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ABSTRACT: Polymeric vectors for gene delivery are a promising alternative for clinical
applications, as they are generally safer than viral counterparts. Our objective was to further our
mechanistic understanding of polymer structure—function relationships to allow the rational
design of new biomaterials. Utilizing poly(f-amino ester)s (PBAEs), we investigated polymer—
DNA binding by systematically varying the polymer molecular weight, adding single carbons to
the backbone and side chain of the monomers that constitute the polymers, and varying the type
of polymer end group. We then sought to correlate how PBAE binding affects the polyplex
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diameter and { potential, the transfection efficacy, and its associated cytotoxicity in human breast
and brain cancer cells in vitro. Among other trends, we observed in both cell lines that the
PBAE—DNA binding constant is biphasic with the transfection efficacy and that the optimal
values of the binding constant with respect to the transfection efficacy are in the range (1—6) X 10* M~". A binding constant in

this range is necessary but not sufficient for effective transfection.

B INTRODUCTION

Inheritable diseases and cancer can result from inactive genes
(ie, CFTR in cystic fibrosis or P33 as a tumor suppressor)."”
Delivering DNA and small hairpin RNA to encode and
generate a functional copy or to inhibit mRNA expression of a
nonfunctioning protein can potentially treat and cure many
genetic diseases. Viruses have been used as delivery vectors
because they are highly efficient in nucleic acid delivery, but
they can cause insertional mutagenesis, immunogenic re-
sponses, and toxicity.” The safety and efficacy of the viral
vectors depend on the viral vector type, route of administration,
and therapeutic target. To date, only two gene therapy
formulations have been approved, one by the State Food and
Drug Administration of China (2003) and the other by the
European Medicines Agency (2012); there are still no U.S.
Food and Drug Administration-approved gene therapies.*
Degradable cationic polymers are an attractive alternative to
viruses, as they are generally safer, are easier to manufacture
and mass produce, and have more functional capabilities than
viruses.” Varying a polymer’s structure and functional groups
allows one to optimize the nucleic acid delivery properties
while minimizing toxicity levels.’ High-throughput analyses of
combinatorial biomaterial libraries allow a vast number of
polymers to be screened, but rational design of structure to
control function would be more efficient.”®
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We are interested in evaluating polymer structure—function
relationships to further our mechanistic understanding of
polymeric materials for nonviral gene delivery and improve
their performance (Scheme 1). We previously investigated
poly(f-amino esters) (PBAEs) as biodegradable cationic
polymers capable of promoting gene delivery to various types
of cells.”™"" These polymers are promising because of their
ability to condense DNA into nanoparticles containing many

Scheme 1. Nanoparticle Formulation and Extracellular and
Intracellular Barriers for Successful Gene Delivery
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plasmids per particle,'” facilitate cellular uptake,"* and mediate
endosomal escape."™"® Certain PBAE nanoparticles have been
shown to be effective for in vivo gene delivery in the eye'® and
to tumors.'” Despite this progress, the efficiency of gene
delivery using polymers remains lower than that for viral
delivery. One challenge in evaluating and optimizing polymer
structure is that synthetic polymers can be polydisperse, with
variable extents of reaction and molecular weight hetero-
geneity.'® ?° Isolating precise polymer structures with uniform
molecular weight is key for enabling the evaluation of polymer
structure.

The interactions between a cationic polymer and DNA are
critical for facilitating DNA protection, nanoparticle formation,
cellular uptake, and subsequent DNA release.”"** Anionic
phosphate groups on the DNA associate with and bind to
positively charged amine groups on cationic polymers, resulting
in nucleic acid condensation and protection. This is important
because the degradation half-life of naked DNA in the presence
of serum is on the order of minutes.”> Binding with a cationic
carrier (ie. a golymer) can substantially increase the nucleic
acid halflife.***> An optimal DNA carrier system should bind,
condense, and protect DNA in the extracellular space but
release DNA effectively within cells. The design of such systems
requires proper understanding of the binding between DNA
and polycations.>**”

In this work, we used time-resolved fluorescence spectros-
copy,”®* a new approach for probing polymer—DNA
interactions and binding quantitatively. Here we report the
results of our systematic investigation of binding properties of
DNA and monodisperse, size-fractionated PBAEs with differ-
ential structures. In particular, we investigated series of
polymers in which the following were varied: molecular weight;
the number of carbons in the backbone, which varied the amine
density and hydrophobicity; the number of carbons in the side
chain, which varied the distance of a hydroxyl group from the
backbone and its hydrophobicity; and the end-cap type
[primary, secondary, or tertiary amine or no end cap
(diacrylate-terminated)]. The effects of these small changes in
the polymer structure were characterized by fluorescence
spectroscopy and gene delivery efficacy in human brain cancer
cells and human breast cancer cells in vitro.*® The experimental
procedures, including materials and methods and the naming
convention for the polymers, can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Polymer Synthesis and Fractionation. In the 447
polymer series with varying molecular weight (447 Low M,,
447 Med M,, and 447 High M,,), the weight-average molecular
weights (M,,) were 10.3, 14.7, and 91.6 kDa, respectively, and
the polydispersity index (PDI) increased as M,, increased (PDI
= 1.3, 1.4, and 2.9, respectively) (Table S1 in the Supporting
Information). The average M,’s for the groups in which the
backbone, side chain, and end caps were varied were 10 + 1, 13
+ 2, and 10.9 + 0.7 kDa, respectively, and the corresponding
average PDIs were 1.3 + 0.1, 1.3 + 0.1, and 1.34 = 0.09 (Table
S1). The molecular weights of the polymers were determined
by gel-permeation chromatography (GPC) (Figure 1). The
molecular weights varied considerably for the 447 molecular
weight series but were similar for the other polymers. The
similarity of the M, values and the narrow PDIs of the
comparable polymers with small differences in the backbone,
side chain, and end cap allowed comparisons between the
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Figure 1. GPC curves of fractionated polymers [relative refractive
index (RI) shift (mV/max mV) vs elution time (min)] for groups with
varying (A) molecular weight (Low, Med, and High), (B) backbone,
(C), side chain, and (D) end caps.

groups and ensured that differences were due to the monomer
type as opposed to M,, or size heterogeneity.

