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ABSTRACT: Chemically deﬁned vectors such as cationic
polymers are versatile alternatives to engineered viruses for
the delivery of genome-editing payloads. However, their clinical
translation hinges on rapidly exploring vast chemical design
spaces and deriving structure−function relationships governing
delivery performance. Here, we discovered a polymer for
eﬃcient intracellular ribonucleoprotein (RNP) delivery through
combinatorial polymer design and parallelized experimental
workﬂows. A chemically diverse library of 43 statistical
copolymers was synthesized via combinatorial RAFT polymerization, realizing systematic variations in physicochemical
properties. We selected cationic monomers that varied in
their pKa values (8.1−9.2), steric bulk, and lipophilicity of their
alkyl substituents. Co-monomers of varying hydrophilicity were also incorporated, enabling elucidation of the roles of
protonation equilibria and hydrophobic−hydrophilic balance in vehicular properties and performance. We screened our
multiparametric vector library through image cytometry and rapidly uncovered a hit polymer (P38), which outperforms stateof-the-art commercial transfection reagents, achieving nearly 60% editing eﬃciency via nonhomologous end-joining.
Structure−function correlations underlying editing eﬃciency, cellular toxicity, and RNP uptake were probed through machine
learning approaches to uncover the physicochemical basis of P38’s performance. Although cellular toxicity and RNP uptake
were solely determined by polyplex size distribution and protonation degree, respectively, these two polyplex design
parameters were found to be inconsequential for enhancing editing eﬃciency. Instead, polymer hydrophobicity and the Hill
coeﬃcient, a parameter describing cooperativity-enhanced polymer deprotonation, were identiﬁed as the critical determinants
of editing eﬃciency. Combinatorial synthesis and high-throughput characterization methodologies coupled with data science
approaches enabled the rapid discovery of a polymeric vehicle that would have otherwise remained inaccessible to chemical
intuition. The statistically derived design rules elucidated herein will guide the synthesis and optimization of future polymer
libraries tailored for therapeutic applications of RNP-based genome editing.
KEYWORDS: polymeric gene delivery, CRISPR, ribonucleoproteins, high-throughput experimentation, machine learning
antigen receptor T-cell therapies for cancer.5,6 Despite the
immense curative potential of CRISPR, widespread clinical
deployment faces an uncertain outlook due to excessive

G

enome-editing platforms based on clustered regularly
interspersed palindromic repeats (CRISPR) have
transformed the therapeutic landscape for diseases
where healthy cellular states can be restored through the
deletion, insertion, or repair of genetic sequences.1,2 Recent
clinical trials of investigational gene therapeutics for βthalassemia and sickle cell disease suggest that the CRISPR
gene-editing platform is safe and eﬃcacious.3,4 Additional
clinical trials are underway to develop CRISPR-focused
therapeutics for debilitating conditions such as Duchenne’s
muscular dystrophy, Leber congenital amaurosis, and chimeric
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Figure 1. Overview of workﬂow used in this contribution. (A) Following combinatorial RAFT polymerization using a parallel synthesizer,
polymers were assembled with RNP payloads. (C) Gene-editing eﬃciency was evaluated through high-throughput biological assays. (B)
Polymers were characterized in parallel to probe protonation behavior, RNP binding aﬃnity, polyplex size distribution, and charge density.
(D) Library-wide measurements of polyplex internalization and toxicity were completed in parallel. (E) Finally, machine learning tools were
deployed to mine experimental data sets and generate structure−function maps correlating polymer attributes with RNP delivery, cellular
toxicity, and RNP uptake.

reliance on engineered viral vectors.7,8 Production of clinical
grade viruses involves prohibitive costs and logistical bottlenecks, while the scale-up of viral vectors for large patient
populations has to contend with regulatory issues. In addition
to manufacturing and regulatory delays caused by viral vectors,
they are limited in their cargo capacity, and this size ceiling is
particularly problematic in the context of bulky cargoes.9 For
example, adeno-associated viruses, a widely used therapeutic
vehicle that is considered to be among the safest viral vectors,
can only accommodate 4.5 kbp, limiting its adoption for
multicomponent CRISPR cargoes.10 Although advances in
viral vector engineering have minimized occurrences of
carcinogenic mutations, genomic integration, and fatal
systemic inﬂammatory responses, these risks are ampliﬁed
when repeated dosing or large dosages are involved.11 In order
to engineer safe, scalable, and aﬀordable CRISPR therapeutics,
we must meet the urgent need for replacing viral gene carriers
with synthetic materials.12

Developing biomaterials to deliver gene therapeutics is a
design challenge spanning several length scales, temporal
horizons, and biological barriers within a delicate delivery
cascade.13 As a ﬁrst step, polymeric vehicles are expected to
condense the CRISPR payloads (mRNA, plasmids, or
ribonucleoproteins) into discrete nanosized polyelectrolyte
complexes termed polyplexes. Polyplexes must subsequently
navigate extracellular barriers such as serum DNAases (or
RNAases) and reticuloendothelial system clearance, as well as
intracellular barriers such as endosomal interrogation and
lysosomal degradation.14 Finally the cargo must be released
within a narrow spatiotemporal window that is optimal for
payload translocation to the nucleus, where they can undergo
further processing and realize targeted edits.15 In addition to
fulﬁlling exacting speciﬁcations for safety, eﬃciency, and costeﬀectiveness, synthetic vectors must minimize immune
activation and cellular toxicity.16 Since nonviral gene delivery
imposes stringent design speciﬁcations and demands precise
B
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Figure 2. Scheme for combinatorial RAFT polymerization. Cationic monomers (pKa values between 8.14 and 9.22) were copolymerized with
neutral monomers of varying hydrophilicity. The targeted cationic monomer incorporation was varied systematically from 0% to 100% in
25% increments, ultimately giving rise to 43 statistical copolymers of systematically varied interfacial properties.

