids with a K,
=9 X 10" M™". We investigated if the TCS could enhance the
delivery of siRNA. TCS bound siRNA and formed 55 nm sized
complexes with siRNA; in addition, TCS was able to
significantly enhance their delivery into cells. Collectively,
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these results suggest that reversible PEGylation has great
potential for the design and synthesis of new low molecular
weight endosomal disruptive agents and demonstrate that the
caged surfactants can be easily engineered for diverse
biomedical applications.

B EXPERIMENTAL METHODS

Reagents and Methods. All compounds were purchased
from Sigma-Aldrich (St. Louis, MO, USA), Fisher Scientific
(Hampton, NH, USA), or VWR (Radnor, PA, USA). THF was
purchased from Fisher Scientific (Hampton, NH, USA) and
distilled from solid sodium and benzophenone before using in
acetal formation reactions. siSTABLE Luc-knockdown siRNA
(sense strand; GAU UAU GUC CGG UUA UGU AUU) was
purchased from Horizon Discovery Biosciences Limited
(Cambridge, UK). Compound purity was assessed by 'H
NMR spectroscopy. HPLC was not utilized due to the
instability of acetal-containing compounds in standard 0.1%
TFA HPLC mobile phases. NMR spectra were collected on
either a Bruker AVANCE 400 console with Oxford Instru-
ments 9.4 T magnet, a Bruker AVANCE 500 console with
Bruker 11.7 T magnet, or a Bruker AVANCE III 600 console
with Bruker 14 T magnet instrument at the College of
Chemistry NMR Facility at UC Berkeley. Additionally, low-
mass "*C NMR spectra were collected on a Bruker 900 MHz
NMR spectrometer. Aldehydes and acetals were visualized on
thin-layer chromatography (TLC) plates with a 2,4-dinitro-
phenylhydrazine solution. Mass spectra were collected at the
QB3/Chemistry Mass Spectrometry Facility at UC Berkeley.
Absorbance was measured on a Tecan infinite M200 plate
reader (Mannedorf, Switzerland). Fluorescent microscopy
images were taken on an Invitrogen Evos MS5000 instrument
(Carlsbad, CA, USA). UV vis spectra were collected on a
Shimadzu UV-2600 spectrophotometer with a Shimadzu TCC-
100 temperature-controlled cell holder. Flow cytometry was
collected on an Invitrogen Attune NxT flow cytometer. Gels
were imaged using a Bio-Rad ChemiDoc MP Imaging System
using 1:1000 SYBR Safe (Thermo Fischer Scientific) as the
intercalating imaging agent. Dynamic light scattering (DLS)
measurements were done on a Zetasizer Nano ZS with
backscatter detection (Malvern Instruments). CleanCap eGFP
mRNA was purchased from Trilink Biotechnologies (San
Diego, CA).

Hemolysis. Preparation of 2% RBC Solution. Defibrinated
RBCs (Hemostat Laboratories, Dixon CA, USA) were diluted
in PBS at the desired pH (1:10), and the suspension was
centrifuged at 4 °C (750g, 10 min), followed by the removal of
the supernatant. This was repeated three additional times,
diluting with PBS (1:50) each time. After the last
centrifugation, 200 uL of the collected RBCs were diluted
with 9.8 mL of PBS at the desired pH to create a 2% RBC
solution.

Hemolysis Assay. Caged surfactants were dissolved in PBS
at the desired pH at various concentrations, and 100 uL was
added to 200 pL centrifuge tubes, which were capped and
allowed to stand for 1 h at room temperature for hydrolysis to
occur. Then, to each tube was added 50 uL of the prepared 2%
RBC solution, and the tubes were incubated for 30 min at 37
°C, followed by centrifugation at 2,000g for 10 min. A
spectrophotometer was used to measure the hemoglobin
content of the supernatant at 546 nm. All hemolysis
experiments were performed in triplicate.

https://doi.org/10.1021/acs.molpharmaceut.1c00579
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Preparation of Positive Control. Positive control (100%
hemolysis) was prepared by adding 50 L of the prepared RBC
solution to 100 uL of DI H,O. The solution was then frozen
and thawed three times, leading to complete disruption of the
blood cells.

Hydrolysis Kinetics. Preparation of Buffer. Buffers were
prepared by making an aqueous solution of 0.1 M citric acid
and 0.2 M Na,HPO,, followed by adjusting the pH with 0.1 M
HCI to give citrate buffers at a pH range of 3.5-7.4.

Measurement of Hydrolysis Kinetics. The caged surfactants
were dissolved in PBS (pH 7.4) to make a stock solution of 1
mg/mL. The stock solution was diluted in the appropriate
citrate buffer to a final concentration of 50 pug/mL and
immediately placed in a UV spectrometer. The hydrolysis of
the acetal gives rise to a peak at 286 nm, corresponding to the
formation of the benzaldehyde. Absorbance was therefore
measured at 286 nm to monitor the acid-dependent hydrolysis
kinetics of the acetal in the caged surfactants. The rate constant
for acetal hydrolysis shows second-order kinetics and is first
order in acetal concentration and first order in hydronium ion
concentration.”> The hydronium ion concentration was kept
constant in our hydrolysis experiments, and the hydrolysis rate
remained constant at constant pH, giving a pseudo-first-order
rate constant k., which is related to the second-order rate
constant by kg, = kyng X [H30%]. The k,,q for each caged
surfactant was determined by plotting k,,, over [H;O*] and
determining the slope, which gave k, 4. The hydrolysis kinetics
of CS12 and CS16 were measured at pH 3.5, 4.0, and 4.5.

HUVEC mRNA Transfection Assays with PCS. HUVEC
cells were transfected by first adding PCS (2 ug/mL) to
CleanCap eGFP mRNA (0.5 pg/mL) (Trilink Biotechnolo-
gies, San Diego, CA), followed by incubation for 30 min at
room temperature. Then, lipofectamine 2000 was added at
different amounts followed by an additional 30 min incubation.
The resulting mixture was then added to HUVEC cells in a 96-
well plate in OptiMEM media. The cells were incubated for 24
h before eGFP expression was measured by flow cytometry.
The transfection was expressed as the percentage of positive
cells/total cells. This also takes into consideration the toxicity
that is caused by lipofectamine and is a better measurement of
the total efficiency of the system.

Toxicity of mRNA/Lipo/PCS was measured on HUVEC
cells by keeping the PCS concentration constant at 2 ug/mL,
while varying the lipofectamine 2000 concentration. Toxicity
was then determined as the number of dead cells as seen by
flow cytometry. The protocol is the same as for transfection.
Briefly, eGFP-expressing mRNA (0.5 pg/mL) was mixed with
PCS (2 pg/mL) and incubated for 30 min, followed by the
addition of lipofectamine. After an additional 30 min
incubation, the complexes were added to HUVEC cells in a
96-well plate (100 uL/well) in OptiMEM media. After a 24 h
incubation, flow cytometry was performed to determine cell
toxicity.

siRNA Binding Constants. To 100 uL of siRNA (1 M in
DEPC-treated water) was added increasing amounts of TCS
(25 uM in DMSO) in 1 L intervals until saturation was
observed. From the resulting graph, binding constants were
measured and calculated according to published procedures.*®

DLS Measurements of siRNA/TCS. Average sizes were
measured using DLS. Luc-siRNA stocks were prepared in
DEPC-treated water to a concentration of 10 uM, and TCS
was dissolved in DMSO to a concentration of 0.5 mg/mL. In a
cuvette, 50 uL of siRNA and 1 pL of TCS were added and left
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to complex for 15 min before size measurement (n = 3).
siRNA alone was added 1 uL of DMSO instead of TCS
solution, and TCS alone was added 50 uL of DEPC-treated
water instead of the siRNA mixture.

siRNA Transfection with TCS. Luc-siRNA (100 uM in
DEPC-treated water) was mixed with TCS (1 mg/mL in
DMSO) and allowed to complex for 1 h at room temperature.
The siRNA/TCS mixture was then added to Luciferase-
expressing Hela cells, with a final concentration of 10 ug/mL
TCS and 25 nM/100 nM Luc-siRNA. The final DMSO
concentration was 1%. The cells were allowed to incubate for
24 h before cell lysis and luciferase addition according to
standard procedures. Chemiluminescence was then measured,
and the results were given in % inhibition. Cells with 1%
DMSO were used as a reference for 0% inhibition.

Cell Toxicity of TCS. TCS (20 mg/mL in DMSO) was
added to Hela cells at increasing amounts and allowed to
incubate for 24 h. Cell toxicity was then investigated using a
standard resazurin assay, and results were reported in % cell
survival.

Synthetic Protocols. 4-(Bis(but-3-yn-1-yloxy)methyl)-
phenyl Acetate (2). To a mixture of 4-formylphenyl acetate
(5.0033 g, 30.5 mmol, 1 equiv) in THF (30 mL, distilled from
sodium using benzophenone as an indicator) was added but-3-
yn-1-ol (13.9 mL, 12.8 g 0.183 mol, 6 equiv) and § A
molecular sieves (roughly 1/2 of THF volume). Then,
toluenesulfonic acid (0.834 g 4.87 mmol, 0.16 equiv,
anhydrous, dried in a Dean Stark trap) was added, and the
reaction was allowed to stir overnight. The reaction was then
quenched with TEA (6 mL), and the mixture was concentrated
by rotary evaporation. The crude product was purified by silica
column chromatography (EtOAc/Hex/TEA; 10:90:0.1) to
yield a white solid (4.982 g, 57% yield). '"H NMR (400 MHz,
chloroform-d): 6 7.51 (d, ] = 8.6 Hz, 2H), 7.09 (d, ] = 8.6 Hz,
2H), 5.65 (s, 1H), 3.73—3.57 (m, 4H), 2.50 (td, ] = 6.8, 2.7
Hz, 4H), 2.30 (s, 3H), 1.99 (t, J = 2.7 Hz, 2H). *C NMR (101
MHz, CDCLy): & 169.49, 150.86, 135.60, 128.04, 121.49,
100.81, 81.42, 69.53, 63.34, 21.28, 20.02. HRMS (EI*); found,
286.1203 m/z: calcd 286.1205 m/z for [C,,H;50,]".

