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ABSTRACT: The programmable endonuclease activity and simple usage of
CRISPR/Cas9 have revolutionized the field of genome editing. The binding of
single guide RNA (sgRNA) by the Cas9 protein results in the formation of
negatively charged ribonucleoprotein (RNP) complexes. The presence of this
functional complex inside cells is imperative for the intended specific genome
modifications. The direct intracellular delivery of Cas9/sgRNA RNP complexes is
of great advantage. In this work, a compound library of sequence-defined
oligo(ethylenamino) amides containing structural motifs for stable nanoparticle
formation, cellular uptake, and endosomal release was used for the screening and
development of suitable Cas9 RNP delivery vehicles. Lipid-containing
oligoaminoamides (lipo-OAAs) were identified as the most efficient carriers for
intracellular Cas9/sgRNA delivery and gene disruption. Fluorescence correlation
spectroscopy measurements indicated that the lipo-OAAs only interact with sgRNA-loaded Cas9 protein, which suggests exclusive
ionic interaction with the negatively charged RNPs. The type of contained fatty acid turned out to have a critical impact on the
knock out efficiency: the presence of one hydroxy group in the fatty acid dramatically changes the properties and performance of the
resulting Cas9/sgRNA lipo-OAA complexes. The lipo-OAA-containing hydroxy-stearic acid (OHSteA) was superior to the
analogues with saturated or unsaturated fatty acids without hydroxylation; it formed smaller and more defined nanoparticles with
Cas9/sgRNA and improved the cellular uptake and endosomal release, which altogether resulted in an increased nuclear association
and the highest gene knock out levels. The efficient and adaptable delivery platform has high potential for the future development of
therapeutics based on precise genome modifications.

■ INTRODUCTION

Protein therapeutics have emerged as a major new class of
biopharmaceuticals, since the discovery and approval of the
first recombinant protein drug.1,2 This class of drugs, which
includes hormones, antibodies, cytokines, growth factors,
enzymes, as well as bone and blood-related agents,1,3,4 exhibits
an enormous therapeutic potential due to its involvement in
various biochemical processes and its high specificity,
tolerability, and safety.5 CRISPR (clustered, regularly inter-
spaced, short palindromic repeats) Cas (CRISPR-associated) is
an adaptable DNA cleavage system found in bacteria6,7 and has
been utilized as an efficient RNA-guided genome-editing tool
in numerous species8−10 as well as in human cells.11,12 The
target sequence of the programmable nuclease Cas9 is
controlled by a guide RNA (a combination of crRNA and
tracrRNA) or a single guide RNA (sgRNA).7 For efficient
genome editing, a successful intracellular delivery of the
CRISPR/Cas9 components is essential. So far, the most
common strategy is based on the delivery of the CRISPR/Cas9
encoding DNA sequences or in vitro transcribed RNA
molecules.13 However, the direct delivery of the Cas9 protein
complexed with sgRNA has several advantages over the

delivery of the corresponding nucleic acid precursors, as the
ribonucleoprotein (RNP) complex is immediately functional
without the requirement of transcription and translation.
Furthermore, there is no risk of spontaneous genome
integration, and timely degradation reduces potential off-target
effects.14 Because nucleic acids and proteins are susceptible to
enzymatic degradation, the incorporation into a carrier system
can increase their stability.15,16 In addition, the poor
membrane permeability impedes transport of Cas9/sgRNA
RNPs to the intracellular target site and requires the
development of suitable delivery vehicles.17 Different nonviral
delivery technologies have evolved for the direct delivery of the
RNP complexes,18 including cell-penetrating peptides,19 DNA
nanoclews,20 gold nanoparticles,21,22 polymeric systems,23−25

as well as black phosphorus nanosheets,26 hydrogels,27 or lipid
nanoparticles.28,29 Nonetheless, a requirement of better carriers
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for stable RNP packaging, high cellular uptake, efficient
endosomal escape, and nuclear entry while preserving
biological activity remains.
Sequence-defined oligo(ethylenamino) amides (OAAs)

based on artificial oligoamino acids and solid-phase synthesis
have recently been developed as a platform for the delivery of
nucleic acids,30 proteins,16 and drugs.31 They combine the
advantages of aminoethylene-based polymers32,33 with the
chemical precision of peptides and enable cargo-specific
optimization.34 OAAs with a favorable stability, biocompati-
bility, and toxicity profile have been generated.30,35 In this
study, lipo-OAAs were established as a new delivery platform
for codelivery of the Cas9 protein and sgRNA. Different
architectures were screened to identify favorable structural
motifs and the most suitable reagents. Here, the artificial
oligoamino acids were intended to complex the negatively
charged RNP complexes and facilitate their cellular delivery.
Additional cysteines (C) and hydrophobic motifs, like the
tyrosine (Y) tripeptide, have been shown to improve
nanoparticle stability in the context of other delivery
purposes.36,37 Fatty acids can enable efficient intracellular
delivery by promoting membrane interaction and endosome
disruption.38−40

■ RESULTS AND DISCUSSION
Lead Structure Identification. To assess the general

potential of OAAs for Cas9/sgRNA RNP delivery, a first
library screen was conducted. Recombinant Cas9 was
produced by bacterial expression, sgRNA was synthesized by
in vitro transcription, and RNP functionality was assessed by
an in vitro cleavage assay (Figure S1). Sequence-defined OAAs
with different architectures and structural motifs were selected,
which, in previous studies, showed efficient intracellular
delivery of other cargos such as small interfering RNA
(siRNA), plasmid DNA (pDNA), and proteins.30,37,41,42 The
GFP reporter gene was used as a read-out to assess the knock
out efficiency and thereby identify the best performing
structures. For a sensitive detection of promising architectures
in the initial screen, Neuro2a eGFP-Luc cells were treated with
Cas9/sgRNA RNP formulations for 4 h without serum.
Subsequently, serum was added, and cells were incubated for
an additional 44 h. All samples were analyzed by flow
cytometry 3−4 days after cell treatment. As expected, the bare
RNP complexes did not induce substantial GFP knock out
(Figure S2). Commercially available Lipofectamine 3000 (LF
3) achieved a reporter gene knock out of approximately 11% at
higher concentrations, while succinylated polyethylenimine
(PEI-Suc)43 increased knock out levels to 15%. Sequence-
defined OAAs with a comb-like architecture, which initially
were designed as efficient pDNA delivery agents,41 did not
induce a significant knock out of GFP with Cas9/sgRNA. In
contrast, branched 3- and 4-arm OAAs exhibited distinct
Cas9/sgRNA delivery efficiency. In the case of 3-arm OAAs,
the introduction of hydrophobic tyrosine tripeptide motifs
strongly improved the GFP knock out efficiency from 2% (Stp-
H-C) to 18% (Stp-H-Y3-C). A 4-arm OAA (Sph-H-C) based
on the artificial oligoamino acid succinyl-pentaethylene
hexamine (Sph) mediated 23% GFP knock out. A substitution
of Sph with the shorter oligoamino acid glutaryl-triethylene
tetramine (Gtt-H-C) eliminated the delivery efficiency
completely, which demonstrates the critical impact of slight
structural variations and the need for optimal composition.
The highest Cas9/sgRNA delivery potency and approximately

28% GFP knock out efficiency were observed with a lipid-
modified T-shape structure (T-OleA) containing the cationiz-
able oligoamino acid succinyl-tetraethylene pentamine (Stp),
oleic acid, and stabilizing tyrosine trimers.36 The same
oligomer did not induce any reduction of GFP expression
with Cas9/cgRNA RNP containing a control guide RNA
(cgRNA) without a specific target in the genome, which
confirms the sequence-specific GFP knock out.

