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ARTICLE INFO ABSTRACT

Keywords: Amphiphilic copolymers prepared by reversible addition-fragmentation chain-transfer (RAFT) polymerization
Amphiphilic copolymers are versatile and biocompatible scaffolds for multiple drug delivery applications. Decorating these structures
RAFT

with biomolecules and targeting moieties is a proven approach to enhance the cell uptake of polymers. In
particular, spike proteins on the surface of the influenza A HIN1 virus are biomacromolecules highly evolved to
promote cell adhesion and uptake, leading to effective cell-penetrating processes. We harnessed this uptake
ability by selecting the peptide sequences responsible for the cell uptake and grafting them on a methacrylate
copolymer. The adopted polymeric scaffold included glycerol, butyl, and N-hydroxy succinimide ester (NHS-
ester) groups. This polymer resulted in a water-dispersible and biocompatible structure. Moreover, the reactivity
of NHS-ester units enabled the modular insertion of the peptide in post-polymerization reactions. Through this
approach, we combined the cell penetration efficiency of influenza A HIN1 virus with the easy manipulation of
polymers and small biomolecules. The resulting bioconjugate was demonstrated to be a modular, safe, and
effective platform for potential intracellular delivery applications.

Cell-penetrating peptides
Influenza A HIN1

1. Introduction further expand the properties and applicability of these materials [7,8].

Amphiphilic copolymers can either chemically link or encapsulate

Amphiphilic copolymers represent versatile and robust platforms for
drug delivery applications [1,2]. In this context, reversible addition-
fragmentation chain-transfer (RAFT) polymerization offers a reliable
technique for combining hydrophilic and hydrophobic monomers|3]
into amphiphilic copolymers with different functions and properties [4].
These copolymers are dispersible in aqueous media and self-assemble
into stable forms [5]. Incorporating reactive groups to the polymer
backbone also enables post-polymerization modifications [6], which
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bioactive compounds [9,10], producing nanocarriers that can enhance
the cell-uptake of pharmaceutical payloads [11]. An essential aspect of
these strategies is the ability of the polymeric scaffolds to penetrate
targeted cells [12,13]. Decorating polymers with biomolecules such as
biotin [14,15], folic acid [16,17], sugars [18,19], and proteic structures
[20] has proven to improve cell penetration. Proteins and antibodies are
particularly effective as they have domains that recognize cell receptors
and enhance the internalization processes [21,22]. In this regard, cell-
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penetrating peptides are sequences of 5 to 30 amino acids that contain
the essential recognition mechanisms of proteins [23], combining the
efficacy developed by nature with the advantages of smaller bio-
molecules [24,25].

Harnessing viral proteins to mimic the innate cell-penetrating effi-
cacy of viruses is a promising strategy for delivering bioactive com-
pounds [26]. In particular, the surface of influenza A viruses present
spike proteins evolved to promote cell adhesion and uptake [27],
resulting in the virus phagocytosis and cell invasion [28]. However,
manipulating proteins to decorate drug delivery systems presents
various challenges [29]. Proteins can be easily denatured by tempera-
ture and pH variations as well as by contact with solid surfaces, resulting
in loss of bioactivity [30]. Further difficulties account for protein
isolation [31], low yields in the preparation of protein-polymer conju-
gates, and complex characterizations [32].

Influenza A virus HIN1 displays hemagglutinin spike proteins that
recognize and penetrate target cells [33]. Specifically, these proteins
recognize sialic acid molecules on the epithelial cells by interacting
through the hemagglutinin receptor binding site [34]. Sialic acid is the
terminal unit of several glycan structures that decorate the membrane of
mammalian cells [35], offering an essential component for infections by
influenza viruses [36]. The receptor binding site is composed of three
conserved regions: the 130 (residues 135-138)- and 220 (residues
221-228)- loops and the 190-helix (residues 190-198) [37]. To identify
potential cell-penetrating peptides, we considered the amino acid se-
quences of the hemagglutinin receptor binding site of the HIN1 virus
from the vaccine strain A/California/07,/2009 (H1N1pdm09). Building
on these findings, we adopted these subunits as cell-penetrating pep-
tides to decorate an amphiphilic block copolymer. Based on current
examples of cell penetrating peptides conjugated to polymers, we pro-
pose to adopt the influenza A virus recognition motif to harness the
viruses uptake efficiency in a biocompatible and versatile polymeric
scaffold. We prepared an amphiphilic methacrylate-based block copol-
ymer via RAFT polymerization, bearing hydrophilic and hydrophobic
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segments, and reactive N-hydroxy succinimide ester (NHS-ester)
pendant groups. The nature of the polymer provided dispersibility in
aqueous media via the formation of self-assembled polymeric nano-
particles (Fig. 1). Moreover, the NHS-ester sites allowed for the post-
polymerization modification with the multivalent insertion of peptide
sequences, promoting the effective polymer uptake [38].