Representative 'H NMR spectra of polymers 44, 442, 444,
446, and 447 can be found in Figure S1 in the Supporting
Information.®

Binding Constants for Polyplex Formation. The
polyplex formation can be monitored by plotting the
proportion of bound DNA (B in eq S in the Supporting
Information) against the concentration of amine. As an
example, the plot for polymer 442 is shown in Figure 2. The
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Figure 2. Fraction of bound DNA as a function of amine
concentration for polymer 442.

proportion of bound DNA increased with increasing polymer
concentration until it reached a saturation limit of approx-
imately 76% at a polymer/DNA weight/weight (w/w) ratio of
24. Most of the PBAE polymers saturated close to 80%. The
saturation limits for polymers 44 and 346 were 60% and 96%,
respectively. Polymers with negative cooperativity typically have
saturation less than 100%, whereas polymers with high positive
cooperativity saturate near 100%.

The Hill plots for the 447 molecular weight series are shown
in Figure 3A. Similar linear curves with negative cooperativity
(Table S1 in the Supporting Information) were obtained for all
of the polymers except polymer 646 (Figure 3B—D). The fact
that the Hill plots for most of the polymers entailed negative
cooperativity and the fact that the bound fraction for most of
the polymers saturated close to 80% are in agreement.

‘While most of the polymers showed a single linear Hill plot,
varying the polymer backbone structure (646) enabled a
biphasic response (Figure 3B). Polymer 646’s Hill plot is
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Figure 3. Hill plots for polymer series with varying (A) M,, (B)
backbone, (C) side chain, and (d) end caps.

associated with negative- and positive-cooperativity phases,
which may explain why polymer 646 saturated at 96%.

This biphasic nature of binding suggests a change in the
binding mechanism increasing amine/phosphate molar ratio
(N/P). The analysis and discussion of polymer 646 will focus
on the positive-cooperativity slope associated with higher N/P,
as all of the other experiments (ie, transfection, toxicity,
diameters, etc.) were carried out at w/w ratios of 30, 60, or 90
(N/P > 35). Polymers 346 and 546 (Figure 3B) have a data
point that may be either an outlier or associated with a biphasic
binding mechanism similar to that for polymer 646. The fact
that there were too few data points in these regions where there
may be positive cooperativity for polymers 346 and 546
restricted further analysis. The multiphase cooperativity is an
interesting aspect for future investigation.

As the molecular weight of 447 increased, the binding
constant per amine (K) increased (Figure 4A). Thus, a larger
polymer molecular weight led to increased polymer—DNA
interactions and stronger binding. By utilizing this trend, one
could potentially fractionate a polymer with a particular
molecular weight corresponding to a desired binding constant.

Log K (M)

Log K (M)
Log K (M)

Figure 4. Binding constants (M™") for the series with varying (A) M,,
(B) backbone, (C) side chain, and (D) end caps. Statistical analysis
was accomplished by a one-way ANOVA and a Tukey posthoc
analysis: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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When the effect of the number of carbons in the monomer
backbone (ng = 3, 4, S, or 6) was evaluated, the binding
constants decreased as ng increased (Figure 4B). The binding
affinity was reduced 400-fold when ny increased from 3 to 6.
The decrease in the binding constant is likely due to the
decrease in amine density with increasing ng.

The binding constants in the side-chain series (437, 447 Med
M,, 457, 467) decreased with increasing side-chain length ng
(Figure 4C). As the number of carbons in the side chain was
increased from 3 to 6, the binding affinity was reduced 24-fold.
Again, the decrease in the binding constant is likely due to the
decrease in amine density as ng increases.

The base polymer (polymer 44) had a smaller binding
constant than any of the end-capped polymers (442, 444, 446,
and 447 Low M,,). The binding constant increased by factors of
6.6 + 0.1, 15.2, and 8.0 when the base polymer was end-capped
using primary (442 and 444), secondary (446), and tertiary
amines (447 Low M,,), respectively (Figure 4D). Considering
the pK, values of primary, secondary, and tertiary amines, one
would suspect that there would be greater binding for primary
versus tertiary amine end caps; however, these differences
would be diminished as the buffer pH was 5.2. We observed a
larger K value than expected for polymer 446. This larger K
value is understandable when the molecular weight of the 446
polymer is considered: the molecular weight of the 446
polymer was 14% higher than the other molecular weights in
the end-cap polymer series (Table S1 in the Supporting
Information) and thus had 3—S more amines per polymer
strand than the other polymers in the group (the non-end-
capped and primary, secondary, and tertiary amine-capped
polymers had 40, 39, 44, and 41 amines per polymer strand,
respectively).

Comparison of Binding Constant Calculation Method-
ology. The binding constant of the cationic peptide
(KK),KGGC was also evaluated to compare our time-resolved
fluorescence spectroscopy binding assay to other binding assays
found in the literature. The proportion of bound DNA (B in eq
S in the Supporting Information) as a function of (KK),KGGC
concentration displayed a saturation level close to 90%. The
Hill plot of the peptide presented in Figure S3 in the
Supporting Information shows the presence of two phases,
similar to the case for polymer 646. The kink point corresponds
to a w/w ratio of 3.6. The peptide, perhaps because of the
presence of positive cooperativity (at low w/w ratio), was
associated with a higher saturation than most of the PBAE;,
similar to what was observed with polymer 646. The Hill
coefficients of the positive- and negative-cooperativity phases
were 2.2 and 0.50, respectively, suggesting that further binding
is hindered by the already-bound amines. The overall binding
constant K* obtained from the positive-cooperativity phase was
(12 £ 0.2) x 10’ ML Plank et al.>' obtained a value of 2.09 X
10 M with this peptide, which is ~6 times smaller than
obtained by our method.

Relationship Between Polyplex Diameter and Bind-
ing. The mean diameters of the polyplexes (nanoparticles)
formed through binding and self-assembly of cationic polymers
with anionic DNA ranged from 122 to 227 nm (Figures S4 and
SS in the Supporting Information). While a polymer with one
of the smallest binding constants (646, 1.19 X 10> M™") formed
polyplexes of the largest size (227 nm) and the polymer with
the largest binding constant (346, 4.8 X 10° M™') formed
polyplexes of the smallest size (122 nm), there was not an
overall trend between the PBAE—DNA binding affinity and the

dx.doi.org/10.1021/ja4002376 | J. Am. Chem. Soc. 2013, 135, 6951-6957



Journal of the American Chemical Society

polyplex size (Figure S4). For the case of polymer backbone
length, there was an apparent decrease in the diameter as the
binding constant increased (or as the backbone lengths
decrease; Figure S4B). As the backbone length increase, the
amine density decreases and the hydrophobicity increases as
well.

