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ABSTRACT: The surface chemistry of gold nanoparticles is a key 2R
determinant of their final biological properties. In this study, we = b S T
investigated the influence of the PEG chain length, positioned
between the gold core and the cationic polymer, on the transfection

In vitro testing

efficiency in HeLa and HGF cell lines. Two types of nonviral . . s T
. . &y . ™ % ot
vectors were synthesized from the same AuNPs, which were v o R EC sl ting
subsequently functionalized with PEG of 1000 and 2500 Da, R It
* ®x %
respectively. Onto these PEG chains, identical copolymeric e ANPLPEG PR PEGGA o esing
sequences of PEI2000-PEGS00-GA were covalently attached to -
{5 PEGuarNHy= - HS-PEGuspony =Vl 90w PEGurcpory= - PElmsm amyEGuon- Y,

provide quasi-shielding (via PEGS00) and enable tumor targeting/
accumulation (via GA). Both vectors demonstrated that such
functionalization enhances cellular uptake and targeting specificity while exhibiting excellent DNA delivery efficiency, minimal in
vitro cytotoxicity, and no detectable in vivo adverse effects following intravenous administration in animal models. A superior loading
capacity was observed when the PEG linked to the gold core was 2500 Da, suggesting a contribution from solvation-driven

interactions.

B INTRODUCTION

Gene therapy is expected to play a pivotal role as a technique
for cell reprogramming, with potential applications for
controlling malignant progression by immunotherapy,” or
even for reversion of tumors to the benign state.” Essentially,
gene therapy involves the controlled introduction into target
eukaryotic cells of segments of exogenous nucleic acids
carrying relevant information for reprogramming some of the
normal or pathological intracellular molecular mechanisms.”
The method applied for this purpose is called transfection. It is
practiced either through relatively aggressive physical—
chemical processes against cells, such as electroporation, or
through carrier-mediated transfer processes, which minimally
affect the integrity of living cells.” Even though variants of
transfection have already reached the stage of clinical trials,®’
there still exists an objective factor that delays the development
of spectacular applications of cellular reprogramming,
especially in vivo, which is the lack of transfection molecular
tools capable of cumulatively fulfilling five criteria: (i) low
negative impact, if any, on nontargeted cells, (ii) minimal or at
least slow immune system response, (iii) reproducibility of
their intended action, (iv) ability to transfer large-enough
segments of nucleic acids, and (v) high efficacy of the transfer
of nucleic acids into cells. Of the two classes of molecular tools
(usually called gene vectors), viral and nonviral, the latter
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seems to promise higher safety in use in gene therapy,”” being
preferable even if, to date, they are less efficacious.

Being of real relevance in modern transfection techniques,
nonviral gene vectors with complex molecular and/or
nanoparticulate architectures are currently expanding,'’ both
through design and through performance studies. In terms of
design, nanoparticles capable of generating polyplexes
(spontaneously self-assembled noncovalent complexes, pre-
dominantly based on electrostatic interactions) with nucleic
acids are favored, as they can collectively contribute to the firm
and tight packaging of large segments of polynucleotides. This
is the reason why most nonviral vectors possess peripheral
shells made up of macromolecules that are positively charged
in the physiological/pathological environment,'' such as
branched polyethylenimines (b-PEIs). The rigor and reprodu-
cibility of polyplex packaging increase, and implicitly, the
transfection efficiency improves, if the shell adopts a systematic
omnidirectional spatial organization (a compact but adjustable
spheroidal geometry)'> and an extended and unrestrained
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Figure 1. Steps of the synthesis of polysegmented chains of the core—shell nanoparticles acting as nonviral gene vectors.