Using the cell penetrating peptides derived from influenza A virus,
we provided a preliminary study on a bioconjugate copolymer for
intracellular delivery applications. We focused specifically on
DSNKGVTAACPW, DQQSLYQNAW, and RPKVRDQEGRMW, analogs of
the sequences 130, 190 and 220, and designated as PC1, PC2, and PC3,
respectively. The tryptophan (W) end group was incorporated as a
fluorescent moiety to quantify the functionalization degree of the pep-
tide in the bioconjugates [39]. The cellular uptake of the ‘pristine’
peptides was also studied by adopting a fluorescein-conjugated form of
the respective peptides (named PC1-5FAM and PC3-5FAM). Overall, we
designed, synthesized, and characterized an amphiphilic block copol-
ymer decorated with peptides, collecting groundwork data on the pep-
tides biocompatibility and efficacy as cell-penetrating units. In addition,
the physicochemical and in vitro properties of the investigated peptides
were evaluated, offering a consistent rationale for the cell penetration
data. Ultimately, our cell experiments demonstrated the effect of the
peptide decoration on the polymer uptake.

2. Materials and methods
2.1. Materials

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPAD, 97 %
STREAM Chemicals), 4,4-azobis(4-cyanopentanoic acid) (ACVA, > 98 %
Sigma-Aldrich), 1,1-azobis(cyclohexanecarbonitrile) (V88, 98 % Sigma
Aldrich), fluorescein-O-methacrylate (99 %, Sigma Aldrich), N-succini-
midyl ester methacrylate (NHS-MA, > 98 %, TCI), triethylamine (TEA,
99.5 %, Sigma Aldrich), amino-2-propanol (93 %, Sigma-Aldrich),
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Fig. 1. A) schematic representation of the investigated amphiphilic block copolymer and its decoration with cell-penetrating peptides. b) the amphiphilic bio-
conjugate self-assembles into polymeric nanoparticles, enabling the stability in aqueous media and the enhanced cell uptake. note: the decoration yield was

quantitative (> 98 %).
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anisole (99 % Alfa Aesar), 1,4-dioxane (Alfa Aesar, anhydrous, 99.8 %),
dimethyl sulfoxide (DMSO, anhydrous, > 99.9 % Sigma-Aldrich) and
1,3,5-trioxane (> 99 % Aldrich) were used as received. Butyl methac-
rylate (BMA) (> 99 % Sigma-Aldrich) and glycerol methacrylate (glyc-
erol-MA, 95 %, Polysciences, Inc) were purified by stirring in the
presence of inhibitor remover beads (for hydroquinone and monomethyl
ether hydroquinone, Sigma Aldrich). N,N-dimethylformamide (DMF)
and dichloromethane (DCM) were obtained from a solvent purification
system (MB-SPS-800 by MBraun) and stored under argon. PC1, PC2,
PC3, PC1-5FAM and PC3-5FAM were purchased from Pepmic Co.
(China).

