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Unravelling the role of individual components in
pPBAE/polynucleotide polyplexes in the synthesis of
tailored carriers for specific applications: on the road
to rational formulations

The use of poly(f-amino ester)s (OM-pBAESs), functionalized
with end-terminal peptides is proposed for gene delivery
thanks to their extraordinary properties. However, it is surprising
that they have hardly reached the market. This gap from the
bench to the bedside can be explained by the lack of insight
polyplexes structure studies. We aimed to fulfil it by performing
a broad study of six OM-pBAEs nanoparticles. Their structure
and stability have been deeply studied. These primary results
are fundamental for a successful development of carriers that
deliver oligonucleotides into specific tissues.
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Oligopeptide end—modified poly(3-amino ester)s (OM-pBAEs) offer
a means for the effective implementation of gene therapeutics in the
near future. A fine-tuning of OM-pBAEs to meet application require-
ments is achieved by the proportional balance of oligopeptides used
and provide gene carriers with high transfection efficacy, low toxicity,
precise targeting, biocompatibility, and biodegradability. Under-
standing the influence and conformation of each building block at
molecular and biological levels is therefore pivotal for further devel-
opment and improvement of these gene carriers. Herein, we unmask
the role of individual OM-pBAE components and their conformation in
OM-pBAE/polynucleotide nanoparticles using a combination of fluo-
rescence resonance energy transfer, enhanced darkfield spectral
microscopy, atomic force microscopy, and microscale thermopho-
resis. We found that modifying the pBAE backbone with three end-
terminal amino acids produces unique mechanical and physical
properties for each combination. Higher adhesion properties are seen
with arginine and lysine-based hybrid nanoparticles, while histidine
provides an advantage in terms of construct stability. Our results shed
light on the high potential of OM-pBAEs as gene delivery vehicles and
provide insights into the influence of the nature of surface charges and
the chemical nature of the pBAE modifications on their paths towards
endocytosis, endosomal escape, and transfection.

Introduction

Polynucleotide-based therapies steadily grow into transforming
the whole (bio) medicine field as they show tremendous
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potential for the prevention or treatment of a wide range of
infectious diseases or genetic disorders." Currently there are
more than 2400 clinical trials comprising gene therapies.>*
Remarkably, the first treatment applied worldwide, SARS-CoV-2
prophylactic vaccines have only given a glimpse of involved
intricacies and revealed the wuntapped potential of
polynucleotide-based therapies.*” Despite their theoretical full
potential, these therapies still find unsatisfactory clinical
outcomes, which are mainly related to the low chemical stability
and poor bioavailability of polynucleotides in vivo.*® Further-
more, the human body inherently protects itself from foreign
nucleic acids; thus, they are prematurely cleared up from
circulation before they arrive at their target cells.*

Overcoming these drawbacks is accomplished by compart-
mentalizing the polynucleotides into designed nanocarriers
(Fig. 1A) programmed to deliver them into the specific tissue
and intracellular compartment.'* Genetically engineering viral
vectors emerged as a natural carrier for gene therapies with
ubiquitous abilities to infect and transport the therapeutic
nucleic acids across the cellular barriers.'>** However, viral
vectors are concerned with different aspects, such as safety,
immunogenicity, insertional mutagenesis, low loading
capacity, and high production costs." These drawbacks trig-
gered the development of nanotechnology based non-viral
delivery systems (Fig. 1B), which on the one hand are modular
to meet the application requirements and on the other hand,
their production is cost-effective.'®

Among non-viral carriers, poly(B-amino ester)s (pBAE) are an
outstanding option as a carrier, due to their high building
blocks versatility, high transfection efficacy, low toxicity, and
excellent biocompatibility and biodegradation profile.'**®* Upon
contact with polynucleotides, pBAEs condense into polymeric
nanoparticles, (polyplexes), which protect the fragile cargo and
transport it into the targeted tissue.” Additionally, pBAE
building blocks contain hexyl monomers (C6) that provide
certain hydrophobicity to the polymer (see structure and char-
acterization in Fig. S1t), which allows the freeze-drying of the
polyplexes, a remarkable property for achieving long-term
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Fig. 1 Gene delivery systems scheme. (A) Schematic classification of viral and non-viral gene delivery systems. (B) Polymer-based nanocarriers
subtypes. (C) Poly (b amino ester) - pBAE/plasmid polyplexes constructions detailing polymer/plasmid ratio used. Cationic nanoparticles are
represented on the top, while the anionic coated ones are at the bottom. pGFP is represented in green, C6CK3 in orange, C6CH3 in white,
C6CR3 in blue and C6CD3 in pink. All polymers have the same length (i.e. same molecular weight), although in the figure they are of different

lengths for nanoparticle structuration illustrative purposes.

