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Abstract

Establishing how polymeric vectors such as polyethylenimine (PEI) bind and pack-
age their nucleic acid cargo is vital towards developing more efficacious and cost-
effective gene therapies. To develop a molecular-level picture of DNA binding, we
examined how the Raman spectra of PEIs report on their local chemical environment.
We find that the intense Raman bands located in the 1400 — 1500 cm ™! region derive
from vibrations with significant CH, scissoring and NH bending character. The Raman
bands that derive from these vibrations show profound intensity changes that depend
on both the local dielectric environment and hydrogen bonding interactions with the
secondary amine groups on the polymer. We use these bands as spectroscopic markers
to assess the binding between low molecular weight PEIs and single-stranded DNA
(ssDNA). Analysis of the Raman spectra suggest that PEI primarily binds via electro-
static interactions to the phosphate backbone, which induces the condensation of the
ssDNA. We additionally confirm this finding by conducting molecular dynamics sim-
ulations. We expect that the spectral correlations determined here will enable future
studies to investigate important gene delivery activities, including how PEI interacts

with cellular membranes to facilitate cargo internalization into cells.

Introduction

Developing non-viral vectors that safely and efficiently deliver exogenous nucleic acids
into cells is essential for life science research and gene therapy applications. Polymers are an
emerging and promising class of delivery vehicles since, unlike viral vectors, there is little risk
of triggering life-threatening immune responses.»? Cationic polyamines such as polylysine,
polyornithine, and polyethylenimine (PEI) are among the most popular non-viral delivery
vehicles.?® Despite their popularity, however, the mechanisms by which these and other poly-
mers interact with cells and nucleic acids to ensure successful delivery of their cargo remains

poorly understood. For example, although it is considered a gold-standard in the field, PEI



still suffers from low transfection efficiency compared to viral vectors and exhibits relatively
high cytotoxicity and non-biodegradability, which prevents its use in clinical applications.*

Polymer delivery vehicles perform important biological activities such as binding to the
cell surface, entering cells via endocytosis, and delivering their nucleic acid cargo to the
site-of-action within the cell.?5 One of the most important functions that polymers per-
form is the packaging of their nucleic acid cargo into complexes known as polyplexes.® The
interactions between polymers and their cargo must be stable enough to prevent premature
release outside the cell.” However, these interactions cannot be too stable to prevent effi-
cient unpackaging and cargo release inside the cell.»® Unfortunately, most of what is known
about the interactions that stabilize polyplexes stems from structural data on the nucleic
acid cargo and not the polymers. This incomplete picture makes it difficult to establish
structure-activity relationships to rationally design more effective polymers for gene delivery
applications. Thus, new tools are needed to investigate polyplex dynamics from both the
perspective of the polymeric carrier and its cargo.

Cationic polyamines are thought to bind nucleic acids primarily through electrostatic
interactions between their positively charged amino groups and the negatively charged phos-
phate backbone of nucleic acids.? Nuclear magnetic resonance (NMR) studies on small
polyamines such as putrescine, spermidine, and spermine, for example, suggest that these
molecules engage in transient, non-specific electrostatic interactions with the phosphate back-
bone of double-stranded DNA (dsDNA).%!! These experimental results can be explained to
varying degrees of success by polyelectrolyte, 1%!? Poisson-Boltzmann, '* and counterion con-
densation theories, '® all of which presume non-specific electrostatic interactions between the
anionic DNA phosphate groups and the cationic polyamines. These binding models differ
markedly from crystallographic studies, which indicate that spermine in particular preferen-
tially binds specific, sequence-dependent sites on the major groove of dsDNA and may even
promote the conversion of B-form DNA to A- or Z-form structures. 618

More recent studies have utilized vibtrational spectroscopy methods such as infrared (IR)



absorption and Raman scattering to structurally characterize polyamine binding to nucleic
acids. 2! These techniques are versatile methods to probe the nature of the binding inter-
action because they excite molecular vibrations that are intrinsically sensitive to the local
chemical environment and structure of the chromophores being probed. By analyzing the
frequency and intensity changes of specific vibrational marker bands, these studies demon-
strate that low molecular weight polyamines such as spermidine and spermine preferentially
bind dsDNA via electrostatic interactions with the phosphate backbone. However, these
studies have mostly focused on analyzing the vibrational bands of dsDNA and not those of
the polymers.

Here, we extend the work of these previous vibrational spectroscopic studies to examine
nucleic acid binding by investigating how the Raman bands of cationic polyamines such as
PEI report on local intermolecular interactions. We focus our studies on the compounds, N-
ethylpropylamine (NEPA), diethylenetriamine (DETA), triethylenepentamine (TEPA), and
pentaethylenehexamine (PEHA), which are shown in Figure 1. We show that these molecules
are excellent model systems since the internal monomers of PEHA and TEPA adopt similar
conformations as those found in high molecular weight PEIs. We also demonstrate the Ra-
man intensities of the CH, scissoring bands, found in the 1400 — 1500 cm ™! region, sensitively
report on the local electrostatic and hydrogen bonding interactions of the amine groups of
PEIs. Using these bands as spectroscopic markers, we examine the structural changes that
occur in both single-stranded DNA (ssDNA) and PEHA upon binding. Finally, we com-
plement our Raman measurements with molecular dynamics (MD) simulations to develop
a comprehensive, molecular-level picture of the complexation between PEIs and DNA. Ul-
timately, we anticipate that the spectroscopic markers discovered here can be utilized to
monitor other activities that are important for the biological transport of nucleic acids by

PEI polyplexes, including binding to the cell surface and intracellular release of cargo.