(“relaxed”) spatial distribution of its macromolecular segments.
The firmness of the omnidirectional symmetry can be ensured
by the core—shell architecture of nanoparticles (possibly with a
metallic core), while the “relaxed” spatial distribution may
come from the length and the polysegmental structure of the
chains grafted onto the core. In this context of the design of
nonviral gene vectors, the present paper is focused on
demonstrating that the insertion of spacer segments made of
weakly reactive macromolecules, such as poly(ethylene
glycols), into the grafted chains can improve the transfection
efficiency of novel nanoparticulate delivery systems, as a
consequence of the enhanced segmental mobility of their
chains, allowing the vectors to intimately “palpate” the
polynucleotide chains and to adapt dynamically to their local
conformation. Due to the polysegmental structure of their
molecular chains, nanoparticles are prone to dynamically
interact both with the payload and with each other to
“collaborate” in their role as nonviral gene vectors. The
effectiveness of such vectors is therefore a matter of chemical
functionality, flexibility, and long-range spatial adaptability of
their (macro)molecular chains. All three mentioned character-
istics (functionality, flexibility, adaptability) were considered
both when designing the (macro)molecular structure of the
chains that make up the shell and when designing the steps of
synthesis of nanoparticles.

Safety of administration and operation is an essential
parameter in the design of a delivery system, including in the
case of gene vectors, especially if they act in a nanoscale state,
when they could trigger cytotoxic processes.'”'* Prevention of
excessive spread and uncontrolled action of engineered
nanoparticles in living organisms must always be considered.
This is why, regardless of their chemical composition and
supramolecular morphology,'> modern nanoparticulate deliv-
ery systems are endowed with targeting molecules capable of
identifying peculiar biochemical species and/or tissue-specific
milieus,'® or at least promoting accumulation in peculiar cells
or tissues.'” The accumulation of nanoparticles in tumor tissue
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can be mediated by their decoration with molecules identical
to or similar to those intensely involved or consumed in the
metabolism of neoplastic cells. As a precursor in protein
glycosylation processes, glucosamine (GA), an aminosacchar-
ide, is significantly consumed by rapidly dividing tumor cells.
This fact suggests that, when used as a decorating agent, GA
may function as a promoter of the accumulation of particulate
nonviral vectors in tissues undergoing accelerated dimensional
expansion. Consequently, this small molecule was selected to
functionalize the nanoparticles with a carbohydrate-based
periphery during their development.

The polysegmental organization of the macromolecular
chains, together with their grafting density on the core, offers
increased versatility for the spatial structuring of the nano-
particle shell.

To demonstrate the impact of this fact on transfection
efficiency and starting from our previous achievements in the
realm of nonviral gene vectors,'" *" the present study
describes the design and synthesis of two new classes of
nanoparticulate carriers having complex shells based on
polymer segments in the following sequences: (i) PEG,ggq-
PEGig-PELyy PEGyy-GA and (ii) PEGygge-PELp-PEGioq-
GA, for which the differences are marked in bold italics. These
macromolecular sequences were successfully synthesized onto
the surface of gold nanoparticles (AuNPs) in a layer-by-layer
grafting manner. Subsequently, the new carriers were evaluated
as potential facilitators of both gene delivery and cell targeting.
The design and selection for application purposes (as gene
vectors or as theranostic drug carriers) of the polymeric
sequences rely on our observation that peculiar molecular
architectures of PEG, PEI, and GA derivatives have
demonstrated the ability to improve the transfection efficiency.
To summarize, we designed and synthesized core—shell
nanoparticles with a core of gold atoms and a polymeric
shell composed of chains arranged in the following sequence:
(i) a highly flexible PEG spacer grafted onto the core, (ii) a
polycationic PEI segment acting as an electrostatic linker for
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Figure 2. (A) DLS analysis of the gold core of nanoparticles, SS-NPs, and LS-NPs in ultrapure water at an ambient temperature of 25 °C. (a)
Overlayed hydrodynamic diameter distributions; (b) overlayed zeta potential plots. Data are presented as mean + SD (n = 3). (B) STEM imaging
of (a) AuNPs, (b) SS-NPs, and (c) LS-NPs. The corresponding size distribution histograms were plotted by measuring the most clearly visible 60

bare gold nanoparticles, SS-NPs, and LS-NPs.

nucleic acids, (iii) a cytotoxicity decreaser composed of a
short-chain PEG that acts as an electrostatic shielding/
screening layer, and finally (iv) a glucosamine molecule
decorating the periphery of the nanoparticle with a tumor-
targeting layer. Schematically, the polysegmental structure of
the nanoparticle is as follows: Augye-[PEGpcer-PEjinker
PEGscreener-GAta,geter]n. In order to study the spatiality and to
validate the putative functionality of the developed nano-
particles, we built in silico models of the nanoconstructs and
performed molecular dynamics (MD) simulations to elucidate
the intra- and intermolecular interactions that occur between
the chain segments in the nanoparticle shell and also between
the AuNPs-[PEG-PEI-PEG-GA], nanoconstructs and DNA
fragments.