storage and ameliorated logistics of the distribution.'® Further
functionalization of the pBAE vectors with short cationic oli-
gopeptides (OM-pBAE), such as lysine (K), arginine (R), and
histidine (H) (C6CK3, C6CR3, and C6CH3 respectively, their
structures and characterization data are shown in Fig. S1}) are
designed not only to increase their buffering capacity and
ability to compact nucleic acids due to electrostatic interactions
but also to promote cellular internalization and nucleic acid
transfection.”™**?* As we have previously described," C6CK3
promotes the plasmatic membrane crossing, C6CH3 assists in
the endosomal scape development, and C6CR3 gives an
advantage to nuclear subcellular localization. Cationic peptides,
however, increase the polyplex-positive surface charge resulting
in transfection promiscuity.” Consequently, these pBAE-based
polyplexes have low selectivity. Decreasing the surface charge
and thus promiscuity is achieved by coating the polyplexes with
aspartic acid (p)-functionalized pBAEs. In this sense, it is clear
that a careful combination of different OM-pBAEs is thus
crucial for achieving optimal functionality.*"*>*

Indeed, various OM-pBAEs combinations have achieved
optimal results in vitro and in vivo." Despite these outstanding
outcomes, different structures of pBAEs in the polyplexes, and
therefore their influence on the final properties, are still
unclear. These unknown characteristics time-
consuming experiments without specific and clear application
due to the uncertainty of their target and uptake specificity,
which are needful characteristics to achieve medical needs.

Recently, we demonstrated the microstructure of C6CR3/
PDNA polyplexes and an oligopeptide dependence of the time
evolution of the cationic polyplexes using high-resolution
optical microscopy.””* In this work, we aimed to understand
the microstructure of polyplexes composed of mixtures of OM-
PBAE and determine the role of individual components in the

involve
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final formulation and create a library of OM-pBAE carriers
based on a rational selection in the function of the chased
properties for a specific application. For this purpose, we
studied six polyplex constructions with different compositions:
KH, KHD, RH, RHD, RK, and RKD, combining different OM-
PBAEs (Fig. 1C). We revealed the microstructure and physico-
chemical properties of the different polyplexes using a combi-
nation of fluorescence resonance energy transfer (FRET),
enhanced darkfield spectral microscopy, atomic force micros-
copy (AFM), and microscale thermophoresis (MST). Our results
allow the rational engineering of carriers for any required
application and allow for the further development of pBAEs
building blocks for the optimal delivery of polynucleotides.

Results and discussion

Different OM-pBAE combinations (structures are shown in
Fig. 1C, and structure and characterization in Fig. S1, ESIt) were
tested, encapsulating pGFP as a model reporter plasmid.
Physicochemical NPs' properties depend on the OM-pBAEs end-
terminal peptides.

Materials at the nanometric scale have distinct physico-
chemical characteristics in terms of size, shape, surface prop-
erties, composition, and stability, which 1is crucial in
determining their physiological behavior.** A rigorous approach
aimed to characterize nanomaterials is essential to ensure
quality and safety and will contribute to the construction of
a competent delivery system. With this idea in mind, we studied
six different NPs: KH, RH, and RK as cationic polyplexes
(uncoated) and KHD, RHD, and RKD referred to as the anionic-
complexed ones (Fig. 1C).

Once the different NPs were freshly synthesized, the first step
was to analyze the zeta potential in order to corroborate that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Physicochemical characterization of the polyplex constructs. (A) Z-Potential (in mV), (B) hydrodynamic diameters (nm; bars) and PDI (dots)
and (C) encapsulation efficiency (%) of all the nanoparticle subtypes tested. Results are presented as means + SD of at least a triplicate of
independent samples. P value < 0.0001 (¥***), p value < 0.001 (***), p value < 0.01(**) and p value < 0.05 (*). Where no indication, no statistical

differences were found.

OM-pBAEs with the different terminal peptides shifted the
surface potential of the nanoparticle. Results demonstrated
that, as expected, the surface charge of cationic combinations
was in the 25-27 mV range while the anionic-coating produced
a significant 20% surface charge decrease,*** confirming the
interaction of the two polymers (cationic and anionic) in the
polyplex formation (Fig. 2A).

Regarding their hydrodynamic diameters, cationic poly-
plexes (KH, RH, and RK) showed a hydrodynamic size in a range
of 140 and 160 nm, while the anionic-complexed NPs (RHD,
KHD, RKD) were slightly bigger (200-250 nm). These differences
cannot be explained from the C6CD3 coating. Moreover, due to
the similarities in the polymer backbone (see Fig. S1}), no
noticeable differences in the hydrodynamic diameters from the
group of cationic and that of anionic-coated NPs are expected,
as can be seen in the data shown in Fig. 2B. Accordingly, the
polydispersity index (PDI) was slightly higher in the case of the
negatively-coated NPs, which is coherent with the introduction
of an extra component to the formulation, which increases
sample heterogeneity. Nevertheless, all formulations have an
agreeable dimension and size distribution for their parenteral
administration.>* In terms of size, we can tune nanoparticles at
our convenience for different applications. For example, coated
formulations could be an interesting option for therapies
requiring nasal delivery, where a higher size is required for
nanoparticle deposition in the mucosa.*® This route, in addi-
tion, requires lower cationic surface potentials, making KHD
and RHD formulations potential candidates.

