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Background: Therapeutic proteins and peptides offer great advantages compared to traditional synthetic molecular drugs. However,
stable protein loading and precise control of protein release pose significant challenges due to the extensive range of physicochemical
properties inherent to proteins. The development of a comprehensive protein delivery strategy becomes imperative accounting for the
diverse nature of therapeutic proteins.

Methods: Biodynamers are amphiphilic proteoid dynamic polymers consisting of amino acid derivatives connected through pH-
responsive dynamic covalent chemistry. Taking advantage of the amphiphilic nature of the biodynamers, PNCs and DEs were possible
to be prepared and investigated to compare the delivery efficiency in drug loading, stability, and cell uptake.

Results: As a result, the optimized PNCs showed 3-fold encapsulation (<90%) and 5-fold loading capacity (30%) compared to DE-
NPs. PNCs enhanced the delivery efficiency into the cells but aggregated easily on the cell membrane due to the limited stability.
Although DE-NPs were limited in loading capacity compared to PNCs, they exhibit superior adaptability in stability and capacity for
delivering a wider range of proteins compared to PNCs.

Conclusion: Our study highlights the potential of formulating both PNCs and DE-NPs using the same biodynamers, providing
a comparative view on protein delivery efficacy using formulation methods.
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Introduction
Therapeutic proteins and peptides are attracting tremendous attention as future medicines because of their high specificity
and potency, lower adverse effects compared to traditional synthetic drugs, and regulation of the biological processes
more directly and specifically than nucleotide-based drugs." However, therapeutic proteins and peptides suffer from
many challenges limiting their bioavailability, such as potential short half-life, structural stability, poor membrane
permeability, and immunogenicity, caused by high Mw and hydrophilicity with charges.? Given the potential impact
of protein therapeutics, developing protein delivery systems to overcome such challenges offers great opportunities.
Effective protein delivery systems need to demonstrate stability, efficient cargo loading, facilitate intracellular transport,
and release the cargo at the target site in a controlled manner.’

As protein carriers, lipid, polymeric, and inorganic micro/nanoparticles have been developed.*® As a type of protein-
loaded particles,” polymeric NPs are designed to form with cargos via non-covalent interactions like hydrogen bonds,

919 or 7-m stacking interactions.'' For example, by simply mixing negatively charged proteins

electrostatic,® hydrophobic,
and water-soluble positively charged polymers, PNCs can be formed via electrostatic interactions. This method is simple

in the formulation and maintains the biological activity of drugs in a reliable way;'? however, only charged proteins and
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peptides can form PNCs with the oppositely charged polymers. As such, PNC formation is only possible for a specific
protein and its corresponding polymer, requiring polymer design and high-level optimization processes depending on
each protein cargo.

Emulsion-solvent evaporation method is also a widely used technique for polymeric NPs for protein delivery.'*'* With the
method, small-sized emulsion droplets can be formed based on the shear force at high pressures and cavitation effects by high
energy approaches and high-pressure systems and devices.'” In particular, DE-NPs, having hydrophilic compartments sur-
rounded by hydrophobic compartments in the NPs, are possible to load hydrophilic and lipophilic drugs in the same delivery
system.'® In DE-NP formation, hydrophobic polymers are often used, but amphiphilic polymers, which have both hydrophobic
and hydrophilic segments promoting surface activity and stability of multiple emulsions, are also applicable.'” However, one
critical limitation of the DE-NPs is that the LC% is generally low.'® Likewise, each NP formulation method is known to have its
own strengths and weaknesses. However, the methods can hardly be compared head-to-head because each method requires
different polymer properties for a successful NP formulation.

Biodynamers are dynamic polymers polymerized by dynamic covalent chemistry between biomolecules.'” As an
example, we previously studied proteoid biodynamers, which are composed of amino acid hydrazides and HG-CA
connected by pH-responsive dynamic covalent chemistry (acylhydrazones and imines). These acylhydrazones and imines
between the monomers lead to the pH-responsive degradation of biodynamers under acidic microenvironments,?® which
is beneficial in cancer, inflammation, or infection targeting.”?' %> The proteoid biodynamers fold into a single-chain
nanorod structure having a hydrophobic carbazole core and hydrophilic hexaethylene glycol shell, which endows the
biodynamers with amphiphilicity.”* Furthermore, modulating the compositions of 20 different amino acid hydrazide
monomers makes it possible to control the physicochemical properties of biodynamers, such as charge, solubility, and
hydrophilic-lipophilic balance.>> Therefore, proteoid biodynamers are suitable not only for PNC formation because their
physicochemical properties can be easily adjusted to suit the target cargo but also for DE-NP formation because of their
amphipathicity. Resultingly, they are appropriate polymers to compare the two formulation methods, PNCs and DE-NPs.

Protein-loaded polymeric NPs offer notable advantages, including protection against protein degradation, enhanced
stability, controlled release, and reduced dosing frequency.”® However, challenges persist with polymeric NPs, such as
potential toxicity associated with the solvent and stabilizer,?’ the elevated cost of particle production, the identification of
suitable polymers to augment protein activity, and suboptimal drug EE%.”®* Polymeric PNCs and polymeric emulsions, as
two distinct types of polymeric nanoparticles, each present a set of advantages and disadvantages. Charged PNCs exhibit
notable attributes, including high encapsulation efficiency while preserving protein bioactivity,”” however, a noteworthy
challenge is encountered in terms of their inherent poor stability.*® Nanoemulsion exhibits promise in encapsulating
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poorly water-soluble drugs; however, the manufacturing process poses potential challenges, as it may influence the
composition of the formulation and compromise drug stability.3 ! The judicious selection of an appropriate technique is
crucial, especially for protein delivery,®” as it determines the pertinent applications and inherent advantages of the
resulting nanoparticles.®> A systematic comparison of protein delivery systems is imperative, encompassing considera-
tions of loading efficiency, stability, and transport efficiency.

This study demonstrates the potential of amphiphilic biodynamers as promising nanoparticles for protein delivery
while comparing two different formulation methods. Utilizing the easy controllability of biodynamers in charge and
amphiphilicity, PNCs were first used to load oppositely charged protein cargos, OVA,** TH,** and GLP-1 via electrostatic
interactions.*® Secondly, the same biodynamers were used to form the lipophilic compartment of the DE-NPs. Finally,
PNCs and DE-NPs were compared in terms of stability of NPs, EE% and LC%, and cellular uptake efficiency to provide
an insight into protein delivery potential using amphiphilic polymers.