While an increased binding constant appears to correlate
with smaller polyplex diameter, the trend is not very strong, as a
range of polymer binding constants and polymer structures can
produce polyplexes of similar size (Figure SSA). Our data
suggest that tighter binding (i.e., larger binding constant) may
but does not necessarily result in smaller polymer/DNA
polyplexes. The number of plasmids per polyplex, the number
of polymer chains per polyplex, and the association of
individual polyplexes with each other in ion-containing buffer
solutions can all affect the polyplex size.

The polyplex/particle diameter did not appear to show any
clear trend in transfection efficacy for either cell line (Figure
SSB and SSC). This finding suggests that the diameter of the
polymer/DNA polyplexes is not a key determining factor for
this class of PBAE particles in these cell lines. As all of the
nanoparticles studied were relatively small in diameter, they
should be able to mediate successful endocytic cellular uptake.

Polyplexes were successfully formed at both pH values (5.2
and 7.4) and at various ionic strengths (Figure S6 in the
Supporting Information). Under these conditions, the diame-
ters of the polyplexes ranged from approximately 100 to 300
nm, and no significant aggregation was observed (Figure S6).

Relationship Between Polyplex ¢ Potential and
Binding. The polyplexes’ { potentials (ZPs) (Figures S7 and
S8 in the Supporting Information) ranged from +5 to +18 mV.
There were no apparent trends between the binding constant
and the ZP (Figures S7 and S8A). In contrast to our cationic
ZPs, Eltoukhy et al.'® found that their PBAEs were neutral in
sodium acetate, which is likely explained by the use of different
polymer structures as well as formulations with w/w ratios of
20—40, which use less polymer than what was tested in our
experiments (w/w ratio = 60). Our nanoparticles were weakly
positively charged, allowing interaction with a cell’s anionic
surface. Their charge was not excessive, and they did not cause
high toxicity when added to cells. Comparison of the ZP
measurements against transfection efficacies revealed no clear
trends for either cell line (Figure S8B,C).

These findings suggest that the ZP of the polymer/DNA
particles is not a key determining factor for transfection for this
class of PBAE particles in these cell lines. As all of the
nanoparticles studied were relatively weakly positive in ZP, they
should be able to mediate successful cellular uptake.

The ZP of the polyplexes at both pH values (5.2 and 7.4)
and at various ionic strengths ranged from approximately +6 to
+25 mV (Figure S9 in the Supporting Information). The ZP
appeared to be inversely proportional to pH. At pH 5.2, the ZP
decreased as the salt content increased. At pH 7.4, the ZP did
not appear to increase in all cases as the salt content decreased
(Figure S9). The ZPs at 1:100 dilution were comparable to
those for the undiluted case.

Effect of Binding Constant on Transfection Efficacy.
Two human cancer cell lines (MDA-MB-231 and GBM319)
were utilized in these experiments to evaluate the transfection
efficacy. The former is derived from invasive triple-negative
human breast cancer and the latter is from human glioblastoma
multiforme (GBM). Generally speaking, we found both cell
lines to be difficult to transfect, with MDA-MB-231 (Figure
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SA,CE,G) being more difficult to transfect than GBM319
(Figure SB,D,FH). The relative amount of enhanced green
fluorescent protein (EGFP) per cell according to the
normalized mean fluorescence was linearly correlated with
the transfection efficacy as measured by percent of cells with
EGFP (Figure S10 in the Supporting Information).

The optimal molecular weight of the 447 polymer that
resulted in the highest transfection efficacy was polymer 447
Med M,, at a w/w ratio of 90 in both cell lines (Figure SA,B).
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Figure S. Effect of binding constant on transfection efficacy in (4, C,
E, G) MDA-MB-231 cells and (B, D, F, H) GBM319 cells for the
series with varying (A, B) M,,, (C, D) backbone, (E, F) side chain, and
(G, H) end caps.

By flow cytometry, the 447 Med M,, polymer achieved 30 + 4%
and 69 + 1% transfection in the MDA-MB-231 and GBM319
cell lines, respectively. In MDA-MB-231 cells, the PBAE
nanoparticle formulation with the highest transfection efficacy
achieved 74% of the transfection percentage achieved with
Lipofectamine 2000, a highly effective positive control widely
used in the nonviral gene delivery community; positive and
negative controls can be found in Figure S11 in the Supporting
Information. In GBM319 cells, the leading PBAE nanoparticles
transfected 240% of the amount achieved with Lipofectamine
2000. Naked DNA (ie, the same dose of plasmid DNA
without added polymer) resulted in no transfection in either
cell line.

When all of the binding constants were analyzed with the
transfection efficacy, a biphasic trend was observed, with the
peak transfection occurring at an intermediate binding affinity
(Figure S12A,B in the Supporting Information). However, the
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correlation is not straightforward, as similar binding affinities
can also lead to dramatically lower transfection. This is to be
expected because binding constants alone are likely insufficient
to predict whether a particular polymer will deliver DNA
successfully, as there are many factors that affect gene delivery
such as cellular uptake, endosomal escape, DNA release, and
nuclear import (Scheme 1).°

I. Effect of M,,. In the MDA-MB-231 cells, a comparison of
the 447 polymers with incremental molecular weight (Figure
SA) revealed a biphasic response, with the highest transfection
efficacy occurring at intermediate polymer molecular weight
(447 Med M,,) and intermediate binding affinity (58 000 M™").
For the w/w ratio 30 group, there was an increase in
transfection efficacy for the MDA-MB-231 cell line as the
molecular weight increased (Figure SA), whereas there was a
decrease for the GMB319 cell line (Figure SB). Polymer 447
Med M,, with a binding constant of 58 000 M~ was the most
effective polymer evaluated in terms of transfection efficacy for
the GBM319 cells (Figure SB). This suggests that there is an
optimal range: having a binding constant that is either too small
or too large is unfavorable. Polymers with small binding
constants may not be able to condense and protect the DNA
sufficiently, and ones with excessively large binding constants
likely do not release the DNA as efficiently.** As the molecular
weight increased from 10.3 to 91.6 kDa, the transfection
efficacy decreased from approximately 60% to 30% positive
cells in the GBM319 cells.