accelerates polymer discovery. Recognizing the urgent clinical
need for nonviral vectors, we deployed parallelized experimentation and machine learning to rapidly discover highperforming polymeric vehicles for ribonucleoproteins (RNPs).
We draw attention to previous studies where combinatorial
libraries of cationic lipids,26−31 polymers,23,32−40 and gold
nanoparticles41−43 were screened to identify high-performing
synthetic gene delivery vectors rapidly. Although the
application of high-throughput approaches is becoming more
widespread in gene delivery,44 the elucidation of structure−
function relationships from large data sets and the development of predictive models that identify correlations between
biological responses and polymer attributes has received scant
attention. In contrast to previous studies that focused mainly
on exploiting serendipity to discover high-performing materials, our study goes beyond hit identiﬁcation by answering the
following questions: (1) Which interfacial properties favor
eﬃcient intracellular delivery of RNPs? (2) How do we design
polymers that realize these optimal properties?
To facilitate rapid clinical translation of polymeric vehicles,
we must explore multidimensional chemical design spaces
eﬃciently. Hence, we integrated combinatorial polymer design,
parallel synthesis, image cytometry, high-throughput biological
assays, and machine learning into a streamlined polymer
discovery workﬂow (Figure 1) that (1) speedily discovers “hit
polymers” from unexpected regions in chemical space, (2)
identiﬁes design rules latent within serendipitously discovered
polymers, and (3) generates overarching structure−function
correlations that can be broadly applied to design future
polymer libraries. Through image cytometric screening, we
identiﬁed a lead structure (P38), which outperformed four
state-of-the-art commercial transfection reagents. Sanger
sequencing conﬁrmed that P38 achieved 58% indel formation,

control over interfacial properties, polymer chemistry is wellsuited to generate vehicles for nucleic acid cargoes. Advances
in controlled radical polymerization methods such as reversible
addition fragmentation transfer polymerization (RAFT) have
enabled access to diverse polymer architectures. A continually
expanding monomer scope and progress in ﬁne-tuning
polymerization kinetics have ensured that we can synthesize
polymers of any desired chemical composition, architecture,
and molecular weight distributions, allowing us to create
multifunctional gene delivery vehicles with exquisitely tailored
properties.17 Unlike engineered viruses, the mass manufacture
of polymers does not present logistical and economic
challenges.
By incorporating monomers in diﬀerent ratios, architectures,
and lengths, we can generate almost inﬁnite structurally
distinct design possibilities. Although polymer chemists can
produce portfolios of macromolecules on demand, it is diﬃcult
to predict from ﬁrst-principles whether the synthesized
polymers will satisfy design requirements for a given
therapeutic application. Since the biological milieu in which
payloads are delivered by polymeric vectors is complex, ab
initio prediction of gene-editing eﬃciency directly from
polymer structure is almost impossible. For example, the
proton-sponge hypothesis18 has confounded eﬀorts to acquire
a nuanced physical understanding of the precise role played by
polycations in intracellular traﬃcking of their payloads.19
Similarly, studies exploring the role of design facets such as
polymer hydrophobicity,20−22 PEGylation,23 protein corona
formation,24 and polyplex diameter25 during transfection have
seldom converged on a single answer. With neither theoretical
models nor heuristic knowledge providing reliable experimental guidance, it is challenging to explore the polymer design
space in a manner that minimizes experimental eﬀort and
C
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Table 1. Characterization via NMR, SEC, Titration, and Electrophoresis
NMR
entry
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
P31
P32
P33
P34
P35
P36
P37
P38
P39
P40
P41
P42
P43

polymer
p(DEAEMAm-st-MPCn)

p(AEMAm-st-MPCn)

p(DIPAEMAm-st-MPCn)

p(DMAEMAm-st-MPCn)

p(DEAEMAm-st-PEGMEMAn)

p(AEMAm-st-PEGMEMAn)

p(DIPAEMAm-st-PEGMEMAn)

p(DMAEMAm-st-PEGMEMAn)

p(DEAEMAm-st-HEMAn)

p(AEMAm-st-HEMAn)

p(DIPAEMAm-st-HEMAn)

p(DMAEMAm-st-HEMAn)

m
98
43
42
43
67
50
43
19
80
76
73
34
110
24
47
17
70
47
33
85
90
44
36
29
25
26
13
1
60
47
22
85
72
40
62
52
27
34
32
65

n

titration

electrophoresis

% cat. (target)

% cat.

Mw (kDa)

Đ

pKa

ζ (mV)

100
75
50
25
100
75
50
25
100
75
50
25
100
75
50
25
0
75
50
25
75
50
25
75
50
25
75
50
25
0
75
50
25
75
50
25
75
50
25
75
50
25
0

100
53
42
35
100
68
46
24
100
68
56
29
100
72
59
26
0
77
52
33
71
43
36
64
47
25
74
52
12
0
74
50
30
61
44
23
65
51
25
60
42
31
0

19.4
20.3
26.9
34.5
14.3
19
25
22.8
18.2
28.2
35.4
32.8
18.4
7.2
17.6
17.4
11.3
25.6
33.6
43.9
38.5
92.8
55.9
18.4
24.4
48.5
10.4
10.6
3.8
6.4
14.7
16.1
11.6
26.2
29.6
27.1
19
20.2
17.4
8.8
11.7
31.6
8.6

1.05
1.03
1.06
1.08
1.26
1.24
1.12
1.05
1.05
1.04
1.08
1.03
1.04
1.07
1.02
1.03
1.12
1.08
1.09
1.16
1.21
1.23
1.19
1.04
1.06
1.11
1.18
1.23
1.09
1.77
1.04
1.07
1.06
1.23
1.23
1.13
1.07
1.13
1.07
1.04
1.05
1.09
1.04

6.7

12.4
−14.1
−0.05
−5.18
15.2
12.8
2.9
6.9
20.8
5.6
2.2
−13.8
21.7
5.6
3.8
0
−10.9
4.2
−7.1
−11.7
16.2
8.6
7
6.3
2.3
−9.4
8.3
18.5
−0.09
6.8
15.2
9.4
5.6
22.7
21
18.4
16.2
12.8
−0.7
4.8
7.9
2.5
0.8

38
58
81
23
51
61
36
58
83
9
33
47
24
21
44
66
35
120
79
20
33
76
9
12
6
7
21
47
51
54
92
132
33
50
80
22
45
145
60

SEC

8.1
8
7.9
6.8
5.9
6.4
6.9
6.9
6.9
7.5
7.8
6.9
6.6
6.5
7.8
8.1
7.8
6.6
6.8
6.9
7
7
6.8
7.5
7.6
7.8
8.2
8.2
6.9
6.5
7.3
6.4
7.2
7.2
7.3

bulk and lipophilicity20,45 within tertiary amine methacrylates
to promote hydrophobic collapse and cooperative polymer
deprotonation. Our powerful discovery pipeline can be applied
across diverse cell types and biological cargoes to individually
tailor the properties of polymeric vehicles for varied clinical
goals, transforming the therapeutic landscape for genome
editing.