Materials and Methods

Materials
IH and GLP-1 were provided by Sanofi-Aventis Deutschland GmbH. Fetal calf serum, trypsin, RPMI 1640 cell culture
medium, and NHS-fluorescein were purchased from Thermo Fisher Scientific (Darmstadt, Germany). Resomer® RG 503
H (PLGA), RBITC, Mowiol® 4-88 LA (PVA), acetic acid, sodium acetate, OVA, f~OVA, methylthiazole tetrazolium
(MTT), 4°,6-diamidino-2-phenylindole (DAPI), cytotoxicity detection Kit™YS (Cat. N0.04744926001), and paraformal-
dehyde were purchased from Sigma-Aldrich (Darmstadt, Germany). MillQ water (18.2 MQ) was obtained from
a Millipore Direct-Q purification system containing a 0.22 um filter and was used in all experiments.

A549 cells (human lung adenocarcinoma cells), obtained from the American Type Culture Collection, were cultured
at 37°C in a 5% CO, incubator supplemented with a complete RPMI 1640 medium (containing 10% fetal calf serum).

Synthesis of Biodynamers and RBITC-Labeled OVA (r-OVA)

The synthetic protocols for amino acid hydrazides, HG-CA, and biodynamers were adopted from our previous
reports.'®** Positively charged R-hydrazide and negatively charged E-hydrazide were included in this study to evaluate
the charge influence on particle formulation based on electrostatic interaction. To synthesize R-biodynamer and
E-biodynamer, R-hydrazide, or E-hydrazide and HG-CA were mixed at 1:1 molar ratio in D,O in a final concentration
of 10 mM, the addition of d-acetic acid adjusted the pD of the solution to be pD 5. After 96 h at room temperature,
"H-NMR was used to confirm the polymerization.

F-hydrazide was introduced to increase the hydrophobicity of the biodynamers. Thus, RF-biodynamer was synthe-
sized in a similar way as the above method. R-hydrazide, F-hydrazide, and HG-CA were mixed at a 1: 1: 2 molar ratio in
D,0 at pD 5 in a final concentration of 10 mM. After 96 h, the polymerization was confirmed by observing aldehyde-
peak depletion. The Dy of biodynamers was measured by DLS before forming particles.

r-OVA was prepared according to a modified version of a literature procedure.’” OVA was dissolved into 0.1 M sodium
carbonate solution to form a 10 mg/mL protein solution. RBITC was prepared in DMSO at 2 mg/mL, respectively. The
RBITC was then added slowly into the OVA solution at a 0.25:1 ratio (RBITC: OVA, mole: mole) followed by stirring for 12
h in the dark. After that, the compounds were freeze-dried and dialyzed in DI water in the dark for 2 days.

Preparation and Physico-Chemical Characterization of NPs

Preparation of PNCs

OVA-, f-OVA- (or r-OVA-) Loaded PNCs

To prepare the PNCs, 3 uL (20 pg) of 10 mM R-biodynamer was added to 200 uL DI water. Then, OVA (10 mg/mL, in
DI water) (or f~-OVA, or -OVA) was added to the R-biodynamer solution based on the weight ratio. The volume of OVA
(or f-OVA, or r-OVA) utilized was minimized, resulting in a final concentration of approximately 100 pg/mL of
R-biodynamer. The resulting mixture was mixed gently using a pipette. Dy (z-average) and zeta potential were measured
using a Zetasizer Nano (Malvern Instrument, Malvern, United Kingdom).
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IH-Loaded PNCs

IH was dissolved in 10 mM of pH 7.4 PB at 1 mg/mL due to poor water solubility in DI water. Positively charged
R-biodynamer was used for negatively charged IH (1 mg/mL) in 10 mM pH 7.4 PB. The weight ratio of protein to
polymer was optimized. The stability of NPs was determined by measuring the Dy change after 48 h.

GLP-| Derivative-Loaded PNCs
Negatively charged E-biodynamer was used for positively charged GLP-1 (10 mg/mL, in DI water). The weight ratio of
GLP-1 to polymer was optimized. The stability of NPs was determined by measuring the Dy change after 48 h.

Preparation of DE-NPs

DE-NPs were prepared by DE method as previously described.*® Lyophilized R-biodynamer (1 mg) was dissolved in 500
pL DCM. f-OVA or GLP-1 (1 mg/mL, in DI water), or IH (1 mg/mL in 10 mM PB) (aqueous phase) was added into
DCM (organic phase) and emulsified under 30% amplitude over 30 s using a probe sonicator (Branson Sonifier Sound
Enclosure, Shanghai, China). Then, 500 pL 1% PVA (w/v) (aqueous phase) was added to the above water-in-oil (W/O)
emulsion. The mixture was sonicated again under 30% amplitude for 30 s. Lastly, the water-in-oil-in-water (W/O/W)
emulsion was transferred into 4 mL DI water and stirred overnight gently to remove DCM. To determine the stability of
NPs, Dy, and zeta potential were measured using Zetasizer Nano. The DE-NPs were centrifuged at 8000 g for 15 min
(x2) and re-suspended into the water to remove extra PVA. The PLGA-incorporated DE-NPs were prepared by adding
PLGA (10 pL of in DCM, weight differs by ratio) into R-biodynamer solution (organic phase).

Morphology of NPs

The morphology of the NPs was measured using a SEM (Carl Zeiss Microscopy GmbH, Jena, Germany). To enhance the
electron conductivity and image quality, samples were coated with a thin gold layer using a gold sputter (Quantum
Design GmbH, Darmstadt, Germany). Microscope analysis was performed with the SmartSEM.