4-(Bis(but-3-yn-1-yloxy)methyl)phenyl Alkylbromides (3a-
3e). To a suspension of K,CO; (2 equiv) in acetone (0.1 M to
2) was added 2 (1 equiv) and dibromoalkane (3 equiv) under
a flow of nitrogen. A solution of NaOMe (30% in MeOH, 1
equiv) was added to the solution, and it was allowed to stir at
room temperature overnight, after which the reaction was
added TEA and concentrated by rotary evaporation. The crude
mixtures were then purified by silica flash chromatography
(EtOAc/HEX/TEA; 5:95:0.1 to 10:90:0.1).

1-(Bis(but-3-yn-1-yloxy)methyl)-4-((8-bromooctyl)oxy)-
benzene (3a). '"H NMR (400 MHz, chloroform-d): & 7.39 (d,
J=8.5Hz,2H), 6.87 (d, ] = 8.8 Hz, 2H), 5.61 (s, 1H), 3.95 (t,
J=6.5Hz, 2H), 3.64 (qt, ] = 9.5, 6.9 Hz, 4H), 3.41 (t, ] = 6.8
Hz, 2H), 2.49 (td, ] = 6.9, 2.7 Hz, 4H), 1.98 (t, ] = 2.7 Hz,
2H), 1.90—1.81 (m, 2H), 1.81—1.74 (m, 2H), 1.51—1.31 (m,
8H). '*C NMR (101 MHz, CDCl,): § 159.42, 130.09, 128.05,
114.25, 101.35, 81.53, 69.44, 68.05, 63.30, 34.13, 32.91, 29.34,
29.32, 28.82, 28.23, 26.09, 20.07. HRMS (EI'); found,
434.1453 m/z: calcd 434.1457 m/z for [Cp3H,,05Br]".

1-(Bis(but-3-yn-1-yloxy)methyl)-4-((10-bromodecyl)oxy)-
benzene (3b). '"H NMR (400 MHz, chloroform-d): 6 7.39 (d,
J = 8.6 Hz, 2H), 6.87 (d, ] = 8.7 Hz, 2H), 5.61 (s, 1H), 3.95 (4,
] = 6.5 Hz, 2H), 3.64 (qt, ] = 9.5, 6.9 Hz, 4H), 3.41 (t, ] = 6.9
Hz, 2H), 2.49 (td, ] = 6.9, 2.7 Hz, 4H), 1.98 (t, J = 2.7 Hz,
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2H), 1.93-1.69 (m, 4H), 1.49—-1.28 (m, 12H). *C NMR
(101 MHz, CDCl,): 6 159.42, 130.04, 128.03, 114.24, 101.33,
81.53, 69.44, 68.09, 63.28, 34.19, 32.94, 29.56, 29.48, 29.37,
28.87,28.29, 26.15, 20.05. HRMS (EI*); found, 462.1758 m/z:
calcd 462.1770 m/z for [CysH3505Br]".
1-(Bis(but-3-yn-1-yloxy)methyl)-4-((12-bromododecyl)-
oxy)benzene (3¢). '"H NMR (400 MHz, chloroform-d): § 7.39
(d, J = 8.7 Hz, 2H), 6.87 (d, ] = 8.6 Hz, 2H), 5.61 (s, 1H),
3.95 (t,] = 6.5 Hz, 2H), 3.64 (qt, ] = 9.3, 6.8 Hz, 4H), 3.40 (1,
J = 6.8 Hz, 2H), 2.49 (td, ] = 6.9, 2.7 Hz, 4H), 1.98 (t, ] = 2.7
Hz, 2H), 1.93—1.71 (m, 4H), 1.49—1.26 (m, 16H). 3*C NMR
(101 MHz, CDCL,): & 159.42, 130.01, 128.02, 114.22, 101.32,
81.52, 69.44, 68.11, 63.26, 34.22, 32.95, 29.65, 29.55, 29.51,
29.37, 28.88, 28.30, 26.16, 20.04. HRMS (EI*); found,
490.2074 m/z: calcd 490.2083 m/z for [Cy;H;,05Br]".
1-(Bis(but-3-yn-1-yloxy)methyl)-4-((14-bromotetradecyl)-
oxy)benzene (3d). "H NMR (400 MHz, chloroform-d): § 7.39
(d, ] = 8.6 Hz, 2H), 6.88 (d, ] = 8.8 Hz, 2H), 5.61 (s, 1H),
3.95 (t, ] = 6.4 Hz, 2H), 3.64 (tdd, ] = 9.5, 7.0, 2.7 Hz, 4H),
341 (t, ] = 6.8 Hz, 2H), 2.49 (td, ] = 6.9, 2.7 Hz, 4H), 1.98 (t,
J=2.7 Hz, 2H), 1.92—1.72 (m, 4H), 1.44 (dt, = 10.7, 6.0 Hz,
4H), 1.37-1.23 (m, 16H). 3C NMR (101 MHz, CDCL): &
159.48, 130.07, 128.05, 114.28, 101.39, 81.54, 69.44, 68.17,
63.33, 34.20, 32.99, 29.74, 29.68, 29.54, 29.41, 28.92, 28.33,
26.20, 20.08. HRMS (EI*); found, 518.2399 m/z: calcd
518.2396 m/z for [C,H,4;05Br]".
1-(Bis(but-3-yn-1-yloxy)methyl)-4-((16-bromohexadecyl)-
oxy)benzene (3e). '"H NMR (400 MHz, chloroform-d): & 7.39
(d, ] = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 5.61 (s, 1H),
3.95 (t, ] = 6.6 Hz, 2H), 3.64 (qt, ] = 9.4, 6.9 Hz, 4H), 3.40 (t,
J =69 Hz 2H),2.49 (td, ] = 6.9, 2.7 Hz, 4H), 1.98 (t, ] = 2.6
Hz, 2H), 1.85 (dt, J = 14.5, 7.0 Hz, 2H), 1.81—1.73 (m, 2H),
1.47—-1.38 (m, 4H), 1.35—1.24 (m, 20H). *C NMR (101
MHz, CDCLy): § 159.46, 130.04, 128.03, 114.26, 101.36,
81.53, 77.37, 69.44, 68.16, 63.30, 34.21, 32.98, 29.79, 29.73,
29.68, 29.58, 29.40, 28.91, 28.32, 26.19, 20.06. HRMS (EI*);
found, 546.2701 m/z: caled 546.2709 m/z for [C5,H,;O5Br]".
4-(Bis(but-3-yn-1-yloxy)methyl)phenyl Alkyl-PEG350Da
(4a—4e). To a mixture of HO-PEG;4,p,-OMe (2 equiv) in
THF (0.7 M) at 0 °C was added NaH (60% in mineral oil, 2
equiv). The suspension was allowed to stir for 30 min before
3n (1 equiv) in THF (0.5 M) was added dropwise. The
mixture was then left to stir overnight, before some TEA was
added for stability, and the solvent was removed by rotary
evaporation. The crude was then purified by silica flash
chromatography (MeOH/DCM/TEA; 1:99:0.1 to 4:96:0.1),
and the PEG-containing fractions were collected to yield a
mixture of 4a—4e and excess HO-PEG350-OMe. These
fractions were used directly in the next step.
1-(Bis(but-3-yn-1-yloxy)methyl)-4-((8-PEG;syp,0ctyl)oxy)-
benzene (4a). HRMS (ESI*); Found, 761.4448 m/z: calcd
761.4446 m/z for [CyHgOp,Na]™.
1-(Bis(but-3-yn-1-yloxy)methyl)-4-((10-PEG;5yp,decyl)-
oxy)benzene (4b). HRMS (ESI*); found, 789.4760 m/z: calcd
789.4759 m/z for [C,,H,,O,Na]".
1-(bis(but-3-yn-1-yloxy)methyl)-4-((12-PEG3s,p,dodecyl)-
oxy)benzene (4c). HRMS (ESI*); found, 817.5068 m/z: calcd
817.5072 m/z for [C,,H,,0,,Na]".
1-(Bis(but-3-yn-1-yloxy)methyl)-4-((14-
PEG;sop tetradecyl)oxy)benzene (4d). HRMS (ESI*); found,
845.5384 m/z: calcd 845.5385 m/z for [C,sH,50,,Na]".
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1-(Bis(but-3-yn-1-yloxy)methyl)-4-((16-
PEG;50pshexadecyl)oxy)benzene (4e). HRMS (ESIY); found,
873.5695 m/z: calcd 873.5699 m/z for [C,3Hg,O1,Na]*.

First Generation Caged surfactants (CS8—CS16). To dry
DMF (6 mL) was added DIPEA (1 equiv), 4a—e (1 equiv),
tetraethylene glycol azide (4 equiv), and lastly Cul (0.2 equiv).
The reaction was allowed to stir at RT for 48 h. TEA was
added to the crude reaction to stabilize the acetal, and the
majority of the DMF was removed by co-evaporation with
toluene. The resulting crude product was purified by flash
chromatography (90:10:0.1 EtOAc/MeOH/TEA to 20:80:0.1
MeOH/DCM/TEA) to yield CS8—CS16.

CS8. 'H NMR (500 MHz, methanol-d,): 6 7.80 (s, 2H),
7.27 (d, ] = 8.4 Hz, 2H), 6.86 (d, ] = 8.8 Hz, 2H), 5.49 (s,
1H), 4.53 (t, ] = 5.2 Hz, 4H), 3.96 (t, ] = 6.5 Hz, 2H), 3.86 (4,
J = 5.1 Hz, 4H), 3.77-3.68 (m, 2H), 3.68—3.51 (m, 69H),
347 (t, ] = 6.5 Hz, 3H), 3.35 (s, 3H), 2.94 (t, ] = 6.6 Hz, 4H),
1.82—1.71 (m, 2H), 1.57 (d, J = 7.0 Hz, 2H), 1.48 (d, ] = 7.8
Hz, 2H), 1.37 (s, 8H). 3C NMR (151 MHz, CDCL): §
145.00, 127.94, 123.10, 114.25, 101.86, 72.65, 71.65, 70.72,
70.65, 70.58, 70.44, 69.74, 68.15, 64.67, 61.79, 59.19, 50.23,
29.78, 29.57, 29.42, 26.67, 26.20. HRMS (ESI*); found,
1199.6918 m/z: calcd 1199.6885 m/z for [CysH, 0005 NgNa]*.