The next step was the plasmid encapsulation efficiency (EE)
quantification, a key parameter for the efficient production of
drug delivery systems (DDS). The measured %EE of the fresh
NPs was over 65% for all NP formulations (Fig. 2C). It is
remarkable that for both groups (coated and naked), the NP
combinations that have smaller sizes present slightly higher
encapsulation ratios. As explained above, this can be attributed
to the stronger interactions between the cationic polymers and
the plasmid, allowing a higher plasmid packing capacity. Again,
we could use this idea for optimizing the encapsulation of
different nucleic acids. For example, if larger nucleic acids need
to be encapsulated, KH may be the best option, for example, for

© 2023 The Author(s). Published by the Royal Society of Chemistry

vaccination purposes, where long sequences are needed to
deliver antigen mRNAs.

Nanomechanical/adhesion properties that are usually
forgotten can affect transport pathways, cell targeting, and
degradation.” Thus, their characterization is important. Atomic
force microscopy (AFM) experiments were performed to visu-
alize the nanoparticle complexation state, shape, complex
organization, and adhesion properties.

First, we collected topography images (Fig. 3A), confirming
the spherical shape, as expected, due to their lowest energy of
formation,?® for all NP formulations.

Adhesion values for uncoated and coated NPs are presented
in Fig. 3B. The polyplexes containing C6CR3 polymer (RH and
RHD, and RK and RKD) presented higher adhesion values, as
expected, due to the highest cationic peptide that arginine
represents. At the same time, histidine-containing polymers
(KH and KHD, and RH and RHD), follow a pattern suggesting
two differentiated populations with NP. We hypothesized that
in some fraction of the polyplexes, the C6CH3 polymer was
slightly disassembled,*® decreasing the adhesion values, due to
the polymer loss. This trend was also observed in the stability,
as discussed in the section below. Comparing the cationic
polyplexes with anionic-coated ones, it can be observed that
cationic constructions show a clear major population around
0.6 nN, and a smaller one around or below 0.5 nN, confirming
our hypothesis of the C6CH3 loss, as described above. The RHD
formulation is the only one that presents 3 populations. One
could be attributed to the conserved polyplex (containing
C6CH3). The second to the C6CH3 disassembled polyplex,
previously described for the cationic constructions but with
lower adhesion values, below 0.5 nN, as explained by the
anionic coating. The third one, with values above 0.75 nN,
suggests a loss of the negative coating, which leads to a higher
adhesion value (Fig. 2B). It is worth noticing that some RHD
polyplexes eventually showed a flower-like structure (Fig. 3B).
These can be assigned to the third population that loses the
anionic coating. In this sense, KHD ultimately showed some
flower-like structure also, but in less quantity. It can also be
seen that, as expected, RKD is the most compacted construct. As
commented before, R and K are strongly cationic peptides,

Nanoscale Adv., 2023, 5, 1611-1623 | 1613
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Fig. 3 Mechanical nanoparticles characterization. (A) AFM images of the 6 nanoparticles constructs; on the top are the cationic and at the
bottom the coated ones. Heigh scale bar is in nanometres. (B) Adhesion values plot with AFM magnifications of two of the populations of RHD. (C)

Young modulus of the polyplexes, as calculated by AFM.

having high affinity to the anionic C6CD3 polymer. Addition-
ally, NPs size was measured and also corroborated with the DLS
measurements, as described previously (ESI Fig. S27).
Furthermore, Young's modulus was also studied as part of
their mechanical properties, but no significant differences were
observed between the different formulations, which is reason-
able since they all have the same backbone structure (Fig. 3C).
In summary, it can be confirmed that the H polymer is the
one showing the lowest interaction within the NP. Also, the R-
containing formulations are the ones presenting higher adhe-
sion values. These adhesion properties are interesting for
delivery system applications, such as muscle regeneration in
which the nanoparticles may have higher adhesion values as

1614 | Nanoscale Adv, 2023, 5, 1611-1623

scaffold-like structures for assisting cells in the reconstruction
processes.>*°

OM-pBAEs physicochemical properties influence the
nanoparticle structuration

The affinity between components of the polyplex is the key to
understanding the intramolecular interactions driving the
structure function. Affinity is also monitored as a part of the
drug discovery process to help design drugs that bind their
targets selectively and specifically.*

Binding affinity is the strength of the interaction between
a single biomolecule (pGFP, in this case) to its binding partner
(OM-pBAEs). It is an essential and basic concept but poorly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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examined in the drug delivery systems area. This concept can be
studied and quantified by the dissociation constant (Kp), which,
for the nanoparticles must be low enough to enable the
condensation of the plasmid inside the polymer forming the
nanoparticle and, at the same time, high enough to be able to
deliver the cargo efficiently once interacted with the cells. To
study this parameter, MicroScale Thermophoresis was carried
out.