B RESULTS

The Polysegmental Organization of the Constitutive
Chains of the Nanoparticle Shell

To evaluate the impact of the length of the PEG spacer
segment on the transfection efficiency of Auge-[PEGqpcer
PELiei- PEGicreener GAvargeter ] Nanoparticles, we gradually
synthesized two types of molecular chains directly grafted
onto the Au core, namely (i) PEG,059-PEGgo-PEL0q-PEGs0-
GA and (ii) PEG 009-PELgoy-PEGsgo-GA.

The Stepwise Synthesis of the Vectors

First, AuNPs were synthesized and stabilized using sodium
citrate. Then, the spacer molecular segment was generated by
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engrafting a linear a,w-functionalized PEG molecule having a
thiol group in the @ position and an amino (HS-PEG,4,-NH,)
or an oxiranyl (HS-PEG,9-C,H;0) group, respectively, in the
® position, distinctively for the first and the second vector (see
Figure 1). To differentiate the vectors, the spacer segment of
the second one was prolonged by using an a,w-bis-oxiranyl-
PEGgq, precursor. As a third step, the oxiranyl-terminated
spacer segment of the shell was subjected to a ring-opening
reaction with the primary amine groups of the branched-
PEI, 5 molecules. The reaction concluded by generating the
PEI}, ., segment of the nanoparticle shell, which is the only
one capable of complexing polynucleotide chains. In parallel, in
order to construct the tail molecular segment, the a,w-bis-
oxiranyl-PEGg;, precursor was first reacted with GA in a molar
ratio of 1:1. Finally, in the fourth step, the -PEG reener GAvargeter
segment was generated by the reaction between the PEI-
terminated shell and the oxiranyl-PEGg,,-GA tail segment.

For the easy identification of the two vectors which, after the
synthesis, differ only by the length of the PEG spacer segment,
the following notations will be used in the continuation of the
article: (i) for the vector with the structure AuNPs-PEG,0,-
PEG;()-PEL0o-PEG4-GA, the notation will be LS-NPs
(Long Spacer NanoParticles), and (ii) for the vector with
the structure AuNPs-PEG;9o-PEL 10 PEG;y0-GA, we will use
the notation SS-NPs (Short Spacer NanoParticles).

FTIR spectrometry was used to confirm the structure of the
final compounds (Figure S1). UV—vis spectroscopy (Figure S2
and Table S1), DLS (Table S2), and STEM techniques
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Figure 3. (A) The morphology of the polyplexes generated by the two vectors with plasmid-DNA, as revealed by TEM of (a) SS-NPs/DNA and
(b) LS-NPs/DNA polyplexes. (B) Electrophoretic mobility of pCS2 + MT-Luc in the polyplexes formed by (a) SS-NPs and (b) LS-NPs,
respectively. Results of the DNase I protection assay (c); representative agarose electrophoresis of polyplexes with pCS2 + MT-Luc incubated in
the absence (—) or presence (+) of DNase I, using pCS2 + MT-Luc as a control sample: (1) PEI2000, (2) SS-NPs, and (3) LS-NPs. (d)
Quantification of the total of the relaxed and supercoiled electrophoretic plasmid bands corresponding to the pCS2 + MT-Luc samples complexed
with (1) PEI2000, (2) SS-NPs, and (3) LS-NPs, after treatment with DNase I (untreated pCS2 + MT-Luc value equal to 100).

(Figure S3) were used to determine the particle’s reactivity,
morphology, and size. All of the spectra are included in the
spectra section of the Supporting Information file.

