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ABSTRACT: Gene editing with CRISPR/Cas9 is revolutio-
nizing biotechnology and medical research, yet affordable,
efficient, and tailorable delivery systems are urgently needed
to advance translation. Herein, a series of monodisperse
amphiphilic block polymers poly[ethylene oxide-b-2-(dime-
thylamino) ethyl methacrylate-b-n-butyl methacrylate] (PEO-
b-PDMAEMA-b-PnBMA) that housed three PEO lengths (2,
5, and 10 kDa) and a variant lacking PEO (PDMAEMA-b-
PnBMA) were synthesized via controlled radical polymer-
ization and assembled into well-defined spherical cationic
micelles. The cationic micelles were complexed via electrostatic interactions with Cas9 protein/guide RNA ribonucleoproteins
(RNPs) that exhibit anionic charges due to the overhanging RNA. The resulting micelleplex formulations in both phosphate-
buffered saline (PBS) and water were screened via high content analysis for gene editing efficiency. The micelle variant with the
10 kDa PEO block offered the highest gene editing performance and was advanced for in-depth characterization. For the first
time, quantitative static and dynamic light scattering characterization and cryogenic transmission electron microscopy images of
Cas9 protein/guideRNA RNP loading into well-defined micelleplex nanoparticles are revealed, where the formulation solvent
was found to play a major role in the physicochemical properties and biological performance. In PBS, the solutions containing
the micelles (63 triblock polymers per micelle) were assembled with the Cas9 protein/guideRNA RNP payloads offering
uniform loading of 14 RNPs per micelleplex and moderate editing efficiency; this homogeneous system offers promise for future
in vivo/preclinical applications. Interestingly, when the uniform micelles were formulated with the RNP payloads in water,
larger multimicelleplex nanoparticles were formed that offered double the editing efficiency of Lipofectamine 2000 (40% gene
editing) due to the rapid sedimentation kinetics of the larger colloids onto adherent cells, offering promising in vitro, ex vivo,
and/or cell therapy applications. This work presents the first quantitative demonstration of tailorable block polymer micelle
formulations for advancing CRISPR/Cas9 RNP delivery and fundamental correlation of the solutions physics to biological
performance.

■ INTRODUCTION

CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas9 (CRISPR-associated protein 9)-based genome
editing has rapidly emerged as a multifaceted technology to
enable gene insertion, deletion, activation, suppression, and
even single base editing of target genes within the nucleus of
any cell. This highly efficient and facile technique has broad
utility from white biotechnology and agriculture to biomedical
research, pharmaceutics, and regenerative medicine.1,2 Various
CRISPR systems continue to be rapidly evolved,3−5 and
developing effective delivery systems is essential to the success

of this technology. Currently, the CRISPR/Cas9 system can be
delivered in vitro, ex vivo, and in vivo in three different payload
forms: (i) plasmid DNA (pDNA), which encodes Cas9 protein
and/or single guide RNA (sgRNA) or (ii) mRNA that encodes
for Cas9 nuclease and a separate sgRNA, or (iii) a
ribonucleoprotein (RNP) that consists of recombinant Cas9
protein precomplexed directly with a sgRNA. While
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engineered viruses have shown exceptional delivery efficiency
and expression of Cas9 protein in cells, limitations such as
immunogenicity and size restrictions in packaging exist.6,7

Physical delivery methods such as electroporation and
microinjection are known to cause cell damage or death and
challenging to apply to a large population of cells/tissues.8−12

Synthetic polymers have been widely studied as pDNA
delivery vehicles due to their versatility, low toxicity, and the
ability to encapsulate large pDNA payloads. Some recent
examples indicate that synthetic polymer-based systems
achieved pDNA-based gene editing both in vitro and in
vivo.13−18 However, pDNA must enter the cellular nucleus to
express, and consistent expression produces an overabundance
of Cas9 protein. This can lead to increased off-target editing
and mutagenesis, and thus, dangerous long-term side
effects.19,20 Researchers have turned to deliver the CRISPR/
Cas9 system in mRNA form to circumvent the barrier of
nuclear entry, which has been recently reported with polymer-
based nanoparticles.21 However, sgRNA often needs to be
delivered separately, presenting challenges in the trafficking
kinetics of different payloads.
Direct delivery of CRISPR/Cas9 ribonucleoprotein (RNP),