Lipid Variation. The initial library screen identified the T-
shape oligomer T-OleA as the best-performing structure for
the Cas9/sgRNA RNP delivery (Figure S2). The fatty acids
used in the delivery system are suggested to boost intracellular
delivery by hydrophobic nanoparticle stabilization as well as
endosomal membrane interaction and release.38,44,45 On the
basis of the promising results obtained with T-OleA, which
contains the unsaturated C18 fatty acid oleic acid (OleA),
different T-shape lipo-OAAs with fatty acid variations were
screened under the biologically more relevant conditions in the
presence of serum (Figure 1). We recently reported that the

degree of saturation of the fatty acid moiety critically impacts
the delivery of phosphorodiamidate morpholino oligomers
(PMOs).40 Analogues of T-OleA containing saturated stearic
acid, bis-unsaturated linoleic acid (LinA), 8-nonanamidoocta-
noic acid (NonOcA), and hydroxystearic acid (OHSteA)
instead of oleic acid were synthesized (Figure 1A). To
determine the influence of the fatty acid variation, Neuro2a
eGFP-Luc cells were incubated with Cas9/sgRNA RNP

Figure 1. Lipid variation. (A) A schematic illustration of T-shape
OAAs with different fatty acids (FA). SteA, stearic acid; OleA, oleic
acid; LinA, linoleic acid; NonOcA, nonanamidooctanoic acid;
OHSteA, hydroxystearic acid; Stp, succinyl-tetraethylene pentamine.
(B) GFP knock out efficiency determined by flow cytometry and (C)
cell number of Neuro2a eGFP-Luc cells 3−4 d after the 48 h
treatment with 75 nM RNP lipo-nanoparticles (with a nitrogen/
phosphate N/P ratio of 24) targeting the eGFP gene. Cells were
normalized to the control measurements with HBG buffer treated
cells. RNP complex without lipo-OAA served as negative control.
Data are presented as mean ± SD (n = 3).
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formulations for 48 h in serum-containing medium (Figure
1B). As expected, the bare RNP complexes did not induce
GFP knock out. In the presence of serum, which represents
more challenging conditions as compared to the initial library
screen, neither saturated T-SteA nor the monounsaturated T-
OleA resulted in significant GFP knock out. In contrast, bis-
unsaturated T-LinA and amide-containing T-NonOcA in-
creased the GFP knock out efficiency to around 12% or 7%,
respectively. Notably, the hydroxylated T-OHSteA mediated
the highest GFP knock out with an efficiency of 40% after the
single Cas9/sgRNA treatment. The cell number after the
treatments with the lipo-nanoparticles was determined as a
measure for nanoparticle toxicity (Figure 1C). All lipo-
nanoparticles were generally well tolerated with T-NonOcA
exhibiting the highest decrease in cell number.
Nanoparticle Formation. The lipo-nanoparticles that

were formed from T-shape lipo-OAAs containing the different
lipid variations and the RNP complex were further
characterized in terms of their physicochemical properties,
because they can significantly impact the in vitro and in vivo
characteristics of a carrier system.46,47 The nanoparticle size,
polydispersity, and zeta potential were determined by DLS
(Figure 2A−C). Lipo-nanoparticles containing Cas9/sgRNA
and the saturated (T-SteA), mono- (T-OleA), and bis-
unsaturated fatty acids (T-LinA) or the amide-lipid (T-
NonOcA) displayed hydrodynamic diameter of 247−293
nm, whereas the more hydrophilic hydroxylated T-OHSteA
analogue produced significantly smaller nanoparticles with a z-
average of 168 nm (Figure 2A). The polydispersity index
(PDI) as a measure for the homogeneity of the particle
population (Figure 2B) also suggested a more homogeneous
nanoparticle formation with T-OHSteA (PDI 0.24) as
compared to the other four oligomers (PDI 0.45−0.56). The
zeta potential of all lipo-nanoparticles ranged from +15 to +18
mV (Figure 2C), suggesting positive surface charges, which are
beneficial for cellular uptake via electrostatic interactions.48

In view of addressing the interaction between sgRNA and
Cas9, the RNP complex formation, and the RNP interaction
with the T-OHSteA oligomer, fluorescence correlation spec-
troscopy (FCS) was used (Figure 2D−F). FCS records and
analyzes the intensity fluctuations through a small (∼femto-
liter) observation volume, caused by the diffusion of
fluorescent particles in and out of this observation volume.
From the temporal autocorrelation function (ACF) of the
signal, a slower diffusion coefficient due to the formation of
complexes causes a shift in the temporal ACF to slower time
scales.49−51 The diffusion of the single-labeled ATTO647N-
Cas9 (18.2 μm2/s) and ATTO488-sgRNA (56.0 μm2/s)
corresponds to their individual molecular weights and confirms
the presence of a monomolecular species in solution (Figure
2D and E, light blue curves) (Tables S3 and S4). Addition of
the positively charged oligomer T-OHSteA to the Cas9 protein
does not mediate a shift toward higher time lag τ, indicating
the absence of strong interactions between the two
components (Figure 2D, orange curve). In contrast, the
addition of T-OHSteA to sgRNA shows a strong shift of the
autocorrelation function toward a higher time lag τ due to the
formation of an RNA polyplex (Figure 2E, orange curve). The
appearance of a slowly diffusing component (4.02 μm2/s) is a
further indication of the RNA polyplex formation (Table S3).
Similarly, the mixture of sgRNA and Cas9 protein shows a
species with slower diffusion in both channels (∼1.5 μm2/s),
suggesting the formation of Cas9/sgRNA RNP complexes

Figure 2. Cas9/sgRNA RNP nanoparticle formation characterized by
dynamic light scattering (A−C) and fluorescence (cross-) correlation
spectroscopy (D−F). (A) The hydrodynamic particle size (z-average)
in nanometer, (B) polydispersity index (PDI), and (C) zeta potential
in millivolt of 75 nM Cas9/sgRNA solutions complexed with different
lipo-OAAs at an N/P ratio of 24. Particles were formed in HBG, and
three technical replicas were measured. (D) The autocorrelation
function (ACF) of 100 nM ATTO647N-Cas9 showing its interaction
with 100 nM ATTO488-sgRNA and 19 μM T-OHSteA (correspond-
ing to an N/P ratio of 24). The ACF of ATTO647N alone is shown
as a reference for a freely diffusing fluorophore. Note that the orange
curve is largely overlapping the blue curve. The asterisk (*) indicates
the fluorescent species that is detected (red channel). (E) The ACF of
100 nM ATTO488-sgRNA showing its interaction with 100 nM
ATTO647N-Cas9 and 19 μM T-OHSteA (corresponding to an N/P
ratio of 24). The ACF of ATTO488 alone is shown as a reference for
a freely diffusing fluorophore. The slower decay of the ACFs
represented by the shift toward higher time lag τ indicates a slower
diffusion and an increase in the hydrodynamic size due to complex
formation. The asterisk (*) indicates the fluorescent species that is
detected (green channel). (F) The relative cross-correlation
(obtained by the division of the CCF amplitude by the ACF
amplitude of the ATTO647N-Cas9) between 100 nM ATTO647N-
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(Figure 2D and E, yellow curves) (Tables S3 and S4).
Additionally, we performed fluorescence cross-correlation
spectroscopy (FCCS) experiments, a dual-color extension of
standard FCS.52,53 Here, the temporal cross-correlation
functions (CCFs) between the detection channels for the
two fluorescently labeled ATTO647N-Cas9 and ATTO488-
sgRNA proteins were analyzed. In FCCS, a cross-correlation
signal is only present in the case of concerted motion of the
different labels, such as after formation of RNP complexes.
Thus, not only is the temporal decay of the CCF changed
upon binding, but also the amplitude, making it much more

sensitive as compared to standard FCS.52 The interaction of
Cas9 and sgRNA and thus RNP formation are confirmed by
the cross-correlation of the two differently labeled components
(Figure 2F, orange curve). The addition of T-OHSteA to
Cas9/sgRNA RNPs results in a slightly faster diffusion
coefficient, suggesting the reassembly or compaction of the
RNP complexes, upon the addition of the highly positive
oligomers (Figure 2D and E, purple curve). This compaction is
better observable in the CCF (Figure 2F, absence vs presence
of T-OHSteA) where the diffusion coefficients of the RNP
complex in the presence (∼0.5 μm2/s) and in the absence (∼1
μm2/s) of the T-OHSteA show the compaction resulting in an
increase in mobility by a factor of 2. Importantly, the addition
of the cationic T-OHSteA does not appear to disrupt the RNPs
by detachment of sgRNA from the Cas9 protein, because the
relative cross-correlation amplitude does not decrease but
actually increases slightly upon addition of the oligomer
(Figure 2F).

Cellular Delivery Pathway. The intracellular target site of
Cas9/sgRNA RNPs is inside the nucleus. Critical bottle-necks
within the delivery pathway are the cellular uptake, endosomal

Figure 2. continued

Cas9 and 100 nM ATTO488-sgRNA in the presence (red) or absence
(orange) of 19 μM T-OHSteA (corresponding to an N/P ratio of 24).
A mixture of ATTO647N and ATTO488 served as a reference
showing the absence of any cross-correlation between the freely
diffusing fluorophores (pink curve). The lines represent the obtained
fit for the data points represented as dots. The asterisk (*) indicates
the fluorescent species that are detected (red and green channels).