2.2. Characterization methods

Size exclusion chromatography (SEC) of the polymers was performed
on an Agilent system, equipped with a G1329A autosampler, a G1310A
pump, a G1362A refractive index detector, and a PSS (Polymer Stan-
dards Service GmbH, Mainz, Germany) GRAM column with a solution of
dimethylacetamide (DMAc) + 0.21 wt% LiCl as an eluent at a flow rate
of 1 mL min~! at 40 °C. The relative molar mass of the polymers was
estimated against a calibration curve built with poly(methyl methacry-
late) standards of narrow dispersity (P). Proton nuclear magnetic
resonance (*H NMR) spectroscopy was used to estimate the monomer
conversion and the copolymer composition. The spectra were recorded
at room temperature using a 300 MHz Bruker Avance I spectrometer
equipped with a dual 'H and '3C probe head. Diffusion ordered spec-
troscopy (DOSY) experiments were measured on a 400 MHz Bruker
Avance III spectrometer with a BBFO probe. The samples were measured
in DMF-d;, DMSO-dg, and CDCl3 at room temperature. A Zetasizer Nano
ZS from Malvern Instruments (Herrenberg, Germany) was used for dy-
namic light scattering (DLS) investigations. The DLS was operated with a
He-Ne laser at a wavelength of A = 633 nm. The hydrodynamic diameter
was approximated as the effective (z-average) diameter and the width of
the distribution as the polydispersity index (PDI) of the nanoparticles
obtained by the cumulants method and assuming a spherical particle
model. Cryogenic transmission electron microscopic (cryo-TEM) images
were acquired on a FEI Tecnai G2 20 TEM. Samples were prepared on
Quantifoil grids (Quantifoil R2/2), which were hydrophilized prior to
use via a treatment with Ar plasma for 2 min. 8.5 pL of the respective
nanoparticle suspension were blotted onto the grid and plunged into
liquid ethane, which served as a cryogen. The vitrification was per-
formed with a Vitrobot Mark IV. After vitrification, the grids were
transferred into a cryo-holder (Gatan 626) utilizing a Gatan cryo transfer
stage and were measured at an acceleration voltage of 200 kV. Samples
were maintained at a temperature below — 175 °C for all steps after the
vitrification process. Images were recorded with a CCD camera system
(Olympus Soft Imaging Systems, Megaview G2, 1376 x 1024 pixels).
Fluorescence measurements (in solution and cell experiments) were
recorded on a TECAN Infinite M200 Pro microplate reader.

2.3. Synthesis of the polymeric scaffold

The amphiphilic block copolymer (pBGF) was prepared from a poly
(butyl methacrylate) (pBMA)-based macro chain transfer agent (CTA)
(hydrophobic block) utilized for a chain extension reaction to incorpo-
rate the respective hydrophilic block.

2.3.1. Synthesis of the hydrophobic block (macro-CTA) (pBMA)

The pBMA homopolymer was synthesized as follows: BMA monomer
(30 g, 210.97 mmol), CPAD RAFT agent (0.47 g, 1.68 mmol), V88
radical initiator (25.8 mg, 0.105 mmol) (BMA:CPAD:V88 = 125:1:0.06
mol ratio) and 1,3,5-trioxane internal standard (1.9 g, 21.10 mmol)
were added into a 100 mL round-bottom flask. This solution was
deoxygenated bubbling Ny gas for 30 min and placed into an oil bath
preheated at 90 °C. After 8 h, the reaction was quenched by cooling the
flask into an ice bath. The monomer conversion was estimated to a value
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of 50 % via 'H NMR analysis using 1,3,5-trioxane as an internal stan-
dard. The obtained polymer was precipitated into methanol (4x),
filtered, and dried under vacuum at 40 °C for 48 h. The degree of
polymerization (DP) and the number average molar mass (M) values of
the purified polymer were estimated via 'H NMR analysis, by comparing
the integral values of the signals ascribed to the aromatic protons of the
CPAD at 7.3-7.8 ppm to those of the methyl protons of the pBMA at
0.07-1.14 ppm (DP = 68, My, nmr = 9900 g mol ™, My, theoretical = 9100 g
mol~1). SEC analysis yielded values of M, sec = 9000 g mol ! and P =
1.07.