on the other hand, has several benefits including precision in
endonuclease dosing and potential to avoid uncontrolled
integration of the transgene into the cellular genome. While
different CRISPR/Cas9 RNP delivery systems have been
recently explored, such as lipid-based nanoparticles,22−24 gold
nanoparticles,25−27 cell-penetrating peptides,28−30 and other
hybrid nanostructures,31−34 the mechanisms of payload
encapsulation and the resultant complexes are generally not
quantitatively understood/characterized. Polymers offer a well-
documented pharmaceutically relevant platform that have been
underexplored for RNP encapsulation and delivery, and only a
limited number of reports have been presented,35−37 likely due
to the inherent structural, charge, and binding differences of
plasmid and protein-based payloads. Kang et al. reported a
Cas9 protein covalently modified by branched polyethylenei-
mine and complexed with sgRNA to form nanocomplexes,
which were shown to edit antibody-resistant bacteria.37

Nevertheless, the requirement of the covalent modification of
Cas9 protein makes the delivery vehicle less versatile to be
applied for a variety of CRISPR variants. Wang et al. designed
a poly(N,N′-bis(acryloyl)cystamine-co-triethylenetetramine)-
based delivery system that encapsulated a variety of payloads
including CRISPR/Cas9 RNP and achieved genome-editing
efficiency similar to Lipofectamine 2000.36 However, the
complexes formed with the RNP payload were not well
characterized or defined. To this end, designing novel and
efficient polymer-based RNP delivery vehicles, as well as
improving the fundamental understanding of polymer-RNP
complex composition and architecture on protein loading and
gene-editing efficiency, are necessary for advanced application.
Herein, we hypothesized that self-assembled cationic block

polymer micelles can serve as a well-defined host to bind RNPs
through electrostatic interactions with the sgRNA, enable
quantitative characterization of packaging, and facilitate
intracellular delivery and effective genome editing. To test
this hypothesis, four polymer variants were created as shown in
Scheme 1: a diblock copolymer was synthesized containing a
poly(n-butyl methacrylate) (PnBMA) hydrophobic block
(micelle core) and a cationic block consisting of poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) (which
forms the cationic brush corona on the micelle surface) that

facilitates RNP binding and encapsulation, and three triblock
terpolymer variants with systematically increasing poly-
(ethylene oxide) (PEO) block lengths (2, 5, and 10 kDa) to
display nonionic hydrophilic PEO corona on the micelle
surface. The four cationic micelle variants enabled the
examination of the absence, presence, and length of PEO on
RNP binding and biological properties. High-throughput
dynamic light scattering (DLS) and high-content micros-
copy-based image cytometry methods were developed to assess
the micelle-RNP complex (micelleplex) size and gene-editing
efficiency, respectively, allowing selection of the top performer
with the longest PEO length. Formulations of the optimal
micelleplexes were then quantitatively characterized via a
battery of techniques. It was discovered that micelleplexes can
achieve up to 40% in vitro gene editing efficiency with
engineered HEK 293T (human embryonic kidney) cells (twice
the value observed with the positive control, Lipofectamine
2000). To the best of our knowledge, this is the first example
of a polymer micelle system that successfully hosts CRISPR/
Cas9 RNPs, quantitative characterization of RNP packaging,
and correlation of formulation solution physics to the
biological performance. This delivery system, along with the
screening/structure selection workflow and quantitative
characterization methods, have the potential to enable
discovery and optimization of well-defined nonviral delivery
vehicles for protein-based gene editing tools.

■ RESULTS AND DISCUSSION
Complex Formation. The PDMAEMA-b-PnBMA (DB)

diblock copolymer and three PEO-b-PDMAEMA-b-PnBMA
(ODB) triblock polymers were synthesized via reversible
addition−fragmentation chain transfer (RAFT) polymerization
to acquire uniform chain lengths. The polymers were
characterized according to published procedures (Table 1).38

The DB and ODB polymers self-assembled to form spherical
micelles exhibiting core−shell or core−shell−corona architec-
tures, respectively (Scheme 1). The PnBMA hydrophobic
chain length was chosen such that after micelle formation, the