Figure 3. Effect of Cas9/sgRNA RNP formulations on cellular delivery barriers: cellular uptake (A,B), membrane interaction and endosomal escape
(C−E), and nuclear association (F). (A) CLSM images of Neuro2a cells treated for 4 h with 75 nM Cas9/sgRNA RNPs (Cas9:sgRNA 1:1, 20%
ATTO647N-labeled Cas9 protein, 20% ATTO488-labeled sgRNA) with (right) or without (left) encapsulation into T-OHSteA at an N/P ratio of
24. Additional data of the full set of all RNP lipo-nanoparticles can be found in Figure S3. (B) Cellular ATTO647N-Cas9 fluorescence intensity
determined by flow cytometry after 4 h incubation with 75 nM RNP formulations (median fluorescence intensity, MFI, n = 3). (C) Erythrocyte
leakage assays by photometrical determination of hemoglobin that was released from 3.75 × 106 erythrocytes after 60 min incubation with 2.5 μM
lipo-OAA at pH 7.4, 6.5, or 5.5. Values were normalized to positive control samples treated with 1% (v/v) Triton X-100 (100% lysis). Data are
presented as mean ± SD (n = 4). (D) CLSM images measuring the amount of endosomal calcein release of Neuro2a cells after 4 h incubation with
0.4 mg/mL calcein for different formulations: HBG only (top, left), 75 nM RNPs (top, right), 75 nM RNP T-SteA (bottom, left), or 75 nM RNP
T-OHSteA (bottom, right). Cytosolic mean fluorescence (CMFI) was determined by ImageJ (Figure S4). Data are presented as mean ± SD (n =
10). (E) Cellular calcein fluorescence intensity determined by flow cytometry (median fluorescence intensity, MFI, n = 3). (F) Nuclear association
of Cas9-ATTO647N and sgRNA-Cy3 (median fluorescence intensity, MFI, n = 3) determined by flow cytometry on isolated nuclei. Neuro2a cells
were incubated for 24 h with 75 nM RNP complexes without (RNP) or with lipo-OAA formulation (T-SteA, T-OHSteA). Cells were
permeabilized by 40 μg/mL digitonin, and nuclei were isolated by centrifugation.
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release, and nuclear entry. The ability of RNP lipo-OAA
formulations to overcome the separate delivery barriers was
assessed in a series of experiments (Figure 3). The cellular
uptake of the Cas9/sgRNA complex formulations into
Neuro2a cells was visualized by confocal laser scanning
microscopy (CLSM, Figure 3A). To investigate the uptake
of both RNP components individually, the Cas9 protein and
the sgRNA were labeled with fluorescent dyes ATTO647N
and ATTO488, respectively. While cellular internalization of
the Cas9 protein (top images, red channel) was observed for
both formulated (RNP+T-OHSteA) as well as bare RNP
complexes (RNP), intracellular sgRNA was only detected in
combination with the lipo-OAA (middle images, green
channel). A possible explanation for this observation is the
stabilization and protection of single-stranded RNA by
complexation and encapsulation in the carrier system.15

Importantly, these data show that only the lipo-nanoparticles
mediate codelivery of both functional RNP components, which
are essential for genome editing activity. The lipid modification
of the T-shape lipo-OAA turned out to have a major impact on
GFP knock out efficiency (Figure 1).
To investigate a possible explanation for the importance of

the lipid modification, lipo-nanoparticle uptake into Neuro2a
cells was quantified by flow cytometry in a comparative study
(Figure 3B). The monounsaturated T-OleA and hydroxylated
T-OHSteA mediated the highest levels of cellular internal-
ization, while all other screened compounds were inferior.
Because no distinct difference between the T-OleA and T-

OHSteA was observed, the superiority of T-OHSteA in terms
of GFP reporter gene knock out efficiency cannot be explained
by higher cellular uptake. Inadequate endosomal escape has
often been identified as a key bottleneck in cellular delivery of
biomolecules.15,54,55 Because the conducted cellular uptake
study does not identify the intracellular localization and, in
particular, does not differentiate between the endolysosomal or
cytosolic compartment, the advantage of T-OHSteA lipid
nanoparticles might be related to a superior endosomal release.
The amphiphilic character of the lipid-modified cationic
oligomer provides the potential of lytic membrane interactions.
Previous nucleic acids studies have shown that unsaturated
fatty acids can enhance pH-dependent membrane lysis and
thereby endosomal escape.36,37,56 Erythrocyte leakage assays
were carried out to assess the pH-dependent membrane
interaction of lipo-OAAs (Figure 3C). The T-shape oligomers
with different fatty acids were incubated with erythrocytes at
physiological pH 7.4 as well as at endolysosomal pH of 6.5 or
5.5. The results indicate increasing erythrocyte leakage at pH
5.5 with an increasing number of double bonds, which is
consistent with previous findings.40,56 The highest lytic
activities were observed for lipo-OAAs containing bis-
unsaturated linoleic acid and hydroxy stearic acid. Comparing
the lipo-OAA containing SteA and the hydroxylated version of
this fatty acid (OHSteA), it is clearly visible that the fatty acid
hydroxylation has an enormous effect on the lytic potential.
Cis-unsaturated fatty acids are suggested to affect the phase
behavior and fluidity of biomembranes,38,57,58 which explains

Figure 4. Dose-titration and characterization of RNP T-OHSteA formulations. (A,B) Dose-titration experiments in Neuro2a eGFP-Luc (A) or
HeLa GFP-Tub (B) cells treated with 1−100 nM Cas9/sgRNA RNP complex at a 1:1 (blue) or 1:2 (green) ratio formulated with T-OHSteA at an
N/P ratio of 24. (C) The N/P ratio was varied in Neuro2a eGFP-Luc cells by keeping the T-OHSteA concentration constant (red curve, 9.5 μM;
black curve, 14.3 μM) and varying the amount of RNP complexes (in nM) at a 1:1 ratio. Arrows of the same color indicate an N/P ratio of 24. (D)
N/P variation experiments in HeLa GFP-Tub cells where the T-OHSteA concentration was held constant (blue curve, 4.8 μM; red curve, 9.5 μM)
and the amount of RNP complexes was varied at a 1:1 ratio. Arrows of the same color indicate an N/P ratio of 24. (E) Comparison of RNP T-
OHSteA formulations with established transfection reagents in terms of knock out efficiency. RNP complex without carrier served as a negative
control. Established transfection reagents included succinylated polyethylenimine (PEI-Suc) at a w/w ratio of 4 and linear polyethylenimine
(linPEI) at a w/w ratio of 0.8 of polymer to sgRNA. Lipofectamine CRISPRMAX (LF CM) was tested at three different concentrations and with
two different mixing procedures. LF CM 1 (6 nM RNPs) and 2 (15 nM RNPs) and 3 (75 nM RNPs) were prepared as recommended by the
manufacturer. LF CM 4 (75 nM RNPs) as well as T-OHSteA (75 nM RNPs) were mixed according to the protocol for RNP lipo-OAA
formulation. All data points indicate the % knock out efficiency 3−4 d after 48 h treatment in the presence of 10% FBS. The % of GFP knock out
was normalized to HBG buffer treated cells. Data are presented as mean ± SD (n = 3). (F) Sequencing of monoclonal GFP knock out cells. The
green sequence indicates the sgRNA target sequence in the eGFP gene next to the protospacer adjacent motive (PAM) sequence in red. Insertions
and deletions caused by the DNA repair mechanisms after the Cas9-induced double-strand break are highlighted in blue.
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the higher lytic activity of T-OleA and T-LinA as compared to
that of T-SteA.39 It can be speculated that the bulky hydroxyl
group (−HC−OH) in OH-SteA results in a similarly sterically
favored angled conformation of hydroxy-stearic acid as
compared to constrained cis-unsaturated bonds. The enhanced
pH-dependent membrane lysis indicates beneficial effects on
cell tolerability at neutral pH and promotes increased
endosomal escape due to vesicular acidification.
The advantage of the single hydroxy group in T-OHSteA for

triggering endosomal release was further evaluated in endo-
somal calcein release assays (Figure 3D and E). Neuro2A cells
were incubated with calcein for 4 h together in HBG buffer, 75
nM bare RNPs, as well as RNP T-SteA or T-OHSteA
nanoparticles. The release of fluorescent calcein from the
endosomes into the cytosol was imaged using CLSM (Figure
3D) and quantified by digital image processing (Figure S4). A
strong endosomal calcein accumulation was observed in all
cases. The bare RNP treated cells did not significantly increase
the cytosolic mean fluorescence intensity (CMFI) as compared
to HBG treated cells (HBG 2.1 ± 1.7, bare RNPs 5.3 ± 3.1).
In contrast, both lipo-OAA formulations increased the CMFI
with T-OHSteA mediating the strongest endosomal calcein
release (RNP T-SteA 11.2 ± 3.1, RNP T-OHSteA 21.2 ± 4.6).
These CLSM results are in line with the quantification of
cellular calcein fluorescence by flow cytometry (Figure 3E).
Because the Cas9/sgRNA RNPs have to enter the nucleus

