pubs.acs.org/jacsau

Article

Combinatorial Polycation Synthesis and Causal Machine Learning
Reveal Divergent Polymer Design Rules for Eﬀective pDNA and
Ribonucleoprotein Delivery
Ramya Kumar, Ngoc Le, Felipe Oviedo, Mary E. Brown, and Theresa M. Reineke*

Downloaded via 71.56.198.128 on February 10, 2022 at 02:14:40 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: https://doi.org/10.1021/jacsau.1c00467

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: The development of polymers that can replace
engineered viral vectors in clinical gene therapy has proven elusive
despite the vast portfolios of multifunctional polymers generated by
advances in polymer synthesis. Functional delivery of payloads such as
plasmids (pDNA) and ribonucleoproteins (RNP) to various cellular
populations and tissue types requires design precision. Herein, we
systematically screen a combinatorially designed library of 43 welldeﬁned polymers, ultimately identifying a lead polycationic vehicle
(P38) for eﬃcient pDNA delivery. Further, we demonstrate the
versatility of P38 in codelivering spCas9 RNP and pDNA payloads to
mediate homology-directed repair as well as in facilitating eﬃcient
pDNA delivery in ARPE-19 cells. P38 achieves nuclear import of
pDNA and eludes lysosomal processing far more eﬀectively than a structural analogue that does not deliver pDNA as eﬃciently. To
reveal the physicochemical drivers of P38’s gene delivery performance, SHapley Additive exPlanations (SHAP) are computed for
nine polyplex features, and a causal model is applied to evaluate the average treatment eﬀect of the most important features selected
by SHAP. Our machine learning interpretability and causal inference approach derives structure−function relationships underlying
delivery eﬃciency, polyplex uptake, and cellular viability and probes the overlap in polymer design criteria between RNP and pDNA
payloads. Together, combinatorial polymer synthesis, parallelized biological screening, and machine learning establish that pDNA
delivery demands careful tuning of polycation protonation equilibria while RNP payloads are delivered most eﬃcaciously by
polymers that deprotonate cooperatively via hydrophobic interactions. These payload-speciﬁc design guidelines will inform further
design of bespoke polymers for speciﬁc therapeutic contexts.
KEYWORDS: nonviral gene therapy, polymeric vehicles, CRISPR, pDNA delivery, ribonucleoprotein delivery, combinatorial design,
machine learning, structure−activity relationships
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INTRODUCTION

exceeds benchmarks set by clinically deployed viral
vectors.18,19
Exogenous nucleic acids can be delivered in the form of
mRNA (mRNA), short interfering RNA (siRNA), plasmids
(pDNA), antisense oligonucleotides (ASO), ribonucleoproteins (RNP), self-amplifying RNA or replicon RNA (saRNA or
repRNA), and microRNA. Further, chemical modiﬁcations to
ASO and siRNA payloads, such as the incorporation of 2′ﬂuoro, 2′-O-methyl, 2′-O-methoxyethyl, constrained ethyl,
locked nucleic acid, and phosphorodiamidate functionalities
can signiﬁcantly alter hydrophobicity, serum stability, and

Nucleic acid therapeutics have transformed the treatment
landscape for hereditary diseases such as sickle cell anemia,1
spinal muscular atrophy,2,3 Duchenne’s muscular dystrophy,4
and more broadly for acquired diseases with dysregulated gene
expression patterns, such as cancer and diabetes.5,6 Clinicians
currently rely almost exclusively on engineered viral vectors to
navigate extracellular barriers such as payload protection from
nuclease degradation, immune evasion, and targeting speciﬁc
organs,7,8 and to overcome intracellular barriers such as cellular
uptake, endosomal escape, payload unpackaging, and nuclear
traﬃcking.9 Viral delivery is confronted with logistical,
technological, and commercial obstacles in the form of limited
cargo capacity,10 high manufacturing costs,11 signiﬁcant
regulatory burdens,12 and severe immune responses.13−15 To
circumvent these challenges, biomaterials researchers have
designed chemically deﬁned synthetic delivery platforms such
as polymers16 and lipids17 whose performance meets or
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Figure 1. Polymers from a combinatorially designed library are assembled with pDNA payloads and polyplexes characterized thoroughly. Polyplex
internalization, pDNA delivery eﬃciency, and toxicity are evaluated rapidly. Finally, interpretable machine learning approaches are applied to derive
structure−function relationships.

immunostimulatory proﬁles.20 Existing biomaterial design
frameworks seldom consider the stark biophysical contrasts
between these varied nucleic acid modalities.21−25 Recognizing
the limitations of a “one-size-ﬁts-all” approach, various polymer
design heuristics have been proposed to account for variations
in the surface charge distribution, molecular size, morphology,
ﬂexibility, and hydrophobicity of nucleic acid payloads. In
particular, polymer hydrophobicity,26−28 molecular architecture,29 and polymer length30,31 have been identiﬁed as the
most pertinent design parameters in designing universally
eﬀective polymeric gene delivery vehicles.
Several studies have challenged the overarching assumption
that the design requirements for polymeric vehicles are
identical across diﬀerent nucleic acid payloads. Blakney and
co-workers reported that polymers optimized for siRNA and
mRNA delivery could not be repurposed for saRNA payloads
because of innate structural diﬀerences between these RNA
modalities.32 The same group had earlier adopted a statistical
design of experiments approach to identify the optimal
polymer design space for pDNA, mRNA, and saRNA and
concluded that saRNA delivery imposed the most exacting
design requirements.33 Kaczmarek et al.34 showed that
polymers optimized for mRNA delivery could not be
repurposed for pDNA delivery without making modular
changes in monomer chemistry. Explorations of structure−
function relationships for polymeric carriers are therefore
indispensable to customize carrier properties for diverse
therapeutic payloads, particularly for applications that involve
codelivery of payloads with diﬀering polymer design

constraints. To date, the question of whether the design
criteria for polymeric carriers of pDNA and RNP payloads
overlap has neither been studied nor elucidated. Through
combinatorial reversible addition−fragmentation transfer
(RAFT) polymerization, high-throughput experimentation,
and machine learning, we identify key diﬀerences in the
physicochemical drivers of delivery performance, toxicity, and
cellular uptake for pDNA and RNP payloads.
Recently, our group reported a chemically diverse library of
well-deﬁned statistical copolymers, accessing a broad range of
physicochemical properties and intermolecular interactions
with RNPs.35 In the present work (Figure 1), we study this
multifactorial polymer library with the following objectives: (1)
screen for polymers that facilitate eﬃcient intracellular pDNA
delivery, (2) understand whether the design constraints
imposed by RNP payloads are applicable to pDNA payloads,
(3) codeliver ribonucleoproteins and pDNA donors to
facilitate homology-directed repair (HDR), and (4) translate
these results to other targets such as mediating transgene
expression in a challenging retinal transfection target cell type
(ARPE-19) using the lead polymer P38 (p(DIPAEMA52-stHEMA50)). P38 achieves higher nuclear import and is less
likely to be entrapped within lysosomal compartments when
compared to structural analogues that do not culminate in
functional pDNA delivery. Having identiﬁed P38 as the lead
structure for both RNP as well as pDNA delivery, we initially
expected that the polymer design criteria for successful cellular
delivery might be identical for both payloads. However,
machine learning approaches such as SHapley Additive
B
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Figure 2. Polymer library synthesized via combinatorial RAFT polymerization. (A) Four cationic monomers of varying pKa values: 2(diethylamino)ethyl methacrylate (DEAEMA), 2-aminoethylmethacrylamide hydrochloride (AEMA), 2-(diisopropylamino)ethyl methacrylate
(DIPAEMA), and 2-(dimethylamino)ethyl methacrylate (DMAEMA) were studied. Three neutral monomers of varying hydrophilicities were used
as comonomers: 2-methacryloyloxyethyl phosphorylcholine (MPC), poly(ethylene glycol) methyl ether methacrylate (PEGMEMA), and 2hydroxyethyl methacrylate (HEMA). (B) For each pair of cationic and neutral monomers, we targeted cationic monomer incorporation levels from
0% to 100% in 25% increments, generating 43 polymers. The cationic incorporation was determined by 1H NMR and was used to calculate m and n
values.