Experimental Methods

Materials. Acetonitrile (99.7% purity) was purchased from Alfa Aesar. Deuterated
chloroform (CDCl,), deuterated dimethyl sulfoxide ((CD;),SO), and deuterium oxide (D,O)
were purchased at 99.9% purity from Cambridge Isotope Laboratories. Methanol (99.8%
purity) was purchased from Acros Organics. Linear Polyethylenimine (2500 Da) was pur-
chased from Polysciences, Inc. Pentaethylenehexamine (PEHA) and tetraethylenepentamine
(TEPA) were purchased at 85 —90% purity, while diethylenetriamine (DETA) was purchased
at 99% purity from Sigma Aldrich. N-ethylpropylamine (NEPA) was purchased at 97% pu-
rity from Alfa Aesar. Oligonucleotides with the sequence GCACACATCGGACAGTTTGA
were purchased from Synbio Technologies. All aqueous samples were prepared in MilliQ
(18.2 M) water.

Sample Preparation. To obtain a Raman spectrum of high molecular weight PEI,
0.075 g of polymer was dissolved in 1 mL methanol for a final concentration of 30 mM. To
examine the coupling of vibrational modes, equimolar (200 mM) solutions of PEHA, TEPA,
and DETA were prepared in water using acetonitrile as internal standard (1% v/v). To
quantify the environmental sensitivity of NEPA in different solvents, samples were pre-
pared in H,O, D,O, CDCl;, and (CD,),SO with a final concentration of 2.5% (v/v). For
oligonucleotide binding studies, solutions of ssDNA (3mM), PEHA (100mM), and PEHA
(100 mM) /ssDNA (3mM) were prepared in water using acetonitrile as an internal standard
(1% v/v).

Raman Spectroscopy. Raman spectra were measured using a home-built Raman spec-
trometer. Briefly, Raman spectra were excited using a 532 nm solid-state laser (Torus) pur-
chased from Laser Quantum. The beam was reflected by a long-pass filter (LPD02-532RU-
25X36X2.0, Semrock) and focused onto the sample with an infinity-corrected Olympus Ach
10x/0.25 NA objective. Typical laser powers used in our experiments ranged from 240 —
256 mW at the sample. The scattered light was collected using a 180° backscattering geom-

etry and redirected through the long-pass filter into a refurbished Acton SpectroPro 25001



spectrometer. The light was dispersed in the spectrometer using either a 600 gr/mm ruled or
2400 gr/mm holographic grating and then imaged using a PIXIS 400B CCD camera (Tele-
dyne Industries). An achromatic quarter-waveplate (AQWP10M-580, Thorlabs Inc.) was
placed before the spectrometer to minimize the polarization bias of the gratings, and the
intensities were corrected using the IntelliCal system (Teledyne Industries). The nominal
resolution of our spectrometer is ca. 2.6 cm™! at 435.8 nm using a 1200 gr/mm grating (Tele-
dyne Industries). The acquisition times and frames collected varied depending on the sample
and the concentrations used, but typically ranged between 1 — 120 s per spectrum.
Spectral Processing and fitting. The measured Raman spectra were processed and
spectrally peak-fitted using home-written MATLAB scripts. The spectra were first pre-
processed by removing cosmic rays before averaging. The frequencies of all averaged spectra
were calibrated against the 801.3, 1028.3, 1157.6, 1266.3, 1444.4, 2852.9, 2923.8, and 2938.3
cm~! bands of cyclohexane. In some cases, spectra needed to be additionally baseline-
corrected due to a fluorescence background. The scripts used to process the spectra are

provided in the supporting information (SI).

Computational Methods

Density Functional Theory (DFT) Calculations. We performed ab initio calcula-
tions to obtain optimized geometries and vibrational frequencies of NEPA, DETA, TEPA,
and PEHA using unrestricted DFT with conductor-like polarizable continuum (CPCM) sol-
vation models. DFT is a reliable and cost effective method to obtain the structure and vi-
brational frequencies of organic molecules such as NEPA. %22 As it gives accurate and widely
accepted vibrational frequencies, we used the triple-split-valence basis set 6-311++4G(d,p)
with the B3LYP functional for the molecules examined here.?*?> We compared the Raman
frequencies of deuterated and non-deuterated species with experimental spectra after scaling

them by a factor of 0.967.2¢ We also performed potential energy distribution (PED) analysis



for NEPA, DETA, TEPA, and PEHA molecules using VEDA software. ?