after successful endosomal escape, the nuclear association of
Cas9-ATTO647N and sgRNA-Cy3 was quantified by perform-
ing flow cytometry on isolated nuclei after 24 h of treatment
(Figure 3F). Remarkably, even in the case of bare RNPs, a
nuclear association of Cas9 was observed. As the cellular
uptake experiments also suggested internalization of the bare
Cas9 (Figure 3A and B), it seems that the positively charged
protein has the ability to enter the cells and reach the nucleus,
to some extent. However, neither the uptake (Figure 3A) nor
the nuclear association studies suggested successful entry of
sgRNA without lipo-OAA formulation. In contrast, cells
treated with RNP lipo-OAA nanoparticles exhibited substantial
nuclear association of both Cas9 and sgRNA. Consistent with
the higher endosomal release, T-OHSteA also mediated the
highest nuclear association of sgRNA. To sum, the higher gene
knock out efficiency of the RNP T-OHSteA formulation is due
to the combination of a number of effects including a more
defined particle formation (smallest z-average, lowest PDI),
enhanced cellular uptake, improved endosomal escape, and in
consequence a higher nuclear delivery.
RNP Formulation Variation. GFP knock out efficiency

studies (Figure 1) as well as the cellular internalization,
endosomal release, and nuclear association experiments
(Figure 3) identified the lipo-OAA T-OHSteA as the best
performing structure in terms of RNP delivery. To further
characterize RNP complex formulation and the optimal
composition, dose-titration experiments with varying RNP
complex concentrations, varied Cas9 protein to sgRNA molar
ratios, as well as varied lipo-OAA nitrogen to sgRNA
phosphate (N/P) ratios were performed in two reporter cell
lines (Figure 4).
First, nanoparticles were formed at a fixed N/P ratio of 24.

The concentration of the RNP complexes in Neuro2a eGFP-
Luc and HeLa GFP-Tub treatments ranged from 1 to 100 nM.
RNP composition ratios of Cas9 protein to sgGFP of 1:1
(green line) and 1:2 (blue line) were applied (Figure 4A and
B). In treatments of Neuro2a eGFP-Luc cells with Cas9/

sgRNA RNPs at a ratio of 1:1, the GFP knock out efficiency
increased with RNP concentration between 1 and 75 nM and
did not improve further at the higher concentration of 100 nM
(Figure 4A). In the case of particles containing Cas9:sgGFP
RNPs at a ratio of 1:2, the treatment with 50 nM RNP
complex mediated the highest GFP knock out efficiency levels,
suggesting it as the optimal concentration. Overall, differences
between the Cas9/sgRNA composition ratios 1:1 or 1:2 were
minor in treatments of Neuro2a eGFP-Luc cells. In contrast,
treatments of HeLa GFP-Tub reporter cells resulted in a
slightly different observation (Figure 4B); at both ratios, the
GFP knock out efficiency increases with increasing RNP
concentration up to 50 nM; maximal knock out levels were
reached at 50 nM with RNPs at a 1:1 ratio and already at 25
nM with RNPs at a 1:2 ratio. While the knock out efficiency
with Cas9/sgGFP RNPs at a 1:1 ratio did not decrease
dramatically at higher concentrations, at the 1:2 ratio, it
dropped to low levels for concentrations >50 nM of RNPs.
The abrupt decrease of the GFP knock out efficiency could be
attributed to an increased toxicity due to the double lipo-OAA
concentration in the case of RNPs at the 1:2 ratio (Figure S5).
Overall, single treatments of HeLa GFP-Tub cells with both
Cas9/sgGFP T-OHSteA formulations resulted in remarkably
high GFP knock out levels of over 89%. However, it has to be
mentioned that the GFP fusion to tubulin in HeLa GFP-Tub
cells could negatively affect proliferation, which, in turn, could
favor the growth of knock out populations.
Additionally, nanoparticles were formed at different N/P

ratios (Figure 4C and D). Two different lipo-OAA
concentrations were kept constant, and the RNP levels were
gradually increased. On Neuro2a eGFP-Luc cells, lipo-OAA
concentrations of 9.5 μM (red line) and 14.3 μM (black line,
Figure 4C) were used. GFP knock out efficiencies could be
steadily improved by decreasing the N/P ratio with a maximal
effect at an N/P ratio of 24 for both concentrations (indicated
by the arrows). Because of the higher overall GFP knock out
levels on HeLa GFP-Tub cells (Figure 4B), lower lipo-OAA
concentrations of 4.8 μM (blue line) and 9.5 μM (red line,
Figure 4D) were chosen for this cell line. At a concentration of
4.8 μM lipo-OAA, the successive addition of RNP complexes
resulting in N/P ratios of 12 increased GFP knock out levels.
At lower N/P ratios, the knock out efficiency dropped,
indicating the requirement for an optimal lipo-OAA ratio. At
9.5 μM, the transfection efficiency increased steadily to an N/P
ratio of 24, where a plateau was reached. On the basis of these
observations, an N/P ratio of 24 in Cas9/sgRNA T-OHSteA
complexes was considered optimal.
To assess the RNP delivery potential of T-OHSteA under

the determined formulation conditions, the delivery system
was compared to other reagents in term of GFP knock out
efficiency (Figure 4E). Classical transfection reagents such as
succinylated polyethylenimine (PEI-Suc), linear polyethyleni-
mine (linPEI), as well as Lipofectamine CRISPRMAX (LF
CM), a commercially available reagent for Cas9/sgRNA RNP
transfections, were evaluated in Neuro2a eGFP-Luc cells side-
by-side with T-OHSteA. The PEI derivatives were used at
published optimal polymer:nucleic ratios (linPEI 0.8 w/w,
PEI-Suc 4 w/w).43 In the case of Lipofectamine, four different
procedures (LF CM1−4) with different concentrations and
mixing procedures were included for a reliable comparison
under the conditions suggested by the manufacturer as well as
the parameters of lipo-OAA formulation. The cationizable PEI-
polymers, which are known to mediate efficient intracellular
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delivery of nucleic acids such as siRNA and pDNA,32,43,59 were
not able to mediate distinct effects on the GFP expression
levels. The cationic lipid Lipofectamine, an otherwise potent
transfection reagent, only showed up to 7% GFP knock out at
the concentrations and mixing procedures suggested by the
manufacturer (LF CM1 and CM2) as well as at the same
concentrations used for the RNP T-OHSteA formulations (LF
CM3 and CM4). In the side-by-side comparison, the Cas9/
sgRNA RNP formulation containing lipo-OAA T-OHSteA
outperformed all other reagents, mediating the highest knock
out level of 38%.
Successful gene knock out was additionally verified on the

genomic level (Figure 4F). After 48 h treatment of Neuro2a,
eGFP-Luc cells with 75 nM RNPs complexed with T-OHSteA
at an N/P ratio of 24, cells were diluted to generate
monoclonal cell populations from single cells. Twenty-nine
of the 70 monoclonal cell populations showed a complete loss
of GFP expression (determined by flow cytometry), matching
the knock out efficiency of previous knock out experiments.
The genomic DNA of the cell populations was harvested, and
the target region of the GFP gene was amplified by PCR and
analyzed by sequencing. Figure 4F illustrates exemplary
insertions and deletions (INDELS) at the expected site of
the sgGFP target sequence.
Endogenous Gene Knock Out. The Cas9/sgRNA

delivery system based on lipo-OAA T-OHSteA demonstrated
GFP gene knock out in two artificial reporter cell lines (Figures
1 and 4). To verify that this delivery system can mediate knock

out of an endogenous gene, a sgRNA targeting the folate
receptor 1 gene (sgFolR1) was loaded into the Cas9-protein
and complexed with the carrier system (Figure 5). Lipo-
nanoparticles were formed with T-OHSteA and either Cas9/
sgFolR1 or Cas9/cgRNA with no specific target in the genome.
Folate receptor 1 (FolR1) negative Neuro2a cells and FolR1
positive HeLa cells were incubated with HBG or the RNP-
containing delivery systems at 25, 50, and 75 nM (Figure 5A).
The FolR1 status upon treatment was assessed by flow
cytometry after immunostaining of the cells with an
allophycocyanin (APC)-conjugated antibody (FolR1-AB).
FolR1 negative Neuro2a cells, which do not express the
FolR1, served as a negative control and were not stained with
FolR1-AB. As a second negative control for unspecific
background fluorescence, FolR1 positive HeLa cells were
treated with HBG and subsequently incubated with a control
antibody (Ctrl-AB). As a positive control, HeLa cells were
treated with HBG and stained with FolR1-AB. At all
concentrations, the FolR1 status was clearly positive. Upon
incubation of HeLa cells with Cas9/cgRNA, no FolR1 knock
out could be detected. In contrast, HeLa cells treated with
Cas9/sgRNA showed partial knock out of the endogenous
receptor. The FolR1 knock out efficiency of HeLa cells treated
with Cas9/sgRNA was quantified (Figure 5B). At all
concentrations, FolR1 knock out levels of around 30% were
detected.
The knock out of the FolR1 gene was additionally confirmed