exPlanations (SHAP36) and causal inference reveal that
structure−function relationships governing polymer-mediated
intracellular delivery are payload-speciﬁc. While the degree of
cooperativity during polymer deprotonation (parametrized by
the Hill coeﬃcient nHill) and the surface charge exert the
greatest inﬂuence over RNP delivery, pDNA delivery eﬃciency
is insensitive to the Hill coeﬃcient and is instead controlled by
polycation protonation equilibria (pKa). Our lead structure
P38 conforms to two disparate sets of payload-dependent
design speciﬁcations, establishing its utility and multifunctionality as a nonviral delivery platform that can be optimized
toward clinical applications that demand functional delivery of
multimodal cargoes.

■

to our work because it permits systematic investigation of
polymer design attributes and identiﬁcation of promising
functionalities that can subsequently be deployed in other
material platforms (such as poly(β-amino esters) and lipid
nanoparticles). Our multiparametric copolymer library (Figure
2) incorporates cationic monomers of varying basicity wherein
primary amines as well as tertiary amines with alkyl
substituents of varying steric bulk and lipophilicity are
represented. We targeted cationic incorporation levels of
100, 75, 50, and 25% while copolymerizing cationic monomers
with neutral monomers of varying hydrophilicity. We posit that
this combinatorial approach enables systematic variation of
polymer pKa and hydrophobic−hydrophilic phase balance
(Table 1). Through combinatorial polymerization and rapid
screening, our previous work identiﬁed a polymeric carrier with
outstanding RNP delivery characteristics.35 In the present
work, we revisit this polymer library with the objective of
identifying polymeric vehicles that realize eﬃcient intracellular
pDNA delivery. A total of 129 formulations, arising from the
complexation of GFP-encoding pDNA with 43 polymers at
three N/P ratios (the molar ratio of protonatable amines
within the polymer to phosphate groups in the nucleic acid

RESULTS AND DISCUSSION

Parallelized Screening Rapidly Identiﬁes Lead pDNA
Delivery Vehicle

RAFT is a highly versatile synthetic tool that realizes diverse
polymer architectures, accommodates a variety of functional
monomers, and obtains polymeric vehicles with tightly
controlled molecular weight distributions and exquisitely
tailored properties. We believe RAFT is particularly relevant
C
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Table 1. Overview of Polymer and Polyplex Characterization and Machine Learning Model Descriptorsa
Rh(nm) at N/P

mobility at N/P

Entry

Mn (kDa)

% cat.

clogP

pKa

nHill

ζ (mv)

5

10

20

5

10

20

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

18.4
19.6
25.4
32.1
11.3
12.9
22.3
21.6
17.4
27.2
32.9
31.9
17.7
8.6
17.3
16.9
10.1
23.6
30.8
39.4
31.7
74.9
21.6
18.2
22.9
43.7
8.7
8.6
35.3
3.6
14.1
15
10.9
21.3
24.2
24
17.7
17.9
16.3
8.5
11.2
29.3
3.6

100
53
42
35
100
65
46
24
100
68
56
29
100
72
59
26
0
77
52
33
71
43
36
64
47
25
75
50
25
0
74
50
30
61
44
23
65
51
25
60
42
31
0

9.2
3.0
−3.6
−9.6
−0.8
−10.8
−14.4
−23.3
11.7
4.9
−2.3
−9.0
5.0
−0.2
−11.5
−16.8
−40.3
6.8
4.3
1.8
−0.9
−0.8
−0.6
8.6
5.5
2.4
3.6
2.1
0.7
−0.7
7.2
5.2
3.2
−0.4
0.2
0.8
9.1
6.4
3.8
4.0
3.1
2.1
−0.7

6.7
8.1
8.0
7.9
6.8
6.0
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
7.0
7.0
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
-

4.2
2.4
1.6
1.6
3.0
9.5
14.5
13.4
3.2
3.2
1.5
1.6
2.7
3.5
3.2
1.8
1.4
1.6
11.3
5.1
2.3
1.8
1.9
2.0
4.6
3.8
3.1
3.5
2.2
2.1
11.5
16.1
8.5
3.0
3.2
3.1
-

12.4
−14.1
0.1
−5.2
15.2
12.8
2.9
6.9
20.8
5.6
2.2
−13.8
21.7
5.6
3.8
0.0
−10.9
4.2
−7.1
−11.7
16.2
8.6
7.0
6.3
2.3
−9.4
8.3
18.5
−0.1
6.8
15.2
9.4
5.6
22.7
21.0
18.4
16.2
12.8
−0.7
4.8
7.9
2.5
6.8

873
60
42
31
398
338
721
172
310
162
78
50
39
2510
110
30
48
122
60
48
47
59
54
626
72
35
26
58
18
79
822
1645
382
61
45
81
778
708
250
2655
2034
601
50

638
74
51
95
2238
124
95
248
223
198
79
45
34
3856
134
49
57
108
59
35
95
58
74
1013
669
180
30
86
14
123
673
1541
838
54
37
49
3633
968
616
2429
859
346
56

1538
78
41
132
373
106
111
458
1249
234
93
46
34
116
42
44
444
56
25
56
77
53
512
170
13
36
5
54
850
1053
917
53
172
45
572
820
768
2483
925
56

F
N
N
N
F
F
F
F
F
N
N
N
F
P
P
P
N
N
N
N
F
F
F
N
N
N
P
P
P
N
F
F
F
F
F
F
F
F
F
F
F
F
N

F
N
N
N
F
F
F
F
F
P
N
N
F
F
P
P
N
N
N
N
P
F
F
N
N
N
P
P
P
N
F
F
F
F
F
F
F
F
F
F
F
F
N

F
N
N
N
F
F
F
F
F
F
P
N
F
F
P
P
N
F
N
N
F
F
F
N
N
N
P
N
P
N
F
F
F
F
F
F
F
F
F
F
F
F
N

a

The molecular weight (Mn) is determined via SEC-MALS and the cationic incorporation by 1H NMR. We also report clogP (calculated), pKa
(titration), nHill (titration), and ζ-potential (capillary electrophoresis). The polyplex radius Rh (intensity-weighted Rh via dynamic light scattering)
and mobility of pDNA during gel electrophoresis are represented at N/P ratios of 5, 10, and 20. F indicates tight binding while N signiﬁes
migration comparable with free pDNA. Intermediate binding is denoted by P.

backbone) are characterized in detail via gel electrophoresis
and DLS to determine pDNA binding aﬃnity and polyplex
size, respectively (Table 1).
As shown in Table 1, pDNA binding aﬃnity, as determined
by gel electrophoretic mobility, is highly sensitive to the choice
of neutral comonomer and the polymer pKa. For HEMA-based
copolymers (P31 to P42), we observe strong binding between
polymers and pDNA irrespective of polycation basicity.
However, pDNA binding is considerably weaker for MPCbased copolymers (P1 to P16) and PEG-based copolymers
(P18 to P29). It appears that the incorporation of highly

hydrophilic PEG and MPC monomers hinders the formation
of polyplexes by oﬀering hydration repulsion, which is
consistent with earlier reports.37−40 Interestingly, AEMA
copolymers (P5 to P8, P21 to P23), which exhibit higher
pKa values, are an exception to this trend and exhibit strong
binding even when copolymerized with hydrophilic monomers.
Unimodal populations with hydrodynamic radii (Rh) approaching 1 μm were formed when HEMA was used as the
comonomer. In contrast, highly hydrophilic comonomers such
as PEG and MPC which inhibit polymer−pDNA binding
promote the formation of smaller polyplexes (<100 nm in Rh).
D
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Figure 3. (A) Polyplexes are formulated at N/P ratios of 5, 10, and 20, and the proportion of cells expressing green ﬂuorescent protein (GFP)
evaluated via ﬂow cytometry to identify top polymers. (B) Only N/P 20 formulations of top performers are denoted by white stars although GFP
expression is substantial even at lower N/P ratios. Polyplexes formed from p(DIPAEMA52-st-HEMA50) or P38 eﬀect the highest GFP expression.

