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Abstract: An efficient and safe method to deliver active
proteins into the cytosol of targeted cells is highly desirable to
advance protein-based therapeutics. A novel protein delivery
platform has been created by combinatorial design of cationic
lipid-like materials (termed “lipidoids”), coupled with a rever-
sible chemical protein engineering approach. Using ribonu-
clease A (RNase A) and saporin as two representative cyto-
toxic proteins, the combinatorial lipidoids efficiently deliver
proteins into cancer cells and inhibit cell proliferation. A study
of the structure—function relationship reveals that the electro-
static and hydrophobic interactions between the lipidoids and
the protein play a vital role in the formation of protein-lipidoid
nanocomplexes and intracellular delivery. A representative
lipidoid (ECI16-1) protein nanoparticle formulation inhibits
cell proliferation in vitro and suppresses tumor growth in
a murine breast cancer model.

P rotein therapy has been considered as the safest and most
direct approach to manipulate cell function and treat human
disease since the early 1980s, when insulin began to be used as
the first human recombinant protein therapeutic.!! A major-
ity of protein pharmaceuticals (for example, cytokines,
growth factors, and monoclonal antibodies) elicit their
biological activity by targeting cell surface ligands or extra-
cellular domains.”? Nevertheless, advancements in molecular
biology have suggested that proteins that target intracellular
biological activity could be potent therapeutics.”’] The deliv-
ery of proteins safely and efficiently through the cell
membrane to reach their intracellular targets remains a chal-
lenge for the success of protein therapy.”® As such, the
development of methods for intracellular protein delivery is
needed. Over the past few decades, the most thoroughly
studied protein delivery approach has been fusing target
protein cargos with protein transduction domains (PTD) or
membrane transport signals. The delivery efficiency of PTD-
protein fusions vary with protein type! and lack the
capability to target a specific tissue or organ. More recently,
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nanoparticle drug delivery systems have offered alternative
approaches for spatially and temporally controlled protein
delivery. A number of synthetic nanomaterials, including
liposomes,”! polymers,® and inorganic nanoparticles,” have
been designed for this purpose. These nanoparticules, how-
ever, are still of limited utility for protein therapy owing to the
low delivery efficiency and/or complicated nanoparticle
fabrication processes. Thus, a facile and convenient approach
to develop novel nanomaterials for efficient intracellular
protein delivery has yet to be developed.

We report herein a novel and efficient protein delivery
platform that uses combinatorially designed cationic lipid-
based nanoparticles combined with a reversible protein
modification approach. Pioneered by Anderson, Langer,
et al.,®! the combinatorial library strategy has recently been
used to generate cationic lipid-like materials (termed “lip-
idoids”) for siRNA delivery. We have further extended this
class of materials for use in DNA and mRNA delivery.”) We
hypothesize that lipidoids can be used as a novel protein
delivery platform, as the charge—charge and hydrophobic
interactions between lipidoids and proteins can load proteins
into lipidoid nanoparticles. In turn, the hydrophobic nature of
lipidoid nanoparticles allows easy protein transport through
the cell membrane. In an attempt to strengthen the charge—
charge binding of proteins and lipidoids, we modified the
lysine residues of proteins with cis-aconitic anhydride in this
investigation. The conjugation reaction between the amine
groups of lysine and cis-aconitic anhydride converts the
positively charged lysines into negatively charged carboxylate
groups, thus increasing the negative charge density of protein
and its binding with cationic lipidoids. Moreover, the cis-
aconitic anhydride modification is reversible in the slightly
acidic intracellular environment (for example, the pH of
endosome and lysosome is in the range of 5-6),'”) leading to
the restoration of the biological activity of the modified
proteins.