The Size of Nanoparticles and Their Colloidal Stability in
the Liquid Milieu during the Successive Steps of Synthesis

To demonstrate that the vectors were incrementally generated
starting from the gold core, DLS analysis was used to estimate
the size and colloidal stability by measuring the zeta potential
(&) of the successively constructed nanoparticles, as shown in
Figure 2A and Table S2 of the Supporting Information file.
DLS histograms revealed dimensionally uniform assemblies,
with a clear increase of their hydrodynamic diameter as a
function of the length of the grafted macromolecular chains. In
the case of the first vector, the AuNPs-PEG-NH, intermediate
(¢ = —8.61) had a diameter of 78.7 nm, while the AuNPs-
PEG-PEG-C,H;0 sample ({ = —12.99) was slightly larger at
91.5 nm. The AuNPs-PEG-PEG-PEI sample ({ = —4.29)
exhibited a larger diameter of 116.5 nm, and the largest
diameter, 369.6 nm, was observed for the LS-NP vector ({ =
—7.24). For the second vector (SS-NPs), the AuNPs-PEG-
C,H,0 intermediate ({ = —13.14) had a hydrodynamic
diameter of 71.3 nm. Upon functionalization with PEI, an
increase in diameter was observed for AuNPs-PEG-PEI to
1189 nm ({ = —8.37). After the final synthesis step, the
diameter of the SS-NP vector increased to 386.8 nm (¢ =
—6.16). The zeta potential always remains negative and below
the colloidal stability threshold (+30 mV), regardless of the
stage of synthesis, suggesting that electrostatic repulsion is
insufficient to maintain nanoparticles in a stable colloidal
suspension.
Dry-State Morphology and the Aggregation Propensity of
the Nanoparticulate Vectors

In Silico Confirmation by MD. Morphology was
investigated using STEM (Figure 2B) and TEM (Figure 3A)

techniques. According to STEM imaging, the nude Au core
(Figures 2B.a and S3.2) has a size of 11.9 + 2.05 nm. After the
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first PEGylation step, the average diameter of the future SS-
NPs and LS-NPs increased to 23.37 & 3.62 and 21.73 + 3.27
nm, respectively. The elongation of the spacer segment of LS-
NPs resulted in an increase in diameter to 22.89 + 4.51 nm.
Upon further coupling with PEI (Figure S3.c and S3.k),
nanoparticles adopted a stable spherical shape and improved
dispersibility in water, with their average diameter increasing to
24.76 + 3.65 nm and 24.24 + 3.26 nm for SS-NPs and LS-
NPs, respectively. After the last synthesis step (peripheral
decoration with GA), the vectors displayed a higher tendency
for agglomeration and an increase in size (Figure 2B.b and B.c
and S3.d and S3.i) to 259 + 4.67 and 25.02 + 2.33,
respectively. The data from the MD simulations are consistent
with these findings, as seen in Figure S6, where the radius of
the polymeric shell is depicted and has values of 51 and 63 A
for the LS-NPs and SS-NPs, respectively.

TEM images have revealed spherical morphological shapes
for both SS-NPs/DNA and LS-NPs/DNA polyplexes (Figure
3A), with an average diameter of approximately 16 nm. As
expected, the addition of the plasmid DNA leads to a decrease
in the size of the assemblies, a fact that is also explained well by
the MD simulations. As can be seen in Figures S4.b and S5.b,
the PEI segment is fully extended away from the gold core.
However, once the DNA is added (Figures S4.c and SS.c), the
PEI bends and collapses onto the DNA fragment, leading to a
decrease in the size of the polymeric shell.