2.3.2. Synthesis of the amphiphilic block copolymer (pBGF)

The pBGF was prepared from the previously synthesized pBMA. The
PBMA macro-CTA (1.92 g, 0.194 mmol), glycerol-MA monomer (1.87 g,
11.7 mmol), ACVA radical initiator (10.5 mg, 0.038 mmol), and 1,3,5-
trioxane internal standard (117 mg, 1.32 mmol) were dissolved into
13 mL of DMF. This reaction mixture was cooled and deoxygenated
bubbling N5 gas for 30 min and placed into an oil bath preheated at
70 °C. After 3.5 h, 2 mL of a solution of DMF containing NHS-MA (255
mg, 1.39 mmol) and fluorescein O-methacrylate (22 mg, 0.055 mmol)
(previously deoxygenated bubbling Ny gas for 20 min) were added into
the reaction mixture; this reaction step proceeded for 6.5 h at 70 °C. This
copolymerization reaction was quenched by cooling the flask into an ice
bath. The obtained copolymer was dialyzed against acetone and dried
under vacuum at 40 °C for 48 h (Spectra/Por® regenerated cellulose
membrane, Spectrum Labs, MWCO = 3.5 kDa, compatible with multiple
solvents). The monomer conversions were estimated via "H NMR anal-
ysis using 1,3,5-trioxane as an internal standard (i.e., 58 % for the
glycerol-MA (signals at 5.5 ppm and 6.4 ppm) and 65 % for the NHS-MA
(signals at 5.8 and 6.8 ppm)). The NHS-MA content in the copolymer
was also consistent with the value estimated via elemental analysis
(~2.68 units per chain). Glycerol-MA units were determined via a
quantitative **C NMR method (Inverse-Gated Decoupling) using DMF-d;
and by comparing the integral values of BMA signals at 64.69 ppm
(-COO-CH,-CHz-) with that of the signals ascribed to glycerol-MA at
63.60 pPpm (-COO-CH2-CHOH-CH;0H), 66.78 ppm
(-COO-CH,-CHOH-CH20H) and 69.88 ppm (-COO-CH,-CHOH-
CH,0H); DPglycerolma = 31. Mpnmr = 15400 g mol~! was determined
using the DP values obtained for glycerol-MA and NHS-MA co-
monomers. My, theoretical = 16500 g mol~! was calculated using monomer
conversion as obtained via 'H NMR analysis. SEC analysis yielded values
of My sec = 20500 g mol ! and P = 1.13.

2.3.3. Synthesis of the peptide-bioconjugated copolymers

Peptides PC1 (loop 130, sequence: DSNKGVTAACPW) and PC3 (loop
220, sequence: RPKVRDQEGRMW) were conjugated to copolymer pBGF
via an ester activation procedure. The corresponding peptide (PC1 (21.8
mg, 17.51 umol) or PC3 (18.7 mg, 12.05 umol)) and triethylamine (15
pL, 107.64 umol) were dissolved in 2 mL of DMF in a glass vial. This
solution was deoxygenated for 15 min bubbling N, gas and added
dropwise into another glass vial containing the copolymer pBGF (200
mg, 37.66 umol) dissolved in 1 mL of deoxygenated DMF under mag-
netic stirring. The polymer—peptide solution was placed into an oil bath
preheated at 50 °C. After 24 h, amino-2-propanol (8 uL, 103 umol) was
added into the vial and this reaction step proceeded for 12 h. The con-
jugated polymers were purified via dialysis against water for 48 h
(Spectra/Por® regenerated cellulose membrane, Spectrum Labs, MWCO
= 3.5 kDa, compatible with multiple solvents) to remove the unreacted
peptide, and lyophilized yielding 70 mg of product.

2.4. Evaluations of potential cytotoxic effects of peptides and peptide-
polymer conjugates

The potential cytotoxicity of the materials was investigated using the
Madin-Darby Canine Kidney (MDCK) and HEPG2 cell lines following the
standardized procedure described in the ISO10993-5 guideline. The
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Dulbeccos Modified Eagle Medium (DMEM) Nutrient Mixture F12 sup-
plemented with 10 % fetal calf serum, 100 U mL~! penicillin, and 100
mg mL~! streptomycin (Biochrom, Berlin, Germany) was used as a
culture media. Cells were routinely cultured at 37 °C in a humidified
atmosphere containing 5 % CO,. Cells were plated at a density of 10*
cells per well in 96-well plates and grown for 24 h. After 24 h, culture
media was replaced by fresh media containing the dissolved peptides or
the polymer-conjugates. Control cells were incubated with fresh culture
medium. After additional 24 h of incubation, media was removed, cells
were washed with phosphate buffered saline (PBS) and subsequently
treated with PrestoBlue reagent diluted in culture medium according to
the instructions of the manufacturer (Invitrogen, Germany). After 45
min of incubation at 37 °C, fluorescence of the media was measured at
the wavelengths of Ex 560/Em 590 nm. Samples displaying a cell
viability value higher than 70 % were considered as non-cytotoxic. Ex-
periments were performed in sextuplicate.