As a proof-of-concept for developing cationic lipid-based
nanoparticles for protein delivery, we designed and synthe-
sized a library of lipidoids through the ring-opening reaction
of 1, 2-epoxyhexadecane and aliphatic amines with diversified
chemical structures (Figure 1). Using RNase A and saporin,
two representative cytotoxic proteins, along with the cis-
aconitic anhydride modified versions (RNase A-Aco and
saporin-Aco), we demonstrate that the lipidoid nanoparticles
can deliver protein into cancer cells and inhibit cell prolifer-
ation, for potential applications such as cancer therapy.
RNase A can cleave intracellular RNA and induce cytotoxic
effects when taken up by cells,""! while saporin irreversibly
inhibits protein synthesis in eukaryotic cells by rending the
28S subunit of ribosomes.” RNase A and saporin have both
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Figure 1. a) Route of synthesis for lipidoids. b) The chemical structures
of the library of amines used for lipidoid synthesis (The lipidoids are
named EC16, for 1, 2-epoxyhexadecane, followed by the amine
number).

been used in clinical trials in cancer patients that are
refractory to traditional chemotherapy.” In an in vivo
study, we demonstrate that the administration of a represen-
tative lipidoid/saporin nanoparticle formulation suppresses
tumor growth in a 4T1 murine breast cancer model by
accumulating saporin at tumor sites.

The library of lipidoids was synthesized through the ring-
opening reaction between 1,2-epoxyhexadecane and amine
under mild conditions according to the methods of previous
reports.”*® The crude products were used directly for initial
identification of protein delivery materials, and subsequently
purified for detailed formulation studies. The lipidoids are
named EC16 followed by the amine number in the library
(Figure 1), where EC16 indicates 1,2-epoxyhexadecane. The
reversible chemical modifications of RNase A or saporin
were achieved by reacting proteins with excessive amounts of
cis-aconitic anhydride, followed by a dialysis purification
process. RNase A-Aco was selected for detailed study to
confirm the acid-labile nature and chemical reversibility of
the cis-aconitic anhydride modification of the proteins. The
treatment of RNase A-Aco with an acidic buffer solution
(NaOAc, pH 5.2) restored the protein back to RNase A, as
confirmed by SDS-PAGE analysis (Supporting Information,
Figure S1 A). Moreover, the acid-treated RNase A-Aco sig-
nificantly enhances ribonuclease activity compared to that of
neutral PBS treated RNase A-Aco (Figure S1B). These
results suggest that protein modification using cis-aconitic
anhydride is acid-labile and chemically reversible. Such
a reversible protein modification approach has the potential
to boost electrostatic binding of protein with cationic lipidoids
while having minor effect on their intracellular function.

The capability of lipidoids to deliver protein was eval-
uated by co-culturing murine melanoma cancer cells
(B16F10) with lipidoid—protein complexes of RNase A,
saporin, RNase A-Aco, or saporin-Aco. As the successful
transduction of RNase A or saporin into cell induces cyto-
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Figure 2. Evaluation of lipidoid-facilitated protein delivery on B16F10
cell line via a cytotoxicity assay. Black: lipidoid controls (4 pgmL™);
green: RNase A (3.3 ugmL™); yellow: RNase A-Aco(3.3 pgmL™"); blue:
saporin(0.17 ugmL™"); red: Saporin-Aco(0.17 pgmL™"). Cytotoxicity
was determined by MTT assay. Data are presented as mean £ SD
(n=4).