Transfection Mediated by the Developed Vectors

Obtaining and Characterizing Polyplexes with
Plasmid DNA. The ability of the SS-NPs and LS-NPs to
load the pCS2 + MT-Luc plasmid was assessed by agarose gel
electrophoresis at different N/P ratios using the naked pCS2 +
MT-Luc as a control. In the case of the SS-NP vector, the
plasmid DNA is completely loaded at an N/P ratio of 0.25
(Figure 3B.a), whereas in the case of LS-NPs, the polyplexes
are completely formed at N/P ratios higher than 0.5 (Figure
3B.b). As expected, the capacity of p-DNA binding is related to
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Figure 4. (A) Transfection efficiency of LS-NPs, SS-NPs, and PEL,,, with the pCS2 + MT-Luc polyplexes on HeLa cells. HeLa cells were seeded
in opaque white 96-well plates, 1 X 10* cells/well, and were transfected with polyplexes in various mass ratios (mass of the PEI segment of the
vector/mass of the plasmid). After 48 h from the transfection, the samples were treated with 100 L Bright-Glo reagent each, and the emitted light
was read. (B) Fluorescence microscopy of transfected HeLa cells. HeLa cells were cultured in several S X 10* cells per well, in 24-well plates, and
transfected with polyplexes containing 2500 ng of pCS2 + NLS-eGFP plasmid. The w/w ratio PEI weight/pDNA weight was 1 for LS-NPs, 2 for
SS-NPs, and 2 for PELy. Cells were photographed under a microscope using the GFP filter, 48 h after transfection. The scale bar is 200 ym.
CellTiter-Glo viability assay on (C) HeLa and (D) HGF cell lines. The cells were seeded in opaque white 96-well plates, 1 X 10* cells/well for
HeLa cells and 5§ X 10° cells/well for HGF cells, and were transfected with polyplexes in various mass ratios (mass of the PEI segment of the

vector/mass of the plasmid).

the length of the PEG spacer chain,'’ considering that the
molecular weight of the spacer segment of SS-NPs is 2.5 times
lower than that of the LS-NP vector.

The ability of PELyy, SS-NPs, and LS-NPs to safeguard
plasmid DNA from endonuclease degradation (Figure 3B.c
and B.d) was assessed by forming polyplexes at an N/P ratio of
0.5 when the PEI content was kept constant at 0.34 mg/mL.
As revealed by Figure 3B.c, the vectors and the naked PEI
provide good protection of plasmid DNA against the action of
DNase L. After the incubation of DNase I-treated polyplexes
with SDS (Figure 3B.d), PELgy, SS-NPs, and LS-NPs,
respectively, released 20.76%, 37.94%, and 5.82% of the
incubated plasmid DNA. LS-NP conjugate, however, preserved
the highest amount of plasmid content, followed by the SS-
NPs, and finally, the lowest protection capacity of plasmid
DNA was measured in the case of branched PEI,,
macromolecules. The ability of the studied vectors to protect
DNA is due to the insertion of DNA into their bulky polymeric
periphery, as seen in Figures S4.c and SS.c, where DNA is
immersed into the PEI moiety.

Qualitative and Quantitative Evaluation of In Vitro
Transfection Efficiency Conducted on Hela Cell
Cultures. First, the transfection efficiency of LS-NPs, SS-
NPs, and PEI2000 with the pCS2 + MT-Luc polyplexes was
performed according to Figure 4A. For the qualitative
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evaluation, polyplexes were made with the plasmid pCS2 +
NLS + eGFP, which contains the gene for an enhanced green
fluorescent protein, as illustrated in Figure 4A. Observations at
48 h post-treatment indicated that the transfection efficiency
varied significantly with the structural length of the vectors.
The LS-NP vector exhibited a markedly enhanced eGFP
expression compared to the shorter vector, SS-NPs. The
difference in PEG spacer length appeared to represent a critical
factor influencing transfection potency. Moreover, both
vectors, regardless of their PEG spacer length, achieved
stronger transfection levels than the free PEI control,
highlighting the importance of AuNPs’ derivatization in
enhancing gene delivery efficiency. This indicates that not
only does the PEG spacer play a pivotal role, but the presence
of the AuNPs’ core itself is essential for achieving superior
transfection performance.

Qualitative observations were further validated through a
quantitative assessment of transfection efficiency using LS-
NPs/DNA, SS-NPs/DNA, and PEl,y,,/DNA polyplexes, all
loaded with the pCS2 + MT-Luc plasmid encoding luciferase.
The Bright-Glo assay was employed to quantify luciferase
expression in HeLa cells following transfection with these
polyplexes (Figure 4B). The results revealed that the vectors
demonstrated varying transfection efficiencies, with LS-NPs
(Figure 4B) showing a notably higher transfection rate
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Figure 5. Graphical evolution of biochemical markers and IL-6, TNFa, and IFNy in BALB/c mice to the administration of (a) LS-NP (blue color)

and (b) SS-NP conjugates (red color).

compared to SS-NPs (Figure 4B) and free PEI (Figure 4B).
For w/w up to 2, the efliciency of LS-NPs is statistically
significantly higher than that of PEI and SS-NPs. Also, in the
same interval, the efficiency of SS-NPs is higher than that of
PEI, but not statistically significant. This suggests that the
increased length of the PEG spacer enhances gene delivery
effectiveness.