Scheme 1. Schematic Illustrations of DB, ODB, and Micelle
Structures and Micelleplex Formationa

a(a) diblock and triblock polymer structures, (b) micelle structures,
and (c) micelleplex formulation and formation scheme with RNP
payloads.
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cores are kinetically constrained from chain exchange at room
temperature due to the strong hydrophobic nature of PnBMA
and long block length.39,40 Thus, micelles are stable with
respect to size and shape.
The Cas9 protein used in this work was sNLS-spCas9-sNLS,

which contains nuclear localization signals on both ends of the
protein to promote efficient nuclear trafficking once delivered
inside the cell. When forming micelleplexes, sgRNA was first
added to Cas9 protein at a 1:1 molar ratio and allowed to
complex for 15 min. Micelle solutions were then added to the
RNP solution and allowed to further complex for 1 hr. The
systems were examined at a polymer:RNP molar formulation
ratio of both 2.5:1 and 5:1. All four micelle variants were
designed to contain the same cationic (PDMAEMA) block
chemistry and lengths, thus, at a certain polymer:RNP molar
ratio, the molar ratio of RNP to amine groups are consistent
across all four micelleplex formulations.
Micelleplex Formulation and High-Content Screen-

ing. Micelleplexes were formulated in two common solvents
for biological delivery studies, phosphate buffer saline (PBS)
and water, and characterized for size via high-throughput DLS
(Figure 1). The four bare micelle species without RNP were
found to have similar hydrodynamic radii (Rh), between 28−
34 nm in PBS and slightly larger sizes of 30−44 nm in water,
presumably due to the elongated cationic corona under low
ionic strength, in agreement with the previous work on
polycation solution physics.41,42 While the PEO block indeed
adds some hydrodynamic volume, the PEO length did not
appear to influence the hydrodynamic radius of the micelles
under these conditions, as the aggregation number of the
micelles decreases with increasing corona chain length.38 All
micelleplex formulations were found to have similar sizes in
each respective solution after formulation regardless of micelle
architecture. Micelleplexes formulated in PBS had Rh values
around 30 nm, (similar to the bare micelles), indicating that
the RNPs might nestle into the cationic block. In comparison,
larger particles with Rh of around 135−155 nm were formed in
water. To further understand the mechanistic phenomena
associated with these differences, these results were examined
in detail (vide infra).
An engineered HEK 293T cell line with an imbedded traffic

light reporter (TLR) system was utilized as the model cell line
to screen delivery efficiency and genome-editing.43 The 20 bp
sgRNA has been designed to target binding of the Cas9
nuclease to a genomic region upstream of an out-of-frame
mCherry gene engineered into the HEK 293T genome. If the
RNP is successfully delivered to the nucleus (and binds this
genomic site), a double-strand DNA break (DSB) will occur at
the target locus and then be repaired via nonhomologous end-
joining (NHEJ), a native cellular mechanism that quickly

ligates the broken ends through insertion or deletion (indel)
base mutations. The indels cause frame shifts to occur in the
downstream mCherry gene; a fraction of those indels lead to
the correct frame shift to upregulate mCherry expression (red
fluorescence), which can be visualized and quantified under
fluorescence microscopy. It should be noted that the
percentage of mCherry-positive (mCherry+) cells is lower
than the percentage of total edited cells because not all frame
shifts induce mCherry production. Nonetheless, this is a facile
method for high content screening to speedily and efficiently
identify the candidates that displayed the best editing
outcomes, as measured by mCherry expression.
Using this cell line, we compared the gene-editing

performance of different micelleplex formulations across 2
solvent environments (PBS and water), 4 micelle composi-
tions, and 2 molar ratios, giving rise to 16 possible candidates.
All of the micelleplex formulations were diluted with Opti-
MEM (reduced serum media) immediately before transfection.
The ionic strength (IS) of the micelleplex/water formulation
would increase after media addition. Thus, to test whether the

Table 1. Synthetic Block Polymer Characterization

polymer

parameters DB ODB(2) ODB(5) ODB(10)

block length (kDa)
PEO 2 5 10
PDMAEMA 27 27 27 28
PnBMA 14 24 25 24
Đ 1.10a 1.12b 1.18b 1.14b

aPreviously characterized by Sprouse et al.41 Measured by MALDI-
TOF-MS. bPreviously characterized by Jiang et al.38 measured by
SEC-LS.