2.5. Cell-uptake experiments and flow cytometry quantification

The cellular uptake of the bioconjugates was determined via flow
cytometry using MDCK cells plated in 12-well plates at a density of 10°
cells per well. After 24 h, culture media was replaced by fresh media
containing the dissolved peptides or the polymer-conjugates. Control
cells were incubated with fresh culture medium. Cells were incubated
for additional 24 h, washed with PBS, harvested by trypsinization and
resuspended in PBS supplemented with 10 % fetal calf serum. To
determine the relative uptake of the bioconjugates, 10* cells were
quantified via flow cytometry using a Cytoflex S (Beckman Coulter) and
the 488 nm laser for excitation and the FITC filter set for detection of the
emission signal. For microscopic analysis, the cell nuclei were addi-
tionally stained with media containing Hoechst 33342 dye (10 mg
mL™) for 10 min, and after once washing with media immediately
subjected to fluorescence imaging.

3. Results and discussion
3.1. Design and synthesis of the amphiphilic block copolymer

For producing a water-soluble amphiphilic polymer with functional
groups suitable for post-polymerization modifications, we focused on a
poly(methacrylate) hydrophilic/hydrophobic block copolymer prepared
via the RAFT technique. The hydrophobic block was composed of pBMA,
while the hydrophilic segment contained a mixture of three methacry-
late derivatives: glycerol, fluorescein, and NHS-ester. The glycerol units
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featured a hydrophilic nature, while the NHS-ester units introduced
reactive sites for the peptide conjugation. In due course, the fluorescein
units are easy to incorporate onto the polymer chains via copolymeri-
zation of their (meth)acrylate derivatives and enable tracking of the
polymer in the different bioenvironments [40]. Thus, the polymer
scaffold (pBGF) was prepared by first synthesizing the hydrophobic
block (pBMA) and subsequently performing a chain extension reaction
to add the hydrophilic part (Scheme 1). This combination of selected
monomers led to an amphiphilic and biocompatible material that can be
stably dispersed in aqueous media. Furthermore, it is known that poly-
mers of certain molar mass can improve the bioavailability and activity
of different biomolecules [41].

The RAFT polymerization of BMA yielded the hydrophobic block
pBMA, which also served as macro-CTA for the subsequent chain
extension reaction with the hydrophilic monomers. This first polymer-
ization proceeded up to 50 % monomer conversion yielding a pBMA
macro-CTA with a DP value of 68 (M, xmr = 9900 g mol~%; SEC analysis:
My sec = 9000 g mol ! and b = 1.07; see Fig. S1 and Fig. S5). During the
subsequent chain extension, the utilized monomers were fed at different
times (see Materials and methods section for details). Glycerol-MA was
first polymerized and subsequently a mixture of NHS-MA and fluores-
cein O-methacrylate. The conversion obtained after the first glycerol-
MA polymerization was 58 % to yield a total DP value of 31. The de-
ferred feed of this latter monomer mixture enabled the segregation of the
NHS-ester and fluorescent units toward the end of the copolymer chain
(in the hydrophilic segment). In previous studies, we demonstrated how
the radical chain end of this reaction has no preference for adding either
glycerol-MA or NHS-MA units [42]. The final composition was a
terpolymer formed by a hydrophobic block followed by a hydrophilic
portion. This composition offered a water-soluble structure with better
chances to self-assembly into stabilized nanoparticles. The segregated
incorporation of NHS-ester at the hydrophilic segment also presented
more exposed sites for the bioconjugation reaction. Eventually, the more
exposed peptide and fluorescent units are expected to be more available
for interactions with cells and fluorescence investigations. The final
copolymer was characterized via 'H NMR, '3C NMR, SEC, and elemental
analysis (Mpnmr = 15400 g mol ™}, P = 1.13 (see Fig. S2 to Fig. S5).

3.2. Characterization of the peptides
The physicochemical properties of the investigated peptides were
estimated using the ProtParam tool in the Expasy server (https://web.

expasy.org/protaram/). Results (see Tab. S1) suggest a prevalent hy-
drophilic nature of the peptides, with an isoelectric point value of 5.83,

T X
0”0
KKOH then o ;!1 o
on F
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pBMA