Furthermore, the optimal transfection efficiency for each
vector was achieved at distinct mass ratios, emphasizing the
importance of the PEG spacer length in determining the ideal
polyplex configuration. Specifically, the LS-NP vector achieved
peak efficiency at a w/w ratio of approximately 1, while the SS-
NP vector was more effective at a higher w/w ratio of 2. These
findings suggest that tuning the PEG chain length and
optimizing the mass ratio are both crucial for maximizing
transfection performance, potentially allowing for customizable
gene delivery systems based on PEG chain design.

Cell Viability. Polyplexes bearing the pCS2 + NLS-eGFP
plasmid were evaluated for cytotoxicity and biocompatibility
on HeLa (cancerous) and HGF (noncancerous) cell lines
using the CellTiter-Glo Luminescent Cell Viability Assay
(Figure 4C and D). This assay leverages luciferase—luciferin
chemistry to generate light in the presence of adenosine
triphosphate (ATP), a marker of metabolically active cells,
allowing for a direct assessment of cell viability based on light

intensity. The experiments to evaluate the cytotoxicity of the
transfection in vitro on the HeLa cell line (Figure 4C, D)
utilized LS-NPs/DNA, SS-NPs/DNA, and PEI2000/DNA
polyplexes with pCS2 + NLS-eGFP. The data showed that
LS-NPs/DNA polyplexes exhibited slightly higher but statisti-
cally significant cytotoxicity across all tested concentrations
compared to SS-NPs/DNA ones. This increased cytotoxicity
may be attributed to enhanced cellular uptake or increased
interaction with cellular membranes, which are influenced by
the longer PEG spacer. Interestingly, on the HGF cell line
(Figure 4D), both polyplexes demonstrated very low
cytotoxicity, statistically not significant, with cell viability
remaining high across all concentrations. This suggests that the
polyplexes, particularly those with LS-NPs, may selectively
affect cancer cells more than noncancerous cells, potentially
offering a balance of transfection efficiency with biocompat-
ibility in nontarget cells.

Analysis of transfection efficiency data led us to conclude
that positioning a longer PEG chain adjacent to the AuNPs’
core offers significant advantages in enhancing the transfection
efficiency in HeLa cancer cells. The increased PEG length
appears to improve cellular uptake and vector stability,
suggesting that careful control of the PEG spacer length can
optimize gene delivery performance for cancer cell applica-
tions.
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Figure 6. Histological changes in the liver of BALB/c mice after the administration of LS-NP and SS-NP vectors.

Evaluation of Toxicity (Acute-LD;, and Repeated
Doses). In the LS-NP group, 50% of the animals survived after
receiving a single dose of 6 mg/mouse. In the SS-NP group,
LD;, was determined to be 1.90 mg/mouse. Throughout the
monitoring period, the surviving animals in both groups did
not exhibit any behavioral changes or signs of toxicity. After
determining the toxicity at repeated doses of the two vectors,
no behavioral changes, differences in body weight, or other
signs of late clinical toxicity were observed. Mice have
maintained their interest in food and water during the 7
days of monitoring. Also, no cases of mortality have been
registered (Table S3 from the Supporting Information).

Hematological Analyses. The evolution of the hemato-
logical parameters is presented in Tables S4 and S5 from the
Supporting Information. The evaluated parameters did not
have significant changes that would attribute an inflammatory
effect to the LS-NP and SS-NP vector. At the same time, at the
end of the 7 days of testing, the average values of the
hematological indices and those of the platelets indicate minor
differences in both groups compared to the beginning of the
experiment; these values correspond to the physiological
interval of this line of mice (BALB/c).>’

