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Nanomedicine is a field at the intersection of nanotechnology and
medicine, promising due to its potential to revolutionize health-
care. Despite its long trajectory, there is still a long road ahead for
its full development, and smart design of nanomedicines is still a
challenge. Among other problems, this is due to the scarcity of
tools available for the precise visualization and comprehension of
nano-bio interactions, impeding progress towards the clinical
phase. One of the developed tools that stands out to be a strong
nanoscopy technique for studying nano-delivery systems within
cellular environments is expansion microscopy (ExM). This tech-
nique was used for tissue and cell expansion and most recently for
lipid molecule expansion inside cells. Herein, we present for the
first time polyplex expansion microscopy (PExM); a comprehensive
examination of ExM as an already developed technique, but
adapted for expanding polymer based nanocarriers, in particular
polyplexes within cells, allowing the analysis of their trafficking.
With our method set up, PExM will be extensively used for the
study of polyplex nanoparticle cell trafficking, becoming a high-
resolution technique which can also be applied to primary amine
containing polymeric nanoparticles without requiring expensive
super-resolution microscopes.

Introduction

The intersection of nanotechnology with biomedical and
pharmaceutical sciences has given birth to nanomedicine, an
emerging field that encompasses drug delivery, nanoimaging,
and theragnostics.'™ Nanocarriers, typically nanoparticles
(NPs), are utilized for encapsulating and delivering (bio)thera-
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peutics, owing to their distinct advantages over conventional
medicines. Key characteristics of nanocarriers include
enhanced pharmaceutical properties (such as improved solubi-
lity and stability, prolonged drug half-life, and increased
accumulation in tumors),>*"® improvement of the therapeutic
effectiveness and/or reduction of toxicity and targeted delivery
to specific cells or tissues.®” The majority of these attributes,
especially the pharmacokinetic ones, are achieved through
polymeric carriers capable of biodegrading and undergoing
chemical modifications, allowing for additional targeting.® To
achieve precise site-specific delivery, the design of engineered
NPs must be meticulously tailored to surmount various chal-
lenges upon entering the systemic circulation, including inter-
actions with plasma proteins, immune system detection, and
overcoming various intracellular barriers.> Despite polymeric
carriers being considered gold standards in the field of deliv-
ery systems and having shown some hints of success, due to
all the aforementioned reasons,”'® they have failed to progress
beyond clinical trials. One of the factors hindering the trans-
ference of these nanoparticles is the lack of nanoscale charac-
terization techniques for their thorough comprehension and
control. To beat this limitation, there is a need to develop
imaging tools and techniques that overcome the nanometric
resolution barrier to be capable to analyze and develop safer
and more potent nanomedicines."’ Specifically, the study of
their localization in different organelles and cell compart-
ments is of utmost importance to control their trafficking, and
consequently, study their cargo release and their fate, key
issues to not only enable the rational design of efficient formu-
lations but also to ensure their safe use. One interesting possi-
bility is expansion microscopy (ExM), a powerful and accessi-
ble high-resolution imaging strategy where biomolecules are
anchored to a swellable hydrogel that enables samples to be
expanded by a factor of four to twenty,"” providing high resol-
utions with a conventional microscope.'*'* ExM was first pro-
posed in 2015, by Chen, Tillberg, and Boyden, devoted to the
expansion of biological molecules."® Further work in 2022, by
White and coworkers described the adaptation of this tech-
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nique for the study of lipid molecules."® However, to date, no
studies exist reporting the possibility of using ExM for the
nanoscopic study of polyplex interactions with cells. Thus, the
main objective of this communication is to shed light on poly-
meric nanoparticle (pNP) trafficking within cells by developing
an ExM technique specific for polyplex-based carriers that can
also be carried out generally with any polymeric nanoparticles
that contain primary amines or by attaching them into any
carrier-type. Therefore, these carriers’ amplification and visual-
ization within the different cellular compartments through
different labelings enables an affordable and straightforward
methodology. To achieve this, we have devised a technique,
termed polyplex expansion microscopy (PExM), which facili-
tates the examination of spatial and temporal localization of
PNPs at both the cellular and subcellular levels using ExM.
Using our proprietary poly(beta aminoester) - pBAE — NPs as
proof-of-concept biomaterials, for the first time, pNPs within
cells can be rigorously studied with this new PExM technique.
PBAEs are an interesting choice due to their sought after
characteristics such as low toxicity, biodegradability, biocom-
patibility, the ability to compact genetic material, and their
easy synthesis and chemical modification.'®'” In this work, we
demonstrate that the obtention of enough resolution allows
nanoparticle—cell interactions to be guided with the intention
of controlling their fate and regulating target localization and
degradation, and finally provides a deep understanding of pNP
interactions with cells.'® Our communication is expected to
guide researchers in the characterization of PExM interactions
with cells for the development of other pNPs for biomedical
uses.