CS10. 'H NMR (400 MHz, methanol-d,): & 7.80 (s, 2H),
7.27 (d, ] = 8.7 Hz, 2H), 6.87 (d, ] = 8.7 Hz, 2H), 5.49 (s,
1H), 4.53 (t, ] = 5.0 Hz, 4H), 3.96 (t, ] = 6.4 Hz, 3H), 3.85 (4,
J = 5.1 Hz, 4H), 3.74—3.70 (m, 2H), 3.68—3.51 (m, 61H),
3.47 (t, ] = 6.6 Hz, 3H), 3.35 (s, 3H), 2.94 (t, ] = 6.5 Hz, 4H),
1.77 (t, ] = 7.3 Hz, 2H), 1.57 (t, ] = 6.8 Hz, 2H), 1.47 (d, ] =
7.2 Hz, 2H), 1.34 (s, 12H). *C NMR (101 MHz, MeOD): §
160.73, 146.15, 131.87, 129.02, 124.84, 115.10, 103.04, 73.68,
72.98, 72.36, 71.58, 71.49, 71.41, 71.37, 71.19, 70.44, 69.03,
65.55, 62.23, 59.10, 51.32, 47.41, 30.74, 30.67, 30.56, 30.42,
27.22, 10.24. HRMS (ESI*); found, 1227.7228 m/z: calcd
1227.7198 m/z for [CsgH,0,0,0NgNa]*.

CS12. '"H NMR (400 MHz, methanol-d,): § 7.81 (s, 2H),
727 (d, ] = 8.6 Hz, 2H), 6.87 (d, ] = 8.6 Hz, 2H), 5.49 (s,
1H), 4.54 (m, 4H), 3.96 (t, ] = 6.4 Hz, 2H), 3.87 (m, 4H),
3.83—3.77 (m, 2H), 3.76—3.50 (m, 71H), 3.47 (t, ] = 6.6 Hz,
3H), 3.35 (s, 3H), 3.00—2.92 (m, 4H), 1.83—1.72 (m, 2H),
1.61—-1.54 (m, 2H), 1.52—1.45 (m, 2H), 1.32 (b, 16H). BC
NMR (101 MHz, MeOD): § 160.74, 146.14, 129.02, 124.84,
115.10, 103.04, 73.68, 72.99, 72.37, 71.58, 71.49, 71.42, 71.37,
71.19, 70.44, 69.04, 65.57, 62.23, 59.10, 51.32, 47.43, 30.73,
30.60, 30.58, 30.53, 30.43, 27.23, 10.27. HRMS (ESI"); found,
1255.7510 m/z: caled 1255.7511 m/z for [ CgoH;030,0NgNa]*.

CS14. '"H NMR (400 MHz, methanol-d,): § 7.85 (s, 2H),
7.32 (d, ] = 8.6 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 5.31 (s,
1H), 4.58—4.52 (m, 4H), 3.97 (t, ] = 6.4 Hz, 2H), 3.88 (dd, J
= 5.6, 4.6 Hz, 4H), 3.80 (t, J = 6.1 Hz, 4H), 3.62 (d, ] = 7.7
Hz, 53H), 3.46 (t, ] = 6.6 Hz, 2H), 3.35 (s, 3H), 2.90 (t, ] =
6.7 Hz, 4H), 1.76 (dq, ] = 8.2, 6.5 Hz, 2H), 1.56 (q, ] = 6.9 Hz,
2H), 1.51-1.44 (m, 2H), 1.36—1.28 (m, 20H). *C NMR
(101 MHz, MeOD): § 160.76, 131.54, 128.99, 124.77, 115.06,
104.56, 73.66, 72.97, 72.36, 71.57, 71.48, 71.41, 71.37, 71.17,
70.41, 68.99, 62.21, 62.13, 59.10, 51.31, 47.94, 30.73, 30.69,
30.58, 30.49, 30.40, 29.93, 27.21, 27.16, 9.22. HRMS (ESI*);
found, 1283.7853 m/z: calcd 1283.7824 m/z for
[Ce2H112050NeNa] ™.

CS16. '"H NMR (400 MHz, methanol-d,): § 7.81 (s, 2H),
727 (d, ] = 8.7 Hz, 2H), 6.86 (d, ] = 8.7 Hz, 2H), 5.49 (s,
1H), 4.53 (t, ] = 5.1 Hz, 4H), 3.96 (t, ] = 6.5 Hz, 2H), 3.85 (4,
J = 5.1 Hz, 4H), 3.69—3.49 (m, 59H), 3.46 (t, ] = 6.6 Hz, 2H),
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3.35 (s, 3H), 1.81-1.71 (m, 2H), 1.56 (q, ] = 6.8 Hz, 2H),
1.46 (d, ] = 7.9 Hz, 2H), 1.31 (d, ] = 8.0 Hz, 22H). *C NMR
(101 MHz, MeOD): § 160.73, 146.14, 131.86, 129.01, 124.85,
115.09, 103.03, 73.67, 72.97, 72.37, 71.56, 71.48, 71.41, 71.17,
70.44, 69.04, 65.55, 62.22, 59.10, 51.32, 47.50, 30.76, 30.59,
30.53, 30.43, 27.23, 10.09. HRMS (ESI*); found, 1311.8137
m/z: caled 13.11.8137 m/z for [CgH;140,0NgNal*.

PCS. PCS was prepared fresh from CS12-DITFAA (see
Supporting Information) 1—2 days before its use and kept at
—80 °C. It was prepared by adding CS12-DITFAA (2.6 mg)
to a solution of NaOH (ag., 6 M, 4.3 uL). The mixture was
stirred for 5 min before the addition of 22 yL 1,4-dioxane. The
mixture was allowed to sit at room temperature for 2 h before
the addition of phosphate buffer (233.7 uL, 0.2 M at pH 8.3)
to yield a 10 mg/mL stock solution, which was used directly in
all subsequent assays. The formation of PCS was confirmed by
TLC and HRMS. HRMS (ESI*); found, 1143.7493 m/z: calcd
1143.7487 m/z for [CsgH,430,4Ng]* (n = 6).

TCS. A mixture of 4c (10.3 mg, 0.014 mmol, 1 equiv) in
DMEF (200 uL) and DIPEA (6.3 uL, 4.6 mg, 0.036 mmol, 2.5
equiv) was added to a round bottomed flask, and the solution
was purged with nitrogen gas. The solution was then added to
TO-PEG4-N3 (see Supporting Information) (33 mg, 0.07
mmol, S equiv) and Cul (cat. amount), and the mixture was
allowed to stir at room temperature for 48 h. The reaction
mixture was added to toluene (50 mL), and the solution was
concentrated by rotary evaporation, and the residue was
purified by neutral alumina flash chromatography (2—4%
MeOH in DCM + 0.1% TEA) to yield TCS as a red tar (9 mg,
0.005 mmol, 38% yield). TCS was stored in the presence of
TEA. '"H NMR (900 MHz, MeOD): § 8.52 (d, J = 8.4 Hz,
2H), 8.29 (d, ] = 7.1 Hz, 2H), 7.96 (d, ] = 8.6 Hz, 2H), 7.85 (t,
J=7.7Hz, 2H),7.79 (d, ] = 7.8 Hz, 2H), 7.69 (s, 2H), 7.66 (¢,
J = 7.5 Hz, 2H), 7.54—7.47 (m, 2H), 7.32 (t, ] = 7.1 Hz, 2H),
722 (d, ] = 7.0 Hz, 2H), 7.13 (d, ] = 8.0 Hz, 2H), 6.72 (d, ] =
8.2 Hz, 2H), 6.70 (s, 2H), 5.50 (s, 1H), 4.65 (d, J = 6.0 Hz,
4H), 443 (t, ] = 5.1 Hz, 4H), 3.90 (t, ] = 4.9 Hz, 4H), 3.87 (s,
6H), 3.80 (t, J = 6.4 Hz, 2H), 3.77 (t, ] = 5.1 Hz, 4H), 3.65—
343 (m, 5SH), 2.80 (t, ] = 6.5 Hz, 4H), 1.65 (p, ] = 6.6 Hz,
2H), 1.54 (p, ] = 6.8 Hz, 2H).

3C NMR (226 MHz, MeOD): § 161.91, 150.61, 146.29,
146.10, 141.86, 138.91, 134.48, 129.62, 129.10, 128.25, 126.72,
126.02, 125.76, 124.81, 123.84, 119.07, 115.17, 113.84, 109.28,
103.09, 89.29, 78.36, 73.13, 72.51, 71.94, 71.73, 71.6S, 71.55,
71.50, 71.34, 70.49, 69.45, 69.12, 65.71, 59.25, 56.40, 55.70,
53.75, 51.38, 34.36, 30.90, 30.84, 30.74, 30.64, 30.51, 27.38,
27.32, 7.77. HRMS (ESI*); found, 889.9699 m/z: calcd
889.9671 m/z for [CysH ;34N 40;5S,]** for n = 8 (PEG chain
length).

Bl RESULTS AND DISCUSSION

Caged Surfactants: Molecular Design and Synthesis.
Surfactants like Triton X have the general structure PEG-
hydrocarbon chain and disrupt membranes by inserting their
hydrophobic domain into the lipid bilayer. Triton X-like
surfactants are not pH-sensitive, and this prevents them from
being used as endosomal disruptive agents. We therefore
investigated if Triton X-like surfactants could be converted into
pH-sensitive membrane disruptive agents by conjugating short
PEG chains to their hydrophobic domain, via acid degradable
acetal linkages. The presence of the PEG chains was
hypothesized to prevent the hydrophobic domain from
inserting into membranes. This was further corroborated
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through a molecular dynamics simulation of the caged
surfactant CS12, shown in Figures 2A and S2, which shows
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Figure 2. Molecular dynamics simulations of the caged surfactants
indicate that they will be pH-sensitive membrane disruptive agents.
(A) Molecular dynamics simulation of the caged surfactant CS12
reveals that in its intact form (pH 7.4), it cannot adopt a
conformation that allows for membrane penetration because its
hydrophobic domain (red) is flanked by PEG chains (blue). However,
at acidic pHs, the PEG chains of CS12 are hydrolyzed off, exposing a
large hydrophobic area, which should be able to penetrate
membranes. (B) Chemical structure of CS12 in its intact and
hydrolyzed form. Blue portions represent PEG chains, red represents
hydrophobic moieties, while green represents the acetal linker.

that the hydrophobic region of the caged surfactants is shielded
by the branching PEG chains. However, upon hydrolysis, the
hydrophobic portion is exposed, which should allow for it to
insert into the endosomal membrane.