toxicity and inhibits cell proliferation,'"'*! the protein
delivery efficiency by various lipidoid-based nanoparticles
was compared by measuring the viability of differently
treated cells. As shown in Figure 2, all lipidoids displayed
low carrier cytotoxicity, with cell viabilities greater than 90 %
following exposure to each of the lipidoids at a concentration
of 4 uygmL . Similarly, we observed no detectable toxicity to
B16F10 cells following exposure to the four proteins
(3.3 ugmL~! for RNase A and RNase A-Aco, 0.17 uygmL™!
for saporin and saporin-Aco). This can be attributed to the
naked protein lacking an efficient mode of entry to cells.
Lipidoid—protein complex treated cells, however, showed
distinct changes in cell viability, depending on the lipidoid and
protein type. No appreciable viability decrease was observed
for lipidoid/RNase A treated cells, indicating a low RNase A
delivery efficiency by all lipidoids in the library. This is most
likely because of the high intrinsic positive charge, and
hydrophilic nature of RNase A, which prevented the forma-
tion of stable nanocomplexes for membrane penetration. In
contrast, RNase A-Aco, saporin, and saporin-Aco can be
delivered using seven of the lipidoids in the library (EC16-1,
EC16-3, EC16-4, EC16-5, EC16-6, EC16-12, and EC16-14). A
notable example of a lipidoid with high protein delivery
efficiency is EC16-1, which facilitates the delivery of
RNase A-Aco, saporin, and saporin-Aco, and reduces
B16F10 cell viability down to 30%. It is also noteworthy
that EC16-1 delivered both chemically modified and non-
modified saporin with comparable efficiency. This indicates
that the charge—charge interaction is not the only driving
force facilitating lipidoid and protein binding, and that
hydrophobic interactions may also contribute to the complex-
ation between protein (saporin) and lipidoid. The significance
of hydrophobic interaction between lipidoid and protein in
facilitating protein delivery was further demonstrated by
delivering RNase A-Aco and saporin with lipidoids of varied
tail length.

Two lipidoids with shorter hydrophobic tails, EC14-1 and
EC14-12, delivered RNase A-Aco and saporin and subse-
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quently inhibited cell proliferation less efficiently than EC16-
1 and EC16-12 (Figure S2). This suggests that lipidoids with
longer hydrophobic tails have higher protein delivery effi-
ciency. Moreover, these findings demonstrate the advantage
of a combinatorial approach for the discovery of novel
nanocarriers for protein delivery and the investigation of
structure—function relationships. The complexation between
EC16-1 and proteins was characterized by dynamic light
scattering (DLS) analysis. The complexation between neg-
atively charged RNase A-Aco or saporin-Aco and EC16-
1 increased the size and decreased the zeta-potential of the
EC16-1 particles, while the addition of unmodified RNase A
or saporin into the EC16-1 solution had only minor effect on
the size and surface charge of EC16-1 (Table S1). The
representative nanoparticle structures of EC16-1 and EC16-
1/RNase A-Aco complexes were further characterized by
TEM imaging (Figure S3). The dispersed EC16-1 solution
formed nanoparticles with a size of about 200 nm, while
typical lipsome-like structures were observed for the EC16-1/
RNase A-Aco complexs.

To investigate lipidoid facilitated protein delivery in
detail, RNase A-Aco, and saporin were selected along with
the lipidoid EC16-1 as representative proteins and lipidoid for
the remainder of the studies. Protein delivery conditions were
initially optimized by treating B16F10 cells with lipidoid—
protein complexes mixed at varied EC16-1 to protein ratio,
while the concentrations of RNase A-Aco and saporin that
the cells were exposed to was fixed at 3.3 uygmL™' and
0.17 ugmL™", respectively (Figure S4). Optimal results were
achieved at mass ratio of 2: 5 for EC16-1/RNase A-Aco, and
20:1 for EC16-1/saporin complex, and further increases in
lipidoid to protein ratio did not improve the delivery
efficiency. Furthermore, the cytotoxicity of EC16-1/
RNase A-Aco and ECl16-1/saporin complexes against
B16F10 cells is dependent on protein dose. As shown in
Figure 3, when used as stand-alone agents, RNase A-Aco and
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Figure 3. Protein concentration-dependent cytotoxicity of EC16-1 medi-
ated RNase A-Aco (a) and saporin (b) delivery on B16F10 cells (Protein
only: A; Lipidoid/protein nanoparticle: m). Data are presented as
mean £SD (n=4).

saporin show low cytotoxicities at all of the studied concen-
trations. EC16-1/RNase A-Aco and EC16-1/saporin com-
plexes prepared at optimized delivery conditions, however,
had significantly enhanced protein cytotoxicity and displayed
protein-concentration dependence. The half-maximal growth
inhibitory concentration (ICs,) of EC16-1/RNase A-Aco and
EC16-1/saporin complexes against B16F10 cells was deter-
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mined to be 64 nm and 5.3 nM respectively, which was greatly
improved compared to RNase A-Aco and saporin alone.