Figure 1. Micelle and micelleplex sizes formulated in water and PBS
as measured by high-throughput DLS. Each sample was measured
with 5 acquisitions (n = 5), 5 s each, with data representing mean ±
standard deviation. (a) Micelles only, (b) micelleplexes at a
polymer:RNP molar ratio of 2.5:1 (denoted as 2.5) or 5:1 (denoted
as 5). The asterisks “*” indicate statistically different (p < 0.05)
analyzed by one-way ANOVA followed by a post hoc Tukey test.
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IS increase during transfection affects micelleplex size in the
water formulation, the solution was diluted with twice the
volume of PBS (final solution IS = 103 mM), and a DLS
measurement was performed. The results showed that after
PBS dilution, micelleplexes have a slightly increased mean Rh
of 215 nm (μ2/Γ2 = 0.30). For the micelleplex/PBS
formulation, media addition has a minimal effect on the
solution IS, thus the particle characteristics were assumed to be
unchanged. Forty-eight hours after transfection of the HEK
293T TLR cells with the micelleplex formulations and controls,
the cell nuclei were stained with Hoechst and microscopy
acquisition was performed. Finally, an image analysis pipeline
developed in CellProfiler was used to compute the ratio of
mCherry+ cells to the total number of nuclei in every image
(further details are available in the Supporting Information).
As shown in Figure 2 and Figure S1, in general, all micelleplex

formulations promoted mCherry expression higher than the
jetPEI control, and many formulations appeared to match the
efficiency promoted by Lipofectamine 2000 (5% mCherry+) or
even higher levels (av 2−11% mCherry+). Since high mCherry
expression is indicative of high editing efficiency, it was
concluded that the formulations in water reached higher
editing efficiencies (av 5−11% mCherry+) than formulations in
PBS (av 2−5% mCherry+). We suggest that higher delivery
efficiency in water is potentially a consequence of the larger
complex size and higher settling velocities, which is further
discussed below. Moreover, all micelleplexes formed in water
exhibited similar or higher editing efficiency compared to

Lipofectamine 2000, regardless of the micelle architecture.
Using this process, the ODB(10) variant, which promoted
statistically higher mCherry expression than Lipofectamine,
was identified as the best candidate vehicle and the focus of
extensive biophysical characterization.

Quantitative Characterization of ODB(10) Micelle-
plexes. Micelleplex complexation was characterized by gel
electrophoresis (Figure 3a). In both PBS and water, sgRNA
migrates toward the anode due to its overall negative charge.
After complexation with Cas9 protein, the RNP migration in
PBS was less than that of sgRNA, indicating stable binding of
the sgRNA to the Cas9 protein, which maintained an overall
negative charge. However, in water, the RNP migration was
completely impeded, which potentially denoted the formation
of large RNP aggregates. Upon addition of micelles, the
complete lack of RNP migration in both PBS and water
suggested the formation of micelleplexes. Zeta potential
analysis (Figure 3b) showed that overall, particles had higher
absolute values of Zeta potential in water compared to PBS,
due to low solution ionic strength. In both solvent conditions,
the RNP sample exhibited a negative Zeta potential due to the
overhanging negative charge on the sgRNA, which leads to
electrostatic interaction with the cationic micelle brush. As
expected, the Zeta potential of the micelles was highly positive
and decreased slightly after micelleplex formation.
To quantitatively analyze and compare the size, composi-

tion, morphology, and RNP loading of the ODB(10)
micelleplexes in PBS and water, multiangle DLS and cryo-
TEM characterizations were performed. The DLS results
revealed that in PBS, RNP has a hydrodynamic radius (Rh) of
around 9 nm (Figure 3c), which is in agreement with the single
RNP size in a previous report.44 The micelleplexes formed in
PBS have Rh values of 26 nm (μ2/Γ2 = 0.13) and 27 nm (μ2/Γ2