Biochemical Analyses. The analysis of the biochemical
parameters in the blood is a method of monitoring renal (BUN
and CREAT) and hepatic (ALT, ALP, PT) functions for the
evaluation of new molecules through toxicological studies or
the diagnosis of induced metabolic disorders (GLU, CHOL).
In general, inorganic compounds can induce an inflammatory
response and alter biochemical indices. In Figure S5, we
highlighted in color blue LS-NP vector, while e SS-NP vector is
shown in color red. In the case of both vectors, the values of
BUN, GLU, and ALK were higher compared with those at the
beginning of the experiment, but they evolved between the
physiological values in this line of mice. However, the
significant variation of ALT in the two groups, LS-NPs and
SS-NPs, indicates possible liver distress. No changes in serum
cholesterol or creatinine levels were observed. The data are
presented in Tables S6 from the Supporting Information.
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The evaluation of the serum levels of IL6 (interleukin 6),
TNFa (tumor necrosis factor alpha), and IFNy (interferon-
gamma) in the two groups shows a slightly increased level in
the LS-NP group compared to the SS-NPs, which indicates the
presence of moderate acute inflammation in the liver but not in
other organs. The serum levels of the analyzed cytokines are
presented in Figure 5 and Table S7 from the Supporting
Information.

Histopathological Examination. For both vectors,
reversible morphological changes were observed only in the
liver, manifested by moderate liver degeneration, with Kupffer
cell activation in 3 from 10 mice for compound LS-NPs and in
2 from 10 mice for vector SS-NPs. The presence of binucleated
cells indicates the existence of an ongoing regeneration process
(Figure 6). No other changes, such as atrophy, congestion,
shape, volume, or color, were observed. Other organs, such as
the lungs, kidneys, and spleen, were not affected and presented
a normal appearance in the histological sections.

Intravenous administration to BALB/c mice of the two
vectors, three times within a week, did not induce clinical signs
of toxicity, such as ruffled fur, inability to move, incoordination
of movements, or respiratory or digestive impairment. The
behavior of the animals was normal, and the weight did not
vary significantly; the animals maintained their appetite for
food and water. Moreover, no changes were recorded in the
examined indices (hematological, biochemical, and immuno-
logical), although the direct influence of the vectors on these
indices was signaled by changes in the parameters that can
induce an inflammatory response and alterations in the
number of blood cells.””**

Histologically, no changes of an inflammatory nature were
observed in the spleen, lung, and kidney. A slight liver
degeneration, with Kupfter cell activation, was recorded for
both vectors, but the presence of binucleated cells indicates a
transient, reversible process that does not influence the health
status of the laboratory animals (Figure S9). Kupffer cell
activation is responsible for the early stage damage to the liver,
which is the main organ involved in the biotransformation of
gold nanoparticles.”* A marker of this recorded liver distress is
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ALT (alanine-amino-transferase), which showed a slight
increase in serum levels at the end of the experiment, in
both vectors, but which is within the normal parameters of this
mouse line.”’ The physiological serum variations of the
biochemical indices BUN, GLU, and TPO indicate activation
of the metabolism, with a role in local defense, sequestration,
and renal excretion of the two vectors. Previous studies have
reported that gold nanoparticles can induce renal damage,
effects that can be exacerbated by interaction with drugs or
other chemicals.”® In our study, no significant changes in the
biochemical markers of renal function (BUN and CREAT)
were observed. Also, renal lesions such as twisted glomeruli,
edema, necrosis, and inflammatory infiltrates were not
observed, although biologically, females are more prone to
develop adverse effects to various chemical agents or drugs,
through a different male—female endocrine regulatory
mechanism of the enzymatic pathways of drug biotransforma-
tion.”*"*® There is a high probability that renal diseases are
associated with elevated concentrations and smaller sizes of
gold nanoparticles, which may be correlated with the route of
administration.””*” One of the biological actions of TNF-a at
the cellular level is to induce the synthesis of other cytokines,
of some enzymes involved in the production of some pro-
inflammatory mediators, or acute phase proteins.?’O TNF-a
shows elevated serum levels in many acute and chronic liver
diseases induced by exposure of the liver to various chemicals
or drugs. The presence of this interleukin is linked to the repair
process by regulating the release of other mediators involved in
the healing of the inflammatory process.”’ The increased
serum level of TNF-a should not necessarily be interpreted as
a mediator of liver inflammation but rather as having an
important role in establishing the function of this organ by
stimulating hepatocyte proliferation and liver regeneration.
TNF-a activates several intracellular pathways to regulate
inflammation, cell death, and proliferation. Decreased hep-
atocyte proliferation shows that IKK-f (Ikappaf kinase) exerts
specific functions in liver cell populations. In hepatocytes, it
protects against TNF-induced apoptosis, and in Kupffer cells,
IKK-f induces transcription of proinflammatory and prolifer-
ative mediators.”> These results are interesting in the clinical
context of liver diseases involving the activation of Kupffer
cells.