EE% and LC%

f~OVA-NPs were prepared using the above two methods. Then, the particles were centrifuged at 8000 g for 15 min. Free
f~-OVA in the supernatant was calculated by measuring the fluorescence intensity of FITC at ex/em= 494/520 nm using
a microplate reader (Inﬁnite® 200 PRO, Tecan Instrument, Crailsheim, Germany). As a control, free f~OVA was
centrifuged at the same condition to confirm that free f~OVA was not spun down after the centrifugation. EE% and
LC% were calculated with the following equation:

B Total FITC — OVA,4)—Free FITC — OVA )
B Total FITC — OVA

EE(%) x 100

Total FITC — OVA,4)—Free FITC — OVA 4
Arg — biodynamer,g)+Total FITC — OVA,,)—Free FITC — OVA,,)

LC(%)= % 100

pH-Responsive Size Change and Degradation f-OVA-Loaded NPs

To change the pH environment and determine the pH-responsive size change of NPs, the NPs were centrifuged at 4000
g for 15 min, the supernatant was removed, and the NPs were re-suspended into 10 mM pH 5.0 AB, 10 mM pH 7.4 PB,
and DI water, respectively. The Dy and PDI of NPs were determined by Zetasizer Nano after 0 h and 6 h incubations in
different buffers.

The degradation analysis of protein-loaded NPs involved monitoring the absorption of a biodynamer monomer (HG-
CA, Mw = 502) at 350 nm following dialysis under various pH conditions according to a modified version of a literature
procedure.*® Initially, 1 mL of 100 pg/mL NPs was placed inside a dialysis bag (Spectra-Por™ Float-A-Lyzer® G2) with a
MWCO (molecular weight cut-off) cut-off of 3.5-5.0 kDa. These NPs were then dispersed in 20 mL of 10 mM pH 5.0
AB, 10 mM pH 7.4 PB, and DI water, respectively. At specific time intervals (0, 2, 4, 18, 24, 28, 42, 48, and 72 h), 200

4432 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

pL of the released medium was sampled. To maintain a constant volume, an equal volume of fresh medium was added.
The degradation of NPs under different pH conditions was monitored by measuring the UV absorption at 350 nm. All

samples were stored in a freezer prior to measurement, and the experiments were conducted in triplicate.

Structural Integrity and Release Dynamics of f-OVA in NPs

The assessment of protein structure integrity within protein-loaded NPs was carried out through RP-HPLC. This involved
examining the retention time of the protein, a parameter that provides distinct information pertaining to the identical
protein/peptide under scrutiny. The RP column was an ACE C4 column (100 x 2.1 mm, 3 pum particles, 300 A pores)
purchased from Avantor (US, Radnor). The C4 column was equilibrated with acetonitrile (ACN) containing 0.1%
trifluoroacetic acid (TFA) in the HPLC apparatus. Five microliters of the samples was loaded onto the column, and
elution was carried out by modulating the concentration of solvent A (ACN containing 0.1% TFA) utilizing solvent B
(water containing 0.1% TFA) as stated in Table S1. Proteins were detected at 284 nm.

In addition to assessing retention time through RP-HPLC, protein structure integrity post-release from NPs was
further evaluated using SDS-PAGE. To summarize the procedure, a 4 x Laemmli sample buffer, mixed with 2-mercap-
toethanol at a 9:1 volume ratio, was added to the samples at a 1:3 volume ratio. The 5 samples analyzed comprised the
marker, control f~-OVA, f-OVA released from the PNCs, and f~-OVA released from the DE-NPs-0% PLGA and DE-NPs
-10% PLGA. Subsequently, each sample underwent a 5 min heating step at 95°C. The gel tank was prepared with 1X
Laemmli SDS running buffer (Serva), 20 uL of each sample was loaded into the lanes of the Mini-PROTEAN TGX
stain-free gel. Electrophoresis was conducted for 40 min at 150 V, followed by visualization under UV illumination.

The investigation into the dynamic release of protein from the protein-loaded NPs was systematically conducted
within simulated acidic endosomal microenvironment and neutral conditions as controls. The NPs, post-separation from
the suspension, were efficiently re-suspended in 10 mM pH 5.0 AB, 10 mM pH 7.4 PB, and DI water. Subsequent to each
re-suspension, supernatant and pellets were separated via centrifugation at 8000 g for 15 min at specified time intervals
(1, 2, 4, 6, 18, 24, and 48 h). Quantification of the released protein concentration was accomplished by measuring its
absorbance at 492 nm in the supernatant, offering a comprehensive analysis of release kinetics across the designated time
points.

Biological Characterization of NPs in vitro

Toxicity Assays

A549 cells were seeded at a density of 2 x 10* cells/well in 96-well plates, incubated overnight at 37°C. One hundred
microliters of NP solutions with adjusted concentration were suspended in RPMI 1640 medium (without fetal calf
serum), and added into the cells containing 100 pL of the medium. After 24 h incubation, the medium was replaced by
a fresh medium containing 0.5 mg/mL MTT. The medium was removed after 4 h, and 200 uL. of DMSO was added. After
10 min, absorbance at 550 nm was measured using a microplate reader. Cell viability was normalized to the absorbance
of non-treated cells.

PLUS was

One hundred microliters of co-cultured supernatant was collected for LDH assay. Cytotoxicity detection Kit
applied by following the assay protocol provided by the supplier. Absorbance was measured at 492 nm. Cytotoxicity was
analyzed as a relative percentage compared with untreated cells as a negative control group, and Triton-X treated cells as
a positive control group.

A ample grouy, *A rou,
Cellular viability(%) = ———wlegrow — TOMOgrowp 10

ANegutive control group — ADMSO group

P ASam le group — AN@ ative control grou,
LDH activity(%) = IR £ &0 % 100
APositive control group — ANegative control group
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Cellular Uptake Assay

A549 cells were seeded on 24-well plates at a density of 1 x 10° cells/well and incubated for 24 h. The cells were washed
with pre-warmed PBS twice and treated with no treatment group, free f~-OVA group, PNC group, DE-NPs, and PLGA-
incorporated DE-NPs, the amount of f~-OVA used in each group was 10 pg/well. After 5 h, Lysotracker red (50 nM) was
added and incubated with cells for another 1 h. The cells were washed twice with PBS and stained with DAPI (5 pg/mL)
for 10 min after the fixation using 4% paraformaldehyde (10 min). After washing the cells twice with PBS, we observed
the cellular uptake of protein-NPs using a confocal microscope (Leica TCS SP8, Leica Mikrosysteme GmbH, Wetzlar,
Germany).

Statistical Analysis

All experiments were carried out in triplicate, and data were reported as mean = SD. One-way ANOVA and Student’s
t-tests were performed to determine the statistical significance between the groups. 0.005 <p*** < 0.01, P** < 0.05 were
considered significant, and p > 0.05 were no statistical difference (ns).