an editing eﬃciency that is 2-fold higher than Lipofectamine
CRISPRMAX and JetCRISPR. Having established the superlative editing performance of P38, we employed machine
learning to identify structural drivers associated with cellular
toxicity, editing eﬃciency, and cellular internalization of RNP
payloads. While polycation protonation favored polymermediated RNP uptake, it did not contribute to eﬃcient
intracellular delivery of RNPs. Instead, we must engineer
hydrophobic polymers that possess high Hill coeﬃcients and
deprotonate with a high degree of cooperativity, allowing for
rapid unpackaging of RNP payloads within the cytosol. We
posit that eﬃcient intracellular RNP delivery performance can
be achieved by implementing the following polymer design
rules: (1) selecting moderately hydrophilic co-monomers while
avoiding superhydrophilic motifs and (2) incorporating steric

RESULTS AND DISCUSSION
Parallel Synthesis and Characterization of a Combinatorially Designed Polymer Library. While cationic
monomers confer positive charge densities that mediate
nucleic acid condensation, their reaction partners may alleviate
toxicity, prolong polyplex colloidal stability, or modulate the
binding equilibrium of the polyplexes. Pairing three hydroD
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Figure 3. Eﬀect of co-monomer incorporation on polycation protonation is illustrated through the example of the p(DIPAEMA-st-HEMA)
series of polymers (P9, P37−P39). (A) The pKa values of four polycations in this polymer subfamily were determined through
potentiometric titrations. Changes in pH have been plotted as a function of the degree of deprotonation, θ. (B) Electrophoretic mobilities of
polymers were measured in PBS to monitor changes in ζ-potential with decreasing cationic monomer incorporation.

Figure 4. (A) Overview of screening workﬂow. In the HEK293 TLR cell line, if 100% editing eﬃciency were achieved via NHEJ, about onethird of cells would produce mCherry, allowing us to adopt mCherry expression levels as an indirect measure of editing eﬃciency. To
quantify mCherry expression and gene-editing outcomes with high throughput, while ensuring adequate sensitivity to low gene-editing
eﬃciencies, image cytometry was employed in tandem with (B) high-content image analysis software pipelines. (C) RNP delivery was
assessed at two N/P ratios (1 and 2) across the entire library. At the end of the screening study, P38 (p(DIPAEMA52-st-HEMA50)) emerged
as the primary hit polymer.

distribution (9−49 kDa), (3) ζ-potential (−15 to +23 mV),
and (4) pKa (5.9−9) of all polymers within the library.
Systematic variations to polymer composition were introduced
through combinatorial design, resulting in polyplex hydrodynamic radii ranging from 6 nm to nearly 2 μm (Figures
S12−S14) and RNP binding aﬃnities spanning strong, weak,
and intermediate degrees of complexation (Figures S15−S17).

philic monomers with four cationic monomers gives rise to 12
binary copolymers. Within each binary copolymer, we varied
the polymer composition to target cationic monomer
incorporations of 100%, 75%, 50%, 25%, and 0% (Figure 2).
Overall, a library of 43 well-deﬁned copolymers was generated
using RAFT polymerization (Table 1). Subsequent to
synthesis, we measured (1) polymer composition (0−100%
cationic monomer incorporation), (2) molecular weight
E
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Figure 5. (A) Flow cytometry showed that at N/P ratios of 1, 1.5, and 2, P38 resulted in higher mCherry expression than Lipofectamine
CRISPRMAX (CMAX) and JetCRISPR (n = 3). The mean mCherry expression of the P38 N/P 1 treatment condition was found to be
signiﬁcantly higher than both CMAX (p-value of 0.0006) and JetCRISPR (p-value of 0.0213). (B) NHEJ editing measured by Sanger
sequencing and TIDE assay. Sanger sequencing established that P38 outperforms commercial controls, achieving 58% editing eﬃciency. (C)
mCherry expression in cells treated with unpackaged ribonucleoprotein and polyplexes formed with P38. Scale bar is 100 μm. (D)
Representative chromatograms from cells treated with P38/RNP polyplexes at an N/P of 2.

contrast, upon increasing HEMA incorporation to 25%, 50%,
and 75%, pKa values increased from 5.9 for the cationic
homopolymer P9 to 6.5, 7.3, and 6.4, respectively (Figure 3A).
This nonmonotonic trend in pKa cannot be explained by the
polymer composition alone and is a complex function of
monomer distribution and polymer conformation.46−48
Compared to the low pKa value of the cationic homopolymer
(P9 had a pKa = 5.9), the copolymers incorporating HEMA
exhibited pKa values that were up to 1.4 pH units higher,
highlighting the critical, but frequently overlooked impact of
polymer composition on polycation protonation. In summary,
parallelized approaches to synthesis and characterization
generated synthetic vector libraries that encompass a wide
range of chemical compositions, interfacial properties, and
protonation equilibria. This multiparametric polymer library
helped us probe relationships between polymer properties,
intracellular RNP delivery, cellular toxicity, and payload
internalization, while maximizing experimental eﬃciency and
throughput. Although larger material libraries may have been
generated in previous reports, the scope of polymer characterization was severely restricted.26,32−36 In contrast, we balanced
the demands of synthetic throughput and rigorous characterization via parallel synthesis and high-throughput characterization workﬂows.
Discovery of Hit Polymer (P38) for Functional
Delivery of RNP Payloads. To identify structures that
mediate eﬃcient genome editing, we engineered the HEK293
cell line with the traﬃc light reporter (TLR) gene.49 This
reporter system allows us to quantify nonhomologous endjoining (NHEJ), an imprecise and error-prone DNA-repair
pathway that results in mCherry expression in this cell line.
Even if 100% NHEJ editing were to be achieved, only 33%
of frameshift mutations would culminate in mCherry
expression.49 While rapid hit detection is challenging through
ﬂow cytometry, other methods are not sensitive enough to