= 0.06) at ODB(10) polymer:RNP molar ratio 2.5:1 and 5:1,
respectively, slightly smaller than the uncomplexed micelles
(Figure 3c and Table S1). This result provides evidence that
the micelleplexes in PBS consist of single micelles, and that the
binding between the PDMAEMA cationic midblock and RNP
leads to a slight contraction of the micelle corona. This
observation of micelle compaction is in agreement with
previous literature showing that the complexation of oppositely
charged polyelectrolytes leads to a micelle corona contrac-
tion.45 By comparison, the RNPs have large particle sizes (Rh >
500 nm) in water (Figure 3d), presumably due to the collective
aggregation of multiple RNPs under low ionic strength and/or
electrostatic bridging of the cationic Cas9 protein with the
anionic sgRNA. Interestingly, the formation of micelleplexes
helped to reduce the degree of RNP aggregation by reducing
the micelleplex Rh to around 150 nm. The above phenomena
indicated different mechanisms of micelleplex formation under
different buffering conditions. In PBS, the single micelles
appear to act as the “template host” to RNPs for micelleplex
formation, where individual RNPs bind within the ionic brush
layer. In water, however, the RNPs may form loose aggregates,
thus serving as the “template host” and micelles appear to
break up the loose aggregates, that bind around the proteins
and interact with RNPs to form larger multimicelle complexes.
This could significantly influence particle settling kinetics (and
thus cellular contact) in adherent cell transfection experiments.
The complexation mechanisms and the morphology of

micelleplexes were further corroborated by cryogenic trans-
mission electron microscopy (cryo-TEM) as displayed in
Figures 4 and 5. The single micelles and RNPs were clearly

Figure 2. Gene-editing efficiency, indicated by mCherry expression
level, in the engineered HEK-293T TLR cells was measured by high-
content microscopy-based image cytometry. Micelleplexes were
formed at Cas9:sgRNA:polymer molar ratio of 1:1:2.5. (a)
Representative microscopy images. Blue dots are Hoechst-stained
cell nuclei; red dots denote mCherry+ nuclei. Each transfection
formulation was completed in duplicate, 4−15 images were taken per
well, and the collective data were processed via a high content image
analysis. Representative images at Cas9:sgRNA:polymer molar ratio
of 1:1:5 can be found in the Supporting Information (Figure S1). (b)
Summarized results of % mCherry+ cells. Data are presented as mean
of % mCherry+ cells in each image ± standard deviation. The asterisk
“*” indicates statistically higher compared to Lipofectamine 2000 (p <
0.05). Data were analyzed by one-way ANOVA followed by a post
hoc Tukey test.
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imaged prior to complexation in PBS (Figure 4a,b). It is worth
noting that while the micelle core is visible, the corona
consisting of the solvated PDMAEMA and PEO blocks has a
lower electron density and is not visualized due to the low
contrast (Figure 4a). After micelleplex formation, the micelle
corona has an increased contrast due to RNP binding and
becomes visible (Figure 4c,d), and discrete RNPs can be
visualized as higher contrast spots within the micelle corona.
Due to RNP payload loading and increased contrast, the size of
RNP-micelle complexes appears visually larger in the cryo-
TEM compared to the micelles, even though in the DLS data,
the overall hydrodynamic diameter actually contracts to
promote complexation. Moreover, the micelleplexes in PBS
appear to be spherical, and all micelleplexes contain single
micelles, which is also in agreement with the previous DLS
data. At ODB(10) polymer:RNP molar formulation ratio 2.5:1,
some RNPs can be visualized in an uncomplexed free RNP
state (Figure 4c), and the amount of free RNP is largely
reduced at higher polymer formulation ratio (ODB(10)
polymer:RNP 5:1), which is evidenced by the lack of free
RNP in the cryo-TEM image in Figure 4d. In contrast, when
the RNPs are diluted in water, they form large multiprotein
aggregates of various sizes (Figure 5a and Figure S8). After
formulation with the micelles, the micelleplexes clearly exhibit
smaller sizes compared to RNP only (Figure 5b,c), which is in
agreement with our previous data and hypothesis that

formation of micelleplexes help break up the larger aggregates
of RNPs. This could also be the reason why the ODB(10)
micelle with the longest PEO block performs better than the
other micelle variants. The long PEO corona can potentially
provide effective hydrophilic shielding and thus have better
stabilization effect to the micelleplexes. In addition, free
unbound micelles can also be visualized at both polymer:RNP
ratios, which is opposite to the observation in PBS. These
images provide further evidence of the different complexation
mechanisms of micelleplex formation in PBS and water, which
influences their biological performance.
Based on the DLS and cryo-TEM results, uniform micelles