Il. Effect of Single Carbon Differences. When the molecular
weight was held approximately constant and the backbone and
side chain were varied, the optimal binding constant was near
58000 M~ (polymer 447 Med M,,) for MDA-MB-231 cells
(Figure SC,E), and the transfection was similarly high (~70%)
for GBM319 cells for binding constants in the range (1—6) X
10* M~ (Figure SD,F). In cases where the binding constant is
smaller than 10* M/, increasing the binding constant correlates
with increased transfection efficacy for MDA-MB-231 cells.
GBM319 cells are better transfected by polymers with smaller
binding constants (10°~10* M) than the MDA-MB-231 cells
are, and this is likely due to intrinsic differences in the gene
delivery transport steps (Scheme 1) for these two cell types.
For both cell types, when the binding constant increased
further (>10° M™'), even at constant molecular weight,
transfection decreased.

Although it is common practice to use 10% fetal bovine
serum for in vitro transfection experiments, higher media serum
content may be more physiologically relevant. When 70%
serum was used to assess the transfection efficacy and its
correlation with the observed binding constants in the
GBM319 cell line, the highest transfection achieved in the
presence of high serum was similar to that observed with low
serum, approximately 70% of human cells positively transfected.
A biphasic trend similar to that under 10% serum conditions
was also observed (Figure S13 in the Supporting Information),
and a similar optimal range of binding constants, ~10* M,
was able to result in the highest transfection efficacy.

Ill. Effect of End Caps. The MDA-MB-231 and GBM319 cell
lines had very low transfection for the non-end-capped,
acrylate-terminated polymer (polymer 44). Furthermore, the
primary-amine-capped polymers (polymers 442 and 444) were
not able to transfect MDA-MB-231 cells effectively, whereas
polymers capped with primary, secondary, and tertiary amines
were able to transfect the GB319 cells.
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Secondary or tertiary amine end caps, depending on the w/w
ratio, were required for effective transfection of the MDA-MB-
231 cell line with these polymers. The GBM319 cell line could
be successfully transfected via PBAE polymers end-capped with
primary amines (442 and 444) in addition to the polymers end-
capped with secondary or tertiary amines. However, there did
not appear to be a strong trend with the binding constant and
transfection efficacy in the end-capped series (Figure SG,H).

Effect of Binding Constant on Cytotoxicity. In general,
the cytotoxicity increased with increasing polymer/DNA w/w
ratio (Figure 6). In both cell lines tested, it appeared that there
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Figure 6. Effect of binding constant on relative metabolic activity in
(A, C, E, G) MDA-MB-231 cells and (B, D, F, H) GBM319 cells for
the series with varying (A, B) M,, (C, D) backbone, (E, F) side chain,
and (G, H) end caps.

was low cytotoxicity with polymers that had binding constants
in the 10*~10° M~ range (Figure S12C,D in the Supporting
Information).

I. Effect of M,,. Particle-induced cytotoxicity in both cell lines
increased as the binding constant (and M,,) increased (Figure
6A,B). There was relatively less toxicity in the MDA-MB-231
cell line than in the GB319 cell line, especially for the 447 High
M,, polymer.

Il. Effect of Single Carbon Differences. The cytotoxicity in
both cell lines increased as the number of carbons in the
backbone or side chain increased. Thus, the cytotoxicity
decreased (and the relative metabolic activity increased) as
the binding constant increased (Figure 6C—F).

Ill. Effect of End Caps. There was no significant cytotoxicity
in the MDA-MB-231 cell line with the 44, 442, 444, 446, and
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447 Low end-cap series, whereas there appeared to be some
cytotoxicity in the GBM319 cell line with the primary and
tertiary amine end caps. Secondary amine end caps may be
particularly less cytotoxic in the GBM319 cell line (Figure
6G,H). There was not a clear trend in the relative metabolic
activity when the type of end cap was varied.

Heparin Competition Release. The 44 polymer asso-
ciated with the weakest binding constant (526 M™") released its
DNA with the lowest amount of heparin (<2 ug/mL) (Figure
S14 in the Supporting Information). Polymer 447 Low M,, was
associated with a binding constant of 42 X 10° M™' and
released its DNA at a heparin concentration between 16 and 64
ug/mL (Figure S14). The 446 and 447 High M,, polymers were
associated with binding constants of 7.97 X 10° and 1.23 X 10°
M, respectively, and both released their DNA at heparin
concentrations between 128 and 256 pug/mL. The 446 polymer
exhibited a faint supercoiled DNA band at 128 ug/mL,
suggesting that this polymer likely releases its DNA at a lower
heparin concentration than does 447 High M,, (Figure S14).
The DNA release from the polyplexes appeared to be inversely
proportional to the binding affinity between DNA and the

polymers.
B CONCLUSIONS

Evaluation of polymer—DNA binding constants using time-
correlated single-photon counting and comparison of these
values to transfection efficacies allowed us to observe that
binding constants of (1—6) X 10* M™' were optimal for both
human cancer cell lines tested. Our data reveal that the
polymer—DNA binding affinity for PBAEs is biphasic with
respect to transfection efficacy, with an intermediate binding
affinity being optimal. A binding constant in the optimal range
is necessary but not sufficient for effective transfection. This
intermediate binding affinity can be independently tuned by
adding single carbons to the backbone or side-chain structure,
by varying the monomer ratio during synthesis and/or using
GPC fractionation to tune the polymer molecular weight, and
by modifying a small-molecule end group used to end-cap a
linear polymer. Probing a specific gene delivery bottleneck with
a class of polymers that were synthesized to have subtle
structural differences has revealed new quantitative and
mechanistic insights concerning how they function for gene
delivery.
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The Effect and Role of Carbon Atoms in Poly(beta-amino
ester)s for DNA Binding and Gene Delivery