MD simulations. The ssDNA model was constructed using w3DNA.?® Fifteen PEHA
molecules were then added to the box and placed at the edges, far from the single stranded
DNA as to avoid any initial contacts. Half of the amines on these PEHA molecules were pro-
tonated in accordance with reported physiological conditions.?*:*® The dimensions of the box
were set to (100, 75,75) A with the total box volume of 573271 A®. This volume corresponds
to a ssDNA concentration of approximately 3mM and a PEHA concentration of approxi-
mately 50 mM. The box was then filled with OPC?! water and Cl~ counterions were added
into the model via the replacement method to neutralize the system. Our MD simulations
were performed with a 9 A cutoff for Van-der Waals interactions. The Particle-Mesh Ewald
method?? was used for approximating long-range interactions and the SHAKE?? algorithm
for all hydrogen constraints. Parameters for simulation were taken from the generalized
amber forcefield (GAFF2) and OL15,3! a force field for DNA-like molecules. Simulations
were carried out with the AMBER203® molecular dynamics package. Initial steepest descent
minimization was conducted with positional restraints on both the ssDNA and PEHA for
1000 steps to allow for water/ion relaxation. Two thousand steps of unrestrained minimiza-
tion then followed. The model was then slowly heated from 100 K to 300 K over the course
of a 250 ps equilibration simulation. MD in an NPT ensemble was then performed for a
simulation time of 50ns. Simulations were analyzed with in-house python scripts utilizing
the MDAnalysis®637 package. The VMD?® program was used for visualization. The GRO-
MACS? package was also utilized for periodic boundary conditions and solvent accessible

surface area calculations.

Results and Discussion

Raman spectra of high molecular weight PEI. High molecular weight PEIs are

typically employed in gene delivery applications due to their high transfection efficiency.*’



Since high molecular weight PEIs are not very soluble in water,*! we measured the Raman
spectrum of linear PEI (2500 Da) in methanol at room temperature. The bands observed in
our spectrum agree well with reported FTIR*? and surface-enhanced Raman spectra.*® The
spectrum, shown in Figure 2, is dominated by strong bands in the 2700 — 3000 cm~! and
1400 — 1500 cm™! regions. Additional weaker spectral features, however, appear between
1000 — 1400 cm™! region. The bands between 2700 — 3000 cm™! are readily assigned to
the CH, asymmetric and symmetric stretching modes. The bands located in the region
near ca. 1455cm™! have been previously assigned to vibrations that contain both CH,
scissoring and NH in-plane bending character, while the weaker bands in the 1200 — 1400
cm ™! region have been attributed to CH, wagging and twisting modes.*? The weak features
between 1000 — 1200 cm~! have been assigned to C—N stretching vibrations.*? These bands,
however, are difficult to see in our spectrum because they overlap with the intense C—0O
stretching band of methanol. 4*

Raman spectra of low molecular weight PEIs. To develop a detailed understanding
of the vibrational spectra for ethylenimine systems, we investigated the small molecule model
compounds, NEPA, DETA, TEPA, and PEHA (Figure 1). Figure 3a-c shows the Raman
spectra of PEHA, TEPA, and DETA. Similar to high molecular weight PEI, the spectra

shown in Figure 3 show strong CH, stretching bands in the 2700 — 3000 cm™!

region, as
well as spectral features in the fingerprint region between 1000 — 1500 cm~!. To analyze the
fingerprint region in more detail, we used DFT calculations to help guide us in assigning
the Raman spectra of PEHA, TEPA, and DETA. Our assignments are shown in Table 1,
and they are overall in good agreement with previously published Raman studies on related
polyamines such as spermidine and spermine. 192!

Based on our DFT calculations (see Tables S1-S3, Figure S1), the strong Raman bands
located in the 1400 — 1500 cm~! derive from vibrations that contain significant contributions

of in-plane NH bending and CH, scissoring motions. The Raman bands located in the region

between 1300 — 1400 cm™! can be assigned to vibrations that are comprised mainly of CH,



wagging. The vibrational modes between 1000 — 1200 cm™! contain significant contributions

L appears only in TEPA

of CH, twisting character. Interestingly, the band at ca. 1205cm™
and PEHA, but not in DETA. This mode can be assigned to a predominately CH, twisting
vibration.

Although the Raman spectra of PEHA, TEPA, and DETA closely resemble that of high
molecular weight PEI, they do contain noticeable differences. For example, the 1000 — 1300
cm ™! region in the spectra of PEHA, TEPA, and DETA (Figure 3a-c) contain additional
Raman bands compared to the spectrum of high molecular weight PEI (Figure 2). These
additional bands presumably derive from the terminal monomers, whose spectroscopic con-
tributions are negligible in high molecular weight PEIs.#?> The Raman spectrum of DETA
(Figure 3c) most closely approximates the spectrum of the terminal monomers since it is
the smallest molecule (Figure 1). In contrast, the PEHA (Figure 3a) and TEPA (Figure 3b)
spectra contain greater spectroscopic contributions of the internal monomers. Since the
solutions of the compounds were prepared at equimolar concentrations, the difference spec-
trum between PEHA and TEPA should closely approximate the Raman spectrum of internal
monomers observed for high molecular weight PEI, assuming there is negligible coupling of
vibrations between the monomer subunits. Similar assumptions have been made to interpret
the vibrational spectra of polypeptides in extended or disordered conformations. 4746