Reversible PEGylation has never been applied to low
molecular weight surfactants, and consequently, it is unknown
what the optimal hydrophobic/hydrophilic balance will be for
the caged surfactants. The membrane partitioning and the
membrane disruptive efficiency of Triton X-like surfactants
scale with the length of their hydrophobic domains, and
consequently, a large hydrophobic domain is desirable.
However, if the hydrophobic domain was made too prominent,
the intact caged surfactant may itself cause membrane
disruption at pH 7.4, causing high levels of toxicity.

We synthesized a variety of caged surfactants, which had
hydrophobic domains composed of a benzaldehyde followed
by an 8 to 16-carbon alkyl chain, and measured their pH-
dependent membrane disruptive efficiency to determine the
hydrophobic chain length that most efficiently disrupted
membranes at pH 5.5 with minimal membrane disruptive
activity at pH 7.4.

The synthetic strategy used to generate the five caged
surfactants (CS8—CS16) is shown in Figure 3A. These caged
surfactants contain a (HO-PEG),-masking group to simplify
their syntheses. The caged surfactants contain an unstable
alkoxy acetal, which makes multistep synthetic procedures
challenging. To circumvent this challenge, we developed a
synthetic protocol that introduces the alkoxy group late in the
synthesis and allows the acetal to be formed on an aldehyde
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Figure 3. Caged surfactants are pH-sensitive membrane disruptive agents. (A) Synthesis of five different caged surfactants, CS8—CS16. (B)
Concentration of CS at which 50% hemolysis is achieved at either pH 7.4 or 5.5. Hemogyy, values at pH 7.4 represent the highest concentration
tested, and no hemolysis was observed for any of the caged surfactants at pH 7.4 at the tested concentrations. Several of the caged surfactants, in
particular, CS12, CS14, and CS16, are remarkably efficient at performing membrane disruption and have Hemoss, in the micromolar range. (C)
Representative hemolysis curves for compound CS12 at pH S.5 and pH 7.4.

that has an ester substituent, as opposed to an alkoxy
substituent. A benzylic acetal with an ester group in the para
position (o, para = 0- 31) is significantly more stable compared to
an acetal with a methoxy group in the para position (6, =

—0.27).” In short, treatment of aldehyde 1 with 1-butyn-4-ol
under acidic conditions gave the acetal 2 with a yield of 57%.
Compound 2 was then treated with NaOMe in the presence of
a dibromo-alkyl compound with 8, 10, 12, 14, or 16 carbons,
yielding compounds 3a—e, respectively. These compounds
were then added to a solution of MeO-PEG;5,-OH pretreated
with NaH, followed by stirring overnight to yield compounds
4a—e. Finally, the caged surfactants CS8—CS16 were
synthesized through copper-click cycloaddition with tetraethy-
leneglycol monoazide. The removal of copper was confirmed
by ICP-OES (Figure S3).

Caged Surfactants are pH-Sensitive Membrane
Disruptive Agents—Structure—Activity Relationship.
The caged surfactants are designed to function as pH-sensitive
membrane disruptive agents. A hemolysis assay was utilized to
measure the ability of the caged surfactants CS8—CS16 to
disrupt RBC membranes at pH 7.4 and 5.5 (Figure 3B).° The
results of the caged surfactant hemolysis assay are presented in
Figure 3B in terms of the concentration needed to generate
50% hemolysis at either pH 5.5 or 7.4 (Hemos,). All the caged
surfactants showed pH-sensitive membrane disruptive ability.
For example, the caged surfactant CS12 had a Hemog, of 24
uM at pH 5.5 and generated no hemolysis at pH 7.4 at
concentrations up to 83 mM, the highest concentration
measured (Figure 3B). Interestingly, CS16, which bears the
longest hydrocarbon chain, also shows no hemolysis at pH 7.4
despite having the largest hydrophobic surface. The hydrolyzed
aldehyde corresponding to CS8 was independently synthesized
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and showed no pH dependency (Figure S1). This confirms
that the pH-sensitive membrane disruptive property of the
caged surfactants is due to the masking PEG chains. These
results demonstrate that the branched (HO-PEG),-structure is
remarkably efficient at preventing membrane insertion of long
hydrophobic domains even though it consists of only short
PEG chains.

Figure 3B demonstrates that the membrane disruptive
efficiency of the caged surfactants increases with their
hydrocarbon chain length. For example, CS12 was approx-
imately 37 times more efficient at disrupting membranes than
CS8, with Hemoys, values of 900 and 24 uM at pH S.5 for CS8
and CS12, respectively. The increased membrane disruptive
activity of CS12 over CS8 is not surprising because Triton X-
like surfactants, which share structural similarities with the
hydrolyzed caged surfactants, also show an increase in
membrane disruptive efficiency with larger hydrophobic
domains.”” Importantly, the membrane disruptive activity of
the caged surfactant CS12 (Figure 3C) is similar to endosomal
disruptive polymers such as poly(ethyl-acrylic acid), despite
being only 10% of the molecular weight.”® Conjugation of
short PEG chains to Triton X-like surfactants consequently has
the potential to generate highly efficient low molecular weight
endosomal disruptive agents.

Caged Surfactants Have pH-Sensitive Hydrolysis
Kinetics. The membrane disruptive activity of the caged
surfactants is triggered by the hydrolysis of the acetal linkage.
The hydrolysis kinetics of the acetal linkage in the caged
surfactants is therefore a key parameter for their efficacy, as it
establishes a timeline of their membrane disruptive abilities.
Upon endosomal uptake, biomolecules are trafficked to
lysosomes within 30 min where they are broken down by
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Figure 4. Caged surfactants exhibit pH-dependent hydrolysis. (A) Caged surfactants hydrolyze in acid and give free aldehyde. Generation of the
aldehyde causes the appearance of an absorption peak with 4., = 286 nm. (B) Plot of hydrolysis half-life of CS8 at a range of pH conditions at 37
°C. (C) Hydrolysis half-lives for CS8, CS12, and CS16 at pH 3.5, 4.0, and 4.5 at 37 °C.

lysosomal enzymes.”' Consequently, the caged surfactants
need to hydrolyze with a half-life of <30 min in endosomal
conditions to ensure that endosomal disruption occurs before
lysosomal degradation. In addition, the caged surfactants need
to be stable at pH 7.4 for several hours to allow for sufficient
time for uptake into cells and to prevent toxicity due to
uncontrolled release of the surfactant. The acetal linkages
hydrolyze in proportion to the hydronium ion concentration
and will consequently hydrolyze roughly 250-fold faster at pH
5.0 than at pH 7.4.

We measured the hydrolysis kinetics of the caged surfactants
CS8, CS12, and CS16 via absorption spectroscopy (4 = 286
nm) at a SO pug/mL concentration at 37 °C. Figure 4
demonstrates that the caged surfactants hydrolyze rapidly at
pH 5.0. For example, CS8 had a k,,q = 261 s™' M, which
corresponds to a hydrolysis half-life of 2.5 min at pH 5.0 and
over 4 h at pH 7.4. The hydrolysis kinetics of CS§12 and CS16
show similar pH-sensitive hydrolysis, but overall, longer
hydrocarbon chains lead to slower hydrolysis rates. For
example, hydrolysis rates at pH 4.5 for CS8, CS12, and
CS16 were found to be 0.8, 1.4, and 6.8 min, respectively
(Figure 4C).

The hemolytic efficiencies of the CS12, CS14, and CS16
caged surfactants are similar; however, the hydrolysis half-life
increases with hydrophobicity, shown by the hydrolysis of
CS16 being roughly five times slower than that of CS12. We
anticipate that this factor makes CS12 preferable over CS14
and CS16, as endosomal contents need to be released from
endosomes before they are degraded in lysosomes. We
therefore selected the C12 caged surfactants for further studies
due to their rapid hydrolysis kinetics in comparison to the C14
and C16 caged surfactants.

PCS—Design and Synthesis. The caged surfactants need
to complex nucleic acids in order to enhance their cytoplasmic
delivery. We consequently synthesized a second generation
caged surfactant, which contained two primary amines
conjugated to the distal ends of the (PEG)2 chains, termed
positively charged caged surfactants (PCS). The chemical
structure of the PCS is shown in Figure SA. The PCS is
designed to bind nucleic acids via a combination of
electrostatic forces and hydrophobic forces, similar to cationic
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Figure 5. PCS binds nucleic acids. (A) Synthetic scheme for PCS. (B)
PCS binds mRNA: PCS was mixed with mRNA at various ratios and
run on an agarose gel. 50% retention is reached at roughly N/P = 11.
The full gel is shown in Figure S4.

surfactants (Figure SB). However, after endocytosis, the PCS
will hydrolyze, generating individual positive charges and
hydrophobic domains, which independently will not bind
nucleic acids tightly, leading to efficient release of nucleic acids.
The synthesis of the PCS is shown in Figure SA, and it follows
a strategy similar to the first generation caged surfactants, as
shown in Figure 3A. Briefly, a trifluoroacetamide-protected
amine was used for the click reaction with the alkyne acetal 4c,
and this reaction gave a 70% vyield of the trifluoroaceto-
protected intermediate, which was deprotected in situ to
generate the amine (see Supporting Information).

The ability of the PCS to bind nucleic acids was tested by
mixing it with mRNA at various ratios and measuring its
retention on an agarose gel. The degree of PCS binding to
mRNA was quantified by performing densitometry analysis of
the mRNA band; in particular, we determined how much PCS
was needed to reduce the mRNA band intensity by 50%.
Figure 5B shows that the PCS binds mRNA with a retention
efficiency of 50% at an N/P ratio of 11. The relatively weak
complexation between the PCS and nucleic acids is expected
based upon their molecular structure, given that single-chained
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cationic surfactants also bind nucleic acids with a similar N/P
ratio.”> We also investigated if the PCS released nucleic acids
after acid hydrolysis, due to separation of the two positive
charges from the surfactant domain. For these experiments,
plasmid DNA (pDNA) was used because it has a higher
stability under acidic conditions. Figure S5 shows that acid
hydrolysis of PCS + pDNA leads to pDNA release even at an
N/P ratio of 110. These results suggest that the PCS will
release complexed nucleic acids in endosomes following acid
hydrolysis, which should allow for efficient transcription and
translation. DLS was used to determine the sizes of the PCS/
nucleic acid complexes (Figure S6).