and micelleplexes are formed in PBS, thus enabling further
quantitative analysis via static light scattering (SLS). Berry
plots were used to extract the radius of gyration (Rg) and
weight-averaged molar mass (Mw) of micelles and micelle-
plexes (Figures S2−S3). The ratio between Rg and Rh can
provide the conformation and shape information of polymers
and complexes. Bare micelles without RNPs exhibited an
average Rg of 22 nm, and the Rh of micelles were measured to
be 30 nm by DLS (Figure 3a and Table S1). Thus, the Rg/Rh
value of the bare micelles was calculated to be 0.73, close to
that of a hard sphere (0.78).46 The Mw of micelles was
measured to be 3.9 × 106 g/mol. With the assumption that all
micelles are uniform and share the same composition, and
given that each polymer chain has an Mw of 6.2 × 104 g/mol,

Figure 3. Characterization via gel shift, Zeta potential, and DLS. (a) Gel electrophoresis assay of sgRNA only, RNP, and micelleplexes at ODB(10)
polymer:RNP molar ratio of 2.5:1 and 5:1, in both PBS and water conditions. (b) Zeta potential of RNP, micelles, and micelleplexes in PBS and
water (n = 3). Data are shown as mean ± standard deviation. (c, d) Hydrodynamic radii (Rh) of RNP, ODB(10) micelles, and their micelleplexes
by (c) DLS in PBS and (d) in water. Size distributions were acquired by applying the REPES algorithm to the correlation function obtained at 90°.
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an average of 63 polymer chains are calculated to be present
per ODB(10) micelle (micelle aggregation number Nagg = 63).
Thus, when formulated with the RNPs at ODB(10)
polymer:RNP molar ratios 2.5:1 and 5:1, the micelle:RNP
molar formulation ratios are 1:25 and 1:13, respectively.
Micelleplex composition and properties at polymer:RNP molar
ratio of 2.5:1 were also characterized by SLS. This result
indicated an Rg of 29 nm, larger than the Rg of micelle only,
due to the increased weight and density on micelleplex corona
after RNP binding. With the Rh of 26 nm by DLS,
micelleplexes have a Rg/Rh value of around 1.1, closer to

that of a soft sphere (1.0).46 The Mw of ODB(10)-RNP
micelleplexes was calculated to be 5.2 × 106 g/mol. Under the
assumption that every micelleplex contains the same number of
RNPs and that all micelles were complexed, we calculate that
each micelle housed on average 14 RNPs (calculation detailed
in the Supporting Information). Thus, under polymer:RNP
ratio 2.5:1, which is micelle:RNP molar ratio 1:25, around 56%
of RNPs were bound to the micelles, indicating that some free
RNP exists in the solution, which is in agreement with the
cryo-TEM images where the free unbound RNPs can clearly be
visualized (Figure 4c). In comparison, at a polymer:RNP molar

Figure 4. Representative cryo-TEM images in PBS of (a) ODB(10) micelles, (b) RNPs, (c) micelleplexes at ODB(10) polymer:RNP molar
formulation ratio 2.5:1, and (d) micelleplexes at ODB(10) polymer:RNP molar formulation ratio 5:1. Additional supporting cryo-TEM images are
displayed in Figures S4−S7, Supporting Information.

Figure 5. Representative cryo-TEM images in water of (a) RNPs, (b) micelleplexes at ODB(10) polymer:RNP molar formulation ratio 2.5:1, and
(c) micelleplexes at ODB(10) polymer:RNP molar formulation ratio 5:1. Additional cryo-TEM images are available in Figures S8−S10, Supporting
Information.
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ratio 5:1, which is a micelle:RNP molar ratio of 1:13, the
number of micelles is sufficient to house all the RNPs, thus
there should be no free RNP in solution, which is also in
agreement with the cryo-TEM results (Figure 4d). The
quantitative properties of the micelles and micelleplex
solutions are summarized in Table 2.