To calculate the difference spectrum, we first normalized the minuend (PEHA) and the
subtrahend (TEPA) to the nitrile stretching band (ca. 2250cm™') of acetonitrile, which
we used as an internal intensity standard. As seen in Figure 3d, the difference spectrum
does indeed closely resemble the spectrum of high molecular weight PEI, exhibiting both
the strong band centered at ca. 1460 cm ™!, as well as weaker features between 1000 — 1300
cm~! that derive from CH, twisting and wagging modes. The fact that the PEHA - TEPA
difference spectrum closely resembles the spectrum shown in Figure 2 indicates that the

internal monomers of small PEIs such as PEHA and TEPA adopt a similar distribution of

conformations and sense similar local chemical environments as the monomer subunits of



high molecular weight PEI. This also indicates that low molecular weight molecules such as
PEHA and TEPA can serve as useful model systems to conduct detailed investigations into
the spectroscopic behavior of PEIs.

In addition to this, the Raman spectra of PEHA and TEPA can reasonably be modeled
as a linear combination of the DETA spectrum and the PEHA - TEPA difference spectrum
(red traces in Figure 3a and b). The subtle differences observed in the modeled and ex-
perimental spectra derive from imperfections associated with applying baseline corrections
in the raw PEHA and TEPA spectra due to their fluorescence backgrounds. The ability
to reasonably model these spectra as the summed contributions of internal and terminal
monomers reinforces the validity of the local-mode behavior of the vibrations in PEIs.

This result significantly simplifies the analysis of PEI Raman spectra. This is because any
spectral frequency and intensity changes observed in PEIs do not result from confounding
vibrational coupling phenomena that give rise to “excitonic” frequency splitting behavior and
changes in band intensities due to energy transfer.*>4® Thus, the band intensities observed
in the Raman spectra of PEIs can simply be analyzed in the context of changes in the
Raman polarizability of vibrational modes due to the local conformation adopted or chemical
environment felt by the monomer subunits.

Raman spectra of NEPA. Armed with this insight, we investigated how the Raman
bands of PEIs report on interactions with their local chemical environment. Since the vi-
brations are localized, we used NEPA (Figure 1) as a small molecule model compound for
these studies. NEPA is the simplest model compound for PEI since it best approximates
the chemical structure of the monomer subunits. The Raman spectra of NEPA in both H,O
and D,O are shown in Figure 4. The spectrum of NEPA in H,O (Figure 4a) shares similar
spectroscopic features as those shown in the spectra presented in Figures 2 and 3. To the
best of our knowledge, the vibrational band assignments for NEPA have not been reported
previously. Therefore, to verify that the vibrational modes are similar in normal mode com-

position to those of PEIs, we performed a normal mode analysis using DFT calculations
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(Figure S2 and S3).

The results from our normal mode analysis are shown in Table S4. Overall, our analysis
indicates that many of the vibrations in the fingerprint region are similar in normal mode
composition as their PEI counterparts. One notable difference, however, is that the PEDs of
several NEPA modes contain significant contributions (> 10%) of CH; wagging or twisting
motions. This creates a more complex spectral pattern in the 1400 — 1500 cm ™! region.
Whereas our normal mode calculations indicate that DETA, TEPA, and PEHA exhibit one
dominant band deriving from a CH, scissoring and NH bending vibration, the calculated
spectrum of NEPA shows several bands (Figures S1 - S3). Importantly, however, the most
intense bands in 1400 — 1500 cm ™! for NEPA still derive from vibrations that contain sig-
nificant CH,, scissoring and NH in-plane bending character. The contribution of NH motion
to these vibrations in NEPA is confirmed, as evidenced by the noticeable spectral intensity
changes that occur in this region upon N-deuteration (Figure 4b).

Given their significant NH bending character, we hypothesized that the CH, scissoring
Raman bands can be used to monitor local chemical environmental characteristics of NEPA
and PEIL. The rationale for our hypothesis is based on several lines of evidence from the

literature. The first line stems from Hashida et al.,*"

who performed a study examining the
hydration dependence of the IR absorption bands of PEI. Their IR spectra show profound
intensity changes in the 1400 — 1500 cm ™! region of PEI as a function of hydration, which
they do not comment on. The second line of evidence stems from studies, which show that
CH, scissoring Raman bands of lipids and polymers such as polyethylene report on the
lateral packing of their aliphatic chains.*®?° Finally, a third line of evidence stems from
a recent paper by Kurouski and coworkers,® who suggest that the CH, scissoring Raman
bands are additionally sensitive to the local conformation of the aliphatic chains of plant
waxes. Building upon these studies, we set out to further investigate the environmental

sensitivity of the CH, scissoring modes of PEIs. We discuss in detail how these vibrations

report on intermolecular interactions below.
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Environmental Sensitivity of the CH,, scissoring modes. There are several meth-
ods to investigate the sensitivity of a vibrational marker to its local chemical environment.
For simple vibrations such as pure stretching modes (e.g. C=0), a common method is to
measure the frequency shifts in different solvents that vary in properties such as polarity,
donor /acceptor number, or hydrophobicity.??®* The measured frequency shifts can then be
correlated to solvent dielectric constants or other empirical polarity parameters. These cor-
relations can then, in turn, be used to formulate Badger-Bauer-type relationships that map
frequency shifts to changes in the interaction energies between specific functional groups of
molecules and their local environment.®>5 For vibrations with more complex eigenvector
compositions, however, the frequency dependence on different solvent properties may be
small or difficult to interpret. In these situations, the sensitivity of the vibrational marker to
its local environment can also be assessed by quantifying changes in Raman scattering cross
sections under different solution conditions.?"%®