Protocol development

Here, we report a reexamination of the traditional protein
retention ExM'® detaining not only endogenous amino-con-
taining macromolecules in cultured cells but also synthetic
molecules such as polyplexes on a swellable gel. Following the
ExM principle of anchoring primary amines to a hydrogel
using a commercially available cross-linking molecule known
as the succinimidyl ester of 6-((acryloyl)amino)hexanoic acid
(AcX)™ we can colocalize NPs inside cells. In this communi-
cation we will proceed to explain step by step the developed
protocol to achieve it, starting from the anchoring of the
fluorophores to the nanosystem and to the hydrogel, gelation
of the polymer chains that form the network which traps and
immobilizes the cells and molecules, digestion of random
chains of the polymer network to allow swelling of the hydro-
gel, and expansion of the hydrogel to finish with the
microscopy visualization.

Process preparation

To perform conventional immunostaining after seeding, we
first created a PDMS scaffold (10:1) with a 35 mm diameter
that fits a Petri dish, but with a 5 mm diameter glass bottom
inside where the cells will be seeded (Fig. 1A). This allows to
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have the cells in a localized region. Once the hydrogel is
formed, the scaffold is removed, enabling gel expansion along
the Petri dish without the need to manipulate the gel, thus
avoiding potential breakage as seen in conventional ExM pro-
tocols.>® Once the scaffold was ready and sterilized with UV
light for 30 minutes, we proceeded with the seeding of the
cells of interest. In our case, this has been done with A549
cells, human lung adenocarcinoma cells, as a proof of concept
that could be extrapolated to any cell line growing attached to
the surface. It is worth noting that to achieve proper conflu-
ence after the entire expansion process, it is necessary to seed
around 250 000 cells per mL (10 000 cells per mm?), a higher
density than recommended in standard protocols (Fig. 1B).”!
Subsequently, transfection can be performed with any poly-
meric system with the presence of amine groups in its struc-
ture to anchor the NPs to the hydrogel. We used our polymeric
poly(B-aminoester) (pBAE) NPs as a proof of concept, a family
of biodegradable cationic polymers which are an interesting
choice for nucleic acid delivery.'” In addition, the properties of
PBAEs can be boosted by adding some modifications to the
end-capping groups of the backbone molecule. In particular,
our proprietary adjustments®® are based on using different
positive peptide moieties,® such as arginine (C6CR3) and his-
tidine (C6CHj;) oligopeptides (Fig. 1C and ESI Fig. S1f).
Namely, in the presented case, R-pBAE were labeled with
Atto647N in a 1:1 polymer:dye molar ratio. To do so, NPs
were prepared containing a mixture of 60% C6CR3 and 40%
C6CH; (simplified as RH NPs).*>® To delineate the cell struc-
ture, DAPI and Orange CellMask were used for the cell nuclei
and cytoplasmic membrane staining, respectively. AF488 was
used as the secondary antibody of Rab5, an early endosome
marker, thus allowing colocalization studies with our pBAE
NPs to understand their internalization process. Crosstalk
between the selected fluorophores was checked, for more
detailed information see the ESI, Fig. S2.}

Labeling

For an optimum observation of cells with the microscope
being able to differentiate their subcellular compartments,
labeling selection is a key issue. To achieve optimal results,
various fluorophores had to be fine-tuned, both in terms of
concentration and the pre- or post-expansion application
method. Given the necessity to modify the entire conventional
protocol for NP visualization, fluorophore concentrations have
also been an affected factor. For nuclear staining, DAPI was
used at a concentration of 0.5 pug ml™", while CellMask Orange
was employed at 20 ug mL ™" for cell membrane delineation.
To detect endosomes, Rab5 was utilized as the primary anti-
body at a concentration of 5 pg mL™", with AF488 as the sec-
ondary antibody at a concentration of 5 ug mL™", as indicated
in ESI Table S1.f The used concentrations in PExM do not
differ in the order of magnitude from the classic ExM protocol,
nonetheless, the labeling incubations in our protocol are
shorter. Two staining approaches were carried out, a pre-
expansion and a post-expansion labeling, but the second one
led to a significant loss in image quality. There exist additional