Figure 4. (A) Polyplexes are formulated with Cy5-labeled pDNA and cellular internalization in HEK293T cells evaluated. (B) The geometric mean
Cy5 intensity for each formulation is normalized to the highest value in the library. Unlike with RNP delivery, pDNA delivery is not inhibited by
uptake.

Delivery eﬃciency screens with HEK293T cells reveal the
proportion of GFP-positive cells within the transfected
population (Figure 3) using ﬂow cytometry. Interestingly,
the hit polymer from our RNP delivery screening study,35 P38
displays the highest proportion of GFP-expressing cells and
emerges as the lead candidate. Overall, by combining polyplex
characterization data and the pDNA delivery screening data,

we are able to unearth mechanistic insights and pDNA-speciﬁc
structure−function relationships (vide infra).
P38 Polyplexes Evade Lysosomes and Import pDNA into
Nuclei

The contrasts in the pDNA delivery performance between P38
and the rest of the library are probed through a library-wide
evaluation of cellular internalization, followed by quantitative
E
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Figure 5. HEK293T cells transfected with P38 (hit polymer) and P41 (poor transfection despite high pDNA internalization) at an N/P ratio of 5.
Various cellular compartments and intracellular polyplex distribution are visualized as follows: nuclei are stained with DAPI (blue), intracellular
GFP expression (green), AlexaFluor 546 stained lysosomal compartments (magenta), Cy5-labeled pDNA payloads (orange), allowing
quantiﬁcation of colocalization. We observe poor transfection eﬃciencies in the P41 treatment group despite high levels of pDNA internalization.
Colocalization analysis yields Pearson’s correlation coeﬃcients (PCC), which reveal the higher propensity of P41 polyplexes to be entrapped within
lysosomes compared to P38 polyplexes. Scale bar is 10 μm.

Figure 6. Three-dimensional reconstructions of GFP+ cells from (A) P38 and (B) P41 treatment groups. Cy5-labeled pDNA payloads were
classiﬁed as cytoplasmic (cyan) or nuclear (gray). Scale bar is 5 μm. (C) From quantile−quantile (Q−Q) plots, we see that P41 nuclei−pDNA
distances are shifted further to the right, indicating higher nuclear separation than P38. The Kolmagrov−Smirnov test (p-values shown inset)
further conﬁrms that the histograms are unlikely to be drawn from the same distribution. (D) Distribution of pDNA between nuclear and
cytoplasmic regions for GFP+ cells. P38 polyplexes display higher nuclear accumulation than P41.

F
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histograms are not drawn from the same underlying
distribution (p-value of 4.7 × 10−10). The propensity of
pDNA, particularly to localize within close proximity of nuclei
varies signiﬁcantly between P38 and P41, with P41 polyplexes
localizing further away from nuclear peripheries than P38.
Finally, we observe a much higher proportion of nuclear
polyplexes in the P38 treatment group (Figure 6D) than in
P41. We conclude that the choice of polymeric vehicle dictates
whether pDNA accumulates within cytoplasmic or nuclear
regions. P38 polyplexes are also less likely to be colocalized
within lysosomal compartments than P41, thereby protecting
their payloads from lysosomal activity and steering pDNA into
perinuclear regions.

confocal microscopy. Cy5-labeled pDNA is complexed with
each polymer at three N/P ratios (Figure 4A), and the Cy5
ﬂuorescence intensity is measured via ﬂow cytometry after 24
hours (Figure 4B). Unlike the universally high levels of cellular
internalization of pDNA recorded across the polymer library,
only three polymers (the hit polymer P38, P34, and P35)
mediate substantial RNP internalization,35 indicating that
cellular uptake constitutes a far greater challenge for the
polymeric delivery of RNP payloads compared to pDNA
payloads. P38 is not unique in facilitating highly eﬃcient
cellular internalization of pDNA polyplexes; for several other
polymers, we observe Cy5 intensities signiﬁcantly higher than
P38 although their pDNA delivery performance does not
approach P38. For example, the median Cy5 intensity of P41
polyplexes is 50% higher than that of P38 polyplexes. However,
P41, a structural analogue of P38, is ineﬀectual for pDNA
delivery (Figure 3). We hypothesize that polymers such as P41,
which do not mediate functional pDNA delivery despite highly
eﬃcient cellular internalization, may adopt intracellular
itineraries that do not culminate in nuclear import.
Confocal imaging maps the intracellular distribution of Cy5labeled polyplexes, providing estimates of the proportion of
pDNA partitioned between the cytoplasmic and nuclear
regions. The lead polymer P38, along with P41, a variant of
P38 that produces near-zero levels of GFP expression despite
exhibiting the highest levels of pDNA uptake, are both
formulated with Cy5-labeled pDNA at an N/P ratio of 5.
Twenty-four hours after transfection, cells are ﬁxed, permeabilized, and stained with an AlexaFluor 546 conjugated
antibody (to identify lysosome-associated membrane protein
2) and Hoechst 3342 (Figure 5). GFP expression is quite low
in cells treated with P41 polyplexes whereas with P38
polyplexes, a much larger proportion of cells express GFP.
Strikingly, we do not observe any diﬀerences in Cy5 intensity
between P38 and P41, indicating comparable cellular uptake of
Cy5-labeled polyplexes. This marked contrast in GFP
expression, despite comparable levels of cellular uptake,
strongly suggests that P38 and P41 polyplexes experience
diﬀerent retention times within lysosomal compartments.
Colocalization analysis quantiﬁes the Pearson’s correlation
coeﬃcient (PCC) between Cy5 signals from polyplexes and
AlexaFluor 546 signals from lysosomes to estimate the
likelihood of lysosomal entrapment. The mean PCC is slightly
higher (0.20 ± 0.05) in P41 than the hit polymer P38 (0.12 ±
0.06), conﬁrming that P41 is far more likely to be retained
within lysosomal compartments than P38 (Figure S19).
The spatial distribution of cytoplasmic pDNA (cyan) and
nuclear pDNA (white) (Figure 6A,B) is studied to compare
the nuclear accumulation of P38 and P41 polyplexes. Nuclei−
pDNA distances for P38 and P41 polyplexes are plotted,
assigning negative values to intranuclear pDNA, zero to pDNA
at the periphery between the cytoplasmic and nuclear regions,
and positive values to cytoplasmic polyplexes and extracellular
polyplexes. Among GFP+ cells, pDNA from P38 formulations
localize within closer proximity of nuclei as opposed to P41
formulations (Figure 6C). Quantile−quantile (Q−Q) plots
compare the distributions of nuclei−pDNA distances for both
P38 and P41, and the dissimilarity between P38 and P41
histograms is evident (Figure 6C). From the Q−Q plots, we
see that the P41 distribution is skewed toward greater
separation from nuclear peripheries, compared to the P38
distribution. The Kolmogorov−Smirnov test veriﬁes this visual
observation, establishing that the P38 and P41 distance

Machine Learning Identiﬁes Diﬀerences in Design Criteria
between RNP and pDNA Payloads