Compared to gas phase, the differential scattering cross section of a vibrational mode for

a molecule in solution, (do;/dS2) e, is:**%

do; do;
. =1L - 1
< ds? ) soln ( ds2 ) gas ( )

where (do;/dS2),.s is the differential cross section of the mode for the molecule in the gas

phase. The scattering cross section is directly proportional to the change in the polarizability
of the mode along its vibrational normal coordinates (Oa;/9Q;).%' The proportionality factor,
L, corrects the solution phase cross sections for the influence of intermolecular interactions on

the Raman polarizability and/or dielectric effects due to the local solvent reaction field. %63

When only dielectric effects are considered, the correction factor can be written as:®%60

L— (”23”)4 (2)

where n is the refractive index of the solvent at the laser excitation wavelength (532 nm). It
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is important to note that eq. 2 is valid only in cases where the optical dispersion is small,
such as in the case of the non-resonance Raman measurements made here.
According to eq. 1, the ratio of the cross sections in two different solvents, j and k, should

equal 1 if the local correction factors are taken into account:

L; (doy/dQ),
Ly, (doi/dQ);

1 (3)
Eq. 3 is valid only if dielectric effects due to non-specific electrostatic interactions influence
the Raman cross sections. Significant deviations from unity in eq. 3 indicates that specific
intermolecular interactions, such as hydrogen bonding, are occurring.®

Using this theory as a guide, we set out to determine how the differential Raman cross
sections of the 1400 — 1500 cm™! modes change in H,O, CDCI;, and (CD;),SO (see SI for
details and Figures S4-S7). We chose these solvents because they vary in their dielectric
and hydrogen bonding properties: H,O possesses a high dielectric constant (e, ~ 80)%* and
can act as both a hydrogen bond donor and acceptor for polyamines; (CD;),SO possesses
an intermediate dielectric constant (e, ~ 46.7)% and acts as a hydrogen bond acceptor;
and CDCl; possesses a low dielectric constant (e, ~ 4.81)% and is not expected to strongly
interact with polyamines.

Table 2 lists the values of the differential Raman scattering cross sections of NEPA in
these solvents. As seen in the table, the cross sections of the two modes centered near
1450 cm™! are the largest, ranging between ca. 4.9 x 10~*mbsr—' molec.” in CDCl; to
9.9 x 10~*mbsr~! molec. " in H,O. Compared to (CD;),SO, the differential cross sections
of NEPA in CDCl; are all smaller. In addition, with the exception of the ca. 1443 and
1483 cm~! modes, the cross sections of the 1467, 1455, and 1448 cm~! modes are also smaller
or similar in (CDj),SO compared to H,O. Based on these results, it is clear that the CH,
scissoring Raman bands of NEPA generally decrease in intensity going from high to low
dielectric environments.

These results suggest that the Raman intensities of the CH, scissoring modes report, in
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part, on the local dielectric environment. To assess if dielectric effects are solely responsible
for the observed intensity changes, we also determined the cross sections ratios for CDCl, to
(CD4),S0 and (CD4),S0 to H,O calculated using eq. 3. As seen in Table 2, the cross section
ratios (after correcting for dielectric effects) for CDCly to (CD4),SO exhibit values between
0.7—0.8. In contrast, the ratios for (CD,),SO to H,O exhibit a more complex behavior. For
example, the ca. 1443 and 1483 cm~! modes exhibit ratios that are close to 1. However, the
ratios for the ca. 1448, 1455, and 1467 cm~! modes range between 0.3 — 0.7.

The uncertainties in the cross section ratios are reported in Table 2. They stem primarily
from the uncertainties in the band cross sections from fitting the NEPA spectra (see SI for
details). As seen in Table 2, the deviations from unity are significant for all the ratios
that we calculated. We determined the cross sections by referencing the band intensities
to the known cross section of the nitrile stretching mode of acetonitrile (see SI for details),
which was originally measured by Dudik et al.%¢ The authors of this study report that the
uncertainty in their cross section measurements were less than 20%. Even if this uncertainty
is factored in, only the (CD,),SO to H,O ratios that correspond to the 1443 and 1483 cm™!
modes are close to unity. Thus, the calculated cross section ratios indicate that, in general,
dielectric effects alone are insufficient to describe the observed Raman intensity changes of
NEPA in H,O and (CD;),SO compared to CDCl,.