Results and Discussion

Properties of Cargos and Biodynamers

We selected three different proteins (peptides), ovalbumin (OVA), insulin human (IH), and a glucagon-like peptide-1
derivative (GLP-1) to test PNC formation using biodynamers. OVA is one of the most commonly used model cargos in
protein delivery, particularly in vaccine formulation as a model antigen. It has an isoelectric point (pI) of 4.5 and —15.3
mV of surface charge in the measurement condition with a 44.3 kDa of molecular weight (Mw) (Table 1). In addition to
the OVA, two dye-labeled OVA (fluorescein isothiocyanate labeled-ovalbumin (f~OVA) and rhodamine B isothiocyanate
labeled-ovalbumin (r-OVA)) were included as model cargos for monitoring the systems. IH is also often used as
a therapeutic cargo for diabetes. We chose IH for comparison with OVA to see the Mw impact on polyion nano-
complexes (PNCs) formation. IH has a comparable charge as OVA (—16.3 mV) under pH 7.4, but the Mw is much
smaller than OVA, 5.8 kDa. To confirm the impact of charges on PNCs formation, we also included GLP-1, peptide, Mw
of 4.4 kDa with a positively charged surface (+8.6 mV). Table 1 summarizes the measured surface charge with Mw of
selected peptides.

To form PNCs with selected peptides, we prepared three different biodynamers taking the advantages of being able to
tune biodynamers towards a particular drug cargo molecule.”’ Arginine- (R-), glutamic acid- (E-), and arginine-
phenylalanine- (RF-) biodynamers having different charges and hydrophobicity were polymerized from hexaethylene
glycol conjugated carbazole dialdehydes (HG-CA) and each amino acid hydrazide (R-, E-, and F-hydrazide) by adapting
the reported method."*>%*° The successful synthesis of each biodynamers was confirmed with 'H-NMR (Figures S1 and

Table | Surface Charge (§) and Mw of Model Cargos;
{, Hydrodynamic Diameter (Dy), and Mw of
Biodynamers

Model cargos ¢ (mV) Mw
OVA —-15.3 44.3 kDa
IH —16.3% 5.8 kDa
GLP-1| +8.6 4.4 kDa
Biodynamers £ (mV) | Dy (nm) Mw
R-biodynamer +47.1 10.7 155.0 kDa*
E-biodynamer -11.6 7.5 67.3 kDa*
RF-biodynamer +37.5 8.5 90.5 kDa*

Note: All of the cargo was measured in DI water (10 mg/mL), except
IH. *The IH was measured in 10 mM phosphate buffer (PB, | mg/mL)
due to its solubility. *The Mw of biodynamers was measured using
static light scattering (SLS).
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S2). As a positively charged biodynamer, R-biodynamer, formed with arginine residues, was prepared due to its highest
protonation degree with highest pK, among the positively charged biodynamers (histidine (H), and lysine (K)-
biodynamers). The synthesized R-biodynamer was positively charged (+47.1 mV) as expected. With E residues, the
E-biodynamer provided a negative surface charge of —11.6 mV. Additionally, to increase the hydrophobicity of the
polymer, F-residues were included in R-biodynamers resulting in RF-biodynamers with a charge of +37.5 mV. Table 1
summarizes the surface charges and Mw of selected cargo and biodynamers.

PNCs

Formulation and Characterization of f-OVA-PNCs-R

We demonstrated PNC formation between R-biodynamer and f~OVA (f-OVA-PNCs-R), because f-OVA allows favorable
quantification of the cargo after PNCs formation. Scheme 1 illustrates f~-OVA-PNCs-R formation by the electrostatic
interaction between oppositely charged biodynamers and cargos (R-biodynamers and f~OVA). The formed PNCs varied in
hydrodynamic diameter (Dy;) by weight ratios between the blended biodynamers and f~OVA. As depicted in Figure 1A, the Dy
of ~OVA-PNCs-R exhibited an increment from 100 to 300 nm across the range of R-biodynamer to f~OVA weight ratios
spanning from 10:1.25 to 10:80. However, an aggregation phenomenon was observed when the weight ratio of f~-OVA
exceeded that of R-biodynamer eightfold. Notably, the zeta potential of the PNCs displayed a declining trend as the ratio of
f~OVA increased, owing to the neutralization of the positive charge conferred by R-biodynamer, as illustrated in Figure 1B.
Therefore, f~OVA-PNCs-R with a weight ratio of 10:5, characterized by a Dy of 103 nm (polydispersity index (PDI) of 0.22)
and zeta potential of +18.7 mV, were selected for further investigations (Figure 1C).

The morphology of the optimized f~OVA-PNCs-R was investigated using scanning electron microscope (SEM)
measurements (Figure 1D). The diameter of the PNCs estimated from the SEM image fell within the range of 80 to
159 nm, which is consistent with the findings obtained from DLS measurements. An interesting finding from the SEM
measurement is that the PNCs showed cylindrical shape. Composition and geometrical complexity have critical effects
on self-assembled nanostructures. For example, the volume ratio between the hydrophilic/hydrophobic compartment is
one crucial parameter in NP structure, increasing the hydrophobic volume ratio results in the structure change from
spherical micelle, cylinder, vesicle, and membrane.*' The underlying theory considers the nanorod structure of the
R-biodynamer to be surrounded by short ethylene glycol chains, which leads to an enhanced interior (hydrophobic)
volume and yields cylinders when assembled with protein. Another hypothesis is that the rod shape of biodynamers
formed a layered cylindrical structure decorating f~OVA due to the electrostatic interaction between OVA and biodyna-
mer side chains and n-x stacking between the FITC and carbazole core. To investigate the local structure of the formed
cylinder PNCs, further investigation is necessary. Such a cylindrical structure is known to be advantageous over spherical
nanoparticles (NPs) as it results in longer circulation times, and enhanced cellular uptake.** Additionally, cylinders
demonstrated higher drug-loading ability over traditional spherical nano-objects.*’

Electrostatic

NHO* 78 interaction
2N—£@ H}C \_/
5+ NH
o+

Scheme | Formation of PNCs through electrostatic Interaction between R-biodynamer and f-OVA.
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Figure | Dy (left y-axis) and PDI (right y-axis) of -OVA-PNCs at different weight ratio. White bar is Dy and red dot is PDI (A). Zeta potential of f-OVA-PNCs at different
weight ratios (B). Size distribution of f-OVA-PNCs at 10: 5 (w/w), measured by DLS (C). Morphology of f-OVA-PNCs at 10: 5 (w/w), measured by SEM (D).