In this work, we apply machine learning (ML) to attribute
predictive and causal importance to nine physicochemical
variables that determine nucleic acid payload delivery. In
contrast to predictive ML, we are motivated by interpreting
and explaining the dependencies of biological outcomes on
polyplex attributes. We are interested in identifying the
dominance of polyplex attributes according to the nature of
the cargo (pDNA vs RNP). For this purpose, we focus on
building a comprehensive data set for pDNA and RNP delivery
within our combinatorial library of 43 polymers, and we
interpret the data set using machine learning methodologies.
First, we use an ML interpretability method to unveil the
predictive power of polyplex attributes on the delivery ﬁgures
of merit (transfection eﬃciency, cellular uptake, and cellular
toxicity). ML interpretability methods estimate the predictive
importance of variables in nonlinear models, which are often
appropriate for physical phenomena. Although the information
we extract from this approach is useful, we also are interested
in controlling for possible confounding between polyplex
attributes (for instance polyplex size Rh is correlated with
polyplex composition). For this purpose, we employ a causal
inference approach.41 Causal inference aims to determine
causal relationships from data, controlling for spurious
correlations in data. We use these methods to decouple eﬀects
of known features on our data and determine which of the
main predictive features have stand-alone causal eﬀects all by
themselves.
In contrast to our earlier study,35 where functional RNP
delivery is observed mainly with P38 but to a lesser extent with
P34 and P35, we identify additional polymers (P5, P21, P23,
P34, P35, P36, and P37) where substantial levels of transgene
expression are detected (Figure 3). This led us to hypothesize
that structure−function relationships for RNP and pDNA
payloads do not overlap. To delineate the physicochemical
basis for RNP delivery performance, we had earlier applied
random forest classiﬁers, an ensemble-based ML technique.35
However, the use of feature importance estimates from
random forest classiﬁers to deduce structure−function trends
has limitations. For instance, features that are highly correlated
to truly inﬂuential features may be overselected, making it
diﬃcult to assess the true contribution of any given feature.42
Consequently, we might overestimate the importance of a
given feature on model output or wrongly attribute eﬀects to a
noncausal feature that may be correlated with several causal
features or confounder variables. To overcome the limitations
of our earlier statistical modeling approach, we propose a
combination of machine learning interpretability and causality
G
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electrophoresis. Interestingly, the qualitative strength of
polymer−pDNA binding (parametrized by pDNA mobility
during gel migration assays) is the most impactful feature for
both toxicity and delivery eﬃciency among pDNA polyplexes.
Because polymer−pDNA binding is predictive of both toxicity
and delivery, high delivery eﬃciencies will always be
accompanied by low viability during pDNA delivery. In
contrast, the structural basis for cytotoxicity and editing
eﬃciency do not overlap for RNP polyplexes, suggesting that
the trade-oﬀ between cytotoxicity and delivery performance is
payload-dependent. Divergent trends are also observed in
polyplex uptake between pDNA and RNP data sets; while only
three polymers (P34, P35, and P38) promote substantial RNP
internalization, the majority of the polymer library is able to
shuttle pDNA payloads past cell membranes. Earlier, we
observed that even among polyplexes where RNP payloads
were not tightly bound to polymers, cellular internalization
proceeded eﬃciently,35 establishing that RNP−polymer binding is not predictive of polyplex uptake. In contrast, pDNA
polyplex uptake is primarily determined by whether polymers
inhibit the migration of pDNA payloads during gel electrophoresis (Figure S4).
Subsequent to SHAP analysis, we quantiﬁed the causal
eﬀects (average treatment eﬀect or ATE) of the top ﬁve SHAPidentiﬁed features.44 Although SHAP identiﬁes features that
are highly correlated to the model outputs (delivery eﬃciency,
toxicity, and uptake), the actual causal eﬀect of each polyplex
feature might be masked by confounding eﬀects. For instance,
a dominant polyplex descriptor may control one or more
nondominant descriptors causing us to misattribute their
respective contributions. To correct for observed confounding
eﬀects caused by dominant polyplex descriptors, we estimate a
linear conditional ATE model for each of the ﬁve top SHAP
features controlling for all the other features. This model
estimates a more realistic causal response for each polyplex
feature than pure explainability models like SHAP. The ATEs
for pDNA (Figure 7B) and RNP payloads (Figure S20) are
plotted along with their 95% conﬁdence intervals. For delivery
eﬃciency, we found that pKa and pDNA migration, the top
two features identiﬁed via SHAP have nonzero causal eﬀects,
albeit with large uncertainties. Similarly, pDNA mobility, the
top SHAP contributor, also has a large causal eﬀect on cellular
uptake. Surprisingly, for cellular toxicity, the causal eﬀect of the
top SHAP feature (N/P) is far smaller than that of the secondranked feature, DNA mobility. In contrast to SHAP, causal
analysis reveals that polymer−pDNA binding is a dominant
feature across all three biological responses (eﬃciency, toxicity,
and uptake). Causal estimates are accompanied by conﬁdence
intervals, which illuminate uncertainties in our analysis and
inform the design of polymer libraries that can minimize this
uncertainty. For instance, given the large uncertainties
associated with the causal eﬀect of pDNA mobility, it would
be more interesting to focus future synthetic eﬀorts on
polymers than span a broader range of pDNA binding aﬃnities
(at consistent and varied pKa values) to further understand the
relationship between polymer−pDNA binding aﬃnity and
pDNA delivery performance. Because polymer−pDNA binding aﬃnity has emerged as a critical design attribute, it may be
necessary to substitute gel electrophoresis with alternative
approaches (isothermal titration calorimetry or dye exclusion
assays) in future studies to facilitate careful quantitative
comparison of polymer−pDNA binding.

modeling techniques. First, we apply SHapley Additive
exPlanations (SHAP), a machine learning interpretability
method that fairly attributes contributions from multiple
features to the model output.36 This game-theoretic approach
develops robust interpretations from predictive models trained
on the data sets from the RNP and pDNA screening studies.43
For each of the three biological outputs (toxicity, eﬃciency,
and uptake), we train a random forest model to binarily classify
responses above or below the 90th percentile of the output
variable and compute the relative importance of our nine
polyplex descriptors (Table 1) via SHAP. As seen in Figure 7,

Figure 7. (A) The hydrophobicity (clogP), surface charge (ζ), length
(Mn), composition (% cat.), and pKa of polymers were measured
while polyplex formulations were described by their size (Rh) and the
distance migrated by pDNA during gel electrophoresis (mobility).
The contributions of these nine features to delivery eﬃciency, cellular
toxicity, and uptake were computed for pDNA and RNP payloads
using SHapley Additive exPlanations (SHAP). SHAP compares
structure−function trends across RNP (blue) and pDNA (red)
payloads. (B) Direct causal eﬀects (in the form of average treatment
eﬀects) of the top ﬁve features from SHAP analysis were computed
along with 95% conﬁdence intervals. Positive and negative eﬀects
indicate protagonistic and antagonistic relationships, respectively.