Whether lipidoids such as EC16-1 are able to deliver
proteins to a panel of cancer cell lines was also investigated.
An efficient protein delivery platform for cancer therapy
must be able to transfect various cell lines, as each consists of
different cell surface environments which may affect the
internalization of nanoparticles and the protein delivery. We
selected human breast cancer cells (MCF-7 and MDA-MB-
231), human liver hepatocellular carcinoma cells (HepG 2),
human prostate cancer cell lines (PC-3 and LNCaP), human
cervical carcinoma cells (HeLa), and murine breast cancer
cells (4T1) as target cell lines. These cells were treated with
EC16-1/RNase A-Aco or EC16-1/saporin complexes at pre-
viously optimized delivery conditions. Table 1 summarizes the
1Cs, values that were determined following the treatments of
EC16-1/RNase A-Aco or EC16-1/saporin complexes to all of
the cancer cell lines. The delivery of EC16-1/RNase A-Aco or
EC16-1/saporin complexes resulted in significant cytotoxicity
in all cell lines, suggesting the general applicability of lipidoid
EC16-1 for protein delivery.

Table 1: 1C, values of RNase A-Aco and saporin delivered by EC16-
1 against various cancerous cell lines.

Cell line Cancer type RNaseA-Aco [nMm] Saporin [nMm]
MCF-7 breast 40.6 2.9
MDA-MB-231 breast 57 2.5
B16F10 melanoma 64 5.3
HepG 2 liver 28 3.9
PC-3 prostate 125 23
LNCaP prostate 243 1.4
Hela cervix 48 3.2
4T breast 412 0.9

Having demonstrated the high efficiency and generality of
EC16-1 for protein delivery, we next developed a general
protein delivery formulation that comprises protein
(RNase A-Aco or saporin), lipidoid EC16-1, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), cholesterol, and
N-(palmitoyl)sphingosine[succinyl{methoxy(polyethylene
glycol)2000}] (C16-mPEG-ceramide) for invivo protein
delivery. We further post-modified the lipidoid/protein for-
mulations with DSPE-PEG2000-biotin to target tumor cells
and tissues. Biotinylated polymers or nanoparticles can be
selectively taken up by cancer cells and accumulate in the
tumor tissue, improving therapeutic efficacy." The EC16-1/
RNase A-Aco and EC16-1/saporin nanoparticle formulation
and also empty EC16-1 formulated nanoparticles are about
120 nm in size, as determined by dynamic light scattering
(DLS) analysis (Figure 4a). The typical nanoparticular struc-
ture of EC16-1/saporin formulation was visualized by TEM
(Figure 4b). Subsequent zeta-potential analysis of the nano-
particles revealed the positively charged nature of EC16-
1 (7.6+£0.3mV) and ECI16-1/saporin formulations (5.6 +
0.2 mV), while EC16-1/RNase A-Aco formulation had a re-
duced zeta-potential of —13.5+1.4mV (Figure 4a). The
surface charge measurements of EC16-1/protein nanoformu-
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a) Size (hm) Zeta potential (mV)
EC16-1 129.4+54 7.65+ 0.25
EC16-1/RNase A-Aco  126.0% 8.7 -13.5+1.45
EC16-1/saporin 131.56+£9.7 564+ 0.23

b)

Figure 4. Characterization of EC16-1/protein nanoformulations: a) size
and zeta-potential measurements; b) TEM images of EC16-1/saporin
nanoformulation.

lations further confirmed the different complexation modes
of lipidoids with RNase A-Aco and saporin. The charge—
charge interaction between RNase A-Aco and EC16-1 neu-
tralizes the positive charge of the lipidoid nanoparticles, while
saporin is encapsulated into the lipidoid primarily by hydro-
phobic interactions and thus has a minor effect on the surface
charge of EC16-1 nanoparticles.