R_C")X’OOOH
= 5 Q

Fluorescein derivative

Scheme 1. Schematic representation of the synthesis of the amphiphilic block copolymer pBGF, s = 0.1, r = 3, p = 30, q = 68.
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3.8, and 10.74 for PC1, PC2, and PC3, respectively. We calculated the
secondary structures of the peptides using two online computational
tools: PEP-FOLD3[43] and I-TASSER [44]. These models (Fig. 2a) esti-
mated a mostly coiled conformation for peptides PC1 and PC3, and a
predominant a-helix conformation for peptide PC2. Variations in the
confidence scores were expected (numbers 0-9 in Fig. 2a), reflecting the
prediction reliability for any given position. The tridimensional struc-
tures were predicted with the aid of PEP-FOLD3, confirming an a-helix
conformation dominant for PC2 and for most of PC3, but absent for PC1
(Fig. 2b). The prediction profile of the local structure was also obtained
with the aid of PEP-FOLD3 and agreed with the other calculations
[45,46]. These latter predictions confirmed a higher probability of
finding an a-helix structure for PC2 as compared to peptides PC1 and
PC3 (Fig. 2c). Overall, these computational data for PC1 and PC2 are
consistent with the original conformation of the hemagglutinin protein,
where these sequences are, indeed, part of a coiled and an a-helical
structure, respectively. In contrast, the prediction for PC3 suggests a
prevalent a-helical structure, but in the original protein is mostly as a
coil. Even though this preliminary theoretical assessment offered a good
starting point to elucidate the secondary structure of the investigated
peptides, experimental evaluations (e.g., circular dichroism (CD) spec-
troscopy or other techniques) might confirm these findings and also
provide additional information for a deeper understanding of their
actual conformation;[47] these fundamental investigations might be
reported in future research work.

As aforementioned, all the investigated peptides contained a termi-
nal tryptophan unit as a fluorescent moiety. These fluorophores facili-
tated the evaluation of the degree of conjugation between the peptide
and the polymer scaffold. As a reference, each peptide was also char-
acterized via NMR and fluorescence spectroscopy (see Fig. S6 to S10). In
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this regard, peptide PC2 had a low solubility in PBS and, therefore, its
fluorescence analysis in aqueous media was not feasible. Besides this
limitation, PC2 also showed a certain degree of cytotoxicity (see
Fig. 512). For these reasons, PC2 was not further considered for conju-
gation reactions with the polymer scaffold. The fluorescence properties
of all investigated compounds were analyzed using three-dimensional
excitation-emission matrix (3D-EEM) spectroscopy (see Fig. S13 to S16
and Tab. S2). This technique simultaneously scans different excitation
and emission wavelengths, providing comprehensive information about
the fluorescence distribution and intensity[49].

3.3. Conjugation of polymer scaffold with the peptides

The decoration of pBGF with the cell-penetrating peptides PC1 and
PC3 derived from the influenza A virus yielded two water-dispersible
and biocompatible vectors with the potential capability to display an
enhanced cell penetration. The peptides were linked to the pBGF
copolymer via a grafting to method performed at 50 °C for 24 h (Scheme
2). The selection of glycerol-MA and NHS-MA comonomers was based
on their capability to provide a biocompatible scaffold and reactive sites
for the peptide insertion, respectively, which provides good candidate
vectors for nanomedicine applications [50].

The conjugation reaction between the polymer scaffold and the
biomolecules was analyzed via DOSY-NMR experiments. This technique
analyzes the diffusion coefficient (D) of the different signals vs. the
monodimensional 'H NMR spectrum[51] (detailed 1H spectrum in
Fig. S11). Thus, signals derived from the same macromolecule will have
the same D values lying on the same horizontal line in the corresponding
plot, while signals of different molecules will have different D values and
will lay on distinct lines. Hence, this technique can discriminate between

PC2 PC3
DQQSLYQNAW RPKVRDQEGRMW
CHHHHHHCCC cccccecceccecceccccce
9064553049 974323546459

A" An

RPK VRDQEG

Da@astL YaQ ‘
10 4
08 9
06 4
044
02 4
DGaQsL Y a B

R P K VRDQEG

Fig. 2. Secondary structure of the investigated peptides generated with the aid of PEP-FOLD3 and I-TASSER platforms. a) Prediction of the secondary structure and
confidence scores. Values indicate the confidence level in the expected structure of the corresponding sequence of amino acids. 0 = less confident, 9 = most
confident. H = a-helix, S = strand, C = coil. (computed by I-TASSER, Zhang Lab, University of Michigan, 2018) [48]. b) Three-dimensional models predicted by the
PEP-FOLD3 platform using 100 simulations. ¢) Local structure predictions generated with the aid of the PEP-FOLD3 platform; color code: red = helical, green =

extended, and blue = coil.
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Scheme 2. Schematic representation of the conjugation method between the cell-penetrating peptides derived from influenza A spike protein hemagglutinin and the
proposed amphiphilic block copolymer. Note: the conjugation yield was >98 % with PC1 and ~ 30 % with PC3.