One reason for the discrepancies in the cross section ratios for the ca. 1448, 1455, and
1468 cm ™! modes is that they contain significant NH bending character. This enables these
modes to sense hydrogen bonding interactions between H,O and (CD,),SO molecules with
NEPA. The sulfoxide group of (CD;),SO acts as a hydrogen bonding acceptor for the NH
group of NEPA and other polyamines. In contrast, the oxygen atom of H,O can accept
a hydrogen from the amine group of NEPA or donate its hydrogen to the amine lone pair.
These hydrogen interactions distort the ground state structure of NEPA such that (O«;/00Q);)
presumably increases for the ca. 1448, 1455, and 1468 cm™' modes. This consequently

increases their respective cross sections and results in their Raman bands being more intense
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in the (CD,;),SO and H,O spectra compared to the spectrum of NEPA in CDCl,.
PEI-DNA Binding Interactions. We capitalized on the environmental sensitivity of

the CH, scissoring modes to probe the binding of PEIs to ssDNA. Previous studies by Deng

119 20,67
9

et a as well as Ramirez and coworkers, used Raman spectroscopy to investigate the
binding of spermine, spermidine, and putrescine to dsDNA. However, these studies focused
exclusively on analyzing changes in the Raman bands of DNA to investigate conformational
changes due to polyamine binding. The consensus between these studies is that polyamine
binding is mediated primarily through non-specific electrostatic interactions as observed
from perturbations in the phosphodiester stretching modes of dsDNA. We expanded upon
these studies to probe binding from the point of view of the polymer to gain additional or
complementary insights.

Figure 5 shows the Raman spectra of ssDNA (Figure 5¢), PEHA (Figure 5b), and ssDNA
and PEHA mixed together in solution (Figure 5a). The spectrum of ssDNA (Figure 5¢) shows
many features in the fingerprint region between 700 — 1600 cm™! that can be assigned to
vibrations from the nucleotide bases, as well as the phosphate and deoxyribose backbones.
We used previous studies by Peticolas and Benevides et al.®®% as a guide to assign these
bands (Table S5). The 700 — 1300 cm™! region can be assigned to vibrations from cytosine,
thymine, and the phosphate backbone. Similarly, the 1300 — 1400 cm ™! region shows Raman
bands that derive from vibrations of the thymine, adenine, and guanine bases. The 1400 —
1500 cm™?! can be assigned to features that derive from guanine and adenine modes.

The spectrum of the PEHA and ssDNA mixture in solution is shown in Figure 5a (black
trace). The spectrum shows significant changes compared to the spectra of only ssDNA
(Figure 5¢) or PEHA (Figure 5b) in solution. Among the most important spectral changes
that we observe is a downshift of the phosphodioxy (PO, ) stretching mode of ssDNA to
1088 cm ™! (Table S5). This downshift indicates that the phosphate groups of the ssDNA

are engaged in electrostatic interactions, consistent with the findings by Deng et al.'® and

Ramirez and coworkers?*%7 for dsDNA. The PEHA-ssDNA spectrum also exhibits noticeable
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intensity differences in the Raman bands compared to the spectra of only PEHA and ssDNA.
Importantly, these intensity differences are not due to the spectral overlap of the PEHA
and ssDNA bands, as indicated by the fact that the PEHA-ssDNA spectrum cannot be
modeled as a linear combination of the PEHA and ssDNA spectra (red trace in Figure 5a).
This indicates that the vibrational Raman cross sections change significantly for PEHA and
ssDNA due to complexation.

To highlight the intensity changes that occur because of complexation, we first normalized
the experimental spectra shown in Figure 5a-c to the 2250 cm™! nitrile stretching band of
acetonitrile. We then subtracted the modeled spectrum (red trace) from the PEHA-ssDNA
spectrum (black trace). The resulting difference spectrum (Figure 5d) shows noticeable
negative features between ca. 1050 — 1120 cm™!, which are broad and poorly resolved.
These features can be attributed to vibrations localized to the phosphate backbone, which
are known to be sensitive to the conformations of nucleic acids. The decrease in the intensity
of these bands may be due to a hypochromic effect that indicates PEHA binding to the
phosphate backbone condenses or collapses the ssDNA . 6870

The difference spectrum also shows a strong negative feature centered at ca. 1460 cm™?.
This feature could possibly be assigned to vibrations localized to the deoxyribose phosphate
backbone, adenine, or guanine moieties of the ssDNA. Several studies report that the Ra-
man bands corresponding to these modes show only a modest sensitivity to DNA structure.
These bands do not significantly exhibit intensity changes when DNA changes from a B-form
to a disordered structure. In contrast, these bands increase in intensity for B- to A-form
DNA structural transitions. %77 Since the ssDNA is already structurally disordered, we do
not expect the ssDNA bands in this region to significantly change upon binding to PEHA
molecules. We therefore assign the negative feature at 1460 cm~! to the CH, scissoring
modes of PEHA. Based on our studies discussed above, the decrease in the intensity of the
CH, scissoring bands likely derives from the hydrogen bonding and electrostatic interactions

between PEHA and ssDNA. The relative dielectric constant (e,) of water is 80 and 8 for
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DNA.™ Thus, PEHA experiences a change from a high to low dielectric environment going
from its unbound state to binding the surface of the ssDNA. Taken together with the changes
observed in the ssDNA spectra, our interpretation of the data suggests that PEHA primar-
ily binds ssDNA through electrostatic interactions via the phosphate backbone, as well as
possible hydrogen bonding interactions with the nucleobases. These binding interactions
concomitantly induce the condensation of the ssDNA.