Quantification of ODB(10) Micelleplex Gene-Editing
Efficiency. HEK 293T TLR cells were transfected with
ODB(10) micelleplexes, and 48 h after transfection, the
percent mCherry+ cells were measured quantitatively by flow
cytometry. The results revealed that the micelleplexes formed
in PBS produced around 2.2% mCherry+ cells for both
RNP:micelle molar ratios, which is higher than the 1.0%
produced with the jetPEI positive control, but lower than
Lipofectamine 2000 (Figure 6a). Micelleplexes formed in
water, however, offered 6.4−6.6% mCherry+ cells, which is
higher than the 4.9% of mCherry+ cells with Lipofectamine
2000. These data showed a similar trend to the high content
screens comparing the performance of ODB(10) micelles to
the controls. As discussed previously, only a fraction of the
indels generated by gene-editing lead to the correct frame shift
to promote the expression of mCherry protein; thus, this assay
is a significant underestimation of total gene editing in the
cellular population.
To further quantify and compare the total gene-editing

efficiency of the micelleplex formulations and controls,
capillary Sanger sequencing was applied to the targeted
genome locus of the HEK 293T TLR cell line for all
transfected samples. A TIDE (Tracking of Indels by
DEcomposition) computational assay47 was then utilized to
analyze the data. Briefly, the TIDE assay compares the wild-
type untreated cell DNA sequence, acquired from standard
Sanger sequencing, with the DNA sequence of edited samples,
and generates the frequency of targeted mutations. At
ODB(10) polymer:RNP molar ratios of 2.5:1 and 5:1, the
micelleplexes in PBS showed a total gene editing of 4% and

Table 2. Quantitative Characterization and Analysis of
Micelles and Micelleplexes

properties micelle micelleplexa

Mw (g/mol)b 3.9 × 106 5.2 × 106

Rg (nm)b 22 29
Rg/Rh 0.73 1.1
A2 (cm

3 mol/g2)b 2.3 × 10−5 8 × 10−5

Nagg
c 63

# amine/micelled 11,000
pKa of PDMAEMA block25 7.8
percent amine protonated at pH = 7.4 73%
# protonated amine/micelle 8,000
micelle:RNP molar formulation ratio 1:25
micelle:RNP molar binding ratioe 1:14
# micelle/complexf 1
percent RNP bound 56%

aAt 1:25 micelle:RNP molar formulation ratio. bData acquired by
SLS. cMicelle aggregation number (Nagg) denotes the number of
polymer chains per micelle. dNumber of amine groups per micelle (#
amine/micelle) was calculated as a product of the number of 2-
(dimethylamino) ethyl methacrylate (DMAEMA) repeat units per
polymer chain and Nagg.

eCalculated from SLS data (details are
available in the Supporting Information) fClaimed based on DLS
data, which showed similar particle size of micelle and micelleplexes.

Figure 6. In vitro gene editing achieved by ODB(10) micelleplexes in
HEK 293T TLR cells using formulation conditions in PBS and water
at polymer:RNP ratios of 2.5:1 and 5:1 along with controls. (a)
Percent mCherry+ cells measured 48 h post-transfection by flow
cytometry. Data presented as mean ± standard deviation (n = 3). The
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6.3%, respectively (Figure 6b, solid blue bars). Although this
gene-editing efficiency is moderate, the small, uniform, and
well-defined nature of this micelleplex system yields the
potential for further optimization for in vivo gene editing.
Interestingly, a significant boost in the gene-editing efficiency
was achieved by the micelleplex formulations in water. The
data showed that slightly over 40% of the cells undergo NHEJ
after treatment by the micelleplexes at polymer:RNP 2.5:1,
which is significantly higher than that observed with jetPEI and
approximately doubled the efficiency of Lipofectamine 2000
(Figure 6b, slashed pink bars). A complete list of the
sequencing results is in Table S2, Supporting Information.
The sequencing chromatograms of the DNA extracted from
cells treated by micelleplexes clearly showed a mixed pool of
edited and wild-type cellular DNA (Figure 6c), which is a
further indication of the successful and high-efficiency gene
editing.
It is intriguing that the micelleplex formation conditions

have such a significant impact on micelleplex complexation and
gene-editing efficiency. We speculate that the larger micelleplex
particle size formed in water is the key to higher in vitro
transfection efficiency. Indeed, previous studies with pDNA
delivery have shown that solvent ionic strength significantly
impacts vehicle-pDNA complex formation, size, and colloidal
stability.48,49 The previous reports also mentioned that large
particle size may play a significant role in accelerating
sedimentation of the complexes in cell culture, which promotes
a higher concentration of the complexes to interact with the
adherent cell monolayer and subsequently increase cellular
internalization to promote higher transgene expression.48−51