pDNA delivery eﬃciency is primarily predicted by polycation
protonation (pKa) while RNP delivery is correlated with
attributes associated with hydrophobic interactions (nHill
parametrizes hydrophobically driven cooperative deprotonation) along with electrostatic interactions (ζ-potential, pKa, %
cationic incorporation). Our work is the ﬁrst to employ
statistical modeling to demonstrate that careful tuning of
electrostatic interactions between pDNA and polymers by
modulating the polymer pKa will enhance pDNA delivery
eﬃciency.
Cellular toxicity and cellular internalization data sets from
pDNA and RNP studies present contrasting trends. Other than
N/P ratio, the polymer hydrophobicity (clogP) and polyplex
size (Rh) are most predictive of toxicity among RNP
polyplexes. For pDNA polyplexes, cellular toxicity is higher
among polymers that inhibit pDNA migration during gel
H

https://doi.org/10.1021/jacsau.1c00467
JACS Au XXXX, XXX, XXX−XXX

JACS Au

pubs.acs.org/jacsau

Article

Figure 8. (A) Schematic of NHEJ and HDR editing pathways. In cells engineered with the traﬃc light reporter system, the delivery of RNP alone
results in imprecise gene editing via the NHEJ pathway (measured via mCherry expression), while codelivery of pDNA donor and RNP leads to
gene knock-in via HDR (measured via GFP). (B) Optimization of formulation conditions for codelivering RNP and pDNA donor payloads. The
total amount of nucleic acid is kept constant at either 1.5 or 2 μg per well while the weight ratio of single guide RNA (sgRNA) and pDNA donor is
varied from 2:1 to 1:5. A formulation of 2 μg nucleic acid loading using a 1:2 w/w mixture of sgRNA and DNA maximizes HDR editing (quantiﬁed
via GFP expression). (C) Fluorescent micrographs of HDR-edited cells treated with Lipofectamine 2000 or P38. Unpackaged payloads serve as
negative controls. Scale bar is 100 μm. (D) Flow cytometry traces highlighting mCherry positive cell populations and GFP positive cells for the
optimized formulation.

loading or the N/P ratio. We simultaneously examine the
eﬀects of (1) the total nucleic acid dose (1.5 and 2 μg/well);
(2) payload composition, i.e., the weight ratio of sgRNA to
pDNA (w/w ratios of 2:1, 1:1, 1:2, 1:3, 1:4, and 1:5 are
evaluated); and (3) N/P ratio (1, 1.25, 1.5, 2). It is important
to note that the payload composition is varied while keeping
the total nucleic acid dose ﬁxed at 1.5 or 2 μg per well for a 24well plate. Taken together, 48 conditions are evaluated in this
experimental matrix to identify the optimal conditions for
HDR editing. We quantify the relative frequencies of NHEJ
and HDR by measuring mCherry and GFP expression,
respectively (Figure 8A). From these optimization eﬀorts
(Figure 8B), we conclude that both the rate of donor
integration (quantiﬁed via GFP readouts) as well as the
frequency of random indels (measured via mCherry
expression) are highest when the maximum nucleic acid
loading is selected (2 μg/well for a 24-well plate). Additionally,
we note a nonmonotonic relationship between HDR frequency
and the payload composition, wherein sgRNA-dominant
payloads (2:1) and pDNA-dominant payloads (1:5) conditions
both result in low HDR frequencies (<0.1%) while

Although our screening results suggest overlapping design
rules for pDNA and RNP delivery, data mining tools disprove
this conjecture and establish that the physicochemical
determinants of polymer-mediated pDNA delivery diverge
from those of RNP delivery. Polymers that deprotonate
cooperatively are more likely to succeed at intracellular RNP
delivery while pDNA payloads require polymers with
optimized polycation protonation equilibria and binding
aﬃnity. Despite RNP and pDNA imposing divergent
constraints, it is fortuitous that P38 satisﬁes both sets of
design criteria. This unique system proves to be a potent vector
with the potential to codeliver RNP and pDNA payloads for
homology-directed repair (detailed below).
P38 Mediates Homology-Directed Repair by Codelivering
RNP and pDNA Payloads

Because P38 eﬀectively delivers RNP and pDNA payloads, we
evaluate the feasibility of codelivering RNPs with pDNA
donors to achieve precise gene knock-in via HDR editing.
Rational design of polyplexes for HDR editing requires
optimization of the total nucleic acid dose,45,46 the proportion
of sgRNA relative to the pDNA donor,4,47 and the polymer
I
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Figure 9. (A) Summary of transfection and internalization eﬃciencies in HEK293T (black) and ARPE-19 (gray) cells. In HEK293T, P38 exhibits
both high delivery eﬃciencies (measured by GFP expression) as well as high cellular uptake (measured by Cy5 intensity). In ARPE-19, we observe
that delivery performance of P38 is inhibited by low levels of uptake, particularly at an N/P ratio of 10. (B) DLS and turbidity measurements reveal
N/P-dependent trends in polyplex aggregation upon the addition of DMEM, with the N/P 10 formulation experiencing severe colloidal instability.
We performed turbidimetric titrations in both D-PBS and in DMEM to understand the causes of N/P-dependent polyplex aggregation. Unlike in
PBS, where polyplexes recover colloidal stability upon the addition of excess polymer and overcharging, aggregation is irreversible in DMEM
because of the poor solubility of P38 in the media. DLS and turbidity measurements indicate that only lower N/P ratios permit colloidally stable
polyplexes.

P38 Mediates Functional Delivery pDNA to HEK293T and
ARPE-19

intermediate payload compositions (1:2 and 1:3 w/w) display
the highest GFP expression (0.7%). Across all HDR payload
compositions, P38 is able to encapsulate both RNP and donor
pDNA completely (at an N/P ratio of 2). Gel electrophoresis
studies of polyplex formulations of P38 and various molar
ratios RNP and pDNA are furnished in the Supporting
Information (Figure S8).
Subsequent to payload optimization, we benchmark the
HDR performance of the hit polymer to commercial reagents
at the optimized polyplex formulation conditions (2 μg total
nucleic acid dose per well and a 1:2 w/w ratio of sgRNA and
pDNA donor). The expression of mCherry and GFP,
indicative of NHEJ and HDR editing, respectively, is measured
in cells treated with P38 polyplexes at N/P ratios of 1.25, 1.5,
1.75, and 2. We also include Lipofectamine 2000 and JetPEI as
positive controls (Figure 8C). While JetPEI results in almost
no HDR-edited cells, Lipofectamine 2000 is the only reagent
where more than 2% of the cell population is GFP-positive
(Figure 8D). GFP expression does not exceed 0.7% when P38
is used to deliver HDR constructs, consistent with the results
observed during payload optimization. We speculate that the
causes underlying low HDR frequencies originate in cellular
processes rather than polymeric design. For instance, we do
not synchronize transfection with cell cycle,48,49 nor do we
employ HDR-promoting drugs to bias editing pathways in
favor of gene insertion.50 Even without the assistance of
pharmacological additives, we obtain a substantial pool of
HDR-edited cells, a population that can subsequently be sorted
and expanded to meet therapeutic demands. Herein, we
demonstrate the viability of P38 for HDR applications in this
proof-of-concept study. Future research will focus on packaging covalently tethered RNP-donor payloads with P38
vehicles to boost HDR frequencies.51−53