Corey J. Bishop, Tiia-Maaria Ketola, Stephany Y. Tzeng, Joel C. Sunshine, Arto Urtti,
Helge Lemmetyinen, Elina Vuorimaa-Laukkanen, Marjo Yliperttula, Jordan J. Green

Experimental Procedure
L. Materials (Reagents, assays, cells and instruments)

The polymers were synthesized from commercially available monomers: 1,3-propanediol diacrylate (B3)
(Monomer-Polymer and Dajac Laboratories Inc.), 1,4-butanediol diacrylate (B4) (Alfa Aesar), 1,5-pentanediol
diacrylate (B5) (Monomer-Polymer and Dajac Laboratories Inc.), 1,6-hexanediol diacrylate (B6) (Alfa Aesar), 3-
amino-1-propanol (S3), 4-amino-1-butanol (S4) (Alfa Aesar), 5-amino-1-pentanol (S5) (Alfa Aesar), 6-amino-1-
hexanol (S6) (Sigma Aldrich), 2,2-dimethyl-1,3-propanediamine (E2) (Sigma Aldrich), 2-methyl-1,5-
diaminopentane (E4) (TCI America), 2-(3-aminopropylamino)ethanol (E6) (Sigma Aldrich), 1-(3-aminopropyl)-4-
methylpiperazine (E7) (Alfa Aesar). Other reagents include the following and were used as received: peptide
(KK),KGGC (Biomatik), tetrahydrofuran (THF) (Sigma Aldrich), dimethyl sulfoxide (DMSO), (Sigma Aldrich),
ethidium bromide (ETB; Sigma Aldrich), Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA), OptiMEM 1
(Invitrogen), plasmid enhanced green fluorescent protein (pEGFP-N1) DNA (Clontech), amplified and purified by
Aldevron (Fargo, ND). The breast cancer cell line (MDA-MB-231; ATCC) is of human origin and was cultured
using DMEM high glucose 1x media and supplemented with 10% heat inactivated fetal bovine serum (FBS) and
100 U/mL of penicillin and 100 pg/mL of streptomycin (Invitrogen). The glioblastoma multiforme (GBM) cell line
(GBM319) was derived from brain tumor stem cells from a 79-year old patient, was cultured as previously
described in DMEM:Ham’s F12 (1:1) (Invitrogen) supplemented with 10% heat inactivated FBS and 1x Antibiotic-
Antimycotic (Invitrogen).' All cells were cultured in a humid 37°C and 5% CO, atmosphere. Propidium iodide (PI)
(Invitrogen), 25 mM sodium acetate buffer (NaAc, pH=5.2) (Sigma Aldrich), CellTiter® Aqueous One Solution
Cell Proliferation Assay (Promega), Gel Permeation Chromatography (GPC) (Waters®, Breeze 2 software), a
Bruker nuclear magnetic resonance (NMR) spectrometer, UV-Vis Spectrometer (Synergyz, BioTek®, Gens
software), and a BD Accuri™ C6 flow cytometer equipped with HyperCyt® (Intellicyt Corp.) for high-throughput
were used following manufacturer instructions. A Visi-Blue™ Transilluminator was used for imaging agarose gels.
The single photon counting instrumentation consisted of a PicoQuant GmBH, PicoHarp 300 controller and a
PDL 800-B driver.

II. Methods

Polymer Synthesis and Fractionation

Diacrylate monomers that form the polymer backbones (B3, B4, Bs, B6) and amine monomers that form
the polymer side chains (S3, S4, S5, S6) were mixed neat using 1.05:1, 1.2:1, or 1.4:1 mole ratios and endcapped as
previously described with slight modification (E2, E4, E6, E7) (Scheme S1).” Briefly, the base polymer (diacrylate
and side chain) reactions were carried out for 24 hours at 90°C, solvated in THF and endcapped for 1 hr using a
0.5 M amine monomer solution. Subsequently, the polymers were purified in anhydrous diethyl ether and
vacuum dried for at least 24 hours and then fractionated by gel permeation chromatography (Waters Corp.,
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Milford MA) using THF Styragel columns (3 7.8 x 300 mm in series). Two minute time fractions were collected at
a1 mL/min flow rate and again ether purified and vacuum dried for 48 hours. The polymers were then solvated in
anhydrous DMSO to 100 mg/mL and stored at -20°C in small aliquots to minimize freeze-thaw cycles. GPC was
used to assess molecular weight of the fractionated polymers. Synthetic PBAE polymers are referred to by the
order of their constituent monomers: backbone acrylate monomer, side chain amine monomer, and end group
amine monomer. For example, B4-S4-E7 is 447 as an abbreviation (Scheme S1).

Reaction
\)-L,o, \OM*‘ ?\OH4 kR. H
l‘OH
n

Monomers
Backbone Sidechain Endcap
0 (o] A
B3 S3 H,N OH E2 H,N NH,
%)Lo/\_/‘qkf 3-amino-1-propanol >
1,3-propanediol diacrylate 2,2-dimethylpropane-1,3-diamine

o S4 N/\“/\/OH
2
B4 “\\)J\O/\/‘\/O\[(% 4-amino-1-butanol E4 HZN\)\/\,NHE

o ? 2-methylpentane-1,5-diamine
1,4-butanediol diacrylate
W
S5H;N OH

B5 \)L s J\/ 5-amino-1-pentanol E6 HZN/\/\N/\VOH

1 5-pentaned|ol dlacrylate 2-(3-aminopropylamino)ethanol

AT
S6 H,N OH
B6 MO/W\/O‘[(\\\ 6-amino-1-pentanol E7 H,N™~""N"
N

o] . - . .
1,6-hexanediol diacrylate 1-(3-aminopropyl)-4-methylpiperazine

Representative Polymer: B4-S4-E7 (447)

Scheme S1. Reaction of PBAE synthesis; backbone (B3-6), sidechain (s3-6) and various endcap (E2, E4, E6,
E7) monomers used in the PBAE library. A representative polymer (447) is shown.