However, this is the first time that this phenomenon has been
observed in an RNP delivery system. Quantitative treatment of
this theory can be provided by the equation for particle
sedimentation velocity (eq 1).50 In eq 1, ρp is the density of
particle, ρf and μf are fluid density and viscosity, respectively,
and g is the gravitational acceleration. With the assumption
that micelleplexes formed in water and PBS have similar
densities, and the fact that the fluid density and viscosity are
the same (as both transfections were completed in culture), the
micelleplex sedimentation velocity (ν) is then solely propor-
tional to r2, the particle radius. Micelleplexes formed in water
have around 5 times larger radii compared to micelleplexes
formed in PBS, and thus the sedimentation rate would
calculate to be about 25 times higher, which causes a faster
accumulation of micelleplexes on the cell surface, presumably
increasing cellular uptake and subsequently leading to
significantly higher RNP delivery and gene-editing.

r g2 ( )2
p f

f

ν
ρ ρ

μ
=

−

(1)

Indeed, this work is the first to show the quantitative
correlation between formulation conditions and the resultant
biological performance, and directly correlate the physico-
chemical properties of vehicle-RNP complexes and their
genome-editing efficiency. Although large micelleplexes formed
in water may be inefficient for in vivo systemic delivery, they
could find utility for direct tissue injection. Moreover, their
high efficiency could be important and useful for ex vivo or cell
therapy-based treatments.

■ CONCLUSIONS
In this work, four cationic block polymer micelle systems
comprising diblock PDMAEMA-b-PnBMA and three PEO-b-
PDMAEMA-b-PnBMA triblock variants were prepared and
studied as CRISPR/Cas9 ribonucleoprotein delivery vehicles.
A high-throughput DLS and high content image cytometry
workflow was developed to analyze formulations for hydro-
dynamic size and gene editing efficiency. This workflow
enabled the discovery that ODB(10) revealed statistically
higher editing efficiency than the Lipofectamine 2000 positive
control. For this reason, the ODB(10) micelleplex system was
selected for further quantitative characterization. Well-defined
micelleplexes were formed with small and uniform particle
sizes in the PBS buffer, and RNPs were shown to bind within
the coronas of single micelles, which promoted moderate gene-
editing efficiency. Due to the well-defined composition and
uniform size, this formulation has the potential to be optimized
for in vivo gene editing. In comparison, micelleplexes self-
assembled in water formed larger multimicelle particles. It is
postulated that the micelles complexed to pre-aggregated
RNPs enable faster sedimentation kinetics and thus lead to
superior gene-editing efficiency in vitro, twice that of
Lipofectamine 2000. This facile packaging method to promote
high editing efficacy has the potential to be applied for in vitro
and ex vivo gene editing. To the best of our knowledge, this
work is the first example of a well-defined polycationic micelle
formulation that successfully complexes and delivers CRISPR/
Cas9 RNPs, and enabled correlations of the physico-chemical
properties, mechanism of packaging, and efficacy of genome
editing. Indeed, the novel results presented herein provide
future guidance for utilizing cationic polymer micelles and
essential characterization techniques to facilitate simple,
efficient, and inexpensive gene editing systems for a wide
variety of applications.
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Figure 6. continued

asterisks “*” indicate statistically different (p < 0.05) analyzed by one-
way ANOVA followed by a post hoc Tukey test. (b) Percent total
NHEJ editing measured by capillary Sanger sequencing and TIDE
assay. Data were acquired from the same batch of samples for flow
cytometry analysis. Cells from all three wells of the triplicated
transfection were combined, and DNA was extracted for sequencing
analysis. (c) Representative chromatograms of the sequencing data
acquired by transfection with micelleplexes formed in water: 20 bp
sgRNA binding region of untreated cells (top) and the cells treated
with ODB(10) micelleplexes at polymer:RNP = 2.5:1 (bottom).
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