Following screening studies in HEK293T (cells commonly
used in vector and recombinant protein production), we
perform additional experiments in this cell line to compare P38
with commercial pDNA transfection reagents. Further, we
study diﬀerences in the pDNA delivery functionality of P38
(Figure 9A) between HEK293T and retinal pigment epithelia
or ARPE-19 (a model for retinal gene delivery). Among
HEK293T cells, both JetPEI and LPF 2000 achieve eﬃcient
pDNA delivery and promote GFP expression in 70−80% of
the cell population. With P38 at an N/P ratio of 1, no GFP is
detected, but GFP expression improves steadily at higher N/P
ratios, climbing to 15% at an N/P ratio of 2.5 and about 60−
80% at N/P ratios of 5 and 10. The GFP expression of P38
polyplexes at an N/P ratio of 10 is comparable to both JetPEI
and Lipofectamine 2000, conﬁrming that P38 is a highly
eﬀective pDNA delivery platform.
ARPE-19 is an important in vitro model for retinal delivery
and a challenging transfection target because of its lower
mitotic rates compared to HEK293T. Further, signiﬁcant
compositional diﬀerences exist between the cell membranes of
HEK293T and ARPE-19; the retinal pigment epithelium’s role
in the blood-retinal barrier endows ARPE-19 cells with several
transporter proteins and eﬄux channels that may be absent in
HEK293T cells.54 ARPE-19 resists transfection even when
Lipofectamine 2000 and JetPEI are employed, both of which
are only half as eﬀective in ARPE-19 compared to HEK293T.
This decrease in transfection performance when going from
HEK293T to ARPE-19 cells is also observed in P38, where
GFP expression is detected in 17.6%, 17.4%, and 21.3% of cells
at N/P ratios of 2.5, 5, and 10, respectively (Figure 9A).
Importantly, at an N/P ratio of 2.5, we observe slightly lower
levels of cellular toxicity among P38-treated cells than with
J
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(or polymer) solution is gradually titrated into the polymer (or
pDNA) solution, while continuously recording changes in
transmittance. Below a transmittance of 0.9, we observe the
formation of white precipitates (shaded area in Figure 9B). In
PBS, while adding polymer to DNA we observe a sharp
decrease in solution transmittance as the N/P ratio approaches
1, indicating the loss of colloidal stability at charge neutrality.
However, transmittance levels return to values close to 1 upon
adding more polymer to induce overcharging and Coulombic
repulsion of polyplexes. We observe similar behavior with the
reverse sequence of addition (pDNA to polymer in PBS)
although the zone of instability spans a much broader range of
N/P ratios. Unlike P38 (random coil in solution), pDNA is
semiﬂexible with a larger persistence length and therefore is
not as eﬀective in overcharging the polyplexes and restabilizing
them.
Compared to D-PBS (pH 7), the DMEM−water mixture is
much more alkaline (pH 8.4), leading to the deprotonation
and phase separation of P38. Consequently, above N/P ratios
of 0.3, we notice sharp decreases in transmittance, reﬂecting
the onset of polyplex aggregation with increasing N/P ratio.
Unlike in PBS, we do not recover colloidal stability via
overcharging upon the addition of excess polymer; instead, we
observe further decrease in transmittance with increasing N/P
ratio, indicating that high N/P ratio polyplexes suﬀer an
irreversible loss of colloidal stability when introduced to
DMEM. Further, this inhomogeneous region spans a much
larger N/P range in DMEM−water than in PBS. The size of
polyplexes, their aggregation propensity in DMEM, and their
N/P-dependent phase behavior all contribute to lowered
cellular uptake and ultimately hinder P38-mediated intracellular pDNA delivery in ARPE-19 cells. We anticipate that
orthogonal tuning of polyplex composition and size (enhancing colloidal stability) will improve cellular uptake, thereby
promoting more eﬃcient intracellular pDNA release in
challenging cellular targets of transfection.

JetPEI, with a small loss of pDNA delivery eﬃcacy (Figure
S18). The improved cellular viability of P38 over JetPEI
assumes relevance when repeated subretinal administration is
necessary.
Seeking to unravel the reasons for the lower eﬃciency of
P38 in ARPE-19, we compare the cellular uptake observed
under these transfection conditions using the Cy5-labeled
pDNA system previously described in Figure 4. Among
HEK293T cells, cellular uptake increases gradually with
increasing N/P ratios for P38, with the highest internalization
eﬃciencies displayed by the N/P 10 formulation (Figure 9A).
Unexpectedly, among ARPE-19 cells, cellular uptake peaks at
an N/P ratio of 2.5 (75%) before declining rapidly to 60% and
20% for N/P ratios of 5 and 10, respectively. For the N/P 2.5
formulation, we observe nearly identical levels of cellular
uptake for both cell types. At higher N/P ratios, however, the
gap between HEK293T and ARPE-19 cellular internalization
widens considerably. Only a third of the cells that internalize
N/P 2.5 polyplexes express GFP in ARPE-19 cells, indicating
that transfection is inhibited by endosomal release. Whereas
among N/P 10 polyplexes, nearly all internalization events
culminate in GFP expression in ARPE-19 cells, suggesting that
excess polymer contributes to endosomal destabilization. At
N/P ratios as high as 10, transgene expression in ARPE-19
cells is impeded by lowered cellular uptake, while at lower N/P
ratios (5 and below), free P38 polymers that initiate
endosomal leakage are scarcer, leading to ineﬃcient intracellular delivery.
While HEK293T cells take up polyplexes promiscuously,
resulting in high cellular uptake across the entire library
(Figure 3), ARPE-19 cells internalize nanoparticles in a sizeselective manner, with cellular uptake decreasing with
increasing polyplex sizes.55,56 Previous reports suggest that
ARPE-19 cells traﬃc larger lipoplexes via clathrin-mediated
pathways, leading to longer entrapment within lysosomal
compartments.57 Even in vivo, smaller polyplexes adopt transretinal pathways and undergo rapid internalization into retinal
epithelia.58 We hypothesize that polyplex size diﬀerences might
explain the trend of lower uptake with increasing N/P ratios
among ARPE-19 cells. Through DLS measurements, we
observed narrow size distributions ranging from 40−60 nm
for all conditions (JetPEI, P38 N/P of 1, 2.5, 5, 10) when we
formulate in water. Consistent with transfection protocols for
ARPE-19, we formed polyplexes in water and then
resuspended polyplexes in two volumes of serum-free
DMEM and monitored aggregation over time (Figure 9B).
While the hydrodynamic radii of polyplexes formed at N/P
ratios of 2.5 and 5 plateau around 150−200 nm at the end of
40 min, the hydrodynamic radii of JetPEI and N/P 1
formulations approach 250−300 nm. However, severe
aggregation and radii exceeding 1 μm are found in the highest
N/P ratio studied (N/P of 10), indicating that excess polymer
contributes to colloidal instability. We posit that the
unexpectedly low uptake of P38 N/P 10 by ARPE-19 cells is
attributable to the formation of micrometer-scale aggregates in
cell culture media.
To identify the causes for severe aggregation in the N/P 10
formulation, we probe the phase behavior of P38 polyplexes
across a dynamic range of N/P ratios using turbidimetric
titrations. Titrations are performed in both PBS and in a 2:1
DMEM−water mixture (mimicking media composition during
transfection) to monitor polyplex formation and stability as a
function of N/P ratios and solvent environment. The pDNA

■

CONCLUSIONS
In this work, a lead structure (P38) that delivers pDNA
eﬃciently and mediates high transgene expression emerged
from the screening of a multiparametric polymer library.
Because P38 was identiﬁed as a potent vector for RNP delivery
in our previous screening campaign,35 we initially expected the
polymer design criteria for pDNA and RNP payloads to be
identical. To probe this conjecture, we applied SHapley
Additive exPlanations (SHAP) to unravel the relationship
between polymer attributes, payload type, and key biological
outcomes. SHAP analysis established that the structural
determinants of cellular uptake, toxicity, and delivery eﬃciency
are payload-dependent, with RNP and pDNA payloads
diverging in their design requirements. Unlike RNP delivery,
which relies on both electrostatic and hydrophobic interactions
to facilitate cytosolic RNP release, hydrophobic considerations
are negligible for pDNA delivery. Our work is the ﬁrst to apply
machine learning to establish that pDNA delivery demands
polymers with optimized polycation protonation equilibria and
pDNA binding aﬃnity. Through quantitative confocal
microscopy, we analyzed the intracellular trajectories of
polyplexes and observed lower lysosomal colocalization and
higher nuclear import among polyplexes formed from the hit
polymer P38, compared to a structural analogue of P38 that
did not mediate pDNA delivery (P41). In our previous study,
P38 outperformed four state-of-the-art commercial controls to
K
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DMEM−water mixtures (2:1 v/v) using procedures previously
described by Jiang et al.59
For DLS measurements in Figures S1−S3, polyplexes were
prepared at N/P ratios of 5, 10, and 20 in 10 mM PBS buﬀer using
multichannel electronic pipettes. Polyplexes were incubated at 23 °C
for 45 min prior to acquisition of measurements. Five acquisitions
were collected per polyplex formulation (with an acquisition time of
ﬁve seconds each), and the hydrodynamic radius was calculated as an
average across ﬁve technical replicates. Noisy autocorrelation
functions were ﬁltered out using an automated baseline-ﬁltering
process, and the polyplex size distributions were computed using
regularization ﬁts. Intensity-weighted average hydrodynamic radii
(Rh) were reported for all DLS data.