The obtained values for cationic NPs (KH, RH, and RK;
Fig. 4A) show higher affinity (lower Kp) that is achieved with KH
NPs, followed by RH and RK. Referring to the coated nano-
particles (Fig. 4B), the same dissociation curve was followed
without significant K differences. Comparing both groups,
cationic Kp, is nearly doubling the value of the coated polyplexes,
which can be explained due to the combination of cationic and
anionic peptides in coated NPs. Both cationic and anionic OM-
PBAEs present a strong interaction between them, reducing the
interaction with plasmid. Specifically, it is interesting to
comment on the Ky of KH NPs, which is comparable to that of
the coated group. This is in agreement with the size, surface

potential, and EE that these NPs as shown in their
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physicochemical characterization (see Section 1). Moreover, we
have demonstrated that we can tailor the KD of our NPs
combining different polymers opening the door for new appli-
cations. If a sustained release is needed, such as in the
cosmetics field to retard aging, drug delivery systems (DDS)
based on the coated constructions or KH would be a good
option.

The next step was to define the complexation and structur-
ation to quantitatively study the distribution of the components
within the polyplex by Forster resonance energy transfer (FRET).
In FRET, a higher transference of energy means that the fluo-
rophores are closer, thus, indicating that the smallest NPs size
is obtained. As shown in Fig. 4C, all cationic polyplexes are
sufficiently small within the optimum range for the parenteral
transport.>* KH polyplexes present higher values than RK and
RH NPs. This can be explained by the fact that KH polyplexes are
the ones with smaller sizes (Fig. 2B). Additionally, it was
observed that the energy transference between polymers is
negligible (see Fig. S3, ESIT). This is reasonable due to the
repulsion between both (positively charged) polymers causing
spatial distancing and as a consequence, the lowering of the
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Fig. 4 Binding affinity and FRET intensities profiles. (A) and (B) dose response charts showing binding affinity curve and (C) and (D) fluorescent
energy transference for: (A) and (C): cationic and (B) and (D) coated constructs. The"*" at the x axis in the nanoparticle’'s names mean the
nanoparticle elements that was labelled with Cy5 and "*"the one labelled with Cy3. Results are the mean + SD values of a triplicate. P value <
0.0001 (****), p value < 0.001 (***), p value < 0.01(**), p value < 0.05 (*) and p value > 0.05 (ns). More details in FRET experiments are given in

Fig. S4, from ESIL.¥
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signal. The obtained values also indicate which polymer is on
the inner layer closer to the plasmid and which is on the
external layer. The FRET intensity of the C6CH3 polymer with
PGFP is slightly higher than that of other polymers, meaning
that C6CH3 is relatively closer to the plasmid once the nano-
particle is formed. This could be attributed not only to the
charge effects of protonated histidine but also to the geometry
of the binding between 7 systems of both the biomolecules
(DNA nucleobases and His cyclopentane).*” Besides, in the RK
polyplex, C6CR3 is slightly nearer to the nucleic acid than the
C6CK3 polymer. Therefore, the NPs insight conformations, with
the C6CR3 surrounding the C6CK3 polymer can be deduced
(see illustration in Fig. 1C).

As can be seen in Fig. 4D, the coated constructs, KHD, RKD,
and RHD follow the same trend as the cationic nanoparticle but
with reduced energy-transferred values when measuring D
interaction. The decrease indicates that the negative polymer
coating shields the FRET between the other polymers and the
plasmid. Additionally, the energy transferred between the
polymer C6CD3 and plasmid is smaller; hence, this confirms
that the negative polymer is conforming to the outer layer of the
nanoparticle, as we have hypothesized. This result is highly
important, defining these kinds of constructs, which is the
external polymer where the targeting moiety should be
attached. In summary, the FRET experiments are in agreement
with the hydrodynamic diameter obtained with DLS; coated NPs
show higher hydrodynamic diameter and lower surface poten-
tial in comparison to the cationic complexes (Fig. 5A and B).
Furthermore, the transference of energy has allowed us to
understand the distribution of the components inside the
nanoparticle, where it was seen that H is the nearest polymer to
the genetic material followed by arginine, lysine, and aspartic
acid OM-pBAEs (Fig. 5C).

Finally, darkfield hyperspectral microscopy was performed
to qualitatively confirm the morphology and unveil the polymer
internal composition of the particles. The 6 different polyplexes
were freshly prepared and the optical images of the construc-
tions were obtained as can be observed in Fig. 6A. Polyplexes do
not have a core-shell structure but a plasmid core surrounded
by a cloud polymer (Fig. 6B) resulting in a nanosphere shape, as
represented in the sketches of Fig. 1C and preserving the order
deduced in the previous section (C6CH3, C6CR3, C6CK3, and
C6CD3 from the inner to the outer layer). In fact, this cloud
structure was previously described by our group by only using
the C6CR3 polymer, and here we confirmed that it also

View Article Online
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appeared for polymer combinations.** To remark that, ther-
modynamically, the inner plasmid core, completely made up of
anionic molecules, surrounded by the cloud of the cationic
polymer layer is not the most stable conformation. Neverthe-
less, we have given pieces of evidence here and in our previous
works that it is the conformation that experimentally results. It
could be hypothesized that it can be maintained stable thanks
to the close position between the core and the shell layer of the
polymer that avoids the expected electrostatic repulsions.