To validate this interpretation, we conducted MD simulations to monitor the binding
between PEHA and ssDNA (see Computational Methods for details). We examined the
interactions between PEHA molecules and ssDNA by measuring contacts within a 4 A cutoff
between the polymer and both the backbone and nucleobase atoms of interest. Specifically,
all hydrogen bond donors and acceptors were chosen for the bases, while the charged phos-
phate groups were selected for the backbone. Contacts were measured between these atoms
and the six amines present in each PEHA moiety. The number of contacts between the
PEHA and the ssDNA molecules were then averaged per frame and residue and plotted.

Our MD simulation results were consistent with our interpretation of the Raman spectra.
The simulation shows that PEHA establishes a high overall binding affinity (66% of polymer
bound to ssDNA surface) and a defined preference for electrostatic contacts with the DNA
backbone over hydrogen bonding to the ssDNA bases (Figure 6a). We examined the elec-
trostatic surface potential of the ssDNA and projected for visualization. Multiple hot spots
appeared on the ssDNA face and were subsequently occupied by the PEHA (Figure S8a).
As expected, the high potential surface appeared continuous throughout the backbone, fold-
ing the neutral nucleobases inside the molecule and exposing the charged phosphate groups,
which PEHA molecules have access to bind. The 5" end of the ssDNA was shown to have the
most active bases, with those near 3’ end of the molecule overwhelmingly recruiting PEHA
via electrostatic interactions (Figure 6b). This is likely due to the disordered ssDNA folding
back upon itself in the simulation (Figure 6a, Figure S8). This conformational change likely

internalizes some of the nucleotides near the 3’ end, while leaving the bases near the 5" end
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of the ssDNA strand exposed to bind PEHA. This hypothesis is consistent with the overall
contact heatmap (Figure S8b), which highlights higher PEHA binding affinity towards each

end of the ssDNA and a lower affinity for the middle of the molecule.

Conclusion

We examined the environmental sensitivity of the Raman spectra of PEI to investigate its
binding to ssDNA. Our DFT calculations and Raman spectroscopic measurements indicate
that NEPA, as well as PEHA, TEPA, and DETA, are good model systems to study the
spectroscopic behavior of PEIs in different chemical environments. Our data indicate that
the internal monomers of PEHA and TEPA adopt similar conformations as high molecular
weight PEIs. We also show that the spectra of PEIs can be accurately modeled as a linear
summation of the spectral contributions of their internal and terminal monomers. This
indicates the absence of vibrational coupling between adjacent monomers. Importantly,
this result significantly simplifies the analysis of PEI spectra since intensity and frequency
changes can be attributed solely to differences in the local chemical environment.

We also show that the Raman bands found in the 1400 — 1500 cm™! region are excellent
spectroscopic markers to monitor the local interactions and structural dynamics of PEIs.
Our DFT calculations and N-deuteration studies indicate that these bands derive from vi-
brations, which contain significant CH, scissoring and NH bending character. Overall, the
Raman intensities of these bands decrease significantly going from high to low dielectric en-
vironments. However, sensitivity of the scattering cross sections of these modes to different
chemical environments cannot be understood solely in terms of local dielectric effects. Hydro-
gen bonding interactions between the secondary amine groups and their local environment
also significantly affect the scattering cross sections of these vibrations.

Using the environmental sensitivity of the CH, scissoring modes, we investigated the

binding of PEIs to ssDNA. Our Raman spectroscopic measurements indicate that PEI binds
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ssDNA via hydrogen bonding interactions, as well as electrostatic interactions with the
phosphate backbone. These interactions consequently condense the ssDNA. The conclusions
drawn from our Raman measurements are qualitatively reinforced by MD simulations, which
additionally show that PEI exhibits a distinct preference towards electrostatic over hydrogen
bonding interactions with ssDNA. We expect that this work will pave the way toward more
sophisticated studies of high molecular weight PEI, as well as other cationic polyamines
used in gene delivery applications. We anticipate, for example, that the spectroscopic mark-
ers identified here can be used to investigate the molecular interactions between PEI gene
delivery vehicles and cellular membranes, which facilitate uptake and endocyotosis. Given
the localized nature of these modes, we believe that perdeuteration of the aliphatic carbons
of PEI can provide a way to distinguish these Raman bands from those of lipids without
significantly altering their spectroscopic behavior and environmental sensitivity. These fun-
damental insights will greatly benefit the field of polymer gene delivery since it will provide
a detailed understanding of the cellular mechanism of PEI vectors on a molecular level. This
would ultimately assist in developing more efficient polymer-based delivery vectors that could