In most cases, the composition of polymerized products
recapitulated that of the monomer feed, simplifying the
realization of targeted cationic incorporation. Despite reaching
high conversion (80−90%), we were able to achieve excellent
control over the controlled radical polymerization kinetics (Đ
< 1.2) for almost the entire library while also obtaining the
desired degree of polymerization (a minimum Mn of 10 kDa
was targeted and was attained in most instances). We also
performed ζ-potential measurements and pKa titrations (Table
1) to characterize surface potential and protonation equilibria,
respectively. The cationic monomers vary in the type of charge
center (primary versus tertiary amines) and encompass a range
of pKa values from 8 to 9 (Figure 2); however, the pKa values
of the resultant (co)polymers spanned a much broader range
between 5.9 and 9 (Table 1). While cationic homopolymers
typically exhibited high charge densities (as measured by the ζpotential), the installation of extremely hydrophilic functionalities such as PEG or MPC resulted in sharp declines in
surface potentials.
A detailed characterization workﬂow was developed to
comprehensively capture the most relevant physicochemical
attributes of each polymer (Table 1). We highlight this
workﬂow by showing snapshots of data collected for the
p(DIPAEMA-st-HEMA) subfamily (P9, P37−P39) of copolymers (Figure 3), while characterization data for the remaining
polymers can be found in the SI. Measurements of ζ-potential
revealed a generalized trend; the cationic homopolymer
displayed the highest charge density, while the addition of
HEMA repeat units gradually lowered the ζ-potential to nearzero levels. Next, we examined the eﬀect of copolymer
composition on deprotonation by estimating pKa values via
titration. The reduction in pKa from 8.38 to 5.9 while going
from monomer to homopolymer can be attributed to the
suppression of amine protonation due to electrostatic repulsion
between proximate amine groups (Figures S8 and S9). In
F
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Figure 6. (A) ζ-Potential measurements of polyplexes formulated at four N/P ratios of 0.5, 1, 1.5, and 2. (B) Gel migration assays revealed a
small population of unbound RNP in the polyplexes, suggesting that the binding between P38 and RNPs is moderate. (C) Dynamic light
scattering measurements (n = 3−5) yielded monomodal size distributions.

NHEJ. JetCRISPR reported slightly lower editing frequencies
than expected (20%), while less than 10% indel formation was
observed for JetPEI and Lipofetcamine 2000. In contrast, P38mediated RNP delivery led to editing eﬃciencies as high as
58%, which is almost double that of the most eﬃcient among
commercial transfection reagents (Lipofectamine CRISPRMAX). Taken together, ﬂow cytometry and sequencing
results oﬀer overwhelming evidence that P38 outperforms
state-of-the-art commercial vehicles.
To identify the biophysical factors associated with functional
RNP delivery, we performed gel migration studies and
dynamic light scattering (DLS) measurements for the entire
polyplex library. Since polymeric vectors must balance payload
protection and rapid intracellular unpackaging, it is essential to
probe the distribution of binding states among polymer−RNP
complexes using gel electrophoresis. In the case of P38, we
observed that RNPs existed in two binding conﬁgurations:
polymer-bound RNPs that did not migrate in response to the
applied electric ﬁeld and a small population of RNPs that
migrated (Figure 6B) to the positive electrode. To gain further
insight into polymer−RNP association, ζ-potential measurements of polyplexes were performed (Figure 6A). Since P38
has a pKa of 7.3, we expected roughly half the tertiary amines
along the polymer backbone to exist in a protonated state at
physiological pH, giving rise to a net positive charge (12.8 mV
in PBS). The spCas9 protein is known to possess an
electrostatically heterogeneous surface (Figure S27 in the
SI), while the sgRNA has an anionic backbone. As a result, the
RNP complex bears a charge of −17.5 mV in PBS. Among
polyplex formulations with N/P ratios of 0.5 and 1, the extent
of negative charge was reduced, but polarity was not reversed.
Surprisingly, charge inversion was not achieved even at higher
N/P ratios of 1.5 and 2, although their negative surface
potentials were reduced in magnitude. Our observation of
negatively charged polyplexes is consistent with a recent report
on RNP delivery by Chen et al.51 This observation of negative
surface charge suggests the presence of free RNPs coexisting
with weakly bound RNP−polymer complexes, mirroring
ﬁndings from gel migration assays. Given the high delivery
eﬃciency of P38, it appears that the formation of tightly bound
polymer−RNP complexes is not essential for ensuring eﬃcient
RNP delivery. At N/P ratios as low as 1, the editing eﬃciency
and toxicity (Figure S23 in the SI) of P38 are comparable to
LPF CRISPRMAX and JetCRISPR. This suggests that by
minimizing the excess polymer content within polyplexes, we
can prevent the formation of strong polymer−RNP interactions that could potentially denature the spCas9 protein,
minimize polymer-mediated toxicity, while yet ensuring high
levels of delivery eﬃciency.

detect small populations of mCherry-expressing cells in
instances of low editing eﬃciency. To resolve the trade-oﬀ
between throughput and sensitivity, we adopted image
cytometry50 to eﬃciently interrogate NHEJ events mediated
by polymers (Figure 4A). Using an image analysis pipeline, the
spatial distribution and intensity of mCherry were quantiﬁed
(Figure 4B).
To map the relationship between editing eﬃciencies,
polymer compositions, and N/P ratio (the stoichiometric
ratio of ionizable amines within the polymers to phosphate
groups within guide RNA), we adopted the following
procedure. First, for each polyplex formulation, mCherry
expression levels were averaged across all images and
normalized to the maximum value recorded in the polymer
library (Figure 4C). We observed that cells treated with P38
polyplexes exhibited the highest mCherry expression levels,
suggesting that this polymer achieved highly eﬃcient intracellular RNP delivery. Excepting P38, the rest of the library
resulted in either near-zero mCherry expression or marginal
mCherry expression.
P38 Outperformed Four State-of-the-Art Commercial
Vehicles, 58% Editing Eﬃciency Achieved. To benchmark
P38 against commercially available lipid-based and polyethylenimine (PEI)-based transfection reagents, we performed ﬂow
cytometric measurements to quantify mCherry expression
resulting from NHEJ editing (Figure 5A). RNP delivery by
JetPEI and Lipofectamine 2000 resulted in 1% and 2%
mCherry expression, respectively, suggesting that these
reagents are better suited for pDNA payloads than for RNPs.
The RNP-speciﬁc reagents fared better, with both Lipofectamine CRISPRMAX (CMAX) and JetCRISPR causing around
8% of cells to express mCherry. As for P38, mCherry
expression was highly dependent on the dose of polymer. At
an N/P ratio of 0.5, editing performance was marginal, with
only 2% mCherry expression; however, N/P ratios of 1, 1.5,
and 2 resulted in signiﬁcant improvements over commercial
controls (10−12% mCherry expression).
In the TLR cell line, mCherry expression severely underestimates the actual editing eﬃciency, since only a fraction of
gene disruptions results in mCherry production. Therefore, it
is essential to complement ﬂow cytometry with an analysis of
the distribution of insertions and deletions (indels) culminating from NHEJ (Figure 5B). Sequencing results largely
mirrored the trends observed during ﬂow cytometric measurements, establishing that mCherry expression is a valid proxy for
editing eﬃciency. Considering only results from commercial
reagent controls, we recorded the highest editing eﬃciency for
Lipofectamine CRISPRMAX, with 30% of the cell population
containing mixed DNA sequences resulting from error-prone
G
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Figure 7. (A) Cytotoxicity measurements employed the CCK-8 assay. (B) Cellular viability was normalized to that of untreated cells and
plotted as a function of polymer composition and N/P ratio. Formulations with the lowest cellular viability (bottom 5 percentile) are
highlighted. Six polymers, P5 (highlighted in all three instances), P32, P34, P35, the hit polymer P38, and P40, were identiﬁed as the most
toxic at higher formulation ratios. Except for P5 (the homopolymer of AEMA), all of them incorporate HEMA as a comonomer.