deliver RNP payloads and mediate highly eﬃcient genome
editing.35 In this work, we ﬁnd that P38 mediates functional
delivery of pDNA payloads to HEK293T and ARPE-19 cells.
Co-delivery of pDNA and RNP payloads by P38 results in
signiﬁcantly higher rates of homology-directed repair than
JetPEI. Overall, our work establishes the utility and multifunctionality of P38, especially in applications that demand the
codelivery of multiple payloads. Fundamental characterization
of solution physics reveals that particle size and colloidal
stabilization are important for improving cellular uptake in cell
types reliant on caveolar endocytosis (requiring polyplex
diameters within 60 nm). Overall, we demonstrate that
exploration of chemically diverse polymer libraries uncovers
novel polymeric vectors for multimodal delivery applications
and creates a robust framework for the elucidation of payloadspeciﬁc structure−function relationships.

■

Article

Cellular Assays
The HEK293T cell line engineered with a traﬃc light reporter
system60 was used to assess both RNP and pDNA delivery by our
polymer library. Cells were donated by the Osborne lab at the
University of Minnesota, and subcloning was performed at the
Genome Engineering Shared Resource at the University of
Minnesota. Cells were seeded at 50 000 cells/mL in DMEM
supplemented with 10% FBS in 48-well plates (Corning, MA).
Cells were cultured for 24 h at 37 °C and 5% CO2 to allow the cells to
adhere to the plate before performing pDNA transfection or gene
editing via HDR payloads. Polyplexes were formed by adding 42.5 μL
of polymer solution in water to an equal volume of pDNA solution in
water and incubating for 45 min. At the time of transfection, cell
culture media was aspirated and replaced with polyplexes suspended
in two volumes of OptiMEM (170 μL). For transient transfection, the
total volume of the polyplex solution added to each well was 150 μL
(50 μL of polyplex solution and 100 μL of Opti-MEM).
Manufacturer’s protocols were implemented for JetPEI (N/P of 5)
and Lipofectamine 2000. After 4 h, wells were supplemented with a
further 0.5 mL of FBS-supplemented DMEM. Twenty-four hours
after transfection, the media was aspirated and replaced with fresh
DMEM. Forty-eight hours after transfection, the cells were analyzed
using ﬂow cytometry. Although only one biological replicate was used
in the ML analysis, a second biological replicate was performed to act
as an independent control for eﬃciency, toxicity, and uptake across
the library. We observed similar trends and results in the independent
control. Screening studies for hit identiﬁcation and toxicity measurements were performed on September 14, 2020 and October 11, 2020
as independent runs. Both biological replicates are furnished in the
Supporting Information (section 9).
ARPE-19 cells were cultured in DMEM-F12 media supplemented
with 10% FBS in a humidiﬁed incubator maintained at 37 °C and 5%
CO2. The procedures for transfection, measurement of cellular
uptake, and cytotoxicity were identical to the ones adopted for
HEK293T cells with two deviations: (1) ARPE-19 cells were washed
with D-PBS prior to the addition of polyplexes. (2) Polyplexes were
resuspended in serum-free DMEM-F12 instead of in OptiMEM. For
ﬂow cytometry, cells were trypsinized and centrifuged at 1010g and 4
°C for 10 min. The supernatant was aspirated, and the cell pellet was
resuspended in a 200 μL solution of PBS + 2% FBS + 400 nM Calcein
violet AM (Thermo Fisher, Waltham, MA). Cells were incubated in
ice for 20−30 min and vortexed prior to ﬂow cytometry. For
evaluating cell viability and GFP expression in transfected cells, the
405 and 488 nm laser lines (Biorad Inc., CA) were used. Single live
cells were used for analysis, and gating schemes are furnished in the
Supporting Information (Figures S11−S15). At least 10 000 events
were collected per sample.
For homology-directed repair, HEK293T cells were cotransfected
with a mixture of RNP and donor pDNA payloads. The total mass of
nucleic acids, comprising sgRNA and the pDNA donor, was ﬁxed at
either 1.5 μg per well or 2 μg for a 24-well plate. However, their
weight ratio was varied systematically from 2:1 to 1:5 in order to
identify formulation conditions that would maximize the frequency of
HDR events. We identiﬁed 2 μg of total nucleic acid loading per well
and 1:2 w/w ratio of sgRNA: pDNA as the optimal condition. For N/
P calculations, the phosphate groups in both the pDNA and sgRNA

EXPERIMENTAL SECTION

Experimental procedures for polymer synthesis and characterization
(1H NMR, molecular weight determination, pKa and nHill estimation,
and ζ-potential measurements) can be found in our earlier work.35
Experimental procedures for RNP polyplex formulation, RNP
polyplex size distribution, surface charge, gel electrophoretic
mobilities, and RNP delivery studies (toxicity, cellular uptake, and
editing eﬃciency) can be found in our earlier work.35 The hit polymer
P38 was resynthesized in two additional runs, and we obtained
comparable molecular weight distribution and chemical composition,
which bodes well for the reproducibility of RAFT.