Nuclear Magnetic Resonance

Representative acrylate-terminated base polymers and amine-terminated end-capped polymers were analyzed via
"H NMR. Polymers designated as "ether-purified” were synthesized in THF (or, in the case of 44 base polymer,
dissolved in THF without reaction) and then precipitated into diethyl ether as described. After 48 hr drying
under vacuum, polymers were dissolved in deuterated chloroform (CDCl,) with 0.03% v/v tetramethylsilane
(TMS) at 10-20 mg/mL. Other 44 base polymers were not purified after neat synthesis and were similarly
dissolved in CDCI; with TMS. All spectra were obtained with Bruker instruments (400 MHz, Topspin 2.0 or 2.1
software) and analyzed with NMR Processor v.12 (ACD Labs, Toronto, Canada).”

Fluorescence Measurements

Plasmid DNA encoding enhanced green fluorescent protein (pEGFP) at 0.0975 mg/mL (300 uM of
phosphate concentration) was added to ETB (20 pM) in a 15:1 mole ratio in 250 pL of 25 mM sodium acetate
(NaAc, pH s5.2). The resulting intercalated DNA-ETB complex was a homogeneous pink color. Subsequently, 250
pL of each polymer was added to the resulting solution in polymer weight to DNA weight ratio (w/w) ranging
from 1.2 to 47 w/w (N/P ratios ranging from 1 to 40) and was immediately mixed thoroughly. The polyplexes were
allowed to stabilize for 10 minutes before beginning fluorescence measurements. The time-resolved fluorescence
was measured by a time-correlated single photon counting (TCSPC) system (PicoQuant GmBH) consisting of a
PicoHarp 300 controller and a PDL 800-B driver. The samples were excited with the pulsed diode laser head
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LDH-P-C-485 at 483 nm with 130 ps time resolution. The signals were detected with a microchannel plate
photomultiplier tube (Hamamatsu R2809U). To diminish the influence of the scattered excitation, a cut-off filter
was used in front of the monitoring monochromator. To study the decay associated spectra (DAS), the decays
were collected with a constant accumulation time in the 560-670 nm wavelength range with 10 nm increments.
The decays were simultaneously fitted to the sum of two exponents in the equation (1):

I(t,l) = al(l)e—t/‘n + az(l)e‘t/fz (1)

where 7; is the global lifetime and a;(A) is the local amplitude at a particular wavelength. The factors a;(1)
represent the DAS (Figure S2), which in the case of a mixture of different non-interacting fluorescing species
corresponds to the individual spectra of the species (ETB bound to DNA and ETB free in solution). The
photomultiplier tube becomes increasingly less sensitive at higher wavelengths which was taken into account.
The spectral areas (A;) of the components can be calculated by integrating the pre-exponential factors over the
measured wavelength range as indicated in the following equation:

A; = [ a;(D)dA(2)

The short-living component, corresponding to free ETB in the bulk solution, has a lower fluorescence quantum
yield than the long-living component corresponding to ETB bound to DNA. The relative fluorescence quantum
yield of the short-living component, ¢, = 0.112 (equation 3), was calculated from the steady state absorption (UV-
VIS spectrophotometer Shimadzu UV-3600) and fluorescence (Fluorolog Yobin Yvon-SPEX, I, = 483 nm) spectra
according to the following equation:

_ ¢erB  _ IETBADNA-ETB (
¢rel - -
¢DNA-ETB  IDNA-ETBAETB

where ¢rp is the quantum yield of ETB free in solution, ¢pya grp is the quantum yield of the DNA-ETB
complex, [; is the area of the fluorescence spectra with an excitation wavelength of 483 nm and 4; is the
absorbance at a wavelength of 483 nm. The corrected spectral area (A,°) for the short living component is
obtained by dividing A, by ¢,. As polymer (P) is added to the DNA-ETB complex, the polymer binds DNA and
the ETB is freed into solution as follows:

DNA-ETB + P = DNA-P + ETB (4)

The proportion of the short-living decay component of the total area of the DAS spectra, B, is the proportion or
ratio of free ETB and is directly proportional to the amount of formed polyplexes (or the fraction of DNA bound
to polymer). Thus, the bound fraction of DNA, B, can be assessed by monitoring the ratio of free ETB and can be
calculated from the spectral areas of the components as follows:

¢
A§+A;

The bound fraction of DNA as a function of amine concentration was assessed and the maximum was

determined. All data points up to the maximum bound fraction were used to determine the binding constants. Of
note, the initial concentration of ETB in the system is chosen such that without polymer there is no free ETB.
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Binding Constant Calculation

The Hill plot equation for multivalent ligands binding to multi-subunit substrates was used to estimate the
cooperativity and binding constants for the polyplex formation®*:

In% = aln [P] + aln K (6)
2
K“ is the overall binding constant for the reaction DNA + nP = DNA-P,, K is the binding constant for the binding

of one functional amine group according to the reaction DNA-P, , + P = DNA-P, (X =1, 2, ..., n) and the slope of

the Hill plot, «, is the experimental Hill’s coefficient (a = 1 for non-cooperative systems, o < 1 for negative
cooperativity and a > 1 for positive cooperativity). The error in K is calculated from the standard error of the y-
value in the linearly fitted Hill plots.

Particle Diameter and Zeta Potential

Particle diameter was determined by nanoparticle tracking analysis (NTA) using a NanoSight NS500
(Amesbury, UK, 532 nm laser), and zeta potential was determined using a Malvern Zetasizer Nano ZS (Malvern
Instruments, UK, detection angle 173° 633 nm laser) in triplicate. Polymer/DNA nanoparticles were made at a 60
w/w ratio in 25 mM sodium acetate buffer (pH = 5.2) at a DNA concentration of 0.005 mg/ml and diluted into 1x
PBS, pH 7.4. Particles were diluted 100-fold into PBS before NTA measurement. Particles were diluted 5-fold into
PBS when using the Zetasizer; average electrophoretic mobilities were measured at 25°C, and zeta potentials (ZP)
were analyzed using the Smoluchowski model. Additional experiments of representative polyplexes were
conducted at concentrations comparable to delivery conditions at various pHs (5 and 7.4) and various ionic
strengths (150, 75, 38, 19 mM) using dynamic light scattering (Malvern Instruments, UK).