Drug Loading Ability and Stability of f-OVA-PNCs-R

Encapsulation efficiency (EE%) and drug loading capacity (LC%) in the delivery carrier are critically important parameters
because they are directly related to the bioavailability of the drug and costs. However, most of the current NP-based protein
carriers show limited protein or peptide loading ability and even lower with water-soluble peptide loading.** In this regard,
f-~OVA-PNCs-R demonstrated their excellent LC% both EE% and LE%. Figure 2A depicts that the EE% of optimized PNCs
(10: 5, w/w) was 69.2%, and increased with an increasing f-OVA weight ratio. The incorporation of proteins into PNCs
increased within 1:4 weight ratio, which showed the maximum EE% at 1:4 weight ratio (EE% = 88.7%, LC% = 78.0%).
Also, LC% of PNCs with 10:5 weight ratio was 25.7%, which is very close to the respective theoretical maximum loading
rate (33.3%). The cylindrical shape endowed large surface areas and increased inner volume of f~OVA-PNCs-R compared to
conventional spherical NPs, representing excellent features for surface adsorption and drug encapsulation.*?

Dispersion stability is one of the key physicochemical properties of NPs to assess quality, safety, and efficacy in
research, especially in the preclinical phase.*> The colloidal stability of the optimized PNCs was assessed by monitoring
their size distribution over time (0, 24, and 48 h) using DLS. As can be seen in Figure 2B, the size distribution and Dy of
PNCs was maintained for 48 h in DI water under neutral pH.

Protein Modification Effect in PNCs

We successfully confirmed PNC formation with f~OVA and proved their pH-responsive degradability under acidic
conditions. However, we should not neglect the impact of the conjugated FITC on the cargo, as the cargo characteristics
highly affect PNC formation. Thus, we have confirmed PNC formulation with OVA but without FITC-labeling. The
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surface charge of unlabeled OVA was 2.3 times lower than f-OVA (Table S2), OVA successfully formed PNCs with
R-biodynamer (OVA-PNCs-R) as well, a similar tendency was shown for both of the cargos, Dy of PNCs increase with
protein content increase. However, the size of the OVA-PNCs-R was 1.5 times larger with higher PDI compared to the
f~-OVA-PNCs-R, as depicted in Figure S3A, the size distribution of OVA-PNCs-R underwent a substantial increase within
a span of 2 h. Moreover, as shown in Table 2, the Dy of OVA-PNCs-R increased from 234 to 1422 nm just within 2 h,
and the PDI increased to 0.50.

Our hypothesis is that the FITC (=7 moles of FITC per mole of OVA) moiety affected the compactness of the formed
PNCs by increasing the hydrophobicity, and the f~-OVA formed smaller and more stable PNCs at the same weight ratio
than OVA. Moreover, the aromatic ring on the FITC can be incorporated in the nanorod core of the biodynamers by n—n
interactions. Additionally, the lowered surface charge of OVA might affect the decrease in PNC stability due to the
reduced electrostatic interactions in PNC formation. Such charge, hydrophobicity, and aromatic rings of the cargo
affected the PNC stability.

To examine the hypothesis and the effect of dye-labeling of cargo on PNC formulation, another hydrophobic dye,
rhodamine B isothiocyanate (RBITC), was introduced into the OVA (r-OVA). As depicted in Figure S3B, r-OVA-loaded
R-biodynamer PNCs (r-OVA-PNCs-R) were successfully formed. They were stable in size for 48 h, similar to f~OVA-
PNCs-R. Therefore, we conclude that the conjugating hydrophobic moiety like FITC and RBITC, more ideally drugs, on

Table 2 Dy, PDI, and DCR of OVA-, IH-, and GLP-1-Loaded PNCs for 2 h

PNC Components | Incubation Time (h) | Dy (nm) | PDI | DCR (kcps)
OVA-PNCs-R 0 234 0.32 6940
2 1422 0.50 5410
IH-PNCs-R 0 356 0.33 68,655
2 1260 0.23 54,460
GLP-1-PNCs-E 0 145 0.25 7857
912 0.60 1793
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the protein can be beneficial in enhancing PNC formation and stability, which may be due to the charge, hydrophobic,
and -7 interactions between the cargo and the polymer.*’

However, the modified form of the protein has a risk of reduced efficacy due to irreversible modification, and
modified proteins cannot be an option depending on the protein structure. Therefore, we also tested a strategy keeping the
cargo in PNCs in a stable manner by modifying the polymer. To increase the compactness and stability of unlabeled
OVA-PNCs, we modified R-biodynamers to include phenylalanine monomers (F), exploiting their excellent tunability.
We expected the RF-biodynamers to increase the hydrophobicity as well as n- 7 interactions with the carbazole core.
Using the RF-biodynamers, OVA-PNCs (OVA-PNCs-RF) were successfully formed with a Dy of 116 nm (PDI = 0.23),
which was close to f~OVA-PNCs-R. However, the Dy started increasing to 183 nm (PDI = 0.25) within 2 h. The Dy
increase of OVA-PNCs-RF was smaller than that of OVA-PNCs-R. It suggests that the hydrophobic moiety of the
polymer successfully decreased the size of PNCs and increased the stability of PNCs (Figure S3A, S3C). Therefore, we
conclude that the hydrophobic modification of biodynamers improves PNC stability, although not sufficient as much as
cargo modification, because an increase in the hydrophobicity of RF-biodynamers leads to a loss of charge density and
electrostatic interaction by replacing R with F.

Impact of Mw and Charge of Cargos on PNCs Formation

As one of the factors that affects the dispersity and stability,*® the Mw of the cargo needs to be considered during the
formulation of PNCs. To see the impact of cargo Mw, a biologically functional peptide, IH, having 7.6 times lower Mw
but comparable surface charge (-16.3 mV) with OVA (-15.3 mV), was tested in PNC formation. IH and R-biodynamers
formed IH-PNCs-R of 326 nm (PDI = 0.20); however, the size increased to 1260 nm (PDI = 0.23) in 2 h of incubation
(Table 2, Figure S3D) in DI water, same as for OVA-PNCs-R. As tested in OVA, the RF-biodynamer was applied to
increase the stability and compactness due to increased hydrophobicity. However, as shown in Figure S3E, the increased
hydrophobicity and n—n interactions in the IH-PNCs-R were not helpful as much with respect to stabilization properties.
The size of the IH-PNCs-RF formed with RF-biodynamer increased rapidly in 2 h as well. IH is smaller than OVA in
Mw, resulting in a reduced size of polyelectrolyte cores in PNCs, which may cause lower stability than the OVA.