PCS Can Enhance Lipofectamine-Based mRNA Deliv-
ery into HUVECs. We investigated if the PCS could enhance
the ability of lipofectamine to deliver eGFP-expressing mRNA
into HUVECs (Figure 6B). The PCS by itself was unable to
deliver mRNA into cells (data not shown), and we
consequently focused on determining if the PCS could
enhance the delivery of commonly used transfection reagents.
We selected lipofectamine 2000, a mixture of a cationic and a
zwitterionic lipid,™ for transfection studies because it is one of
the most widely used transfection agents for nucleic acids,
which greatly outperformed the commercially available trans-
fection agents X-tremeGENE 360 and TurboFect in Hela cells
(Figure S7). In addition, despite its widespread use, lipofect-
amine has issues with toxicity in sensitive cell lines,”* and
consequently, adjuvants that can enhance its transfection
efficiency can potentially have a significant biomedical impact.
Lipofectamine consists of a mixture of two positively charged
lipids, which disrupt endosomes through membrane fusion or
the proton sponge effect, following endosomal entrapment.***°
The caged surfactants, however, disrupt endosomes through
membrane insertion and destabilization and should comple-
ment lipofectamine’s ability to disrupt endosomes.

We selected primary cells as a testbed for these studies
because they are challenging to transfect due to their sensitivity
to cationic reagents and because of their biomedical
importance. In particular, primary cells are the basis of a
wide number of cell therapies and are also being intensely
investigated as platforms for screening drugs. There is
consequently great interest in developing reagents that can
transfect primary cells with high efficiencies. HUVECs, like
most primary cells, are challenging to transfect, for example,
HUVEC transfection with cationic reagents rarely exceeds 45%
and frequently causes high levels of toxicity.”” Consequently,
an endosomal disruptive agent that can increase the efficiency
of lipofectamine has the potential to impact multiple areas of
biotechnology.

We therefore performed experiments to determine if the
PCS (Figure 6A) could enhance the ability of lipofectamine to
deliver mRNA to HUVECs. We first determined the cell
toxicity of lipofectamine + PCS + mRNA and lipofectamine +
mRNA. Figure 6C indicates that the PCS does not increase the
toxicity of lipofectamine and that lipofectamine causes <20%
toxicity at 1 pL/mL. We set <80% survival as an acceptable
level of toxicity and therefore used 1 pL/mL of lipofectamine
for future cell transfection studies.

We investigated if lipofectamine + PCS could increase the
delivery of mRNA into HUVECs, following the protocol
described above (Figure 6B). The results, shown in Figure 6D,
demonstrates that the PCS can significantly enhance the
delivery of mRNA into HUVECs. For example, at a 0.2 yL/mL
concentration of lipofectamine, no cells were transfected with

75

A)
Hsz\/oz‘/\N\/Y\/o 0\/\(/\;.?\/03;/\"”2
N=N N=N
(o]
L
§’
(o]
~X 350Da
PCS
B)

ii) Endocytosis ¥
i) Hydrolysis jy) membr.
of PCS Disruption

e

- .g -
e

7.'{ }o
PCS-mRNA

Lipofectamine Complex

&

v) Cytosolic

Endosome mRNA delivery
C) D) = L!po
100 mm Lipo + PCS
S 100 Hededed
80—&;\ -+ Lipo + PCS E
S \g\ = Lipo § 80—  wrx
= 60 \\ s
2 \\\\l £ 60
e 40 \\ AN e
Z \'\\\ % 40
~_ \
4 - 8
* ~ ‘G 20+
c
0 ©
0 T T T T T "__ o

0 2 4 6 8 10
Lipofectamine (uL/mL)

0.2 1
Lipofectamine (uL/mL)

Figure 6. PCS increases the mRNA transfection efliciency of
lipofectamine in HUVECs. (A) Chemical structure of the PCS. (B)
Summary of the experiment. eGFP-expressing mRNA (0.5 yg/mL)
was mixed with the PCS (2.0 pg/mL) and incubated for 30 min
followed by the addition of lipofectamine 2000. The resulting
complex was added to HUVEC cells, and the expression of eGFP was
measured by flow cytometry. (C) Toxicity data for lipofectamine
alone as well as lipofectamine/PCS. The PCS does not increase the
toxicity of lipofectamine. (D) PCS increases the transfection efficiency
of lipofectamine in HUVEC cells. Lipofectamine/PCS had an 81%
transfection efficiency, whereas the maximum transfection efficiency
of lipofectamine alone was 40%. In all cases, the concentrations of the
PCS (2 pg/mL) and mRNA (500 ng/mL) were kept constant. **##P
< 0.0001, **P < 0.01, *P < 0.05 (unpaired two-tailed t-test).

mRNA, whereas lipofectamine + PCS transfected approx-
imately 58% of the cells. Similarly, at a 1 uL/mL concentration
of lipofectamine, 40% of the cells was transfected with
lipofectamine, whereas 80% of the cells was transfected with
lipofectamine + PCS. These results suggest that the caged
surfactants are disrupting endosomes in cells; however, they
may also be increasing the lipofectamine transfection rate by
increasing endocytosis. This however would be unlikely, due to
PEG coatings generally leading to lower levels of cell uptake.*®
The overall delivery mechanism of lipofectamine + mRNA also
does not appear to be altered upon PCS addition (Figure S8).
These experiments were repeated in Hela cells to further
illustrate the ability of the PCS to increase mRNA delivery to
cells (Figure S7 for transfection results and Figure S13 for
toxicity data).
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Caged Surfactants Conjugated to RNA-Binding Dyes
Enhance the Delivery of siRNA. A limitation of the PCS is
its relatively weak affinity for nucleic acids, which may limit its
applications. Nucleic acid-binding dyes have great potential as
scaffolds for increasing the binding affinity of delivery vectors
to nucleic acids because they bind nucleic acids with much
higher affinity than individual positive charges. For example,
the DNA binding dye acridine has an apparent binding
constant on the order of 10* M™! for DNA, whereas individual
positive charges bind DNA with K, < 10 M~.>’ Nucleic acid
binding dyes have been used to develop DNA and mRNA
delivery vehicles. The Rice group demonstrated that by
introducing 4—6 acridine moieties to a polylysine-PEG block
copolymer,*”*" they could successfully deliver luciferase-
expressing mRNA to cells. We therefore designed and
synthesized a third generation caged surfactant, which used
RNA binding dyes for nucleic acid complexation, instead of
positive charges. We selected TO as our nucleic acid binding
group, as it has binding affinities on the order of 106 M7},
significantly higher than that of acridine.*” The third
generation caged surfactant has the RNA binding dye TO
conjugated to the distal ends of its PEG chains and is termed
the TO caged surfactant (TCS). The TCS was synthesized
according to the scheme shown in Figure 7A. Briefly, the
intermediate 4c was reacted with TO-PEG,-azide in the
presence of Cul and DIPEA to yield the final TCS (see
Supporting Information).
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Figure 7. TCS can bind siRNA with high efficiency. (A) Synthesis of
the TCS. (B) Binding of the TCS to siRNA causes an increase in
fluorescence. The TCS was mixed with siRNA at various mole ratios,
and the increase in fluorescence was measured. A 23 base siRNA can
bind 2 TCS molecules. Table: TCS binds siRNA with a K, of 9 X 107
M, compared to 3 X 10° M™' for TO, which is in line with
previously reported values.*

The TCS has the potential to enhance the delivery of a
variety of nucleic acid therapeutics. We selected siRNA as an
initial drug for TCS-mediated delivery because of its
importance in biomedicine and because of its double stranded
nature, which should enable efficient complexation with the
TCS. The binding constant of the TCS with siRNA was
determined as K, = 9 X 10’ (Figure 7B). In addition, we
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determined the size of TCS-siRNA complexes, which were
approximately 55 nm in size (see Figure 8C).
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Figure 8. TCS can enhance the delivery of siRNA into cells. (A)
Chemical structure of the TCS. (B) Schematic showing intracellular
delivery of siRNA by the TCS. The TCS binds siRNA and hydrolyzes
in the endosome, triggering endosomal release. (C) TCS forming S5
nm sized particles with siRNA. The particle size was determined via
DLS. (D) TCS can enhance the delivery of siRNA into cells. TCS +
siRNA (100 nM) caused 86% luciferase inhibition, whereas siRNA by
itself caused only 37% inhibition. At 25 nM siRNA, these values were
78 and 18%, respectively. **P < 0.01 (unpaired two-tailed t-test).

The ability of the TCS (Figure 8A) to enhance the delivery
of luciferase-siRNA to luciferase-expressing Hela cells was
investigated. Luciferase-expressing Hela cells were selected as a
test bed for the TCS because of their straightforward read-out
for siRNA delivery efliciency. The toxicity of TCS to Hela cells
was determined using the resazurin assay. As with the PCS
experiments, the highest concentration of the TCS that caused
<20% toxicity was used in subsequent cell studies, in this case,
10 pg/mL of TCS (Figure S15). We investigated siRNA
concentrations of 25 and 100 nM, based on previous studies.*’
Luciferase knockdown siRNA (sense strand; GAU UAU GUC
CGG UUA UGU AUU) was complexed with the TCS and
incubated with luciferase-expressing Hela cells in serum-
containing media for 24 h followed by cell lysis and addition
of luciferin and measurement of chemiluminescence (Figure
8B). As shown in Figure 8D, the TCS was able to significantly
enhance the delivery of siRNA into Hela cells. For example, at
a 25 nM concentration of siRNA, siRNA by itself caused only
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an 18% knockdown of luciferase, whereas siRNA complexed to
the TCS caused a 78% inhibition of luciferase. Knockout of
luciferase caused by siRNA alone most likely arises due to the
stability of the modified siRNA that was utilized, allowing for a
degree of self-delivery. In addition, siRNA is prone to off-target
effects, which can cause unexpected knockdown for scrambled
siRNA. Similar enhancements in siRNA delivery with the TCS
were also seen at a 100 nM concentration of siRNA, with 37%
inhibition by siRNA alone and 86% with TCS and siRNA. The
TCS complexed with scrambled siRNA was used as a control.
The amount of the TCS used to deliver siRNA is comparable
to the amount of ionizable lipid used to achieve efficient in
vitro transfection of siRNA, as in a study by Kulkarni et al,
where >85 uM of lipid and N/P ratios of 1—3 were used to
successfully transfect Luc-siRNA and GFP-siRNA to human
prostate carcinoma cells and neurons, respectively.** We also
tested delivery efficiency using lipofectamine and found that
we needed to use 200 nM of siRNA for efficient luciferase
knockdown under the same conditions as for the TCS (Figure
S16).