Transfection and Cytotoxicity (Relative Metabolic Activity)

MDA-MB-231 and GBM319 cells were seeded in g6-well plates at 15,000 cells per well and allowed to
adhere overnight at 37°C and 5% CO,. Polymers and DNA were diluted in 25 mM NaAc and mixed in a 1:1 v/v
ratio at 30, 60, and 9o w/w. Particles were allowed to self-assemble for 10 minutes prior to in vitro delivery.
Subsequently, 20 pL of particle solution was delivered to each well already containing 100 pL of media (10% or
70% serum) for a DNA dosage of 600 ng/well (5 pg/mL) in quadruplicate. Naked DNA at the same final
concentration in 25 mM sodium acetate and an untreated group were used as negative controls. Lipofectamine
2000 was used as a positive control to deliver 100 and 200 ng of DNA per well using a 2.5:1 v/w ratio
(Lipofectamine reagent:DNA) in quadruplicates (following manufacturer recommendations). After 4 hours of
incubation, the wells were aspirated and replenished with fresh media. To assess relative metabolic activity as an
indication of toxicity at 24 hours post-delivery, each of the wells were aspirated and incubated with 110 pL of a 1011
mixture of culture media to CellTiter 9g6® Aqueous One Solution in quadruplicate according to the
manufacturer’s instructions. The absorbance at 490 nm was measured using the Synergy2 UV-Vis spectrometer.

Flow Cytometry

The transfection efficacy was assessed using flow cytometry at 48 hours post-delivery. The g6-well plates
were aspirated, washed with PBS, and trypsinized. After quenching with 2% FBS (in PBS) with propidium iodide
(PI) at 1:200 v/v, the contents were transferred to a round-bottom g6-well plate and centrifuged at 8oo RPM for 5
minutes. After centrifuging, all but 30 pL of buffer was removed, and each cell pellet was triturated before loading
on the Hypercyt high-throughput reader. FlowJo (v. 7.6) was used for gating and further analysis. Singlets were
identified using FSC-H vs SSC-H; dying cells were identified with PI (a DNA intercalator which fluoresces with a
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compromised cell membrane) using FSC-H vs FL3-H; FLi1-H vs FL3-H was used to identify the GFP-positive
population.

Geometric and arithmetic fluorescence means of the flow cytometer’s FL1-A channel can be an indicator
of the relative amount of EGFP present on a per cell basis. Normalized fluorescence means of the FLi-A channel
were calculated by dividing the viable singlet population’s FLi1-A mean fluorescence by the untreated conditions’

mean fluorescence.
Heparin Competition Release Assay

Gel electrophoresis was accomplished using 1% agarose gels containing 1 pg/mL of ETB in a 1x TAE
buffer. The gels were loaded with 15 pL of polyplexes at 60 w/w (pEGFP-N1 of 0.01 mg/mL). The polyplexes were
allowed to stabilize for 10 minutes. Just prior to the loading the polyplexes were added to glycerol (30% v/v). The
gels were run for 1 hour using 100 volts and imaged using a Visi-Blue™ Transilluminator. Four representative
polymers ranging from the weakest to the strongest binding constants were used for the release assay (44, 447
Low M,,, 446, 447 High M,,).

Statistics

All binding constants are reported as previously described; transfection and toxicity plots show the mean
and standard error of the mean. All other physical characterizations and data plotted show the mean and
standard deviation. One-way ANOVA tests were used with Tukey post-hoc analyses to assess significance
between multiple groups. Differences were considered significant with p-values < 0.05 (* < 0.05, ** < 0.01, *** <
0.001).
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Figure S1. 'H NMR spectra of polymers 44 High (A, C), Med (E), Low M,, (G), 442 (B), 444 (D), 446 (F), and 447 (H).
These spectra are consistent with NMR analyses published previously (Sunshine, Akanda, et al.) along with spectra of
the other polymers used in this study.” (See below for further peak analyses.)

Nuclear Magnetic Resonance Spectra

Some of the spectra above include the following sharp peaks corresponding to the solvent in which the polymer
was synthesized (tetrahydrofuran, THF) or diethyl ether, used to precipitate the polymer:

THF: 1.85 ppm
Diethyl ether: 3.45-3.55 ppm (q, CH,CH,OCH,CH,)
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Diethyl ether: 3.15-3.25 ppm (t, CH,CH,OCH,CH,)

Solvent peaks were not considered during analysis. Shown in the spectra below:

44 (B4-S4) (all molecular weights)

1.45-1.6 (m, NCH,CH,CH,CH,OH and NCH,CH,CH,CH,OH)

1.6-1.75 (t, COOCH,CH,CH,CH,00C()

2.35-2.6 (t, COOCH,CH,NCH,CH,00C and t, NCH,CH,CH,CH,OH)
2.7-2.85 (t, COOCH,CH,NCH,CH,00C)

3.55-3.7 (t, NCH,CH,CH,CH,OH)

4.0-4.2 (t, COOCH,CH,CH,CH,0O0C)

5.8-5.9 (d, CH,OOCCH=CHH)

6.1-6.2 (dd, CH,OOCCH=CHH)

6.35-6.5 (d, CH,OOCCH=CHH)

442 (B4-S4-E2)

0.9-0.95 (s, NHCH,C(CH,),CH,NH,)

1.45-1.6 (m, NCH,CH,CH,CH,OH and NCH,CH,CH,CH,OH)

1.6-1.75 (t, COOCH,CH,CH,CH,00C)

2.35-2.6 (t, COOCH,CH,NCH,CH,00C and t, NCH,CH,CH,CH,OH and
t, NHCH,C(CH,),CH,NH,)

2.7-2.85 (t, COOCH,CH,NCH,CH,00C)

3.55-3.7 (t, NCH,CH,CH,CH,OH)

4.0-4.2 (t, COOCH,CH,CH,CH,00C)

444 (B4-S4-E4)
0.9-1.0 (m, NCH,CH,CH,CH(CH,)CH,N)

1.45-1.6 (m, NCH,CH,CH,CH,OH and NCH,CH,CH,CH,OH and NCH,CH,CH,CH(CH,)CH,N)

1.6-1.75 (t, COOCH,CH,CH,CH,00C)

2.35-2.5 (t, COOCH,CH,NCH,CH,0O0C and t, NCH,CH,CH,CH,OH and
m, NCH2CH2CH2CH(CH3)CHZN)

2.7-2.85 (t, COOCH,CH,NCH,CH,00C)

3.55-3.7 (t, NCH,CH,CH,CH,OH)