The PNC formation was also tested for a positively charged GLP-1 derivative using a negatively charged biodynamer,
E-biodynamer (GLP-1-PNCs-E). Similarly, the GLP-1-PNCs-E were successfully formed but had limited stability
(Figure S3F). The GLP-1-PNCs-E aggregated even faster than IH-PNCs-R due to the lowered net charges with lowered
Mw of the cargo.

Conclusively, regardless of the Mw, the proteins/peptides having surface charges formed PNCs with biodynamers
based on the electrostatic interaction;*” however, the surface charge affects the electrostatic repulsion/attraction between
cargo and biodynamers resulting in a different range of NP sizes.*® Augmenting the zeta potential of NP yields superior
stability of the system.*’ Moreover, the stability of the resulting PNCs was also highly influenced by the hydrophobic and
n-7 interactions between cargo and polymer.**> With a thorough understanding, PNC formation using biodynamers can be
an excellent option for protein/peptide delivery based on their exceptionally high drug-loading efficiency compared to
any other NP formulation methods currently available.”” However, as discussed above, the chemical properties of
protein/peptide affect the formulation and stability of PNCs, once protein/peptide modification is not an option, PNC
formation with the current biodynamers has limitations in reaching a feasible level of stability for biological application.
Therefore, it needs further strategies to develop biodynamers as protein/peptide delivery carriers, such as crosslinking or
different formulation methods like the DE-method.

pH-Responsive Size Change and Degradation of f-OVA-PNCs-R

The reversible and dynamic feature of biodynamers makes the resulting f~-OVA-PNCs-R pH-responsive and release cargo
in an acidic environment at the target, such as extracellular environment of cancer, inflammation, infection, and
intracellular environments like endosomes.’® Therefore, we assessed the pH-responsiveness of PNCs to confirm
controlled release of cargo under dynamic conditions. The f-OVA-PNCs-R were placed in different solutions, DI
water, 10 mM phosphate buffer (PB) at pH 7.4, and 10 mM acetate buffer (AB) at pH 5.0, at 37°C (Figure 3A). The
PNCs remained stable in Dy in DI water and pH 7.4 PB for 6 h compared to their Dy at pH 5.0 AB. The Dy of f-OVA-
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Figure 3 pH-Responsive size change of 100 pug/mL f-OVA-PNCs (10: 5, w/w) in DI water, pH 7.4 (10 mM PB), and pH 5.0 (10 mM AB) for 6 h (A). Acid-responsive
degradation of f-OVA-PNCs (10: 5, w/w) in DI water, pH 7.4 (10 mM PB), and pH 5.0 (10 mM AB) for 48 h (B). The comparison of mean size changes in PNCs at 0 and 6
h under pH 7.4 and pH 5.0, respectively, was conducted using a T-test. P** < 0.05 was considered significant, and p™ > 0.05 were no statistical difference.

PNCs-R immediately increased to 645 nm at pH 5.0 and further increased to 1116 nm after 6 h. The Dy increase at pH
5.0 was attributed to the decomposition of the dynamic backbone and the continuous degradation of biodynamer led to
the PNCs swelling. It was also reported that pH-responsive swelling accelerates the release of drug from the loose
nanocarriers and results in burst release.’’ Conclusively, the PNCs formed by electrostatic interactions were stable at
neutral pH and destabilized at acidic conditions due to the pH-responsive degradation of the incorporated biodynamers,
which is in line with the expectations.

To confirm the degradation of R-biodynamer from the f~-OVA-PNCs-R under dynamic conditions, we monitored
monomer or oligomer (<5 kDa) release from the PNCs using UV absorbance of HG-CA at 350 nm. Note that the UV
absorbances of f~OVA and amino acid monomers at 350 nm are negligible compared to HG-CA (see Figure S4). After 4
h of incubation in AB at pH 5.0, 20.7% of biodynamers were degraded into fragments smaller than 5 kDa, while 11.1%
and 4.3% of biodynamers were degraded in PB at pH 7.4 and DI water, respectively. This degradation was attributed to
the re-equilibration of HG-CA monomers within the biodynamer backbone during the re-suspension process. Within 72
h under the acidic condition, the biodynamers in the f~-OVA-PNCs-R completely (103.6 + 13.8%) degraded into short
oligomers or monomers, which was twice as much degradation as observed at pH 7.4 and in DI water (63.3 + 10.0% and
45.6 + 19.6% degradation, respectively) (Figure 3B). The results support that the swelling of the f~-OVA-PNCs-R at pH
5.0 is attributed to the degradation of biodynamers.

Double Emulsion Nanoparticles (DE-NPs)

Formulation and Characterization of f-OVA-DE-NPs-R

Unlike the PNC formation, the charge of polymer and cargo affects DE-NPs formation less, which means that this
formulation method does not necessarily require a specific polymer design for each cargo.’® Also, the stability of DE-NPs
is known to rely more on the polymers and emulsifiers used and less on the cargos,'” which is different from our
observation for PNCs. Therefore, we demonstrated DE-NPs formation using R-biodynamers and compared it with PNCs
particularly in colloidal stability.

Scheme 2 illustrates formation methods of DE-NPs. Biodynamer in “oil”-phase (0.5-2 mg/mL, 0.5 mL of dichlor-
omethane (DCM) and protein in water-phase (0.5—1 mg/mL, 0.1 mL of DI water) were completely emulsified in the first
emulsification and followed by the second emulsification step with 1% polyvinyl alcohol (PVA) (aq). The formation was
tested with three different cargo weight ratios against added R-biodynamers. As a result, DE-NPs were formed with a Dy
range of 166-283 nm (PDI: 0.28-0.46) by cargo weight ratios. The Dy and PDI became reduced with decrease of f~OVA
content from 30% to 10% (against biodynamer, weight ratio). Also, 10% f~-OVA formed a greater number of NPs, which
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Scheme 2 Preparation of Protein-loaded DE-NPs via DE method.

resulted in a higher number of derived count rate (DCR) even with smaller NP size in the DLS measurements. DCR is
the value related to the scattered photon in the measurements, thus, increasing with increased particle numbers or
increased particle size. In terms of the zeta potential, all DE-NPs had a slightly positive electric charge, and showed no
significant differences by cargo ratio (Table 3). From these results, we concluded that the 10:1 weight ratio of
R-biodynamers and f-OVA generated monodispersed NPs with the highest efficiency and can be seen as an optimized
condition for the following investigations. The resulting f~OVA-DE-NPs exhibited excellent dispersion in an aqueous
solution (Figure 4A) and spherical morphology (Figure 4B, measured by SEM).