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Pre-expansion. (A) Scaffold of PDMS (10 : 1) with a 35 mm diameter and a 5 mm diameter hole in the center for cell seeding. (B) A549 cells
stained with DAPI and CellMask (I) seeded at 250 000 cells per mL confluency and B (ll) seeded at 150 000 cells per mL confluency. (C) Oligo-
modified poly-p(amino ester) backbone and the possible end terminal tripeptides; for more information see ESI Fig. S1.1 Scale bar is 20 pm.

fluorophores that could be used;*® however, among these, the
aforementioned ones align most suitably with our system’s
requirements and are readily available for our specific overlap-
ping needs.

Gelation, homogenization and expansion

Once the cells have been seeded and the NPs of interest have
been labeled, we have to anchor the large amount of primary
amines in the system to the terminal NHS groups of the succi-
nimidyl ester of 6-((acryloyl)amino)hexanoic acid (AcX) mole-
cules (Fig. 2A), to allow the retention of our NPs and cell struc-
ture in the gel (anchoring step). In our case, as we need to visu-
alize not only the proteins and cell membranes that classic
ExM protocols do but also the NPs, we functionalized the
maximum possible quantity of primary amines, including the
ones present in the carriers. To do so, AcX was incubated over-
night in the dark at room temperature to enhance this men-
tioned reaction of AcX with the NH, groups of the polymeric
carriers allowing the NPs’ attachment to the hydrogel.
Protocols that only involve the retention of lipids and proteins
only require a minimum of 3 h, using a 0.1 mg ml™" concen-
tration in all cases. In contrast, this anchoring step enables

This journal is © The Royal Society of Chemistry 2024

our system (cells and NPs) to crosslink with the polymeric
network formed by an acrylamide/bisacrylamide gel, which is
the reason why an overnight incubation is needed otherwise
there was no NP retention nor expansion (ESI Fig. S31). The
next step is the gelation process in which the gel is formed by
mixing the monomer (Stock X), TEMED, and APS solutions in
a 98:1:1 volumetric ratio, as in the standard way. This solu-
tion was vortexed for 10 seconds and immediately placed in
ice to avoid premature polymerization. Then, the AcX solution
was aspirated and the gelation solution was applied to the
sample and transferred to the incubator at 37 °C for 1 hour in
the dark. The digestion step, performed with proteinase K, is
required to enable the swelling of the hydrogel by the cleavage
of some peptide bonds formed in the gelation process. An
excessive duration of proteinase K incubation, as indicated in
some ExM protocols, could cause the breakage of all peptide
bonds and no sample remaining in the gel. In contrast, short
incubation times could produce the opposite effect, not
enough space for the hydrogel to swell. Therefore, different
timings were tested, and a better ratio of resolution:
expansion was obtained with 3 h incubation in the dark and at
room temperature in an orbital shaker at 60 rpm (Fig. 2B).

Nanoscale, 2024, 16, 1969-11976 | 11971
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Fig. 2 Protocol steps. (A) Anchoring step reaction of acryloyl molecule (AcX) and primary amines. (B) Digestion step with different incubation times,
1 h and 3 h, of proteinase K. (C) Isotropic expansion where pre-expanded and post-expanded cells images are shown, scale bars are 5 ym for the
pre-expansion image and 23 um for the post-expansion image. (D) Expansion step with different swelling incubations. Image scale bars are 20 pm. p
value <0.0001 (****), p value <0.001 (***), p value <0.01(**) and p value <0.05 (*).
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Finally, to perform gel expansion, the ProK solution was aspi-
rated, the scaffold was removed and the gel was unhooked
from the dish surface, allowing a homogeneous expansion as
shown in Fig. 2C. Comparison of pre-and post-PExM images
revealed minimal sample distortion, with a root-mean-square
(RMS) error of <3% for distances of up to 10 pm?, demonstrat-
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ing that the PExM protocol expands isotropically (ESI Fig. S47).
Additionally, Fig. 2C demonstrates that, thanks to this stab-
lished protocol, a higher ressolution of a 4.6x post-expanded
image, in comparison to the pre-expanded image, can be
obtained. This swelling step will be determined by the pre-
vious steps of anchoring and digestion, and finding the