4.0-4.2 (t, COOCH,CH,CH,CH,00C)

446 (B4-S4-E6)

1.45-1.6 (m, NCH,CH,CH,CH,OH and NCH,CH,CH,CH,OH)
1.6-1.75 (t, COOCH,CH,CH,CH,00C and quin, NCH,CH,CH,NHCH,CH,OH)
2.35-2.6 (t, COOCH,CH,NCH,CH,00C and t, NCH,CH,CH,CH,OH and
m, NCH,CH,CH,NHCH,CH,OH)
2.7-2.85 (t, COOCH,CH,NCH,CH,00C)
3.55-3.7 (t, NCH,CH,CH,CH,OH and t, NCH,CH,CH,NHCH,CH,OH)
4.0-4.2 (t, COOCH,CH,CH,CH,00C)
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447 (B4-54-E7)

1.45-1.6 (m, NCH,CH,CH,CH,OH and NCH,CH,CH,CH,OH and

t, NCH,CH,CH,N<(CH,CH,),>NCH,)
1.6-1.75 (t, COOCH,CH,CH,CH,00C()
2.3 (s, NCH,CH,CH,N<(CH,CH,),>NCH,)
2.35-2.6 (t, COOCH,CH,NCH,CH,00C and t, NCH,CH,CH,CH,OH and m, NCH,CH,CH,N<(CH,CH,),>NCH,)
2.7-2.85 (t, COOCH,CH,NCH,CH,00C)

3.55-3.7 (t, NCH,CH,CH,CH,OH)

4.0-4.2 (t, COOCH,CH,CH,CH,0O0C)

0.08-
-~ 1.81ns

—_ - 2258ns
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Figure S2. Decay-associated spectra. The fluorescence lifetimes of ethidium bromide bound to DNA and free in the

solution are 22.58 and 1.81 ns, respectively, in this particular case.

Table S1. List of PBAE polymers and their number average molecular weights (M,), weight average molecular weights

(M,,), polydispersity indices (PDI), degree of polymerizations (DP), Hill coefficients («), binding constants (K),

diameters (nm), and zeta potentials (ZP; mV).

Varying Polymer M, (kDa) | M, (kDa) PDI DP o K (M") Diameter (nm) ZP (mV)
447 Low M,, 7.9 10.3 1.3 27 0.40 4.2£0.1x10° 180 14
Molecular n
Weight 447 Med M,, 10.4 14.7 1.4 35 0.22 5.8 £ 0.3x10 135 6
447 High M,, 32.0 91.6 29 110 0.23 1.23 + 0.03x10° 171 14
346 7.5 11.2 1.5 27 0.24 4.8 +0.2x10° 122 14
446 8.3 11.8 1.4 28 0.38 7.97 £ 0.09x10° 130 18
Backbone
546 7.0 9.1 1.3 23 0.22 1.03 + 0.04x10* 178 15
646 8.1 10.0 1.2 24 1.16 1.19 + 0.04x10° 230 15
437 8.1 10.3 1.3 29 0.28 1.15 + 0.01x10° 170 9
) | 447 Med m, 10.4 14.7 1.4 35 0.22 5.8 + 0.3x10* 134 6
Sidechain 3
457 10.3 13.1 1.3 33 0.41 3.5+ 0.1Ex10 160 9
467 10.3 12.5 1.2 31 0.39 4.7 +0.3x10° 165 8
44 9.3 11.6 1.2 32 0.62 526+ 9 180 1
442 7.5 10.4 1.4 25 0.42 3.5+ 0.2x10° 200 12
Endcap 444 7.4 10.3 1.4 25 0.50 3.4 +0.1x10° 190 13
446 8.3 11.8 1.4 28 0.38 7.97 £ 0.09x10° 130 18
447 Low M,, 7.9 10.3 13 27 0.40 4.2%0.1x10° 180 14
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Figure S3. Hill plot of peptide (KK),KGGC.
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Figure S4. The relationship between polyplex diameter and the binding constant (M) of each of the series comparing
M, (A), backbone (B), sidechain (C), and endcaps (D).
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Figure Ss. All diameters versus binding constants (A); dependence of transfection efficacy on polyplex diameters in
MDA-MB-231 (B) and GBM31g9 cells (C).

O PBS (pH 7.4; 150 mM; 1:100)
E3 NaAc (pH 5.2; 25 mM)
[ NaAc (pH 5.2; 150 mM)
PBS (pH 7.4; 150 mM)
B PBS (pH 7.4; 75 mM)
4007 B PBS (pH 7.4; 38 mM)

[J PBS (pH 7.4; 19 mM)
3004

2004

Diameter (nm)

1004

]

FITIIIITS
FLTTLLLL LSS TTTTIII T
TATTTIITS ST TTIITTTIIITS.
CALTLIILITILII,

A

]

Figure S6. Diameter of four representative polymers at various pHs and ionic strengths. (White group was via NTA;
remainder was via DLS.)
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Figure S7. The relationship between zeta potential and the binding constant (M) of each of the series comparing M,,
(A), backbone (B), sidechain (C), and endcaps (E).
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Figure S8. All ZP values irrespective of series versus binding constants (A); dependence of transfection efficacy on ZP in
MDA-MB-231 (B) and GBM319 cells (C).
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Figure Sg. ZP of four representative polymers at various pHs and ionic strengths.
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Figure S10. Normalized geometric (A) and arithmetic (B) means versus transfection efficacy in the MDA-MB-231 and
GBM319 cell lines.
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Figure Su. Positive (Lipofectamine 2000 at 100 and 200 ng/well) and negative controls (naked DNA and untreated) for
transfection and relative metabolic activity in MDA-MB-231 and GBM31g9 cells.
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Figure S12. All binding constants for each of the series of comparison against transfection efficacy in MDA-MB-231 cells
(A) and GBM319 cells (B), as well as cytotoxicity in MDA-MB-231 cells (C) and GBM31g9 cells (D).
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Figure S13. Binding constants compared to transfection efficacy using 70% serum in the GBM319 cell line.
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Figure S14. Heparin (ranging from o to 512 pg/mL) competition release assay of four representative polymers using gel
electrophoresis; binding constants range from 526 (weakest K measured) to 1.23x10> M™ (strongest K measured).
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