As one of the most important physicochemical properties of NPs, shape is an important design parameter for drug
carriers and plays a multifaceted role in particle adhesion, distribution, and cell internalization.>> Non-spherical particles
possess a theoretically higher area of surface-adhesive interactions than spherical particles.>® It is demonstrated that
shape affects phagocytosis in cell-particle interactions.’ Spherical shapes demonstrated enhanced cellular uptake
compared to cylindrical particles, owing to the smaller dimensions of early endocytic vesicles relative to cylindrical
counterparts, which necessitates additional energy for the internalization of cylindrical particles.’® The comprehensive
understanding of particle shape as a design parameter for practical medical applications remains limited, additional
pivotal experiments such as quality control measures are crucial as well to bridge the gap between particle design to
practical utility.”’

Table 3 Dy (SD < # 50), PDI (SD < # 0.05), { (SD < + 0.7),
and DCR (SD < # 3000) of f-OVA-DE-NPs

f-OVA-DE-NPs | D,; (hm) | PDI | { (mV) | DCR (kcps)

10% f-OVA 166 0.28 +4.8 18345
20% f-OVA 268 0.29 +4.7 9001
30% f-OVA 283 0.46 +4.4 4297
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SEM (B).

Drug Loading Ability and Stability of f-OVA-DE-NPs-R
We assessed the EE% and LC% of the DE-NPs and compared them with the PNC formation method. As depicted in
Figure 5A, a notable increase in EE% and LC% was observed with an increase in the amount of PLGA used. This may
align with PLGA which contributed to the enhanced stability of the protein within the particles. However, the EE% and
LC% of f-OVA-DE-NPs-0% PLGA (EE%=20.6, LC%=1.9%) and f{-OVA-DE-NPs-10% PLGA (EE%=32.8%,
LC=2.9%) were significantly lower compared to those of f~OVA-PNCs-R (EE%=69.2%, LC%=25.7%). Particularly,
low LC% of DE-NPs, less than 5%, is one typical challenge in NP formulation using emulsification methods.”® ®°

The size distribution of the f~-OVA-DE-NPs-R (10:1, w/w) were monitored for 48 h. Figure 5B and 5C depict the
stable maintenance of the Dy of DE-NPs in DI water during this timeframe. The stability of the DE-NPs was also
evaluated in Hank’s Balanced Salt Solution (HBSS), a saline solution commonly employed for maintaining optimal
osmotic pressure and physiological pH in the cell culture. Figure S5A illustrates the sustained size distribution of DE-
NPs in HBSS, showcasing stability even as the Dy increased over time (302 nm, PDI=0.43). Notably, the derived count
rate (DCR) exhibited a significant decrease from 10,686 to 2413 kcps within a 12 h period. It is worth mentioning that,
under this condition, PNCs dissociated immediately. While the stability of DE-NPs surpasses that of PNCs, further
enhancement is imperative to facilitate subsequent in vitro and in vivo investigations.
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Figure 5 EE%, LC% and TLC% of f-OVA loaded DE-NPs with various amounts of PLGA (R-biodynamer: f-OVA: PLGA, 10: |: x, w/w/w) (A). Stability of f-OVA-DE-NPs-0%
PLGA (B) and f-OVA-DE-NPs-10% PLGA (C) in DI water for 48 h.
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PLGA is extensively tested in DE-NP formation for protein delivery, owing to its versatility in formulation and
biocompatibility.°' In this context, PLGA (10%, 20%, and 30% against biodynamer, weight ratio) was incorporated in the
formulation to further stabilize the DE-NPs. As shown in Table S3, the addition of 10% PLGA showed the lowest PDI with the
highest DCR (19,385 keps), which suggests the formation of more monodispersed DE-NPs with higher efficiency. Thus, DE-
NPs with 10% PLGA (10:1: 1, w/w/w) were utilized for further studies as a comparison with DE-NPs without PLGA (10:1: 0,
w/w/w). As shown in Figure S5B, DE-NPs-10% PLGA demonstrated a consistent size distribution with a Dy of 230 nm
(PDI=0.30) for 12 h, accompanied by a slight decline in DCR value (from 13,655 to 10,459 kecps) in HBSS. These results
indicate that the incorporation of PLGA significantly enhances the stability of DE-NPs under physiological conditions.

Impact of Cargos on DE-NPs Formation

OVA, IH, and GLP-1 were encapsulated within DE-NPs utilizing R-biodynamer. Figure S6 illustrates the Dy distribution of
emulsions loading OVA, IH, and GLP-1, both with and without PLGA. The DE-NPs incorporating PLGA exhibited
a slightly smaller Dy compared to those without PLGA, aligning with the trend observed for f~OVA-DE-NPs (Figure S6A).
This reduction in Dy can be attributed to the ability of PLGA to form smaller droplets, which rapidly absorb at the water—oil
interface, consequently enhancing the stability of the emulsion system.®® As can be seen in Figure S6C, positively charged
GLP-1 did not influence DE-NP formation of positively charged R-biodynamer. The stability of DE-NPs loading OVA, IH,
and GLP-1 was thoroughly examined. As presented in Table 4, the Dy of DE-NPs remained constant over a period of 48 h,
indicating excellent stability. This highlights a distinct advantage of DE-NPs over the PNC formation method, as the
characteristics of the cargo molecules had minimal impact on the formation of DE-NPs. Consequently, DE-NPs possess
considerable potential for delivering diverse proteins or peptides utilizing a unified formulation approach. However, it is
noteworthy that PNCs exhibited a higher LC% compared to DE-NPs, as evident from the results.

pH-Responsive Size Change and Degradation of DE-NPs

To confirm the pH-responsiveness of the DE-NPs, the size change and degradation of DE-NPs were determined under
different pH conditions. DE-NPs were washed twice with DI water to remove excess PVA and placed in DI water, PB at pH
7.4 and AB at pH 5.0. During the washing process, a slight aggregation of the NPs occurred, resulting in an increase in the size
of the DE-NPs from 150 to 300 nm. As shown in Figure 6A, the Dy of the DE-NPs increased negligibly in DI water and
10 mM pH 7.4 PB within 6 h (remained 300-350 nm of Dy, and 0.20 — 0.30 of PDI). However, the Dy increased significantly
to 750-800 nm in 10 mM pH 5.0 AB immediately, and its PDI also drastically increased from 0.20 to 0.60. Therefore, DE-NPs
maintained the pH-responsive ability of biodynamer and swelled and aggregated under an acidic environment.