reach clinical translations.
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Figure 1: Schematic of model compounds used in this study.
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Figure 2: Raman spectrum of high molecular weight PEI (2500 Da) prepared at 30 mM in
methanol. The spectroscopic contribution of methanol has been subtracted out. The asterisk
(*) symbol shows an artifact of subtracting out the spectral contribution of methanol.
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Figure 3: Raman spectra of low molecular weight (103 — 232 Da) PEIs prepared at equimo-
lar (200mM) concentrations in water. (a) PEHA (black trace); (b) TEPA (black trace); (c)
DETA; (d) PEHA - TEPA difference spectrum. The difference spectrum closely approxi-
mates the spectrum of internal monomers in PEIs, while the DETA spectrum approximates
the spectrum of terminal monomers. This is demonstrated by the fact that the PEHA and
TEPA spectra can be modeled as a linear combination of the spectra shown in (c¢) and (d).
PEHA can satisfactorily modeled as 3x(PEHA - TEPA) + DETA (red trace in panel a),
while TEPA can be modeled as 2x(PEHA - TEPA) + DETA (red trace in panel b). All
spectra were normalized to the 2250 cm ™! nitrile stretching band of acetonitrile, which was
used as an internal intensity standard. The spectral contribution of solvent was subtracted
out. The asterisk (*) symbol shows an artifact of subtracting out the spectral contribution
of the nitrile stretching band of acetonitrile.
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Figure 4: Raman spectra of NEPA in: (a) H,O; (b) D,O; (c) CDCls; and (CD4),S0.
All spectra were measured using a high-resolution (2400 gr/mm) grating. The spectral
contributions of solvents were subtracted from all spectra. For (¢) and (d), the Raman
bands that derive from CH, scissoring modes are highlighted to show the intensity changes
that occur between low and high dielectric environments.

32



PEHA/DNA

d w w difference

700 900 1100 1300 1500 1700
Raman Shift / cm™

Figure 5: Raman spectra of: (a) PEHA (100 mM)-ssDNA (3mM) in solution (black trace);
(b) PEHA (100 mM); and (c) ssDNA (3mM). The red trace in (a) is the sum of the spectra
shown in (¢) and (d). The difference spectrum shown in (d) was calculated by subtracting the
red trace from the black trace in (a). The fact that the experimentally measured spectrum
in (a) shown in the black trace cannot be modeled as a linear combination of the ssDNA (c)
and PEHA (b) spectra indicates binding is occurring between the two species. All spectra
were normalized to the 2250 cm™! nitrile stretching band of acetonitrile, which was used as
an internal intensity standard. The asterisk (*) symbol shows an artifact of subtracting out
the spectral contribution of this nitrile stretching band.
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Figure 6: MD simulation results of PEHA binding ssDNA in water. (a) Solvent accessible
surface area (SASA) time evolution plot. Structures are inlayed corresponding to before and
after the confirmational change. Disordered secondary structure is established with polymer
bound to the DNA surface. (b) Ratio per residue of backbone contacts vs. base contacts
(4 A cutoff, averaged over total frames). (c) Pie chart of overall backbone/base interactions.
The chart shows PEHA exhibits a higher affinity for the DNA backbone (electrostatics) than
for the DNA bases (hydrogen bonding). Polymer binding sites correspond to areas of high
electrostatic potential shown in Figure S8a.
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Table 1: Frequencies (cm™!) and Assignments of Raman Bands for NEPA, DETA,
TEPA, and PEHA

NEPA DETA TEPA. PEHA Assignment
- 1601 1601 1601 NH, bend
1484 - - - CH; def + CH,, scissors
1467 1466 1467 1467 CH, scissors + NH bend
1459 1457 1457 1457 CH, scissors + NH bend
1452 - - - CH, scissors
1443 - - CH; def + CH, scissors
- - 1388 1388 CH, wag
- 1361 1363 1363 CH, wag
1303 1304 1304 1304 CH, wag
1286 - - - CH; wag
1274 - - - CH, twist
1247 - - - CH, twist
: - 1204 1204 CH, twist
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Table 2: Comparison of Differential Raman Cross Sections (do;/df2) of NEPA in Different Solvents

do; /d) (x107%)e Cross section ratio®

Raman shift (cm™) H,O CDCl, (CD4),S0 CDCl,/(CD4),S0 (CD,),S0/H,0
1443 4.241 +£0.066 4.908 £0.004 7.480 £ 0.010 0.722 + 0.002 1.164 £ 0.016
1448 9.866 + 0.274 4.910 & 0.006 7.686 4 0.015 0.703 £ 0.002 0.514 +0.028
1455 7.967 £ 0.414 5.670 & 0.005 8.338 £0.010 0.749 £ 0.001 0.691 + 0.052
1467 3.422 +£0.109 1.278 =0.002 1.772 4 0.005 0.794 4+ 0.003 0.342 4+ 0.032
1483 1.785 £ 0.070 1.868 £0.001 2.588 £ 0.003 0.794 + 0.001 0.957 + 0.039
“units are mbsr—! molec.”!; bratio = ?:&Z—%, where j and k are solvents. Ly,o = 2.52, L(cp,),s0 = 3.82, Lepey, = 3.47