on the genomic level (Figure 5C−E). Five days after

Figure 5. Knock out of the endogenous folate receptor 1 (FolR1). (A) Histograms showing the FolR1 expression of Neuro2a (FolR1 negative cell
line) and HeLa (FolR1 positive cell line) cells after 48 h treatment with HBG buffer, Cas9/cgRNA with no specific target in the genome, or Cas9/
sgFolR1 targeting the endogenous FolR1 gene. Cells were treated with three different RNP concentrations (25, 50, 75 nM RNPs) complexed with
T-OHSteA at an N/P ratio of 24. Read out was performed by flow cytometry 7 d after treatment. For the detection of the folate receptor status,
cells were treated with an allophycocyanin (APC)-conjugated antibody against the folate receptor. As a negative control, an APC-conjugated
control antibody with no specific target was used. (B) Quantification of the FolR1 knock out efficiency in % as determined by flow cytometry. Cells
were normalized to HBG treated cells. Data are presented as mean ± SD (n = 3). (C) The T7E1 assay with FolR1 target region amplicons.
Genomic DNA was extracted from HeLa cells treated with HBG buffer, Cas9/cgRNA, or Cas9/sgFolR1 T-OHSteA formulation, and the target
region with the sgFolR1 cleavage site in the center was amplified by PCR. After melting and rehybridization, DNA samples were treated with T7E1
and analyzed by agarose gel electrophoresis. The upper bands represent the uncut DNA duplex (725 bp), while the lower band represents the T7E1
cleavage product (362 and 363 bp). The INDEL frequency was estimated by digital quantification of the band intensities (ImageJ). (D) The TIDE
analysis62 of DNA sequences from untreated (control) and Cas9/sgFolR1 T-OHSteA treated HeLa cells. Sanger sequencing data were evaluated by
the TIDE web tool (https://tide.deskgen.com/), and an INDEL frequency of 39.9% was determined. (E) Sequencing of monoclonal FolR1 knock
out cells. Green sequences indicate the sgRNA target sequence in the FolR1 gene next to the protospacer adjacent motive (PAM) sequence in red.
Insertions and deletions (INDELS) caused by the DNA repair mechanisms after the Cas9-induced double-strand break are highlighted in blue.
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treatment, genomic DNA was extracted, and the target region
within the FolR1 gene was amplified by PCR. The amplicons
were used to estimate the genome editing rate by using either
the T7 endonuclease I assay (T7E1)60,61 or by the Tracking of
Indels by DEcomposition (TIDE)61,62 analysis of the Sanger
sequencing data. The T7E1 assay (Figure 5C) determined an
INDEL efficiency of 23% in cells treated with Cas9/sgFolR1
T-OHSteA nanoparticles. In contrast, no INDELS were
detected in cells treated with the same formulation containing
unspecific cgRNA instead of sgFolR1. The TIDE method
compares the Sanger sequencing data of treated and untreated
control group DNA. The variety of different INDELS in the
treatment group results in a composite sequence trace after the
cleavage site. TIDE identifies and quantifies the major induced
mutations by a specially developed decomposition algorithm.62

An interactive web tool (https://tide.deskgen.com/) is
available for the convenient and quick assessment of the data
(code authored by Eva K. Brinkman, Tao Chen, Mario
Amendola, Jos Jonkers, and Bas van Steensel and software
authored by Desktop Genetics). The sequencing data of Cas9/
sgFolR1 T-OHSteA treated and untreated control cells were
analyzed with the TIDE web tool, and a total efficiency of
39.9% of INDELS with a size of up to 25 bp was estimated.
The higher INDEL frequency determined by TIDE can be
presumably explained by the frequently underestimated
mutation frequency determined by the rather semiquantitative
T7E1 assay.61−64 For an exact identification of introduced
mutations, cells were diluted to the single cell level 48 h after
the treatment. The genomic DNA of the monoclonal cell
populations was harvested, and the FolR1 sequences were
amplified and analyzed by sequencing. Figure 5E illustrates
exemplary INDELS at the expected site of the target sequence.

■ CONCLUSION

In this study, a novel delivery platform for the delivery of Cas9
protein/sgRNA RNP complexes was developed. Sequence-
defined oligo(ethylenamino) amides, which combine the
advantages of aminoethylene-based polymers with high
chemical precision and flexible design, have been selected
and refined for the challenging task. Different lipo-oligomers
were used to incorporate the Cas9 protein and different
sgRNAs into cationic lipo-OAA nanoparticles. Lipo-OAAs
were varied in terms of their fatty acid domains. Structures
containing the saturated stearic acid were screened side-by-side
to mono- or bis-unsaturated as well as amide-functionalized
and hydroxylated lipid moieties. The T-shape lipo-OAA T-
OHSteA was identified as the best-performing structure, and
the hydroxylation of the contained fatty acid changed the
properties and relevant parameters dramatically; the cationic
lipo-OAA complexes with Cas9/sgRNA were smaller and more
defined and exhibited higher cellular uptake and higher
membrane lytic potential. T-OHSteA facilitated efficient
intracellular delivery of the RNP complexes and GFP gene
knock out efficiencies of up to 40% on Neuro2a eGFP-Luc and
up to 89% on HeLa GFP-Tub cells, respectively. In addition,
knock out of the endogenous folate receptor 1 gene could be
demonstrated in HeLa cells. Overall, the reported lipo-
nanoparticles hold great potential for genome editing
applications and will be further optimized to target genes for
therapeutic applications in vivo.

■ EXPERIMENTAL PROCEDURES

Materials. Oligoamino amides were synthesized by solid-
phase synthesis30 as described previously.39 Detailed sequence
information can be found in Table S1. HEPES buffered
glucose (HBG) containing 20 mM HEPES (Biomol GmbH,
Germany) and 5% w/v glucose (Merck, Germany) was
adjusted to pH 7.4. ATTO647N NHS-ester was purchased
from ATTO-TEC (Germany), and 5-(3-aminoallyl)-uridine-
5′-triphosphate-ATTO488 was purchased from Jena Bio-
science (Germany). Cell culture media, antibiotics, and fetal
bovine serum (FBS) were purchased from Invitrogen
(Germany). All solvents and other reagents were purchased
from Sigma-Aldrich, Iris Biotech (Germany), Merck (Ger-
many), or AppliChem (Germany). All flasks, dishes, and
multiwell plates were manufactured by TPP (Switzerland).
Deionized water was purified in-house using an Evoqua Ultra
Clear Glass Panel Systems (Germany) and was used for all
experiments.

Cas9 Protein Expression and Purification. Recombi-
nant Cas9 was produced by bacterial expression of a plasmid
pET28a/Cas9-Cys containing the human codon-optimized
Cas9 nuclease gene with a N-terminal His-tag and a C-terminal
cysteine. pET28a/Cas9-Cys was a gift from Hyongbum Kim
(Addgene plasmid no. 53261; http://n2t.net/addgene:53261;
RRID: Addgene_53261).65 The plasmid pET28a/Cas9-Cys
was transformed into RosettaBL21(DE3)pLysS (Merck
Millipore, Germany), as recommended by the manufacturer.
An overnight culture of RosettaBL21(DE3)plysS (pET28a/
Cas9-Cys) was grown in lysogeny broth (LB) medium
containing 34 μg/mL chloramphenicol and 50 μg/mL
kanamycin at 37 °C under constant shaking. On the next
day, the bacterial culture was diluted 1:100 with LB medium
(34 μg/mL chloramphenicol and 50 μg/mL kanamycin) and
incubated at 37 °C under constant shaking until an optical
density of 0.5−0.7 (600 nm) was reached. Afterward, the
bacterial suspension was cooled to room temperature (RT),
protein expression was induced by adding 1 mM isopropyl β-D-
1-thiogalactopyranoside (IPTG), and the culture was incu-
bated overnight at RT under constant shaking. Bacteria were
harvested by centrifugation (20 min, 5000g, 4 °C). The
supernatant was discarded, and the pellet was resuspended in
bacterial lysis buffer (20 mM trizma-base, 0.2 M NaCl, 20%
sucrose, 10 mM MgCl2, pH 7.5). The final concentrations
added were 10 μg/mL RNase, 30 μg/mL DNase, 1 mg/mL
lysozyme, and 1 mM phenylmethylsulfonylfluorid (PMSF).
The lysed bacterial suspension was frozen in liquid nitrogen,
thawed on ice, and sonicated (3 × 20 s on ice). The bacterial
lysate was ultracentrifuged (1 h, 20.000 rpm, 4 °C) and filtered
using a 0.45 μm syringe filter.
The Cas9 protein was purified by nickel chromatography