In this report, we demonstrated that Triton X-like
surfactants can be converted into pH-sensitive membrane
disruptive agents via reversible PEGylation. Interestingly, short
PEG chains, 4 units in length, were able to prevent large
hydrophobic domains as large as 23 carbons in length,
hexadecane and a benzaldehyde, from disrupting membranes.
This result suggests that reversible PEGylation enables the
design and synthesis of a wide variety of new low molecular
weight endosomal disruptive agents. A key benefit of low
molecular weight endosomal disruptive agents is their well-
defined chemical structure, which makes them easily amenable
to chemical optimization, allowing for great versatility. In this
report, we demonstrated that by introducing amine function-
alities to the caged surfactant, the PCS was able to enhance the
ability of lipofectamine to deliver mRNA and allowed for
lowering of the lipofectamine dose required to achieve efficient
transfection in sensitive cell lines. We also showed that caged
surfactants that contained two TO moieties were able to
successfully deliver siRNA to Hela cells. Collectively, these
results show that the caged surfactants are a versatile class of
endosomal disruptors and that reversible PEGylation of
surfactants has the potential to generate new classes of
endosomal disruptive agents.
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1. pH-independent hemolytic efficiency of Ald-C8-PEG

Ald-C8-PEG was synthesized (see Section 12) in order to confirm that the pH dependency of the caged
surfactants is due to the caging PEG chains, as opposed to a pH dependent destabilization of RBC
membranes. The hemolytic efficiency was measured at pH 7.5 and 5.5.
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Figure S1: Ald-C8-PEG shows pH-independent hemolytic properties.
2. Molecular dynamics of CS12

Molecular Dynamic (MD) simulations were performed to determine the behavior of CS12 in physiological
conditions. The chemical structure of CS12 was drawn using MARVIN?. As the proposed surfactant is new,
we used the CHARMM forcefield database through the CGENFF interface to set the coefficients.>® To
prepare input files for the CHARMM database, we used OPENBABEL and PyMOL software.5” After
preparing the necessary input files for performing MD, we started to solvate CS12 inside the water box
with a periodic boundary condition in the GROMACS environment. Then, we neutralized our box with
Na* and CI" and equilibrated our system at 300 K and 1 atm by using a modified Berendsen thermostat and
Berendsen pressure coupling®. Finally, we let CS12 find its structure freely after 10 ns, with 2 fs timesteps,
under physiological conditions. It should be noted, that during 10 ns simulation, the pressure coupling was
performed by using a Parrinello-Rahman barostat®, whereas the Berendsen method was used during
equilibration, since the Berendsen method is useful for sudden pressure changes in the system?®. Finally, we
used VMD?'? for molecular visualization and Adobe Photoshop for removing the background and making
Figure S2.

S3



Supporting Information
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Figure S2: Molecular dynamics simulation to obtain molecular structures of CS12 in its intact and hydrolyzed form. (A)
Molecular dynamics simulation of intact CS12 at to, after 1ns, and 10ns from left to right. (B) Structure of hydrolyzed CS12 at to,
after 1ns, and 10ns from left to right. At top, the surface structure of surfactant is shown and at bottom the licorice structure of
caged surfactant has been depicted. Red refers to the hydrophobic domain and blue and white colors depict the hydrophilic (PEG)

portions of the molecule.
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3. Measuring Copper content of CS12-DITFAA using ICP

Due to the cytotoxic nature of copper, the copper content of CS12-

DITFAA was by ICP-OES on a Perkin Elmer 5300 DV optical ~ * > | v= 149329686x +
emission ICP instrument. CS12-DITFAA (1mg) was added to 150000 R2 = 0.999997

100000
50000
0

2.5mL of 2% nitric acid. A calibration curve (Figure S3) was
established using copper standards ranging from 0.01 to 2000mg/L.
When compared with the standard curve, the copper concentration 0 560 10'00
was found to be 0.4mg/L in CS12-DITFAA stock. This equals [Cu] (ug/L)
roughly 1ppm of copper in CS12-DITFAA. This value is near the
limit of detection for copper on this instrument.

Figure S3: Calibration curve for Cu content.

4. Nucleic acid retention gel

MRNA retention by PCS was measured by adding PCS (6L, various concentrations) to mMRNA (eGFP
encoding, 600ng in 2uL) followed by incubation for 1 hour before loading onto a 1% agarose gel. After
running at 120V for 30 minutes, the gel was imaged using a Bio-Rad ChemiDoc MP Imaging System using
1:1000 SYBR™ Safe (Thermo Fischer Scientific) as the intercalating imaging agent.

pDNA retention was measured similarly to mRNA retention on an agarose gel (1%). eGFP-pDNA (250ng
in 5uL) was added to 5uL of PCS at various concentrations. After incubating for 1 hour at room temperature,
the gel was run at 120V, and retention was quantified based on the dominant band of free pDNA (Figure
S5). The efficiency was shown to be 50% retention at roughly N/P=10, which is similar to that of mMRNA
with a 50% retention efficiency at N/P = 11. Full gels are shown in Figure S4 (mMRNA) and Figure S5
(PDNA).

NPl 2a [16 12| 8] a] 0|

Figure S4: PCS retains mRNA on a gel. A) Agarose gel showing retention of mRNA upon addition of PCS. The ratio is given as
N/P, referencing the amount of amine groups per phosphate group. 50% retention is achieved at roughly N/P = 11.
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Figure S5: PCS retains pDNA on a gel. A) Agarose gel showing retention of pDNA. B) A plot showing degree of retention of
pDNA. A retention efficiency of 50% is achieved around N/P=10. This is similar to the value found for mRNA of N/P=11.

5. Dynamic Light Scattering of PCS

DLS measurements were done by mixing 50 pL (50 pg/mL in PBS) of nucleic acid (mMRNA) with 7.5uL
of PCS (75 pg in PBS). The mixture was incubated for 30 minutes before adding 1 pL of Lipofectamine
2000. For the measurements of mRNA alone, as well as its complexes with PCS without Lipofectamine,
the missing components were replaced with PBS. The measurements were done in triplicate. The complete
data, including that of PCS alone, is given in Figure S6. Raw data and polydispersity indexes are given in
Table S1.
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Figure S6: DLS measurements of mMRNA, mRNA+PCS, and mRNA+PCS in the presence of Lipofectamine. A) The data shows a
clear dependence of Lipofectamine to achieve efficient packing of nucleic acids, with average size of 77nm for mRNA/PCS/Lipo
complexes, compared to 2023nm and for mMRNA/PCS complexes.
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Table S1: Raw data for size and polydispersity indexes of mMRNA, mRNA+PCS, mRNA+PCS+Lipo, mRNA+Lipo, and PCS only.

mMRNA Only mRNA + PCS mMRNA + PCS + Lipo mRNA + Lipo PCS Only
Number Mean PDI Number Mean PDI Number Mean PDI Number Mean (d.nm) PDI Number Mean (d.nm) PDI
(d.nm) (d.nm) (d.nm)
1 24.59 0.819 2398 0.194 42.94 0.99 166 0.261 100.4 0.599
2 28.44 0.811 1589 0.347 80.17 1 164.1 0.229 51.75 0.697
3 26.15 0.516 2082 0.3 107.4 0.873 160.3 0.229 136.3 0.644
Ave 26.39 0.72 2023.00 0.28 76.84 0.95 163.47 0.24 96.15 0.65

6. Dynamic Light Scattering of TCS

DLS data (size and PDI) was collected as stated in the methods section of the main manuscript. The raw
data is found in Table S2.

Table 2: Raw data for size and polydispersity indexes of siRNA, TCS, and siRNA+TCS.

siRNA TCS SiRNA+TCS
Number Mean PDI Number Mean POI Number Mean POI
(d.nm) (d.nm) (d.nm)
2.511 0.482 325.4 0.152 61.26 0.667
2 3.322 0.462 248.3 0.527 48.34 0.679
3 1.36 0.467 243.3 0.412 54.53 0.8
Ave 2.40 0.47 272.33 0.36 54.71 0.72

7. Comparison of transfection agents

In addition to Lipofectamine 2000, two additional transfection agents were investigated for their ability to
transfect Hela cells (Figure S7). Transfections were performed by mixing together mRNA (0.5ug/mL final
concentration), PCS (2ug/mL final concentration) and X-tremeGene™ 360 (low: 0.2puL/mL), TurboFect™
(low: 0.3pL/mL), or Lipofectamine 2000 (low: 0.2 pL/mL). The complexes were added to Hela cells and
incubated overnight in OptiMEM. This was compared to mRNA delivered at optimal delivery
concentrations for X-tremeGene™ 360 (high: 2puL/mL), TurboFect™ (high: 3uL/mL), and Lipofectamine
2000 (high: 2 pL/mL). Neither X-tremeGene™ 360 or TurboFect™ achieved transfection levels
comparable to that of Lipofectamine 2000, which saw roughly 80% transfection at optimal conditions. X-
tremeGene™ 360 was the only control transfection reagent with high levels of transfection, which gave
roughly 30% transfection, while low levels of transfection agent with PCS only gave around 10%
transfection. For TurboFect™ these numbers were 40% for mRNA/transfection agent and 30% for
MRNA/TurboFect™/PCS. For flow cytometry histograms for the Lipofectamine data see Figure S9-S12.
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Figure S7: PCS increases the transfection rate of low levels of both X-tremeGene™ 360 (0.2uL/mL), TurboFect™ (0.3uL/mL)
and Lipofectamine 2000 (0.2uL/mL) respectively. High levels of X-tremeGene™ 360, TurboFect™, and Lipofectamine 2000 are
2uL/mL, 3uL/mL and 2uL/mL, respectively. ***P<0.001, ****P<0.0001 (unpaired two-tailed t-test).