Since membrane association, endocytosis, and intracellular
traﬃcking are all size-sensitive phenomena, we performed DLS
measurements for the entire library (Figures S12−S14). As for
P38, RNPs formulated at N/P ratios of 1 and 2 were around
180 and 240 nm in hydrodynamic radius, which is around 30
times the size of the unpackaged RNP (Figure 6C). The
tendency of the hit formulation to form polyplexes larger than
100 nm in radius has interesting implications for cellular
internalization and nuclear accumulation.52 While particles
smaller than 100 nm in radius exhibit a preference for clathrinmediated pathways, larger particles are internalized via caveolar
pathways, which permit polyplexes to traverse the cytosol and
enter the nucleus while avoiding lysosomal interrogation.19,53
In addition, physical aspects of bolus transfection cannot be
overlooked: upon introduction into the cell culture media,
bulkier polyplexes will settle to the surface of adherent
monolayer cultures faster than smaller polyplexes.54 The large
size of P38 polyplexes may have eliminated the need to
improvise endosomal escape routes and imparted favorable
transport characteristics that maximized polyplex−cell contact.
Herein, we discovered that (1) binding between the RNP
payload and the polymer was incomplete, with a small fraction
of RNPs remaining unbound, (2) although the diameter of
P38−RNP complexes exceeds the optimal range for in vitro
delivery, P38 was somehow able to direct RNP payloads along
cellular pathways favoring nuclear internalization. Despite
these departures from established design heuristics, P38
proved to be an excellent chemically deﬁned vector, with a
delivery eﬃciency far higher than that of commercially
available reagents, illustrating the power of the highthroughput approach to deliver eﬃcient polymeric vehicles
from underexplored domains in chemical space.
Cytotoxicity, Cellular Uptake, and Intracellular Payload Distribution. Combinatorial polymer design and
parallelized experimentation rapidly yielded a promising lead

structure (P38) that exceeds benchmarks set by commercial
PEI and lipid-based reagents for RNP delivery. However, our
inability to identify any obvious structural driver of P38’s
intracellular delivery eﬃcacy prompted us to expand the scope
of our investigations beyond editing eﬃciency to include
toxicity and the cellular internalization of RNP payloads. First,
we studied how the cellular toxicity originating from polyplexmediated RNP delivery is shaped by the identity and the
degree of incorporation of hydrophilic comonomers, the pKa of
the cationic monomer, N/P ratios, polymer pKa, charge
densities, and polymer hydrophobicity. We measured the
toxicity associated with each polyplex formulation through
CCK-8 assays and plotted responses in the form of a heat map
(Figure 7). For most cationic monomers, increasing cationic
monomer incorporation was accompanied by higher cytotoxicity, potentially originating from cell membrane disruptions
caused by the uptake of cationic polyplexes. At an N/P ratio of
1, the toxicity of P38 is comparable to that of LPF
CRISPRMAX and JetCRISPR, while its editing eﬃciency is
higher than that obtained through either commercial reagent
(Figure S23 in the SI). We were surprised to discover that P38
was not the only polymer in the library to result in
deterioration of cellular viability. Five other polymers (P5,
P32, P34, P35, and P40) induced comparable or higher levels
of toxicity than P38. Excepting P38, each of these formulations
were ineﬀective at mediating functional RNP delivery during
image cytometry screening. In this list of high-toxicity
formulations, except for P5 (a homopolymer of AEMA), all
polymers were constituted from HEMA, the least hydrophilic
comonomer in the library. This underscores the importance of
comonomer hydrophilicity and phase behavior in shaping
cell−polyplex interactions.
Next, we investigated the relationship between RNP uptake
and polyplex composition through a library-wide internalization study. We recognized that while several polyplexes may
H

https://dx.doi.org/10.1021/acsnano.0c08549
ACS Nano XXXX, XXX, XXX−XXX

ACS Nano

www.acsnano.org

Article

Figure 8. (A) GFP-labeled RNPs were complexed with each polymer at two N/P ratios. Flow cytometry was used to measure the cellular
internalization of the polyplex formulations across the entire library. (B) Cellular uptake of RNPs (geometric mean of GFP intensity was
normalized) represented as a function of polymer composition and N/P ratio. Instances of highly eﬃcient internalization are highlighted.
The hit polymer, P38, as well as two copolymers from the p(AEMA-st-HEMA) series (P34 and P35) displayed the highest cellular uptake.

be limited by cellular internalization, for some other polyplex
formulations, endolysosomal navigation and payload unpackaging might have prohibited RNP release within the cytosol.
We hoped to discriminate between instances where low editing
eﬃciency originated merely from poor cellular internalization
and instances where intracellular payload delivery was impaired
despite high levels of cellular internalization. Annealing sgRNA
with a fusion protein of GFP and spCas9, we generated
ﬂuorescent RNP variants to quantify the RNP internalization
eﬀected by 43 polymers in the library at two N/P ratios
(Figure 8A). As expected, P38 polyplexes were internalized
most eﬃciently at both N/P ratios studied, with the majority of
the polyplex library resulting in RNP uptake levels comparable
to those achieved by uncomplexed or naked payloads (Figure
8B). Surprisingly, two copolymers from the p(AEMA-stHEMA) subfamily (P34 and P35) gave rise to RNP uptake
levels comparable to those of P38 (highlighted in the heatmap
with black stars). Except for these three structures (P34, P35,
and P38), interactions between polyplexes and cell membranes
did not culminate in cellular entry, explaining the subpar
editing eﬃciencies that were observed for the majority of the
library. Unlike other underperforming polymer candidates, the
RNP delivery of P34 and P35 was not compromised by
ineﬃcient cellular internalization; rather we suspected that the
intracellular trajectories of these two polyplex formulations did
not mirror that of P38, consigning them to a diﬀerent fate.
To examine the subcellular localization of polyplexes, we
performed immunoﬂuorescence studies with GFP-labeled
RNPs and anti-LAMP2 antibodies that facilitated visualization
of lysosomal compartments (Figure 9). We compared the
intracellular distribution of labeled RNPs complexed with the
hit polymer P38 and the two near-miss polymers, P34 and P35,
at an N/P ratio of 2. We observed that all three sets of