The presented particles in Fig. 6B are shown in different
planes. For this reason, some of the samples show the outer
layer while others the inner. Additionally, as shown in Fig. 6C,
there is a zoom-in of the merged spectral reconstructions in
which a nanosphere can be appreciated together with the
polymer and plasmid distribution. Again, this is in accordance
with and confirms our previous results. In conclusion, with this
qualitative technique, we have been able to visualize and
corroborate the previous results obtaining a more concise idea
of how the NP components are distributed inside the nano-
sphere. In addition, the possibility to determine which OM-
PBAE is localized on the outer layer of the NP may enable us
to obtain an insight into the interactions between the polymer
and biological media more closely. In fact, defining the internal
structuration of the NPs is not the only important factor, but
also selecting the right polymer where the targeting moiety
needs to be attached to achieve the best surface exposure and
thus the highest interaction with the corresponding receptor,
required for directing the particles to the target tissues.

OM-pBAE:s structuration goes together with nanoparticle
stability

To design the effective polymeric NPs for drug delivery, their
stability has to be thoroughly assessed not only the stock solu-
tions but also in simulated biological fluids conditions. To
remark, the importance of safety evaluation that, although out
of the scope of the present work, must be taken into account.
For parenterally administered formulations, both, cell
compatibility and blood compatibility must be ensured. We
have reported in previous works the non-cytotoxic character of
all formulations'>*"** (see summarized data in Fig. S51), thus,
they can be safely administered.

Temperature study is an essential aspect to determine the
stability, 25 °C a key parameter for particle shelf storage and
synthesis while 37 °C is the homeostasis body temperature. For
this purpose, the stability of different polyplexes was studied in

A Size B Charge C Distance to plasmid
Coated > Non-coated Coated > Non-coated OM-pBAE
RHD > RKD > KHD > RH > RK > KH KHD < RKD < RHD < KH < RK < RH H < R < K < D

Fig. 5 Physicochemical polyplex characterization summary. (A) Scheme of the construct's sizes ordered from bigger to smaller. (B) Charge
scheme ordered from the less to more surface charge and (C) OM-pBAE scheme ordered from the nearest to the further distance to the plasmid.

1616 | Nanoscale Adv, 2023, 5, 1611-1623

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00800a

Open Access Article. Published on 06 February 2023. Downloaded on 1/21/2026 1:22:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Communication Nanoscale Advances

pGFP C6CK3 C6CH3 C6CR3 C6CD3  Merged

KH

KHD

RH

RHD

RK

RKD

Fig. 6 Polyplex optical and hyperspectral matching images. (A) Optical images of the different nanoparticles' samples. Images were obtained
with a 40x objective. Scale bars = 20 um. More optical images can be found in Fig. S6, from ESI.T (B) Hyperspectral images attributing each
nanoparticles component to a channel (hyperspectral profiles of each biomaterial in Fig. S71), in where pGFP channel is shown in green, C6CK3 in
orange, C6CH3 in white, C6CR3 in blue, CHCD3 in magenta and last channelillustrates merging. Scale bars = 10 pm. (C) Zoom in of the merged
channels of a single nanoparticle for each construct type, following the same colour code.
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Fig.7 Nanoparticles demonstrate stability at different temperatures. Cationic and anionic coated nanoparticle FRET values, incubated with FBS:
From A to C at 25 °C and from (D)—(F) at 37 °CC. In (A) and (D) KH and KHD constructs, in (B) and (E) RH and RHD constructs and in (C)—(F) RKand
RKD constructs are represented. In figures (D)-(F) there are amplifications indicating the EE% of the nanoparticles after 2 h of incubation at 37 °C.

phosphate-buffered saline (PBS) at different times by the FRET
technique (for more information see Table S2 from ESI}). The
same procedure was also performed in fetal bovine serum (FBS)
to simulate the human body fluid environment, as a model of
human plasma. Once the stability study was performed, a more
precise application could be assigned to each nanoparticle as
a function of their lifetime. Cationic and anionically-coated NPs
were incubated with FBS, used to model the NP behavior in
plasma In Fig. 7, cationic and anionic NPs incubated with FBS
of each construct type are represented. The transferred fluo-
rescence between polymers was not significant, so only FRET
between the polymer and plasmid was represented in all cases
(as shown in the previous results from Fig. 4C and D and Table
S2 from ESIT). In general, all the combinations follow the same
decay pattern. After 2 h, the decay is more accentuated, sug-
gesting that there is a percentage of NPs dissociated during this