(HisTrap HP column, GE Healthcare, Sweden) using a
gradient from binding buffer (20 mM trizma-base, 0.5 M NaCl,
pH 7.4, 20 mM imidazole) to elution buffer (20 mM trizma-
base, 0.5 M NaCl, pH 7.4, 0.5 M imidazole). Afterward, the
Cas9-containing fractions were concentrated with Amicon
Ultra centrifugal filter units (MWCO = 100 kDa, Millipore,
U.S.). Finally, the protein solution was subjected to size
exclusion chromatography (SEC) using an Äkta purifier system
based on a P-900 solvent pump module, a UV-900
spectrophotometrical detector, a pH/C-900 conductivity
module, a Frac-950 automated fractionator, and a Superdex
200 size exclusion column using storage buffer (20 mM
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HEPES, 200 mM KCl, 10 mM MgCl2, and 1 mM DTT) as the
solvent. The pooled fractions containing the Cas9 protein were
combined, and the amount of purified protein was quantified
using a Nanodrop photometer (Thermo Scientific, U.S.) using
an extinction coefficient of ε/1.000 = 120 M−1 cm−1. The
solution was snap-frozen and stored at −80 °C. Protein purity
was analyzed on a Coomassie Brilliant Blue stained 10% SDS-
PAGE gel (Figure S1).
ATTO647N-Labeling of Cas9 Protein. Cas9 protein was

diluted in HEPES (adjusted to pH 8.0 with 0.2 M sodium
bicarbonate solution) to a concentration of 2 mg/mL.
ATTO647N NHS-ester was solubilized in DMSO (10 mM),
and a 2-fold molar excess of reactive dye was added to the
protein solution. The mixture was incubated under constant
stirring for 1 h at RT. Uncoupled dye was removed by size
exclusion chromatography (Äkta purifier system GE Health-
care Bio-Sciences AB, Sweden) with a Superdex 200 size
exclusion column using storage buffer (20 mM HEPES, 200
mM KCl, 10 mM MgCl2, 1 mM DTT) as the mobile phase.
The pooled fractions containing the Cas9 protein were
combined, and the amount of purified protein was quantified
using a Nanodrop photometer (Thermo Scientific, U.S.) with
an extinction coefficient of ε/1.000 = 120 M−1 cm−1. The
solution was snap-frozen and stored at −80 °C.
In Vitro Transcription of sgRNAs. The general sgRNA

design was based on Larson et al.66 Specific sgRNA sequences
were derived from Qi et al. (sgGFP)67 and Sun et al.
(cgRNA).20 The DNA template for the in vitro transcription of
sgRNA was assembled from two single-stranded oligonucleo-
tides with 21 nucleotide overhangs, which were annealed and
extended with T4 DNA polymerase (NEB, Germany).
Sequences of the ssDNA oligonucleotides and sgRNAs can
be found in Supporting Information section 1.2. The template
was purified using a QIAquick PCR Purification Kit
(QIAGEN, Germany) and stored in RNase-free water. The
linear DNA fragments containing the T7 promoter followed by
the sgRNA sequence were analyzed on an agarose gel and
transcribed in vitro using the HiScribe T7 High Yield RNA
Synthesis Kit (NEB, Germany) according to the manufac-
turer’s instructions. ATTO488-labeled sgRNA was synthesized
by substitution of 7% of the UTPs with aminoallyl-UTP-
ATTO488 (Jena Bioscience, Germany) during in vitro
transcription.
After transcription, 1 μL of DNase was added and incubated

for 15 min at 37 °C. The in vitro transcribed sgRNA was
purified using the peqGOLD Mikro RNA kit (peqLab,
Germany) according to the manufacturer’s instructions. The
purified sgRNA was heated to 80 °C for 2 min, directly snap-
frozen in liquid nitrogen, and stored at −80 °C. Purity of the
sgRNA was analyzed on a Gel Red stained 10% DNA-PAGE
gel (Figure S1).
In Vitro Cleavage Assay To Test the Functionality of

RNPs. To confirm the functionality of Cas9 and sgRNA in
vitro, 300 ng of a linearized plasmid or PCR amplicon
containing the sgRNA target site was generated. The linear
DNA fragment was then incubated with the precomplexed
RNPs (150 ng of Cas9 protein and 60 ng of sgRNA) for 2 h at
37 °C. The reaction mixture was analyzed by agarose gel
electrophoresis (1.5% agarose gel). Because of the asymmetric
location of the sgRNA-target sequence within the amplicon,
successful cleavage by the Cas9/sgRNA complex results in two
bands on the agarose gel (Figure S1).

Cell Culture. Neuro2a eGFP-Luc, HeLa eGFP-Tub, and
HeLa pLuc/705 cells were grown in DMEM medium
supplemented with 10% FBS, 100 U/mL penicillin, and 100
μg/mL streptomycin. The cells were cultured in ventilated
flasks in the cell incubator at 37 °C and 5% CO2 in a
humidified atmosphere. Cells were passaged at approximately
80% confluency.

Formulation of RNP Oligomer Complexes. To
formulate RNP oligomer complexes, the indicated amounts
of Cas9 protein and sgRNA were mixed and preincubated for
15 min at RT. For the uptake studies, 20% of the Cas9 protein
was substituted by ATTO647N-Cas9 and 20% of the sgRNA
by ATTO488-sgRNA. The calculated amount of oligomer at
the indicated lipo-nanoparticle (N/P) ratio was diluted in a
separate tube (total volume 10 μL) in HBG buffer. After 15
min of incubation of Cas9 and sgRNA, the RNP complex
solution is diluted to a volume of 10 μL and added to the
oligomer solution, mixed by pipetting, and incubated for
another 15 min at RT.

Cellular Treatments under Serum-Free Conditions.
For an initial library screening, 5.000 Neuro2a eGFP-Luc cells
per well were seeded into 96-well plates the day before cell
treatment. Fifteen minutes prior to the treatment, the full
serum medium (DMEM containing 10% FBS) was substituted
with 80 μL of fresh prewarmed serum-free medium. Twenty
microliters of the RNP oligomer complexes formed as
described above was added to each well. After 4 h of serum
free incubation, 100 μL of medium containing 20% serum was
added, and the cells were incubated for another 44 h. After 48
h total incubation time, the cells were transferred into 24-well
plates and incubated for additional 72 h. All treatments were
performed in triplicate. The knock out efficiency was
determined by flow cytometry as the percentage of GFP
negative cells after subtraction of unspecific GFP negative
population in HBG treated cells. Data are presented as the
mean value (±SD) of three independent measurements.

Cellular Treatment under Standard Conditions. RNP
lipo-nanoparticle treatments were performed in triplicate in 96-
well plates. Cells were seeded 24 h prior to transfection (5.000
cells/well). On the next day, the medium was replaced with 80
μL of fresh prewarmed medium containing 10% FBS. The
nanoparticles were prepared as described above, and 20 μL of
the transfection mix was added. After 48 h of treatment, the
cells were transferred into 24-well plates and incubated for an
additional 72 h. The knock out efficiency was determined by
flow cytometry as the percentage of GFP negative cells after
subtraction of the unspecific GFP negative population in HBG
treated cells. Data are presented as the mean value (±SD) of
three independent measurements. The relative cell number
(%) was calculated relative to control wells treated with HBG
as ([A]test/[A]control) × 100%. Data are presented as the mean
value (±SD).