Figure 9. Representative images, depicting the intracellular
distribution of GFP-labeled RNP payloads for (A) the hit polymer
P38, as well as the “near miss” polymers, (B) P34 and (C) P35.
Lysosomal compartments are visualized in the red channel, nuclei
in the blue channel, and GFP-labeled RNP payloads in the green
channel. Scale bar is 10 μm. The Pearson’s correlation coeﬃcient
(PCC) between the GFP intensities and the ﬂuorescent signal
intensities from labeled lysosomes was calculated for each polyplex
formulation across four replicates, and the average value reported.
(D), (E), and (F) insets show high-magniﬁcation views of (A), (B),
and (C), respectively.

polyplexes were successfully internalized, as indicated by the
appearance of GFP signals associated with the RNPs. We
performed Z-stacked confocal scans (four replicates) for these
three treatment groups and quantiﬁed the Pearson’s
correlation coeﬃcient (PCC) between the GFP signals from
I
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Figure 10. Random forest classiﬁers (RFCs) were used to map nine physicochemical descriptors (polyplex radius, polymer hydrophobicity,
the Hill coeﬃcient, polymer length, N/P ratio, polymer composition, charge density, RNP binding aﬃnity, and pKa) to (A) editing
eﬃciency, (B) cytotoxicity, and (C) RNP uptake. While editing eﬃciency is highly dependent on hydrophobicity-associated parameters such
as clogP and nHill, toxicity and RNP uptake are determined by polyplex diameter and parameters associated with polycation protonation state
(ζ-potential and pKa), respectively.

using randomly selected subsets of the nine physicochemical
descriptors to classify each polymer according to the criteria
speciﬁed: (1) not a hit/hit (normalized mCherry is greater
than 0.4), (2) less toxic/toxic (criterion: bottom ﬁve percentile
of cellular viability), and (3) low/high RNP uptake (geometric
mean of GFP ﬂuorescent intensity is less than 30% of that
observed with the lead structure P38). Randomization of both
data points and descriptors ensures that the classiﬁcation rules
developed by each decision tree are diverse, that multiple
explanations are considered, and that we obtain a representative picture of the underlying patterns in the data. By
quantifying the reliance of decision trees on these nine
descriptors during classiﬁcation tasks, we calculated the feature
importance of each descriptor in determining editing
eﬃciency, cellular toxicity, and RNP uptake.
We visualized feature importance across these three
biological readouts in the form of a radar plot (Figure 10)
and observed striking diﬀerences. While hydrophobicity-linked
parameters such as clogP and nHill were the primary structural
drivers of editing eﬃciency, polyplex size (Rh) and polymer
charge density (ζ-potential) also contributed substantially.
Although hydrophobicity enhancement has frequently been
touted as a potent design strategy essential to achieve eﬃcient
payload delivery,22,23,39,59,60 no study has previously examined
the role of hydrophobically driven cooperative deprotonation
in enhancing nucleic acid delivery. Wu et al.61 recently
reported that chemotherapeutic drug combinations with
elevated dose−response Hill coeﬃcients displayed the highest
antitumoral activity.61 Li et al.58 demonstrated that when
polymer hydrophobicity exceeds a certain threshold, phase
separation caused by the hydrophobic collapse of deprotonated
polymer segments drives further deprotonation, triggering a
highly cooperative deprotonation process among polymers
with high Hill coeﬃcients. We speculate that polymers such as
P38, which are characterized by high nHill values, unpackage
their payloads more rapidly within the cytosol compared to
those with low nHill. In the case of cellular toxicity and RNP
uptake, clogP and nHill had negligible impact. Polyplex diameter
and polymer pKa were the most inﬂuential structural
determinants of cellular toxicity, with bulkier polyplexes
resulting in severe toxicity. In fact, the ﬁve polyplex
formulations identiﬁed as toxic in Figure 7B (P5, P32, P34,
P35, and P40) possessed both large hydrodynamic radii (200−
500 nm) and high values of pKa (greater than 7.2). We
attributed the size-dependence of polyplex-mediated cytotoxicity to higher frequencies of polyplex−cell contacts resulting
from faster settling velocities of bulkier polyplexes during bolus

labeled RNPs and the red signals from labeled lysosomes using
Costes’ method.55 The mean PCC was highest (0.71 ± 0.29)
in P34 and lowest in the hit polymer P38 (0.13 ± 0.11), while
P35 had a PCC of 0.51 ± 0.33. From colocalization analysis
(Figure S25), we found that near-miss polymers P34 and P35
were more likely to colocalize with lysosomal compartments
than the hit polymer P38.
Machine Learning Uncovers Structural Drivers of
Cytotoxicity, Cellular Uptake, and Editing Eﬃciency.
From our library-wide evaluation of toxicity and RNP
internalization, we discovered that P38 was not the sole
polymer to eﬀect high cellular internalization of RNP payloads
or perturb cellular health. Yet, P38 alone achieved eﬃcient
genome editing, suggesting that the structural determinants
underlying editing eﬃciency, toxicity, and internalization are
not identical. We turned to data science techniques to
elucidate the surprising contrasts in delivery performance
between P38 and the rest of the library. Did a single dominant
design attribute mark P38 out for success or did multiple
polyplex attributes act in concert? What are the design
attributes shared by P38 and the near-miss polymers that
resulted in high RNP uptake? Why did our near-miss polymers
exhibit a cellular internalization rate comparable to P38 and yet
fail to deliver RNP payloads eﬃciently? Since intuition-based
methods of pattern recognition failed to answer these
questions, we applied random forest classiﬁers (RFC) on
data sets comprising measurements of RNP delivery, toxicity,
and uptake.
We included nine polymer descriptors in our analysis, of
which seven were derived routinely: polymer composition
(abbreviated as % cat.), polymer length (Mn), the N/P ratio,
the pKa (Figure S10), and ζ-potential values of the polymers in
their unbound state in PBS (Table 1), the polyplex
hydrodynamic radius (Rh, Figures S12−S14), and qualitatively
determined RNP binding aﬃnities (Figures S15−S17). To
account for hydrophobicity, we employed fragment-based
approaches56,57 to estimate the octanol−water partition
coeﬃcients of oligomeric approximations (10-mers) of our
polymers through clogP calculations. Finally, we quantiﬁed the
cooperativity during hydrophobically driven polymer deprotonation by computing the Hill coeﬃcient (nHill) from pKa
titration curves using the approach reported by Li et al.58
(Figure S11 and Table S5 in the SI).
Three RFCs were trained on the editing eﬃciency, cellular
toxicity, and RNP uptake data sets, respectively. To build
RFCs, we constructed ensembles of “decision trees”, wherein
each decision tree examines small cross sections of the data set
J
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transfection.62 As for RNP uptake, polymers with higher values
of pKa and ζ-potential were more adept at gaining cellular
entry, possibly through electrostatically mediated interactions
with the negatively charged cell membrane. This ﬁnding is
consistent with previous reports that elevated surface charge
density and high degree of protonation can promote
nonspeciﬁc cellular uptake of polyplexes.63−67
From the examples of the near-miss polymers P34 and P35,
it is apparent that promoting polycation protonation and
maximizing polycation charge density can enhance cellular
uptake of RNPs; however, such structures may still prove to be
ineﬀectual in releasing payloads within the cytosol if they do
not satisfy the design constraints for clogP and nHill. To
mediate eﬃcient intracellular unpackaging, we must maximize
clogP and the Hill coeﬃcient by incorporating co-monomers
of moderate hydrophilicity and tertiary amines with bulky
hydrophobic substituents, while avoiding extremely hydrophilic monomers such as PEG and zwitterionic moieties. We
eschewed univariate analysis in favor of a machine learning
approach that examined nine polymer descriptors and
ultimately discovered a subset of descriptors that were most
predictive of editing eﬃciency and toxicity. This allowed us to
identify the most inﬂuential polymer descriptors associated
with each biological response in an unbiased manner.
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demand to fulﬁll a multitude of therapeutic ex vivo and in vivo
applications.