period,* which was clearly corroborated by the obtained AFM
values. Getting into details shown in Fig. 7A-C, we can confirm
that each polymer type follows a similar tendency with slight
differences at 25 °C. On the one hand, for KH (Fig. 7A), the
energy transferred is notably higher than that for the other
constructions, as we have seen before. On the other hand, in the
RH construct (Fig. 7B) both polymers follow a comparable
disassembly process and are similar to the fluorescence energy-
transferred values of RK NPs (Fig. 7C). In this last construction,
RK, the FRET results of the C6CR3 polymer show a signal being
gradually reduced over time due to its destabilization over time.
Despite this, C6CK3 of this RK polyplex has an intense polymer
drop at 2 h of incubation. This phenomenon could indicate that
C6CK3 is the first polymer that tends to decomplex from the
nanoparticle structure. Whereas, for the other two combina-
tions (KH and RH) the first polymer in decomplex is C6CH3, for

Table 1 Scheme of the different NPs constructs properties and their possible applications. In where “*" mean lowest values and “***" higher

values of the specific properties in each construction section

V4

NPs formulation - potential Size EE Adhesion Binding affinity Stability
KH Aok & sk sk A3k skoskok *

KHD * sk ok ok sk o

RH ok * * sk * $k

RHD * EESS * EETS Kk s

RK A3k B3 * sk * ke

RKD * Kk k% EEES ok sk
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KH this disaggregation is more abrupt than in RH whose C6CR3
polymer follows a similar pattern degradation to that of C6CH3.

Concerning the coated constructions, no significant varia-
tions were observed along time at 25 °C with the exception of
the mentioned 2 h period decay. The polymer C6CD3 remains
on the outer layer but it does not conform to a core structure; it
is more likely to be a woolen ball allowing the release of the
inner polymers.

The same experiment was performed at 37 °C to study the
effect of temperature on the stability of NPs (Fig. 7D-F). Coated
NPs had slightly higher values in comparison to those described
previously at 25 °C but were still far from the values obtained
with the cationic polymers. This is expected since C6CD3 was
added a posteriori once the polyplex was already formed. Con-
cerning the cationic NPs, FRET values were remarkably
decreased and in addition to the 2 h decrease, a prominent
fluorescence drop occurred between the 12-24 h was seen, thus,
indicating they are temperature sensitive. The same behavior
was observed when NPs were incubated at 37 °C except for the
C6CR3 polymer in RK NPs combination that displayed stability
values over 24 h incubation, without the 12 h drop. All this
indicates that our NPs are able to perform a partial release of the

Table 2 Cationic and anionic coated nanoparticles' labelling combi-
nations. The "+" indicates the component labelled with Cy5 and the "x"
the component labelled with Cy3 in each case

]
Cationic polyplexes Combinations Cy5 Cy3 label
KH K*H/pGFP* K pGFP H
K*H*/pGFP K H pGFP
RH R*H/pGFP* pGFP H
RH*/pGFP* H pGFP R
R*H*/pGFP R H pGFP
RK R*K/pGFP* R pGFP K
RK*/pGFP* K pGFP R
R*K*/pGFP R K pGFP
Anionic polyplexes Combinations Cy5 Cy3 & label
KHD K*HD/pGFP* K pGFP H,D
KH*D/pGFP* H pGFP K, D
RHD R*HD/pGFP* R pGFP H,D
RH*D/pGFP* H pGFP R, D
RHD*/pGFP* D pGFP R, H
RKD R*KD/pGFP* R pGFP K, D
RK*D/pGFP* K pGFP R, D
RKD*/pGFP* D pGFP R, K
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cargo between a 2 h period, which is more than enough time for
the NPs to reach the target organ. Moreover, as expected, the
presence of the enzymes in the physiological media will also
accelerate the decomplexation process. To complete and
corroborate the 2 h-cargo release hypothesis, an encapsulation
efficiency experiment was performed, obtaining the results
shown in Fig. 7D-F. Results showed a decrease in the %EE
(compared to initial values shown in Fig. 2) for all the combi-
nations after this time, meaning that there are small percent-
ages of the release for all the constructions. Specifically, the
delivery of the cationic combinations is delayed in comparison
with the coated ones. For instance, the KH construction delivers
25% of the pGFP cargo, while its respective-coated KHD nano-
particles liberated 40% of the pGFP cargo. This can be justified
since there is a reduction of the cationic polymer over time (as
seen from FRET experiments and AFM results), so the overall
charge of the nanoparticle may decrease giving rise to a non-
stable system with pGFP, which is negatively charged, is more
exposed to the C6CD3 coating, which is also anionic, leading to
a repulsion process and thereby cargo release.