Particle Size and Zeta Potential. Particle sizes and zeta
potentials of Cas9/sgRNA ribonucleoprotein lipo-nanopar-
ticles were determined by dynamic and electrophoretic light
scattering in folded capillary cells (DTS 1070) using a
Zetasizer Nano ZS (Malvern Instruments, UK). RNP lipo-
nanoparticles containing 12.5 μg of Cas9 protein and 2.5 μg of
sgRNA at an N/P ratio of 24 were formed in 200 μL of HBG.
For size measurements, each sample was measured three times
with 13 subruns at RT. For zeta potential measurements, the
sample was diluted to 800 μL with 20 mM HEPES pH 7.4

Bioconjugate Chemistry pubs.acs.org/bc Article

https://dx.doi.org/10.1021/acs.bioconjchem.9b00853
Bioconjugate Chem. 2020, 31, 729−742

737

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00853/suppl_file/bc9b00853_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00853/suppl_file/bc9b00853_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00853/suppl_file/bc9b00853_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00853/suppl_file/bc9b00853_si_001.pdf
pubs.acs.org/bc?ref=pdf
https://dx.doi.org/10.1021/acs.bioconjchem.9b00853?ref=pdf


buffer and measured three times with 10−15 subruns. Zeta
potentials were calculated via the Smoluchowski equation.68

Fluorescence (Cross-) Correlation Spectroscopy (FCS/
FCCS). The fluorescence correlation spectroscopy and dual-
color fluorescence cross-correlation spectroscopy measure-
ments (FCCS) were performed on a home-built microscope as
described elsewhere.69 A pulsed laser diode at 470 nm
wavelength (LDH-P-C-470, PicoQuant) was used for ex-
citation of the ATTO488 labeled sgRNA (ATTO488-sgRNA),
and a pulsed laser diode at 635 nm (LDH-P-C-635b,
PicoQuant) was used for excitation of the ATTO647N labeled
Cas9 protein (ATTO647N-Cas9). Laser powers of ∼4.5 μW
for both the 470 and the 635 nm lasers were used, measured at
the sample with a slide power meter (S170C-Thorlabs). The
measurements were performed using a 60× water immersion
objective, NA 1.27 (Plan Apo 60 × WI, Nikon). The
correlation analyses were performed with our home-written
software PIE analysis with Matlab (PAM).70 PAM is a stand-
alone program (MATLAB; The MathWorks GmbH) for
integrated and robust analysis of fluorescence ensemble, single-
molecule, and imaging data. The FCS data were acquired by
recording the photons with a single APD on a time-correlated
single-photon-counting card (TCSPC, SPC-150 Becker and
Hickl) for a period of 15 min. The FCCS data were acquired
by recording the detected photons on two single-photon
avalanche photodiodes (SPADs) using two separate but
synchronized TCSPC cards for a period of 15 min.
Measurements were conducted in HBG buffer to simulate
physiological body conditions.
The autocorrelation functions (ACFs) were fit using a single

or two-component model with a triplet fraction, assuming a 3D
Gaussian focus shape.
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where A is the size-weighted relative amplitude of particles in
the observation volume. When quantitative amplitudes are
desired to calculate absolute concentrations, the fraction
brightness of the different species needs to be incorporated
into the analysis.51 The A1 fraction refers to the unbound,
freely diffusing labeled sgRNA or Cas9 protein, while A2
corresponds to the RNP complex bound-labeled sgRNA or
Cas9 protein. D1 and D2 refer to the respective diffusion
coefficients of A1 and A2, respectively. The time delay of the
autocorrelation is represented by τ. ωr and ωz are the lateral
and axial focus sizes, respectively, defined as the distance from
the focus center to the point where the signal intensity has
decreased to 1/e2 of the maximum. The geometric factor γ is
2−3/2 for a 3D Gaussian. The triplet dynamics were accounted
for by an additional factor, where T is the triplet fraction and
τT is the triplet time constant. The fitting was used to extract
the fraction of freely diffusing versus complex bound
ATTO488-sgRNA/ATTO647N-Cas9, in the absence and
presence of the T-OHSteA oligomer. The unbound freely
diffusing ATTO488-sgRNA and ATTO647N-Cas9 diffusion
coefficients D1 and D2 were fixed in the fitting to the values of
56.0 and 18.2 μm2/s, respectively, which was previously
determined by measuring ATTO488-sgRNA and ATTO647N-
Cas9 alone, respectively.

EGFP Reporter Gene Knock Out by Flow Cytometry.
After the specified treatments, the cells were collected and
resuspended in phosphate-buffered saline (PBS) solution
containing 10% FBS (FACS buffer). All samples were analyzed
by flow cytometry using a LSR Fortessa flow cytometer
(Becton, Dickinson and Company Biosciences, Singapore).
Shortly before the measurement, 1 ng/μL 4′,6-diamidino-2-
phenylindole (DAPI) was added and used to discriminate
between viable and dead cells. The cellular fluorescence was
assayed by excitation of DAPI at 405 nm and detection of
emission at 450 nm. The cellular eGFP expression was assayed
by excitation at 488 nm and the detection of emission at 530
nm. Only isolated viable cells were evaluated. Flow cytometry
data were analyzed using FlowJo 7.6.5 flow cytometric analysis
software by FlowJo, LLC (Becton, Dickinson and Company,
U.S.). All experiments were performed in triplicate.

Cellular Uptake by Confocal Laser Scanning Micros-
copy (CLSM). Neuro2a cells were seeded in 8-well Ibidi μ-
slides (Ibidi GmbH, Germany, 15.000 cells/well) in a total
volume of 300 μL of medium per well. Cells were incubated at
37 °C and 5% CO2. On the next day, the medium was replaced
with 240 μL of fresh medium. Cas9/sgRNA RNP (20%
ATTO647N labeled Cas9, 20% ATTO488 labeled sgRNA)
lipo-nanoparticles were mixed in 60 μL of HBG and added to
each well, resulting in a final concentration of 75 nM RNP
complex. After 4 h, each well was washed twice with 300 μL of
PBS followed by 20 min of incubation on ice with 300 μL of
PBS containing 500 IU/mL of heparin. The cells were washed
twice with 300 μL of PBS and subsequently fixed with 4%
paraformaldehyde in PBS (40 min incubation at RT). After
fixation, each well was washed twice with 300 μL of PBS, the
cell nuclei were stained with DAPI (2 μg/mL), and F-actin was
labeled with rhodamine-phalloidin (1 μg/mL). After 20 min
incubation time (light protected at RT), the staining mixture
was aspirated and replaced with 300 μL of PBS per well.
Images were recorded with a Leica-TCS-SP8 confocal laser
scanning microscope (CLSM) equipped with a HC PL APO
63× 1.4 objective (Germany). DAPI emission was recorded at
460 nm, ATTO488-sgRNA at 519 nm, rhodamine at 580 nm,
and ATTO647N-Cas9 at 665 nm. All images were processed
using the LAS X software from Leica.

Cellular Uptake by Flow Cytometry. One day prior to
uptake experiments, Neuro2a WT cells were seeded into 24-
well plates at a density of 50.000 cells/well. On the next day,
the medium in each well was replaced with 400 μL of fresh
medium, and 100 μL of ATTO647N-Cas9/ATTO488-sgRNA
RNP lipo-nanoparticles (with an N/P ratio of 24) was added
to each well resulting in a final concentration of 75 nM RNP
complexes. Control experiments were performed with 100 μL
of HBG buffer or ATTO647N-Cas9/ATTO488-sgRNA RNP
without the addition of lipo-OAA. Cells were incubated for 4 h
at 37 °C and 5% CO2 in a humidified incubator, collected, and
resuspended in PBS buffer containing 10% FBS. All samples
were analyzed by flow cytometry using a LSR Fortessa flow
cytometer (Becton, Dickinson and Company Biosciences,
Singapore). Shortly before the measurement, 1 ng/μL 4′,6-
diamidino-2-phenylindole (DAPI) was added and used to
discriminate between viable and dead cells. The cellular
fluorescence was assayed by excitation of DAPI at 405 nm and
detection of emission at 450 nm, the excitation of ATTO647N
at 640 nm and detection of emission at 670 nm, and the
excitation of ATTO488 at 488 nm and detection of emission at
520 nm. Only isolated viable cells were evaluated. Flow
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cytometry data were analyzed using FlowJo 7.6.5 flow
cytometric analysis software by FlowJo, LLC (Ashland, OR).
All experiments were performed in triplicate.
Erythrocyte Leakage Assay. EDTA blood was washed

with PBS buffer containing 25 mM sodium citrate. The washed
erythrocyte suspension was centrifuged, and the pellet was
diluted to 5 × 107 erythrocytes per milliliter with PBS (pH 7.4,
6.5, and 5.5). A volume of 75 μL of erythrocyte suspension and
75 μL of oligomer solution (diluted with PBS at the respective
pH) was added to each well of a V-bottom 96-well plate
(NUNC, Denmark), resulting in the indicated oligomer
concentration. The plates were incubated at 37 °C under
constant shaking for 1 h. After centrifugation, 100 μL of the
supernatant was analyzed for hemoglobin release by monitor-
ing the absorption at 405 nm using a microplate reader
(Spectrafluor Plus, Tecan Austria GmbH, Austria). PBS-
treated erythrocytes were set to 0%. Erythrocytes treated with
1% (v/v) Triton X-100 (diluted with PBS at the respective
pH) served as a positive control and were set to 100%. Data
are presented as the mean value (±SD) of four independent
measurements.
Calcein Release Assay by CLSM. One day prior to the