mixtures of precursor compounds and conjugated structures [52]. We mass of the material and the hydrodynamic radius of the polymer chains
thus analyzed the precursor copolymer scaffold (Fig. 3a), the pristine [52]. When peptides or proteins are conjugated to polymers, additional
peptides (Fig. 3b and 3d), and the corresponding products (Fig. 3c and interactions between such biomolecules and the polymer chains have
3e). The presence of the signals in the range from 6.6 to 8 ppm at the D been observed as reported elsewhere [53-55]. Hence, the secondary
values of the polymer (orange dashed line) in samples pBGF-PC1l structure of proteins or peptides might be altered as a consequence of
(Fig. 3c) and pBGF-PC3 (Fig. 3e) suggests the formation of a covalent experienced changes in their new chemical environment (e.g., modifi-
bond between the pBGF polymer scaffold and peptides PC1 and PC3, cations/formation of hydrogen bonds and /or steric hindrances). For the
respectively. The conjugation reactions were confirmed by the absence bioconjugates synthesized in this contribution, interactions between the
of NMR signals at the D values of the pristine peptides (green dashed selected peptides and the hydrophilic segment of the polymer scaffold
line) in the spectrum of the corresponding products. It is worth noting bearing methacrylate and hydroxyl moieties may, indeed, have an in-
that the D value of the conjugates is slightly varied with respect to the fluence on the secondary structure of the peptide. This is, indeed, a very
polymer precursor; this effect can be explained by the incorporation of interesting situation demanding for further and more detailed in-
the peptides into the polymer scaffold, which result in altering the molar vestigations, which will be definitively considered in future research
a) pBGF b) Peptide PC1 c) pBGF-PC1
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Fig. 3. 2D DOSY spectra of the reagents and products of the conjugation reactions. The analyses were performed in DMF-d; (400 MHz, RT). a) pBGF (copolymer
precursor). b) Peptide PC1. c) Conjugate pBGF-PC1. d) Peptide PC3. e) Conjugate pBGF-PC3. Note: the y-axes on the right are aligned and the same for all the plots.
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work.

The peptide content in the conjugates was determined by quantifying
the tryptophan fluorescence (i.e., emission). The estimation of the de-
gree of conjugation was obtained considering the precursor NHS-ester
sites and the final peptide units quantified through calibration curves
built at the wavelength values of Agx = 280 nm and Agp, = 340 nm (see
Figs. S17 to S19, Tab. S3, and Tab. S4). The results showed a quantitative
decoration (98.1 %) for pBGF-PC1, while only around 31.5 % for pBGF-
PC3 (Tab. S3). The low incorporation of PC3 into the polymer scaffold
may be attributed to a slower reaction rate of this peptide combined
with the time-sensitive reactivity of NHS-ester towards hydrolysis.
Possible side-reactions with the glycerol groups can have also contrib-
uted to the NHS-ester consumption overt time [56].

Both precursor polymer scaffold and derived conjugates dispersed in
aqueous media and formed self-assembled nanostructures. These
structures are consistent with the amphiphilic nature of the copolymer
chains [57]. The obtained dispersions were analyzed via DLS and pre-
sented different hydrodynamic diameters: the size was around 100 nm
for pBGF and pBGF-PC3, while 10 nm for pBGF-PC1 (Fig. 4a DLS).
These distinct sizes can be explained with the substantial different
conjugation degree of pBGF-PC1 with respect to pBGF-PC3. The multi-
valent peptide-decoration is expected to improve the hydrophilicity of
the polymer and, therefore, its dispersibility, while being less prone to
form aggregated polymer chains [58]. The observed size of 10 nm
suggested a predominant arrange of the polymer molecules into sin-
gle—chain polymeric nanoparticles[59] similar to that of other water-
soluble polymers with a peptide decoration [60]. The relatively low
degree of conjugation of pBGF-PC3 eventually offered a rationale for the
nanoparticle size comparable to that of the unconjugated polymer pre-
cursor. Cryo-TEM investigations confirmed the presence of these
different self-assembled nanostructures with size and micellar
morphology co-existing with vesicles (Fig. 4b).