In this stability section, it will be illustrated that each poly-
mer of NP constructs has its own biodegradability properties;
thus, NP stability is under the aegis of the terminal peptides
used. The C6CH3 polymer was first disassembled, as deduced
from the AFM results, and proceeded by C6CK3, C6CR3, and
C6CD3 when the temperature was increased. This property
together with the binding affinity are interesting in order to
select a proper nanoparticle in which the release kinetics is
important, for example, higher binding affinity and stability will
promote sustained release therapies, making RKD an attractive
option for long-term release. All these studied, and now, well-
described properties have allowed us to tailor the OM-pBAE
carriers by selecting the most accurate oligopeptide combina-
tion, based on the needs or interests requested for the specific
application goal; all these properties are summarized in Table 1.

Conclusions

The aim of this study was to mechanically and physiochemically
decipher the NP properties as a function of the end peptide
polymer combinations. The comprehension of these features
fulfills the lack of basic science studies, always taken for gran-
ted, but essential for engineering carriers and, hence, boosts
a rational selection for the most suitable carrier for a specific
application and its further commercialization success. These
constructions have been deeply analyzed and have demon-
strated different structures as a function of the OM-pBAE
combination used. Cationic structures have smaller sizes but
higher Z-potential whilst it is contrary for the C6CD3 coated
NPs. Despite this, nucleic acid encapsulation efficiency is
preserved for all the constructions with elevated values, headed
by KH polyplexes. Additionally, this wide study allowed the
understanding of a new concept: the in-sight NP components
distribution and therefore the outer exposed polymer allowing
the addition of specific targets, providing an efficient delivery.
Alluding to the mechanical approach, the C6CH3 polymer is the
first in leaving the nanoparticle probably facilitating the cargo
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release. This affirmation has been reinforced by the stability
studies that demonstrated that depending on the OM-pBAE
used, the nanoparticle construction has higher sensitivity to
temperature and media variations, and the coated construc-
tions are less susceptible than the cationic ones. This provides
different timings for the cargo release in the function of the
end-terminal peptide used and, therefore, sustained or rapid
release can be achieved with different constructions. Thus, for
the first time, we revealed properties that will allow tailoring the
carriers by selecting the most accurate oligopeptide combina-
tion based on the needs or interests requested for the specific
application goal. Consequently, our results will boost future
research on OM-pBAE to facilitate their transfer to clinical
applications.

Experimental section
Materials

Various reagents have been used in this project. Sucrose,
Sodium Acetate, Hepes, DEPC-treated water, and PBS were
purchased from Sigma-Aldrich®. Cyanine dyes were purchased
from Lumiprobe for polymer labeling but for plasmid labeling
Label IT® TrackerTM Intracellular Nucleic Acid Localization Kit
from Mirus was purchased. Fetal Bovine Serum (FBS) was ob-
tained from Lab Clinics. Plasmid GFP (3486 bp) was produced
and purified from E. coli. Quant-iT PicoGreen Kit from Invi-
trogen was used for DNA quantification. Arginine, histidine,
lysine, and aspartic acid end-modified poly(f-amino ester)
(PBAE) polymers were synthesized by a group from the mate-
rials Engineering team, following a two-step procedure previ-
ously described in the literature.*

Methods

Nanoparticle formation. The NPs were prepared at an N/P
molar ratio of 25/1 (OM-pBAE/Nucleic acid), by mixing equal
volumes of pGFP 0.5 mg ml ' with the different polymer
combinations at 12.5 mg ml~" in a solution of sodium acetate
12.5 mM at a pH of 5.2. The polymer combinations were KH and
RH in a 60 :40 ratio and RK in a 50 : 50 ratio. The nucleic acid
was added to the polymer solution, and mixed by pipetting,
followed by 30 min of incubation at room temperature (V;). For
the preparation of the coated pBAE/pGFP NPs, the C6CD3
(aspartic acid, named D) polymer in sodium acetate solution
(12.5 mM pH 5.2), was added to the formed polyplex during the
incubation (at 15 min) in the same quantity as the cationic
polymer. For the formation of the discrete structures after
incubation, the mixture was nanoprecipitate in the same
volume of MiliQ water. Thereafter, the same initial volume of
Hepes 20 mM + 4 wt% sucrose (pH 7.4) solution was also added
as cryo and lyoprotectors ending with sample 1/3 diluted
compared with the first incubation.

Labeling pBAE with fluorophores. The labeling of the C6
PBAE was performed with cyanine dyes, cyanine 5 NHS ester
(Cy5), or cyanine 3 NHS ester (Cy3), at 10 mg ml~* in DMSO. The
C6-pPBAE solution was mixed with DMSO, triethylamine (Et;N),
and Cy5/Cy3 at the concentrations shown in Table 2. Mixtures
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were protected from light and stirred in a water bath under
controlled temperature of 25 °C £ 2 °C. The resulting product
was precipitated in a 7: 3 v/v mixture of diethyl ether: acetone
and posteriorly dried overnight and dissolved in DMSO to
obtain a solution of 100 mg ml ™.