8. Endocytosis Assays

In order to investigate the mechanism of delivery for the mRNA/PCS/Lipo complexes, Hela cells were
transfected in the presence of Wortmannin (0.15ug/mL), Chlorpromazine (1.5pg/mL), Genistein (5ug/mL)
and methyl-B-cyclodextrin (7.5mg/mL). The inhibitors were incubated with Hela cells for 1lhr before
replacing the media. The mMRNA/PCS/Lipo complexes were prepared by making a mixture of 2ug/mL PCS,
500ng/mL mRNA, and 2uL/mL Lipofectamine 2000. The complex was incubated for 30 minutes before
being added to cells and incubated overnight in OptiMEM. A control was done by using only Lipofectamine
2000 for delivery to see if there were any significant changes in delivery mechanism. The inhibitors used
and their inhibiting pathways are as follows': (A) Wortmannin - Clathrin-dependent endocytosis (CDE),
(B) Chlorpromazine — CDE, (C) Genistein — Clathrin-independent endocytosis (CIE), (D) Methyl-p-
cyclodextrin (MBCD) — Cholesterol-dependent uptake mechanisms (CDE and CIE at used concentrations'?).
The results below show that the uptake of the mRNA/PCS/Lipo-complexes happens by a similar
mechanism to that of mRNA/Lipo complexes (Figure S8). The uptake is dependent on both Clathrin-
dependent and Clathrin-independent endocytosis, as seen in the knock-down in the presence of
chlorpromazine and genistein, respectively. This is in agreement with previously reported data.*® In addition,
MBCD caused a total knockdown in transfection efficiency, while maintaining cell viability (data not
shown). At high concentrations, MBCD can inhibit both Clathrin-dependent and independent pathways that

S8



Supporting Information

are dependent on cholesterol, specifically those that involve lipid raft domains.'* These results confirm that
endocytosis plays an important part in the delivery of mRNA complexed with PCS and Lipofectamine.
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Figure S8: mRNA/PCS/Lipofectamine 2000 in endocytosed by a similar mechanism to Lipofectamine 2000-mediated
delivery. The transfection efficiency is dependent on both Clathrin-dependent endocytosis (CDE) and Clathrin-independent
endocytosis (CIE). The following inhibitors were incubated with Hela cells before transfection: (A) Wortmannin - (CDE), (B)
Chlorpromazine — CDE, (C) Genistein — (CIE), (D) Methyl-s-cyclodextrin (MACD) — Cholesterol-dependent uptake mechanisms
(CDE and CIE at the concentrations used®?).
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9. Flow Cytometry Histograms - Hela cells
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Figure S9: Flow Histograms for Hela cells transfected with GFP-expressing mRNA with Lipofectamine (2mL/mL).
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Figure S10: Flow Histograms for Hela cells transfected with GFP-expressing mRNA with Lipofectamine (2mL/mL) and PCS

(2ug/mL).
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Figure S11: Histograms for Hela cells transfected with GFP-expressing mRNA with Lipofectamine (0.2uL/mL).
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Figure S12: Histograms for Hela cells transfected with GFP-expressing mRNA with Lipofectamine (0.2uL/mL) and PCS
(2pg/mL).
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10. Hela PCS Cell Toxicity

Hela cells were transfected by first adding PCS (2pug/mL) to CleanCap® eGFP mRNA (0.5pug/mL) (Trilink
Biotechnologies, San Diego, CA), followed by incubation for 30 minutes at room temperature. Then,
Lipofectamine 2000 was added at different amounts followed by an additional 30-minute incubation. The
resulting mixture was then added to Hela cells in a 96-well plate in OptiMEM media. The cells were
incubated for 24 hours before eGFP expression was measured by flow cytometry. The toxicity of PCS alone
was measured on Hela cells using a simple Resazurin assay. As seen in Figure S13, this showed a CC50%
of roughly 50 pg/mL, which was significantly higher than the concentrations used for mRNA transfections,

which was 2 pg/mL.
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Figure S13: PCS shows toxicity on Hela cells with a CC50% of roughly 50ug/mL. This is above the concentration used for
transfection, which was 2 gg/mL for Hela cells.
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11.Flow Cytometry Histograms - HUVECs
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Figure S14: Representative flow cytometry histograms for transfection of HUVECs with PCS/Lipo and Lipofectamine 2000 alone
at 0.2, 1, and 2 puL/mL of Lipofectamine. PCS concentrations are kept constant at 2jug/mL. The transfection was expressed as the
percentage of positive cells/total cells. This also takes into consideration the toxicity that is caused by Lipofectamine 2000, and is
a better measurement of the total efficiency of the system.
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12. TCS Toxicity
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Figure S15: TCS toxicity to Hela cells. The lowest concentration that gave <20% toxicity was at 10pg/mL of TCS after a 24hr
incubation and subsequent resazurin assay.

13. siRNA delivery by Lipofectamine

100
90
80
70 ]
60
50
40
30
20
: oh L0
100 50 25 12 6

800 400 200

Luciferase Knockdown (%)

[siRNA] (nM)

Figure S16: Lipofectamine needs 200nM of siRNA for efficient Luciferase knockdown at same conditions as TCS. In comparison,
TCS efficiently delivered siRNA down to 25nM concentrations.
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14.Synthesis and Characterization of HO-PEG4-N3
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Scheme S1: Synthetic scheme of HO-PEG4-Ns.
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2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (5): To a solution of
tetraethylene glycol (26.7 mL, 154 mmol, 2 eq) in DCM (500 mL) was added TsClI (14.7 g, 77 mmol, 1 eq)
and TEA (41.8 mL, 300 mmol, 3.9 eq). The mixture was stirred at room temperature for 22 hours. The
reaction mixture was then washed with saturated ammonium chloride and extracted with additional DCM.
The combined organic layers were dried and concentrated. The crude product was purified by flash
chromatography (100% DCM) to afford a colorless oil (13.58 g, 62.8 mmol, 51% vyield). *H NMR (600
MHz, Chloroform-d) & 7.80 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.16 (t, ] = 4.8 Hz, 2H), 3.86 —
3.57 (m, 14H), 2.45 (s, 3H), 2.27 (b, 1H). *C NMR (151 MHz, Chloroform-d) § 144.94, 133.15, 129.97,
128.14,72.58, 70.90, 70.82, 70.64, 70.50, 69.39, 68.87, 61.90, 21.80. HRMS (ESI+): Found: 371.1135m/z,
Calc: 371.1135m/z for [C:15H24O7SN€71]Jr

R

4

6

2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-ol (6): To a solution of 5 (994.5 mg, 2.85 mmol, 1
eq) in DMF (10 mL) was added sodium azide (986 mg, 15.17 mmol, 5 eq). The mixture was set to reflux
at 60°C for 5 hours, after which it was concentrated and resuspended in water. The mixture was extracted
with DCM and washed with water and brine. The organic phase was dried with sodium sulfate, filtered,
and concentrated. The resulting crude product was purified by flash chromatography (100% EtOAc to 1:19
MeOH:EtOAC) to yield a colorless oil (477.7 mg, 2.18 mmol, 76% yield). *H NMR (600 MHz, Chloroform-
d) 6 3.73 (t, ] = 4.5 Hz, 2H), 3.70 — 3.66 (m, 10H), 3.62 (t, J = 4.5 Hz, 2H), 3.40 (t, J = 5.1 Hz, 2H), 2.13
(b, 1H). *C NMR (151 MHz, Chloroform-d) & 72.60, 70.87, 70.84, 70.77, 70.53, 70.21, 61.92, 50.83.
HRMS (ESI+): Found: 242.1110 m/z, Calc: 242.1111 m/z for [CgH1704N3Na]*
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15.Synthesis of Ald-C8-PEG

O~_H H H
B N Br Ho(‘/\O"
' 4 (o} 3500a @
— —
K,CO NBr KHMDS o
Acetone 0 4 Toluene 0N4 %0 350Da
OH 71%

Scheme S2: Synthetic scheme for Ald-C8-PEG.

A
o)
4

1

4-((8-bromooctyl)oxy)benzaldehyde (1): To a solution of 4-hydroxybenzaldehyde (2.4025 g, 19.7
mmol, 1 eq) in acetone (100 mL) was added 1,8-dibromooctane (11 mL, 16 g, 59.4 mmol, 3 eq) and
anhydrous potassium carbonate (5.4064 g, 39.1 mmol, 2 eq) . The mixture was set to reflux at 70°C for 13.5
hours, after which it was concentrated and resuspended in DCM (100 mL). The organic phase was washed
with brine (100mL), dried with sodium sulfate, filtered and concentrated. The resulting crude was purified
by flash chromatography (100% hexanes to 1:9 EtOAc:hexanes) to yield a colorless solid (4.3620 g, 13.93
mmol, 71 % yield). *H NMR (400 MHz, Chloroform-d) & 9.87 (s, 1H), 7.82 (d, J = 8.8 Hz, 2H), 6.98 (d, J
= 8.8 Hz, 2H), 4.03 (t, J = 6.5 Hz, 2H), 3.41 (t, J = 6.8 Hz, 2H), 2.04 — 1.74 (m, 4H), 1.56 — 1.30 (m, 8H).
13C NMR (101 MHz, Chloroform-d) & 190.96, 164.34, 132.13, 129.88, 114.86, 68.46, 34.12, 32.88, 29.27,
29.14, 28.79, 28.20, 26.01. HRMS (El+): Found: 312.0722m/z, Calc: 312.0725m/z for [C1sH210,Br]*

ONfV\Of

350Da
Ald-C8-PEG

4-((8-(PEGssopa)octyl))benzaldehyde (Ald-C8-PEG): To a mixture of HO-PEG3sopa-OMe (2.124q,
6.07mmol, 0.95eq) in toluene (16mL) was added 4A molecular sieves. The mixture was cooled to 0°C under
a nitrogen flow, and KHMDS (15% in toluene, 9.31mL, 1.21g, 6.07mmol, 0.95eq) was added dropwise.
After stirring for 10 minutes, a mixture of aldehyde (2.003g, 6.36mmol, 1eq) in toluene (12mL) was added
dropwise to the mixture. The reaction was then allowed to heat to room temperature overnight while stirring.
The reaction was then quenched with sat. NH4Cl, and extracted into DCM (3x100mL). The organic phases
were dried with brine and Na»SO., before purifying by silica column chromatography (DCM:MeOH; 1:0
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to 95:5) to yield an orange-tinted oil (205.6mg, 0.35mmol, 6% yield). *H NMR (400 MHz, Chloroform-d)
5 9.88 (s, 1H), 7.82 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 4.03 (t, J = 6.5 Hz, 2H), 3.67-3.62 (m,
31H), 3.59 — 3.56 (m, 2H), 3.56-3.53 (m, 2H), 3.45 (t, J = 6.8 Hz, 2H), 3.38 (s, 3H), 1.84-1.76 (m, 2H),
1.63—1.54 (m, 2H), 1.50-1.41 (m, 2H), 1.38 — 1.30 (m, 6H). *C NMR (101 MHz, CDCls) § 190.98, 164.40,
132.14, 114.89, 72.09, 71.62, 70.73, 70.22, 68.53, 59.19, 29.75, 29.52, 29.41, 29.18, 26.17, 26.05. HRMS
(ESI+): Found: 639.3711m/z, Calc: 639.3715m/z for [C3,Hs601:Na]”

16.Synthesis of CS12-DITFAA
N3-PEG4-NHCOCFS3 (7) was synthesized as previously reported®®.
Et;N

DCM
27%

H
TFAA
HZN\/\‘ /\/),N3 AR FC N\/\é /\9,&;
(0] (o)
3 3
o

Scheme S3: Synthetic scheme for the synthesis of N3-PEG4-NHCOCFs.