The cellular uptake and intracellular trafficking of EC16-
1/protein nanoparticles were studied by formulating FITC-
labeled RNase A-Aco (FITC-RNase A-Aco) with ECI16-
1 and exposing to B16F10 cells. A confocal laser fluorescence
microscopy (CLSM) imaging study (Figure 5a) reveals that

DAPI FITC LysoTracker Merge

a)

Figure 5. Confocal laser scanning microscopy (CLSM) images of
B16F10 cells incubated for 4 h with free FITC-RNase A-Aco (a) and
EC16-1/FITC-RNase A-Aco nanoformulations (b). Cells were counter-
stained with DAPI (for nuclei) and LysoTracker Red (for endosome/
lysosomes). Scale bar: 20 um.

free FITC-RNase A-Aco had a low efficiency of entry of
protein. In contrast, significant cellular uptake and intra-
cellular accumulation of EC16-1/protein nanoparticles were
observed as green fluorescent pinpoints in the CLSM images
of cells treated with the EC16-1/FITC-RNase A-Aco nano-
formulation (Figure 5b). The different uptake of free protein
and EC16-1/FITC-RNase A-Aco nanoparticles was further
confirmed by a flow cytometry analysis (Figure S5). FITC-
RNase A-Aco treated cells had comparable mean fluores-
cence intensity to that of untreated cells, while the cells
exposed to EC16-1/FITC-RNase A-Aco nanoformulation
had significantly enhanced fluorescence intensities, suggest-
ing that the EC16-1 formulation is capable of delivering
proteins. Moreover, B16F10 cells incubated with EC16-1/
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FITC-RNase A-Aco nanoparticles at a lower temperature
(4°C) have a significantly reduced nanoparticle uptake
compared to that at 37°C (Figure S5). This is an indicative
of endocytosis process of EC16-1/FITC-RNase A-Aco nano-
particles, as endocytosis of nanoparticles is known as an
energy-dependent process. The endocytosized EC16-1/FITC-
RNase A-Aco nanoparticles efficiently escape from endo-
some/lysosome after entering cells. The CLSM imaging
studies by counterstaining endosome/lysosome reveals the
co-localization of EC16-1/FITC-RNase A-Aco nanoparticles
within endosome/lysosome after 4h of incubation (white
arrows in Figure 5b). However, significant amounts of protein
had already escaped from the endosomal compartment, as
indicated by the green fluorescence throughout the cell.

The efficiency of EC16-1/protein formulations to inhibit
cell proliferation was further determined using B16F10 cells.
The treatment of cells with RNase A-Aco or saporin nano-
formulation inhibited cell proliferation in a protein-dose-
dependent manner (Figure S6). The potential cytotoxicity of
empty EC16-1 nanoparicles was excluded in Figure S7.
Meanwhile, B16F10 cells treated with varying concentrations
of RNase A-Aco or saporin formulations, without EC16-
1 caused only a minor decrease in cell viability, compared to
that of similar formulations containing EC16-1 (Figure S8).
This indicates the vital role that lipidoids play in the
formulation of protein nanoparticles for intracellular delivery.
The ICs, of RNase A-Aco and saporin nanoformulation
against B16F10 cells was determined to be 36.5nm and
4.2 nM, respectively, with an improvement compared to that
of EC16-1/protein complexes without formulation processes
(Table 1).

Finally, invivo protein delivery using EC16-1/saporin
nanoparticles as a representative protein formulation was
conducted to assess the potential of intracellular delivery of
EC16-1/protein nanoparticles for cancer therapy. First, the
accumulation of EC16-1/saporin nanoformulation at tumor
sites was investigated in a murine breast cancer model. Balb/c
mice brearing 4T1 tumors were intravenously injected with
EC16-1/saporin nanoparticles or free saporin (310 pgkg ' of
saporin). The tumors were harvested 4 h post-injectection for
saporin analysis. Immunohistochemical studies (Figure 6a)
showed significant amounts of saporin accumulation at tumor
sites with EC16-1/saporin nanoformulation injection (as
indicated by the dark regions), while no protein accumulation
was observed for mice treated with free saporin. The in vivo
protein delivery ability of EC16-1/saporin nanoparticles and
saporin accumulation at tumor sites were also observed in
a B16F10 murine melanoma cancer model. As shown in
Figure S9, the intravenous injection of EC16-1/saporin nano-
particles into C57BL/6J mice bearing B16F10 melanoma
tumors resulted in similar accumulation of saporin at the
tumor site.