Considering these results, repeated intravenous adminis-
tration of the two vectors is safe; all animals involved in the
experiment survived without alteration of their health status.
Changes in biochemical (especially ALT) and immunological
(TNFa) indices express slight liver damage, but it is reversible
and not always of an inflammatory nature (it can be a process
of regulating enzyme function). The data obtained for the two
vectors do not prove the existence of significant differences
regarding their toxicity in intravenous administration and
provide a strong reason to consider a clinical-therapeutic

approach.
B DISCUSSION

In this study, we report the design, synthesis, characterization,
and in vitro translated to in vivo evaluation, corroborated with
in silico studies of two novel polymer-saccharide-functionalized
gold nanoparticles capable of acting as nonviral vectors with
potential applications in targeted gene therapy of tumor cells.
The studied nanoparticles are of a multishell type, with the
periphery decorated with glucosamine molecules. They are
generated by grafting PEG and PEI polymeric chains onto a
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core of gold atoms and differ from each other by the length of
the PEG segments acting as spacers located between the Au
core and a branched PEI moiety, the latter being the one
directly involved in nucleic acid transport processes. The
positioning and the length of PEG segments modulate the
gene-transporting performance of the nanoparticles, and the
decoration with glucosamine allows them to selectively target
tissue domains and cells with high glucose consumption, such
as tumors and neoplastic cells.

The novelty of this type of multicomponent multishell
nanoparticles consists in (i) the ease with which they can be
synthesized and (ii) the versatility of structuring the shells, a
fact translated into the possibility of “by design” tailoring of
their functional performances as gene vectors. Moreover, the
presence, sequence, and length of the PEG spacer located in
the immediate vicinity of the gold core ensure minimal toxicity
to nontumor cells (tested on the HGF cell line) and lack of
systemic toxicity (demonstrated by intravenous administration
studies on BALB/c mice), thus avoiding the disadvantages
noted for other types of nanoparticulate nonviral gene vectors,
including those built around AuNDPs.

Overall, the nanoparticles developed by us offer an
improvement in transfection efficiency in the context of
insignificant recruitment of immune cells, as reflected by the
lack of inflammatory reactions and the lack of damage to the
internal organs of laboratory mice. The improved biocompat-
ibility and carrying and targeting ability of the AuNPs-(PEG,)-
PEG,-PELy4p-PEG;0-GA nanoparticles provide a strong
reason to consider a further clinical-therapeutic approach.

B MATERIALS AND METHODS

Gold precursors, citrate, PEG derivatives, PEI, glucosamine,
and all cell-culture reagents were purchased from commercial
suppliers and used as received. HeLa and HGF cell lines were
cultured under standard conditions. BALB/c mice were
maintained and treated according to EU Directive 63/2010
and institutional ethical approval.

Gold nanoparticles were synthesized by a modified
Turkevich method and subsequently functionalized with
PEG, PEI, and GA-PEG to obtain LS-NPs and SS-NPs.
Nanoparticles were characterized by UV—vis spectroscopy,
DLS, STEM/TEM, and FTIR. The PEI content was
determined by UV—vis using a CuCl, complex assay.

Polyplexes were prepared at defined N/P ratios and assessed
by agarose gel electrophoresis and DNase I protection assays.
Transfection efficiency (luciferase and eGFP reporters) and
cytotoxicity (CellTiter-Glo) were evaluated in HeLa and HGF
cells.

In vivo toxicity was assessed through acute and repeated-
dose studies, followed by hematological, biochemical,
immunological, and histopathological analyses. Statistical
significance was determined using ANOVA-based tests.
Molecular dynamics simulations of nanoparticle—DNA inter-
actions were performed with GROMACS under NPT
conditions.

Comprehensive descriptions of all experimental and
analytical methods are available in the Supporting Information.
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