METHODS AND MATERIALS
Polymer Synthesis and Puriﬁcation. All reagents were
purchased from Sigma-Aldrich except fo r 4-cyano-4[(ethylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CEP), which
was purchased from Asta Tech (China) and used without further
puriﬁcation. RAFT polymerization was performed in the Carousel 12
parallel synthesizer (Radleys, UK), which enables the completion of
12 RAFT reactions in parallel. The quantities of chain-transfer agent
(CTA), initiator, monomers, and the solvents dispensed are speciﬁed
in Table S1 in the SI. After addition of the desired quantities of
monomer, CTA, initiator, and solvent, all reaction modules were
simultaneously degassed using three or four freeze−pump−thaw
cycles, heated to a temperature of 78 °C, and stirred overnight under
an inert N2 environment. Eighteen hours later, the reaction mass was
quenched and an equal volume of 1 N HCl added. Polymer
puriﬁcation was performed through dialysis. Dialysis membranes with
a molecular weight cutoﬀ of 3000 Da (Spectrum Chemicals, NJ,
USA) were used. Polymers were dialyzed over 3 days in acidiﬁed
water that was replaced twice daily. Finally, lyophilization (SP
Scientiﬁc, PA, USA) was performed for 2 days, yielding pure
polymers.
Polymer Characterization. NMR was performed on the Bruker
Avance III HD 500 instrument. A total of 32 scans were acquired
using a relaxation time of 10 seconds. Size exclusion chromatography
(Agilent, CA, USA) was performed using refractive index and
multiple-angle light-scattering detectors (Wyatt, Santa Barbara, CA,
USA) to determine the complete molecular weight distribution for all
copolymers. An automated titrator, Orion Star T901 pH titrator
(Thermo Fisher, Waltham, MA, USA) was employed for pKa
determination, with an initial polymer concentration of 0.5 mg/mL.
The Zetasizer (Malvern Instruments, MA, USA) was used to evaluate
the ζ-potential of polymers dissolved in PBS, with three to ﬁve
replicates each.
Physical Characterization of Polyplexes. Synthetic single
guide RNA (100 bp) was synthesized with a sequence of
GCACCUAUAGAUUACUAUCCGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU (Synthego, CA, USA). The
spCas9 protein was ordered from Aldveron, ND, USA. Polymer stock
solutions were prepared in PBS at a concentration of 1 mg/mL,
sterile-ﬁltered, and further diluted in PBS to achieve targeted N/P
ratios. Ribonucleoproteins were assembled by adding sgRNA (0.039
and 0.05 mg/mL for DLS and gel migration, respectively) to equal
volumes of Cas9 protein (0.19 and 0.25 mg/mL for DLS and gel
migration respectively), obtaining a 1:1 molar mixture. Both sgRNA
and spCas9 stock solutions were diluted in PBS to obtain desired
concentrations. RNP complexes were annealed for 10−15 min at
room temperature. Then, equal volumes of diluted polymer solutions
were added to form polyplexes. Polyplexes were maintained at
ambient temperature for 45 min prior to DLS or gel migration studies.
Gel casting was completed using 1.5% w/v agarose solutions in
TAE buﬀer. To visualize sgRNA bands, ethidium bromide was used at
a concentration of 0.017% v/v. Electrophoresis was performed at 80 V
over 60 min and imaged using a transilluminator (Fotodyne, IL, USA)
under UV light. For DLS, the DynaPro plate reader III (Wyatt
Instruments, CA, USA) was used, and three to ﬁve replicates were
performed. For electrokinetic characterization of polyplexes, the
sgRNA concentration was ﬁxed at 0.05 mg/mL and the spCas9
concentration at 0.25 mg/mL. Three to ﬁve measurements were
collected per sample using the Zetasizer (Malvern Instruments, MA,
USA).
Biological Assays. The HEK293 cell line engineered with a traﬃc
light reporter system49 was used to assess RNP delivery. To obtain a
stable cell line, subcloning was performed at the Genome Engineering
Shared Resource (Minneapolis, MN, USA). Cells were maintained in
DMEM supplemented with 10% heat-inactivated fetal bovine serum