DNA Cy3/5 labelling. The labelling of pGFP was performed
following the protocol described in the Label IT® TrackerTM
Intracellular Nucleic Acid Localization Kit with slight variations.
For imaging experiments, the ratio of DNA labelling reagent was
set to 0.5:10 (v/w) and reaction time was increased to 2 h, in
order to reach a labeling density of 10 dye: DNA molecule.?
Afterwards, the sample of Cy3/5-DNA was quantified by means
of fluorescence and absorbance, respectively, with an Infinite M
Plex microplate reader from TECAN.

Dynamic light scattering (DLS). Characterization of the
hydrodynamic size, polydispersity index (PDI), and the surface
charge was performed by DLS (Malvern Instruments Ltd, United
Kingdom, 4 mW laser), at a 173° detection angle, using
a 633 nm laser. For size measurements, given as the intensity
approximation, NPs prepared at 0.25 mg ml~" of pGFP were
used, while for the surface charge measurements, a dilution 1/
10 in Milli-Q water (final concentration 0.025 mg ml™*) was
used. All measurements were performed thrice with 20 runs per
measurement.

Atomic force microscopy (AFM). 50 uL of NP dispersion was
deposited on freshly cleaved high-quality mica (Ted Pella),
incubated for 10 min, and posteriorly rinsed with MiliQ water.
All measurements were performed in an aqueous environment.
Topographic images and force spectroscopy data were obtained
with a Nanowizard 4 AFM system (JPK) in QI mode using
TR400PB probes with a calibrated constant of k = 0.009 N m™!
and 500 nm as the z length and 10 ms as the pixel time. The
WSxM software was used to process the images.** JPKSPM data
processing software was used to analyze the mechanical data
and to extract Adhesion and Young's modulus information.

Affinity measurement by microscale thermophoresis.
Affinity measurements were performed using Monolith (Nano-
temper) by labelling pGFP with Cy5 Mirus labelling kit, as
described previously using a 10 ug ml~" concentration in order
to obtain the controls. Afterwards, NPs were prepared as
described above. NanoTemper was used.

The target, pGFP-Cy5, was loaded into the capillaries at
a 5 nM concentration. Excitation power was set to 40% and MST
power to a medium. Then, it was excited with pico-RED with
a 15% excitation power at a thermostat setpoint of 25 °C. Serial
dilutions of the ligands (KH, RH, RK, KHD, RHD, and RKD)
were added starting from 0.2 uM to 5 nM. A timeframe of 0.5-
1.5 s was chosen to analyze the data by the MO Affinity Analysis
software (NanoTemper) by Hill fit.

Fluorescence resonance energy transfer (FRET) analysis.
FRET measurements were carried out using an Infinite M Plex
microplate reader from TECAN. Each sample had a final volume
of 110 uL, in PBS and 1/100 dilution FBS media and was run in
triplicate in a flat black 96-well plate. NPs labelled with Cy5 and
Cy3 were prepared at the same label concentration. Polymers
and plasmids were labelled with a Mirus labelling kit. Cy5 and
Cy3 were used for cationic polymers (C6CK3, C6CR3, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C6CH3), and the plasmid (pGFP) except in FRET between the
polymers, then, one of the polymers was labelled with Cy3.
When measuring the energy transfer between the anionic
polymer and the cationic polymer, C6CD3 was labelled with Cy3
and C6CK3, C6CR3, and C6CH3 with Cy5. On the contrary,
when analysing the anionic C6CD3 polymer, it was labelled with
Cy5, while the plasmid for these studies was labelled with Cy3.
Two negative controls were used, NPs with only one of them
labelled and PBS/FBS wells with no labelling. The excitation
wavelength was 535 nm to excite Cy3 and the emission wave-
length was 675 nm in order to detect the emission of Cy5. The
measurements were performed at different times and temper-
atures (25 and 37 °C).

Hyperspectral imaging. Hyperspectral images of NPs were
visualized using enhanced dark-field microscopy. The equip-
ment contains an optical microscope (Olympus BX-43) coupled
to a Cytoviva® (Cytoviva, Inc., Auburn, USA) condenser and
a spectral imaging system. This condenser works in the VNIR
range (400-1000 nm). Both the microscope and hyperspectral
images were obtained using Exponent 7 and ENVI software,
respectively. A library of hyperspectral images of each constit-
uent was obtained by adding 10 pL to a microscope slide. Once
libraries were prepared, polyplexes were freshly synthesized as
explained in the above section, and then 1/2 diluted with Milli-Q
water. Next, 10 pL of the diluted NPs sample was placed into the
microscope slide with a coverslip in order to observe the
nanoparticle morphology under the microscope. Afterwards,
a hyperspectral image was captured and compared with the
reference hyperspectral library previously obtained (polymer
itself and pGFP libraries) obtaining a different polyplexes
composition.

Statistical analysis. All data presented, unless otherwise
stated, represent the mean value + standard deviation (SD) of,
at least, a triplicate independent sample. Statistical differences
were evaluated using GraphPad Prism®, by performing an
ANOVA comparison between the different groups. P values
lower than 0.05 were considered to be significantly different.
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