The accumulation of EC16-1/saporin nanoformulations at
the tumor sites could be ascribed to the enhanced perme-
ability and retention (EPR) effect of the leaky vascular
structure of the tumor tissue.™™ Having confirmed the
successful and efficient delivery of saporin into tumors,
a comparative tumor growth suppression study was per-
formed in the 4T1 murine breast cancer model. 4T1-tumor-
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Figure 6. In vivo delivery of EC16-1/saporin nanoformulations into 4T1
breast tumor bearing mice: (a) immunohistochemistry (IHC) studies
of saporin accumulation at tumor sites. Saporin in an uncomplexed
form (left) and in EC16-1/saporin nanoparticles (right), administrated
by tail-vein injection. (b) EC16-1/saporin nanoparticle delivery sup-
presses tumor growth on a 4T1 breast cancer model. Tumor sizes
reported as mean + SEM.

bearing mice were divided into four groups, and each group of
mice received a different treatment (PBS, EC16-1, saporin, or
EC16-1/saporin) by intravenous tail vein injection every three
days for a total of three injections per mouse. Following each
treatment, the tumor growth was monitored by direct caliper
measurement. As shown in Figure 6b, EC16-1 and free
saporin treated groups had similar tumor volumes to that of
PBS control mice. EC16-1/saporin nanoparticle-treated mice,
however, had significantly reduced tumor volumes (by 80 %)
compared to the control groups. Mouse body weight were also
monitored during the treatments (Figure S10) to verify that
administration did not result in significant toxicity. No
significant body weight changes during the treatments were
observed nor were a decrease in body condition. Further-
more, the immune response to EC16-1/saporin nanoparticle
injections was monitored by measuring the TNF-a and IFN-y
level in the blood samples of mice (Figure S11) to confirm
that reduction in tumor volume was not a result of immune
stimulation. No significant increase in TNF-a or IFN-y level
were observed in EC16-1/saporin-nanoparticle treated mice
compared to the levels in PBS or free saporin-treated mice.
The above results demonstrate that EC16-1/saporin nano-
particles can deliver protein invivo and suppress tumor
growth. This suggests that lipidoids are a safe and efficient
protein delivery platform for the delivery of cytotoxic
proteins for cancer therapy.

In summary, we have reported that our combinatorially
designed cationic lipidoid nanoparticles function as a novel
protein delivery platform. We synthesized a library of
lipidoids through the mild ring-opening reactions of 1,2-
epoxyhexadecane with primary or secondary aliphatic
amines. Using two representative cytotoxic proteins
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(RNase A and saporin), we have found that the intrinsic
physical properties of the proteins (net negative charge and
hydrophobicity) determine the protein-lipidoid interactions
and affect the intracellular delivery efficiency. The lipidoid
that we selected for primary study, EC16-1, is able to deliver
cytotoxic RNase A-Aco and saporin to a panel of cancer cell
lines and inhibit cell proliferation. Furthermore, we devel-
oped several lipidoid/protein formulations that are efficient
for invitro and invivo protein delivery. EC16-1/saporin
nanoparticles were shown to accumulate at the tumor site
and they suppressed tumor growth in a murine breast cancer
model. Taken together, these results suggest that combinato-
rially developed lipidoids can be a highly efficient and
effective delivery platform for protein therapeutics. We
believe the results disclosed herein will help advance and
accelerate the clinical translation of protein pharmaceuticals
for cancer therapy.
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