Polyplex Characterization
The pDNA payload, pZsgreen (4708 bp), was purchased from
Aldevron (Fargo, ND) and diluted in water to the desired
concentration. Polymers were dissolved in ultrapure water to obtain
a charge ratio of 15.15 nmol of ionizable amines per μL, and sterileﬁltered. Polymer stock solutions were further diluted to the desired
N/P ratio (5,10, and 20) prior to polyplex formation. Polyplexes were
formed using an electronic multichannel pipet by controlled addition
of polymer solution to an equal volume pDNA solution (0.02 μg/μL)
in sterile water. The mixture was then incubated for 45 min at 23 °C.
Polyplexes formulated at this concentration were used for DLS
measurements, electrokinetic characterization, and transient transfection experiments.
Gel casting was done using a 0.6% agarose solution formed in TAE
buﬀer. Ethidium bromide was used at a concentration of 0.017% v/v
to visualize pDNA migration toward the positive electrode. Gel
electrophoresis was performed at 80 V over 60 min and imaged using
a transilluminator (Fotodyne, IL) under UV light. Polyplexes
formulated for gel electrophoresis assays employed a higher
concentration (0.05 μg/μL) of pDNA than what was used for
biological studies (0.02 μg/μL) in order to facilitate clear visualization
of the pDNA bands.
The Malvern Zetasizer (Malvern Instruments, MA) was used to
evaluate the ζ-potential of P38 polyplexes at N/P ratios of 1, 2.5, 5,
and 10. Measurements were performed under monomodal settings
using the folded capillary measurement cell. A pDNA concentration
of 0.02 μg/μL was employed. To characterize the surface potential of
P38 in its unbound state, a concentration of 1 mg/mL was employed.
Three to ﬁve measurements were acquired per treatment condition.
All DLS measurements in Figures 8 and S1−S3 were performed
using the DynaPro plate reader III (Wyatt Instruments, CA). For DLS
measurements in Figure 8, P38 polyplexes (N/P of 1, 2.5, 5, and 10)
and JetPEI (N/P of 5) were formed in water, and 20 measurements
were collected prior to the addition of Fluorbrite DMEM. To 100 μL
of each polyplex, we added 200 μL of serum-free Fluorbrite DMEM
(preﬁltered to remove dust) and acquired DLS measurements at the
rate of 7−8 acquisitions per minute to capture aggregation kinetics.
Turbidimetric titrations were carried out in either D-PBS or Fluorbite
L
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were considered. In a typical HDR experiment, RNP complexes were
annealed by adding sgRNA solution to spCas9 solution in equal
volumes. To assemble RNPs, spCas9 (Aldevron, ND) and sgRNA
(Synthego, CA) solutions were prepared in PBS at concentrations of
0.019 and 0.39 mg/mL respectively, and ribonucleoproteins
assembled through slow addition of sgRNA to spCas9 and annealing
for 15 min. Within 15 min of RNP formation, an equal volume of the
pDNA donor solution (at 0.04 mg/mL) was added and allowed to
equilibrate for 5 min. The polymer solution (diluted to the desired N/
P ratio in D-PBS) was slowly introduced into an equal volume of the
payload mixture and incubated for 45 min at ambient temperature.
Finally, this mixture was diluted in twice the volume of OptiMEM and
added slowly to cells. Cells were plated 24 h prior to transfection at a
density of 50 000 cells/mL. DMEM supplemented with 10% FBS was
added 4 h after transfection, and cell culture was replaced 24 h after
transfection. Cells were regularly passaged while approaching 80%
conﬂuency (roughly every 2 days) before being analyzed using ﬂow
cytometry on the seventh day after transfection. Cells were harvested
for ﬂow cytometry using procedures similar to the ones described
above. The 405, 488, and 560 nm laser liens were used to detect
Calcein Violet, GFP, and mCherry, respectively. At least 40 000
events were collected per sample.
For toxicity studies (Figures S16−S18), transfection was performed
in 48-well plates according to procedures described previously. Two
days after transfection, cell culture media was replaced with a 2%
solution of CCK-8 (Dojindo) in Fluorbrite-DMEM. Thereafter, cells
were incubated for 4 h at 37 °C and 5% CO2 and the absorbance of
media measured at 480 nm at a gain of 90 using the Synergy H1 plate
reader (Biotek, CA). Measurements of the CCK-8 solution without
cells were collected, and this blank reading was subtracted from all
data points. Absorbance values were normalized to untreated cells.
Three to six wells were employed per condition.
To label pDNA payloads with Cy5, we followed the manufacturer’s
protocols (Label IT Nucleic Acid Labeling Kit Cy5, Mirus, Madison,
WI) and puriﬁed the labeled product through ethanol precipitation.
The concentration of the ﬁnal product was quantiﬁed via UV−vis
spectrophotometry (Nanodrop, Thermo Fisher, Waltham, MA).
HEK293T cells or ARPE-19 were transfected with polyplexes
formulated with Cy5-labeled pDNA as described in earlier paragraphs.
Twenty-four hours after transfection, cell culture media and
polyplexes were removed and cells were trypsinized. Cell suspensions
were transferred to V-bottomed 96 well plates. Samples were
centrifuged at 1010g for 10 min at 4 °C. Cell pellets were washed
with PBS and then resuspended in 200 μL/well Cell Scrub (Genlantis,
San Diego, CA) for 10 min to remove uninternalized membranebound polyplexes. Cells were washed again with 300 μL/well PBS,
centrifuged, and resuspended in a 100 μL solution of PBS + 2% FBS +
400 nM Calcein violet AM (Thermo Fisher, Waltham, MA). Samples
were then analyzed on the ZE5 ﬂow cytometer (Biorad Inc., CA)
using the 633 nm laser line to detect Cy5, in addition to the 405 and
488 nm that detected Calcein violet and GFP, respectively. Five
thousand events were collected per treatment condition. The
geometric mean of Cy5 ﬂuorescence intensities were computed and
used for subsequent statistical analyses. Two biological replicates were
performed (September 30, 2020 and November 29, 2020), and the
ﬁrst one was used for modeling. Both replicates are furnished in
section 9 of the Supporting Information.
For confocal imaging, cells were seeded on sterilized gelatin-coated
glass coverslips in 24-well plates at a concentration of 50 000 cells/mL
a day before transfection. Twenty-four hours later, cells were ﬁxed,
and lysosomes labeled with the anti-LAMP2 primary antibody
(Abcam catalog# ab25631, Cambridge, MA) and a secondary
antibody (Invitrogen catalog# 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% TritonX. Cells were counterstained with Hoechst 3342. After each antibody
incubation step, cells were washed thrice with PBS/0.1% Triton-X for
ﬁve minutes each. Coverslips were mounted on Prolong Glass
(Thermo Fisher, Waltham, MA) and cured at room temperature in
the dark for 2 days. Samples were imaged under an Olympus BX2
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laser-scanning confocal microscope system equipped with an
automated upright BX61 microscope base and PRIOR ProScanII
motorized stage.
Imaris software (version 9.7.2, Bitplane) was utilized for all image
processing and quantiﬁcation. First, the background was automatically
calculated and subtracted from all channels. The Imaris colocalization
module was used to calculate Pearson’s correlation coeﬃcients, and
surface renderings of voxels containing both AlexaFluor568 and Cy5
signals were generated. Colocalization calculations for AlexaFluor568and Cy5-containing voxels were performed inside the cytoplasmic
compartments of GFP+ cells as well as in GFP− cells. Thresholds for
both AlexaFluor568 and Cy5 were calculated in Imaris using the
method described by Costes et al.,61 wherein correlation coeﬃcients
are calculated for all voxels containing both AlexaFluor568 and Cy5
signals. The threshold is reached when the correlation coeﬃcient
reaches zero.

Identiﬁcation of Structure−Function Relationships
The structure−function relationships were estimated by a machine
learning approach. We started by deﬁning and measuring the nine
polyplex descriptors. For both RNP and pDNA, we deﬁned binary
labels for each biological output of interesteﬃciency, cellular
toxicity, and uptakeusing a 90th percentile variable-speciﬁc
threshold. We found this threshold to be reasonable for our delivery
goals and consistent with our previous study on RNPs. Next, we
trained and evaluated various models (gradient boosting decision
trees, logistic regression, random forest, balanced gradient boosting
decision trees, and balanced random forest) using 5-fold cross
validation and the scikit-learn and imblearn packages.62,63 Each fold
was stratiﬁed to preserve the original class ratio in the data set. The
best-performing model was a balanced random forest with 100
estimators. Figure S21 presents the ﬁnal mean AUC across the 5 folds
for each cargo. After the best-performing model was chosen, we
retrained the model for each biological output using a 0.9−0.1
random train-test split. We use this trained model for interpretability
via SHapley Additive exPlanations (SHAP).36 SHAP provides
explanations for each feature by learning a local linear model with
game-theoretic constraints. In particular, we apply the TreeSHAP
algorithm and take the mean absolute SHAP value across all data
points as our feature importance metric.43 This metric measures the
power of each polyplex feature to predict whether a given data point
will be above or below the 90th percentile of each biological output
and cargo. Although SHAP is very useful to explain the predictive
power of each feature, these explanations do not have causal
interpretations because of observed and unobserved confounding
eﬀects. Thus, we cannot unambiguously determine the causal impact
of a certain polyplex feature on a biological output. For this purpose,
we train a linear causality model for each polyplex feature controlling
for the observed confounding of all other features using the EconML
package44 and approximate the conditional causal treatment eﬀect of
each feature over each biological output. The polyplex features can be
ranked by average treatment eﬀect (ATE) with a conﬁdence interval
computed for each feature. This causal ranking determines which
polyplex features have a direct causal eﬀect on the biological output,
and which have eﬀects due to potential confounding.
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