CONCLUSIONS
We adopted parallelized experimental workﬂows and combinatorial polymer design to eﬃciently explore a multivariate
polycation design space. Combinatorial design allowed us to
create a chemically diverse polymer library and access a wide
range of polymer physicochemical properties. Through
parallelized experimentation, we acquired an extensive suite
of physicochemical characterization data consisting of polymer
composition, molecular weight distribution, pKa, polyplex size
distribution, RNP binding aﬃnity, charge density, and key
biological readouts such as cellular toxicity, RNP uptake, and
RNP delivery eﬃciency. Image cytometry identiﬁed a hit
polymer within this chemical space (P38), which outperformed all four commercial RNP delivery reagents that it
was benchmarked against. Sanger sequencing was applied to
analyze indel formation during NHEJ editing, and these
unambiguous estimates of editing eﬃciency validated our
conclusions from image cytometry. With an editing eﬃciency
of 58%, which is twice that of JetCRISPR and Lipofectamine
CRISPRMAX, P38 is an exciting prospect for nonviral ex vivo
gene editing. To identify the physicochemical basis underlying
the RNP delivery capabilities of P38, we examined correlations
between polymer structure, properties, and biological performance. A library-wide evaluation of editing eﬃciency, cellular
viability, and internalization formed the basis for machine
learning models that captured key biophysical trends. Although
polyplex aggregation and polycation protonation equilibria
drive cellular toxicity and RNP uptake respectively, RNP
unpackaging and functional intracellular delivery will be
achieved only by engineering hydrophobic polycations that
deprotonate cooperatively. We applied data science tools to
identify physicochemical determinants of payload delivery,
cellular uptake, and toxicity, thereby providing polymer
chemists with valuable experimental guidance to tailor vector
properties to meet varied clinical objectives. By extending this
powerful methodology across diverse cell types and nucleic
acid modalities, we will establish an eﬃcient discovery pipeline
for synthetic vectors whose properties can be tailored on
K
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(Thermo Fisher) at 37 °C and 5% CO2 in 75 cm2 cell culture ﬂasks.
All polymer stock solutions were formulated at a concentration of 1
mg/mL and sterile ﬁltered. The spCas9 protein (Aldevron, ND, USA)
and sgRNA (Synthego, CA, USA) solutions were prepared at
concentrations of 0.039 and 0.19 mg/mL, respectively, in PBS.
Ribonucleoproteins were formed by addition of sgRNA to spCas9 and
annealing for 15 min. Thereafter equal volumes of diluted polymer
solutions were added to the RNP to achieve desired N/P ratios.
Polyplexes were diluted in OptiMEM before introducing them to the
cells. For 24-well plates, a nucleic acid loading of 1 μg/mL sgRNA was
employed. Manufacturer’s protocols were executed for commercial
reagents. Image cytometry was performed in FluorBrite (Thermo
Fisher), and cells were stained by adding 1 drop of Nucelobrite
(Thermo Fisher) to each well to visualize nuclear outlines and
facilitate cell counting. Live cell imaging was performed using the
Zeiss Cell Observer (Zeiss AG, Switzerland) equipped with a
motorized stage, environmental control chamber, and automated
image acquisition features. Images were analyzed using Cell proﬁler
using previously detailed procedures.62
For ﬂow cytometric measurements of mCherry, cells were stained
with a Calcein violet viability marker, and the 405 and 560 nm laser
lines were used on the ZE5 (Biorad, Inc., CA, USA). Single live cells
were used for analysis, and gating schemes are furnished in Figure
S21. At least 80 000 events were collected for every treatment
condition, and three technical replicates were performed. For
sequencing, the DNA of transfected cells was extracted using
QuickExtract DNA extraction solution (Lucigen, WI, USA),
according to the manufacturer’s protocol. PCR ampliﬁcation was
completed using the AccuPrime Taq DNA Polymerase kit (Thermo
Fisher), in accordance with the PCR protocol recommended by the
manufacturer. Primer sequences used were 5′ AGACCACCCCCATGTACAAA 3′ and 5′ GGAAAACCCTTCCTGGTTTC 3′.
Primers were ordered from Integrated DNA Technologies (IDT,
Skokie, IL, USA) and dissolved in ultrapure water. Subsequent to
PCR, ampliﬁed products were puriﬁed using gel electrophoresis in 1
wt % agarose gel. Excised gel fragments were further puriﬁed using a
Monarch DNA gel extraction kit (New England BioLabs, MA).
Puriﬁed DNA products were eluted in ultrapure water and analyzed
using Sanger sequencing (University of Minnesota Genomics Center,
Twin Cities Campus) after the addition of primer.
For cytotoxicity, cell culture media was replaced with a 2% solution
of CCK-8 (Dojindo) in Fluorbrite 2 days after transfection.
Thereafter, cells were incubated for 4 h and absorbance was measured
at 450 nm using the Synergy H1 plate reader (Biotek, CA, USA).
Measurements of the CCK-8 solution placed in empty wells were
collected, and this blank reading was subtracted from all data points.
Absorbance values were normalized to untreated cells. Six wells were
employed per treatment group. For uptake studies, GFP-labeled Cas9
(Thermo Fisher catalog no. CAS9GFPPRO-250UG) was used to
formulate RNPs. Twenty-four hours after polyplexes were administered, cells were incubated with CellScrub (Genlantis, San Diego, CA,
USA) at room temperature for 10 min and washed again with PBS to
remove extracellularly bound RNPs. For confocal imaging, cells were
plated on sterilized gelatin-coated glass coverslips in 24-well plates a
day before transfection. A day after transfection, cells were ﬁxed via
immersion ﬁxation, and immunoﬂuorescent labeling of lysosomes was
completed with the anti-LAMP2 primary antibody (Abcam catalog
no. ab25631, Cambridge, MA, USA) and a secondary antibody
(Invitrogen catalog no. A11003) diluted to 1:200 and 1:1000,
respectively. Antibodies were diluted in a solution of PBS containing
5% bovine serum albumin, 0.2% gelatin, and 0.1% Triton-X. Cells
were counterstained with Hoechst 3342, and three washing steps of 5
min each were performed with PBS/0.1% Triton-X after each
antibody incubation step. Coverslips were mounted on Prolong Glass
(Thermo Fisher) and cured at room temperature in the dark for 2
days. Samples were imaged under an Olympus BX2 laser-scanning
confocal microscope system equipped with an automated upright
BX61 microscope base and a PRIOR ProScanII motorized stage.
Colocalization of green and red signals was assessed with the
ImarisColoc module in Imaris 9.2.0 (b47084) software (Bitplane AG,
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Zurich, Switzerland). Pearson’s correlation coeﬃcients were calculated for colocalized image volumes across four images within each
treatment group to obtain mean PCC values.
Identiﬁcation of Structure−Function Relationships through
Machine Learning. Random forest classiﬁers were trained on nine
descriptors in order to classify cellular uptake, toxicity, and editing
eﬃciency under high/low categories for a given polyplex formulation.
The data set consisted of 86 rows with nine descriptor columns for
each of the three response variables (toxicity, uptake, and eﬃciency).
Our modeling workﬂow is described in detail in section 11 in the SI.
Brieﬂy, hyperparameter tuning was performed using GridsearchCV
and three cross-validation folds. A training-test split of 60−40% was
employed. We have reported model performance metrics in the form
of accuracy, precision, recall, and ROC-AUC (area under the curve of
receiver operating characteristic curves) scores in Table S4 in the SI.
The scikit-learn library in Python was used for all computations. The
Python scripts used to identify the structure−function relationships
reported her as well as the raw data are available from the
corresponding author upon reasonable request.
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