H
F,C N\/\( /\%Na
o
\n/ )
o

7

N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-2,2,2-trifluoroacetamide (7): A mixture of 2-(2-
(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine (2g, 9.2mmol, 1eq) and TEA (1.55mL, 1.13g, 11.2mmol,
1.2eq) in DCM (20mL) was cooled to 0°C under a flow of nitrogen. Then, TFAA (1.55mL, 2.3g, 11mmol,
1.2eq) was added dropwise, and the reaction was left to slowly cool to room temperature overnight. DCM
(150mL) and DI H,O (100mL) were added, and the organic phase was collected. The organic phase was
added to sat. NaHCO; (100mL) and the organic phase was collected, and dried with Na,SO. and
concentrated. The crude product was purified by silica chromatography (MeOH:DCM from 2:98 to 5:95)
to yield 7 as a colorless oil (784.8mg, 2.5mmol, 27% yield). The *H and *C NMR corresponded with that
previously reported. *H NMR (400 MHz, Chloroform-d) & 7.11 (s, 1H), 3.73 — 3.58 (m, 12H), 3.58 — 3.49
(m, 2H), 3.42 —3.33 (m, 2H). 13C NMR (226 MHz, CDCI3) & 157.36 (d, ] = 37.0 Hz), 116.05 (d, ] = 287.9
Hz), 70.84, 70.82, 70.72, 70.48, 70.21, 68.84, 50.81, 39.86. HRMS (ESI+): Found 337.1089m/z, Calc
337.1094m/z for [C10H17O4N4F3Na]+.
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Scheme S4: Synthetic scheme for PCS..

CS12-DITFAA: To a solution of 4¢ (301.4mg, 0.4mmol, 1eq) in DMF (2mL) and DIPEA (209uL,
155mg, 1.2mmol, 3eq) was added 7 (499.8mg, 1.6mmol, 4eq) and Cul (15mg, 0.08mmol, 0.2eq). Nitrogen
gas was bubbled through the reaction mixture for 30 minutes, and the reaction was set to stir at room
temperature for 48 hours before DMF was removed throu gh co-evaporation with toluene (2 x 100mL). The
crude product was purified by silica chromatography (MeOH:DCM:TEA from 2:98:0.2 to 5:95:0.2) to yield
CS12-DITFAA as a clear oil (391mg, 0.28mmol, 70% yield). 'H NMR (400 MHz, MeOD) & 7.80 (s, 2H),
7.26 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.49 (s, 1H), 4.53 (t, J = 5.0 Hz, 4H), 3.96 (t, J = 6.5 Hz,
2H), 3.85 (t, J = 5.1 Hz, 4H), 3.77 — 3.42 (m, 57H), 3.35 (s, 3H), 2.94 (t, J = 6.5 Hz, 3H), 1.75(q, J = 7.0
Hz, 2H), 1.56 (g, J = 6.8 Hz, 2H), 1.47 (s, 2H), 1.32 (s, 14H). *C NMR (226 MHz, MeOD) § 160.75,
146.17, 131.86, 129.01, 124.81, 115.10, 103.05, 73.68, 72.99, 72.38, 71.65, 71.59, 71.57, 71.53, 71.51,
71.42, 71.38, 71.31, 71.19, 71.13, 70.44, 69.73, 69.03, 65.55, 59.10, 51.77, 51.31, 40.76, 40.72, 30.74,
30.70, 30.58, 30.52, 30.42, 27.23, 10.96. HRMS (ESI+): Found: 1357.6988m/z Calc: 1357.6952m/z for
[CeoH100018NsFsNa]".

17. TO-PEG4-N3 Synthesis

TsO 6/\0,);\/ N;
8

2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (8): Compound 8 was synthesized
according to previously reported procedures. Briefly, to a solution of 6 (2.55g, 11.6mmol, 1leq) in DCM
(100mL) was added TsCI (5.6249g, 29.5mmol, 2.5eq) and TEA (4.1mL, 2.97g, 29.4mmol, 2.5eq). The
reaction was allowed to stir at room temperature overnight. The solution was then added saturated NHACI
(50mL), and the organic phase was collected. The organic phase was washed with brine (50mL), and the
organic phase was further dried with Na2SO4 and concentrated by rotary evaporation. The resulting crude
was purified by silica flash chromatography to yield 8 as a colorless oil (3.0558g, 8.2mmol, 71% vyield).
The NMR and HRMS data matched with that previously reported.
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3-methyl-2-(methylthio)benzo[d]thiazol-3-ium iodide (9): To a round bottom flask containing 2-
(methylthio)benzo[d]thiazole (0.5g, 2.76mmol, 1leq) was added iodomethane (515uL, 1.17g, 8.27mmol,
3eq), and the reaction was allowed to stir at 100°C overnight. The resulting mixture was filtered, and the
solid was washed with cold diethyl ether. The residue was isolated to give 9 as an off-white fine powder
(256.1mg, 0.79mmol, 29% yield). *H NMR (400 MHz, DMSO-ds) & 8.39 (d, J = 8.1 Hz, 1H), 8.20 (d, J =
8.4 Hz, 1H), 7.92 — 7.79 (m, 1H), 7.73 (t, J = 7.7 Hz, 1H), 4.11 (s, 3H), 3.12 (s, 3H). *C NMR (101 MHz,
DMSO) ¢ 181.25, 142.54, 129.17, 128.26, 127.01, 124.00, 115.73, 36.51, 18.14. HRMS (ESI+): Found:
196.0249m/z Calc: 196.0249m/z for [CoH10NS;]".

10

1-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-4-methylquinolin-1-ium iodide (10): To a solution of
lepidine (2.6mL, 2.82g, 19.7mmol, 5eq) was added 8 (1.5009g, 4mmol, 1eq) in ethyl acetate (4mL), and
the reaction was allowed to stir at 50°C overnight. The mixture was then concentrated, and directly purified
by neutral alumina flash chromatography (2-4% MeOH in DCM) to yield 10 as a blue/purple oil (727mg,
2.1mmol, 53% yield). *H NMR (900 MHz, MeOD) & 9.20 (d, J = 6.0 Hz, 1H), 8.58 (dd, J = 8.5, 1.3 Hz,
2H), 8.26 (ddd, J = 8.6, 6.9, 1.4 Hz, 1H), 8.11 —8.03 (m, 1H), 7.98 (d, J = 6.0 Hz, 1H), 5.24 (t, J = 4.9 Hz,
2H), 4.11 — 4.03 (m, 2H), 3.63 — 3.58 (m, 4H), 3.55 — 3.50 (m, 4H), 3.50 — 3.48 (m, 2H), 3.34 (t, J = 4.9
Hz, 2H), 3.10 — 3.06 (m, 3H). *C NMR (226 MHz, MeOD) § 161.06, 150.29, 138.92, 136.50, 130.98,
130.93, 128.28, 123.43, 120.26, 71.73, 71.56, 71.46, 71.02, 69.20, 58.39, 54.81, 51.75, 20.30. HRMS
(ESI+): Found: 345.1919m/z Calc: 345.1921m/z for [C1sH2sN4O3]".
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TO-PEG4-N3

(2)-1-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-4-((3-methylbenzo[d]thiazol-2(3H)-
ylidene)methyl)quinolin-1-ium iodide (TO-PEG4-N3): To a solution of 9 (99.8mg, 0.31mmol, 1.07eq) and
10 (99.6mg, 0.29mmol, 1leq) in EtOH (4mL) in a nitrogen-purged pressure tube was added TEA (120uL, ).
The reaction was allowed to stir at 60°C for two hours, and the reaction was then concentrated and purified
directly by neutral alumina flash chromatography (0-2% MeOH in DCM) to yield TO-PEG4-N3 as a red
tar (89.6mg, 0.18mmol, 62% yield). 'H NMR (900 MHz, MeOD) & 8.68 (t, J = 8.0 Hz, 1H), 8.43 —8.38 (m,
1H), 8.13 — 8.07 (m, 1H), 7.99 — 7.93 (m, 1H), 7.90 (t, J = 7.8 Hz, 1H), 7.79 — 7.73 (m, 1H), 7.66 (dd, J =
14.8, 8.2 Hz, 1H), 7.64 — 7.57 (m, 1H), 7.50 — 7.44 (m, 1H), 7.44 — 7.39 (m, 1H), 6.95 — 6.89 (m, 1H), 4.81
— 4.75 (m, 2H), 4.03 — 3.99 (m, 3H), 3.97 (t, J = 5.1 Hz, 2H), 3.64 — 3.59 (m, 2H), 3.58 — 3.54 (m, 4H),
3.52 — 3.48 (m, 4H), 3.28 (t, J = 4.9 Hz, 2H). *C NMR (226 MHz, MeOD) & 159.23, 148.17, 143.21,
139.03, 136.03, 131.39, 126.54, 125.13, 123.70, 123.21, 122.95, 122.74, 120.73, 116.03, 110.76, 106.33,
86.26, 68.89, 68.68, 68.62, 68.53, 68.10, 66.45, 52.66, 48.75, 31.17. HRMS (ESI+): Found: 492.2058m/z
Calc: 492.2064m/z for [C25H30N5038]+.
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19. NMR Spectra
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