RNP lipo-nanoparticle addition, 15.000 Neuro2a WT cells per
well were seeded in 8-well Ibidi μ-slides (Ibidi GmbH,
Planegg/Martinsried, Germany). The cells were incubated for
4 h with 240 μL of DMEM medium containing 10% FBS and
0.5 mg/mL calcein and an additional 60 μL of Cas9/sgRNA
RNP lipo-nanoparticles (with an N/P ratio of 24) resulting in
a final concentration of 75 nM RNP complex. Afterward, the
cells were washed three times with PBS and fixed in 4% PFA
solution for 30 min. After fixation, cells were washed with PBS
and finally stored in 300 μL of fresh PBS. Images were
recorded by confocal laser scanning microscopy with 488 nm
laser excitation (TCS-SP8 confocal laser scanning microscope
equipped with an HC PL APO 63× 1.4 objective, Leica
Microsystems, Germany).
Calcein Release Assay by Flow Cytometry. One day

prior to RNP lipo-nanoparticle addition, 50.000 Neuro2a WT
cells per well were seeded in 24-well plates in a total volume of
1 mL per well. The cells were incubated for 4 h with 400 μL of
DMEM medium containing 10% FBS and 0.5 mg/mL calcein
and an additional 100 μL of Cas9/sgRNA RNP lipo-
nanoparticles (with an N/P ratio of 24), resulting in a final
concentration of 75 nM RNP complexes. Cells were incubated
at 37 °C and 5% CO2 in a humidified incubator, washed three
times with PBS, collected, and resuspended in PBS buffer
containing 10% FBS. All samples were analyzed by flow
cytometry using a CytoFLEX S flow cytometer (Beckman
Coulter, U.S.). Shortly before the measurement, 1 ng/μL 4′,6-
diamidino-2-phenylindole (DAPI) was added. Calcein was
excited at 488 nm, and emission was detected at 525 nm. Flow
cytometry data were analyzed using FlowJo 7.6.5 flow
cytometric analysis software by FlowJo, LLC (Ashland, OR).
All experiments were performed in triplicate.
Nuclear Association Assay. Neuro2a WT cells (50.000

per well) were seeded into a 24-well plate and incubated for 24
h at 37 °C and 5% CO2. The medium was replaced with 400
μL of fresh medium, and 100 μL of Cas9-ATTO647N/
sgRNA-Cy3 RNP lipo-nanoparticles (with an N/P ratio of 24)
were added to each well, resulting in a final concentration of 75
nM RNP complexes. After 24 h, cells were pelleted by
centrifugation at 2000g and 4 °C for 10 min. The cells were
resuspended in 2 mL of ice-cold phosphate-buffered saline

(PBS) containing 2 mM DTT, SIGMAFAST Protease
Inhibitor (Sigma-Aldrich, 1 tablet per 100 mL), and 40 μg/
mL digitonin. The cells were incubated on ice for 5 min to
permeabilize the cells. Subsequently, the nuclei were pelleted
by centrifugation at 5000g and 4 °C for 10 min. Nuclei were
resuspended in 2 mL of ice-cold phosphate-buffered saline
(PBS) containing 2 mM DTT and SIGMAFAST Protease
Inhibitor and incubated on ice for 5 min. Nuclei were again
pelleted as described above and resuspended in 500 μL of PBS
containing 10% FCS for flow cytometry analysis with a
CytoFLEX S flow cytometer (Beckman Coulter, U.S.). Shortly
before the measurement, 1 ng/μL 4′,6-diamidino-2-phenyl-
indole (DAPI) was added. The nuclei fluorescence was assayed
by excitation of DAPI at 405 nm and detection of emission at
450 nm; ATTO647N was excited at 640 nm and emission
detected at 670 nm; Cy3 was excited at 561 nm and emission
detected at 585 nm. Only isolated nuclei were evaluated. Flow
cytometry data were analyzed using FlowJo 7.6.5 flow
cytometric analysis software by FlowJo, LLC (Ashland, OR,
U.S.). All experiments were performed in triplicate.

Folate Receptor Expression Levels. To examine the
folate receptor (FolR1) expression of the different cell lines,
500.000 cells were collected in 100 μL of FACS buffer. For the
detection of the FolR1, 5 μL of allophycocyanin (APC)-
conjugated α-FolR1 IgG1 antibody was added and incubated
on ice for 1 h. As a negative control, an allophycocyanin
(APC)-conjugated anticontrol IgG1 antibody with no specific
target was used. After the incubation on ice, cells were washed
twice with 1 mL of FACS buffer, resuspended in 600 μL of
FACS buffer, and analyzed by flow cytometry using a LSR
Fortessa flow cytometer (BD Biosciences, Singapore). Shortly
before the measurement, 1 ng/μL DAPI was added and used
to discriminate between viable and dead cells. The amount of
folic acid receptor positive cells was analyzed through
excitation of allophycocyanin at 640 nm and detection of
emission at 670 nm. Flow cytometry data were analyzed using
FlowJo 7.6.5 flow cytometric analysis software by FlowJo, LLC
(Becton, Dickinson and Company, U.S.).

DNA Sequencing. Single cell clones were generated from
treated cells as described above using the limiting dilution
method in 96-well plates. Genomic DNA of the isolated single
cell clones was extracted by a QIAamp DNA Mini Kit
(QIAGEN, Germany) following the manufacturer’s protocol.
The target regions of eGFP or the FolR1 gene were amplified
with OneTaq DNA polymerase (NEB, Germany) using the
primers eGFP-F/eGFP-R or FolR1-F/FolR1-R (see the
Supporting Information). The amplicons were purified by gel
extraction with a QIAquick Gel Extraction Kit (QIAGEN,
Germany). Purified amplicons at concentrations of 10−30 ng/
μL were sequenced by Eurofins GATC Biotech (Germany)
with the primer eGFP-S or FolR1-R. Sequences of the primers
can be found in the Supporting Information.

TIDE Analysis. The targeted genomic locus of Cas9/
sgFolR1 in HeLa pLuc/705 cells treated and untreated with
RNP lipo-nanoparticles was PCR amplified and purified as
described above. Sanger sequencing of the purified DNA was
performed by Eurofins GATC Biotech (Germany) with the
primer FolR1-R (Supporting Information). The raw sequence
chromatograms were analyzed by TIDE (Tracking Indels by
Decomposition) analysis62 using the TIDE webtool (https://
tide.deskgen.com/), with code authored by Eva K. Brinkman,
Tao Chen, Mario Amendola, Jos Jonkers, and Bas van Steensel
and software authored by Desktop Genetics. The INDEL size
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range was set to 25 bp. The sequence segment used for
decomposition (decomposition window) was set from 199 bp
to 500 bp. The default values for the remaining parameters
were used.
T7E1 Assay. Genomic DNA of HeLa pLuc/705 cells was

extracted 5 days after treatment using a QIAamp DNA Mini
Kit (QIAGEN, Germany) according to the manufacturer’s
protocol. The target region of the FolR1 gene was amplified
with OneTaq DNA polymerase (NEB, Germany) using the
FolR1-F/FolR1-R primers (see the Supporting Information).
The amplicons were purified by gel extraction with the
QIAquick Gel Extraction Kit (QIAGEN, Germany). Purified
amplicons (200 ng) were mixed with 2 μL of NEBuffer 2 and
nuclease-free water to obtain a total of 19 μL of DNA solution.
The reaction was heated to 95 °C for 5 min and then slowly
cooled to 25 °C. Afterward, 1 μL of T7 Endonuclease I (NEB,
M0302) or nuclease-free water was added to the annealed
amplicons and incubated at 37 °C for 30 min. The reaction
was stopped by adding 1.5 μL of 0.25 M EDTA solution. The
amplicons and cleaved bands were analyzed by agarose gel
electrophoresis (2% agarose gel). The fraction of the
amplicons cleaved ( fcut) was calculated by using ImageJ and
the following formula:60

f
b c

a b c
( )

( )cut = +
+ +

where a is the intensity of the undigested amplicons and b and
c are the intensities of cleaved bands. INDEL efficiency was
then estimated using the following formula:60

fINDEL (%) 100 1 (1 )cut= × [ − − ]

Statistical Analysis. Data were analyzed with GraphPad
prism 5. The statistical significance of the experiments was
estimated using the two-tailed student’s t test, ***p ≤ 0.001,
**p ≤ 0.01, and *p ≤ 0.05.
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Ulrich Lächelt − Department of Pharmacy and Center for
NanoScience (CeNS), Ludwig-Maximilians-Universitaẗ
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