Atto 647N

(NPs polymer) Merge

Fig. 3 PExM protocol applied to different cell lines and polyplexes. (A) Comparison between pre-expansion and post-expansion images of A549
pBAE transfected cells. Scale bars are 20 um and 93 um, respectively. (B) Comparison between pre-expansion and post-expansion images of A549
PEI transfected cells. Scale bars are 20 ym and 93 pm, respectively. (C) Comparison between pre-expansion and post-expansion images of BEAS-2B

pBAE transfected cells. Scale bars are 20 pm and 93 um, respectively.
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Fig. 4 Expanded images of A549 cells with different pBAE NP transfection times. Nanoparticles were transfected for 2 h and 4 h with the PExM pro-

tocol. Scale bars are 93 pm.

optimum balance between them leads to success. In Fig. 2D
we see that immersing the gel in Milli-Q water in the dark and
at room temperature for 3 h resulted in fluorophore loss, and
no more than 4x of expansion was achieved. In contrast, with
1 h of swelling just 3x of expansion was obtained though the
fluorophores were still intact. Therefore, 2 h of gel swelling
with a 30 minute water replacement (this was done in all
cases) leads, as seen in Fig. 2D, to an optimum ratio between
visualization and expansion.

Proof of concept results

Having performed all the steps of the NP expansion protocol,
we achieved a significantly enhanced resolution in visualizing
the NPs compared to the pre-expanded state, as depicted in
Fig. 3A. This enhancement enabled individual NP observation
using a simple 63x objective. To validate the developed PExM
protocol, as mentioned above, we used our pBAE particle
system, and the magnification obtained was up to 4.6 times.
The protocol was also demonstrated to be useful for other NPs
such as poly(ethylene imine) — PEI - NPs as another example
of the utility of the protocol in Fig. 3B and additionally it has
been tested with a non-tumorigenic cell line from human
bronchial epithelium named BEAS 2B, taken as an example of
epithelial cells as shown in Fig. 3C.

Thus, this technique enables the differentiation of our NPs
in various cell line compartments. For instance, in the case
illustrated in Fig. 4A, we aimed to investigate the internaliz-
ation route of our NPs. Therefore, following the fluorophore
section, we employed RAB5 conjugation to study primary endo-
somes. In the initial observation after 2 h of transfection, a
majority of the NPs were colocalized with primary endosomes,
predominantly on the cell membrane surface. However, after
4 h of nanoparticle transfection, the same NPs no longer
coincided with primary endosomes, having migrated to the
perinuclear region. By using the Fiji JACoP plugin as a colocali-
zation tool, we obtained the overlap coefficient of NPs and

1974 | Nanoscale, 2024, 16, 11969-11976

early endosomes at 2 h as 34.3 + 1.5% and at 4 h, 28.6 + 1.1%,
these two values being significantly different (p < 0.01), there-
fore corroborating our previous hypothesis (ESI Fig. S57).

Conclusions

We present here a novel protocol we developed: Polyplex
Expansion Microscopy (PExM). This is a revised approach to
the conventional protein retention method in Expansion
Microscopy (ExM), which not only retains endogenous proteins
within cultured cells but also accommodates synthetic mole-
cules such as polymer nanoparticles within a swelling gel
matrix. The PExM protocol enhancements encompass the
sequential stages from affixing the fluorophores to the NPs and
hydrogel, polymer chain gelation constituting the network that
captures and immobilizes cells and molecules, enzymatic diges-
tion of random polymer chains to enable hydrogel swelling,
subsequent expansion of the hydrogel and the ultimate visual-
ization using conventional microscopes. This capability allows
us to comprehend the cell trafficking of NPs, enabling the
study of their internalization, as we demonstrated for pBAE,
proprietary polymers used as a proof-of-concept to validate the
protocol. In conclusion, our protocol could be an appealing
tool for the fine characterization of other polymeric NP inter-
actions with cells that will boost their translation to clinical
use.
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