3.4. Biocompatibility of the conjugated polymers and peptides, and cell
uptake investigations

The biocompatibility of the investigated peptides and fluorescent
derivatives was tested using epithelial MDCK cells. The MDCK model
was selected due to the significant expression of sialylated proteins on
the cell membrane, which might contribute to maximize interactions
with the investigated peptides [61]. The results revealed low cytotoxic
effect up to a concentration of 125 pg mL™; even a slightly lower

a)
14 ——pBGF
=
803 | —— pBGF-PC1
£ ——pBGF-PC3
g 0.6
£
5 0.4
2
E
202 -
0 ’ . "
1 10 100 1000 10000
Size (nm)
b) ;
. 5 200 nm

Fig. 4. A) dls analyses of aqueous dispersions of the precursor polymer scaffold
and conjugated materials. b) related cryo-tem analyses.
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cytotoxicity was observed for the non-fluorescent peptides (Fig. 5a).
Likewise, the biocompatibility of the bioconjugates was tested using
MDCK cells incubated for 24 h at two different concentrations: 100 and
200 pg mL~l. We also investigated possible specific toxicity of the
polymer structures on hepatic cells [62], adopting the HepG2 line as an
in vitro model of liver cells [63]. As observed in Fig. 5b, results revealed
a mostly safe profile of the investigated copolymer and bioconjugates.
Ultimately, we tested the cellular uptake of the peptides and polymer
conjugates via the quantification of the internalized material by flow
cytometry. To evaluate the uptake of the pristine peptides, we examined
a fluorescein-decorated version of PC1 and PC3 (PC1-5FAM and PC3-
5FAM). These fluorescent peptides showed a dose-dependent cell up-
take for both PC3-5FAM and PC1-5FAM (Fig. 6a), with even distribution
in the cytoplasm and nucleus (Fig. S20) that point to a cytosolic delivery
[64,65]. These results strongly suggest that the peptides proposed herein
may be good alternatives to other well-investigated cell penetrating
peptides such as those derived from human calcitonin utilized in MDCK-
based models [66,67], which, at some extent, have shown cell pene-
trating properties [68], but certain limitations as systemic drug delivery
vehicles [69]. In turn, the bioconjugate polymer pBGF-PC1 showed a
significantly higher cellular uptake than its counterparts pBGF and
PBGF-PC3, being these latter two comparable (Fig. 6b). This outcome
was consistent with the difference in the degree of functionalization of
the two bioconjugate polymers. Furthermore, size-related contributions
to the uptake cannot be totally excluded; however, the substantial
disparity in the peptide decoration —around 31.5 % for pBGF-PC3, while
practically quantitative for pBGF-PC1- suggested the effective contri-
bution of peptide PC1 in promoting the internalization of the polymer.
We observed no strict concentration-dependent uptake of the peptide-
polymer conjugates. This difference with respect to free peptides can
be explained considering the distinct internalization rate of bio-
conjugates [70], requiring significantly longer incubation times to be
comparable to those found for smaller peptides [71]. These in vitro ex-
periments showed the contribution of the grafted peptides on the
internalization of the pBGF PC1, presenting the biocompatibility and
enhanced cell-penetration of this bioconjugate amphiphilic copolymer.

4. Conclusion

In summary, we developed an amphiphilic copolymer modulable
through a “grafting to” conjugation with cell-penetrating peptides of
influenza A virus. These peptides were chosen from the hemagglutinin
spike protein of the virus, selecting the key amino acid sequences that
recognize the sialic acid receptors and penetrate the cell membrane. The
amphiphilic copolymer was prepared via the RAFT technique,
combining hydrophobic, hydrophilic, and NHS-ester methacrylate
monomers. We also added a fluorescein-derivative monomer to track the
copolymer in in vitro studies. The copolymer resulted in an amphiphilic
scaffold with self-assembly capability in aqueous media and with reac-
tive sites for peptide grafting. The post-polymerization modification
yielded a highly water-soluble structure with a multivalent peptide
decoration. The chemical-physical properties of this bioconjugate were
characterized and tested in vitro, showing a highly biocompatible ma-
terial with enhanced cell penetration performance. Overall, this strategy
combined the cell-penetration efficiency of viruses with the easy
manipulation of polymers and small biomolecules. These reported in-
vestigations on cellular uptake and self-assembly represent a promising
starting point for testing drug delivery strategies. By acting as surfactant
this bioconjugate is likely expected to form self-assemblies with lipo-
philic drugs, enhancing their water dispersibility and cell internaliza-
tion. Additionally, the modularity of the post-polymerization offers
possibilities for further optimizations, presenting an efficient and ver-
satile platform for future studies in cell-penetrating applications.
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