The acid-responsive degradability of DE-NPs was investigated using the dialysis bag diffusion method. The results
depicting the percentage degradation of f~OVA-DE-NPs are presented in Figure 6B (DE-NPs-0% PLGA) and Figure 6C
(DE-NPs-10% PLGA). Within the initial 4 h under pH 5.0, approximately 10% degradation was observed for both DE-
NPs-0% PLGA and DE-NPs-10% PLGA. However, no significant degradation occurred during the 4 h period in DI water
and pH 7.4 for both DE-NPs. Over the following three days, DE-NPs-0% PLGA exhibited more rapid degradation than
DE-NPs-10% PLGA at pH 5. Specifically, the degradation values reached 52.3% and 34.1% at 72 h, respectively. This
disparity in degradation rates can be attributed to the influence of PLGA on the stability of DE-NPs. The PLGA provides

Table 4 Dy and PDI of OVA (or Insulin, or GLP-1)-DE-NPs-R
Measured After 48 h at R.t

With X% PLGA | Dy (nm) PDI
OVA-DE-NPs-R 0% 214+49 | 048 £ 0.11
10% 189+ 48 | 0.26 + 0.02
IH-DE-NPs-R 0% 200 £ 11 | 0.45 +0.07
10% 183+ 34 | 0.30 £ 0.09
GLP-1-DE-NPs-R 0% 199 +9 0.3 £ 0.09
10% 189+ 62 | 0.30 £ 0.02
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Figure 6 pH-responsive size change of 100 pg/mL f-OVA-DE-NPs-0% PLGA and DE-NPs-10% PLGA in DI water, pH 7.4 (10 mM PB), and pH 5.0 (10 mM AB) for 6 h (A). Acid-
responsive degradation of -OVA-DE-NPs-0% PLGA (B) and DE-NPs-10% PLGA (C) in DI water, pH 7.4 (10 mM PB), and pH 5.0 (10 mM AB) for 48 h. The comparison of mean size
changes in PNCs at 0 and 6 h under pH 7.4 and pH 5.0, respectively, was conducted using a T-test. P** < 0.05 was considered significant, and p™ > 0.05 were no statistical difference.

protection, rendering the biodynamer resistant to acidic conditions. Sustained degradation of DE-NPs was observed in DI
water and pH 7.4 buffer solution, akin to the PNCs.

Structural Integrity and Release Dynamics of f-OVA in NPs

Post-encapsulation, the preservation of protein activity is of paramount importance. Therefore, reversed-phase high-
performance liquid chromatography (RP-HPLC) was employed to scrutinize the retention time of the encapsulated
f-OVA subsequent to its release from the NPs. As depicted in Figure S7TA-S7D, the retention time of all f~OVA instances
remained consistent, affirming the identical chemical structure of f~OVA both post-encapsulation and subsequent release
from the NPs. This finding aligns seamlessly with prior studies that have independently confirmed the sustained activity
of the protein following encapsulation.®®> Additionally, the integrity of the protein/peptide structure following encapsula-
tion and release from PNCs, DE-NPs-0% PLGA, and DE-NPs-10% PLGA was corroborated through sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, as illustrated in Figure S7E. Notably, the observed
band positions were consistent across all three formulations, further validating the preservation of structural integrity
during the encapsulation and release processes from both kinds of PNCs and DE-NPs.

Following the successful liberation of f~OVA, the acid-triggered degradation of PNCs facilitated this process. As
depicted in Figure S4, the substantial absorbance at 492 nm exhibited by f~OVA was attributed to the FITC labeling.
Therefore, we monitored f~-OVA release from the NPs using their absorbance at 492 nm. Noteworthy to mention that
R-biodynamer and the biodynamer-degraded monomer demonstrated no absorbance at this wavelength. As shown in
Figure 7A, the PNCs exhibited a remarkable release efficiency, discharging 95.0 + 16.5% of f~OVA under acidic
condition within 6 h, while 38.0 + 1.0% of the f~OVA released under neutral conditions (pH 7.4). Significantly
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Figure 7 Release dynamic f-OVA in PNCs (A), DE-NPs-0% PLGA (B), and DE-NPs-10% PLGA (C) in pH 5.0 (10 mM acetate buffer) and pH 7.4 (10 mM PB),.
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accelerated cargo release under the acidic condition affirms the controlled release of the protein encapsulated within
PNCs but with a substantial leakage under the neutral condition due to the inherent instability of the PNCs.

As shown in Figure 7B and 7C, the DE-NPs-0% PLGA formulation exhibited a release profile of 30.4 + 7.1% of
f-OVA at pH 5.0 within 1 h, with a release rate to 42.8 + 13.7% after 48 h. Remarkably, DE-NPs-10% PLGA
demonstrated an expedited release, with 31.3 + 10.3% of f~OVA released within 1 h under acidic conditions.
Furthermore, at the same time point, DE-NPs-10% PLGA released 40.4 + 11.6% of f-OVA, a release pattern that
exhibited no statistically significant difference when compared to DE-NPs-0% PLGA. However, this release was notably
lower than that observed with PNCs. These outcomes substantiate the efficacy of the DE method in ensuring the stable
loading of proteins within NPs. Notwithstanding the stability exhibited by DE-NPs, they remain responsive to acidic pH,
facilitating the release of protein cargo through the degradation of biodynamers. Consequently, these findings alleviate
conventional concerns associated with the restricted cargo release from DE-NPs, albeit still indicative of a slower release
compared to PNCs.

DE-NPs and PNCs exhibit analogous characteristics concerning pH-responsive Dy changes and degradation. Through
a comparison of the degradation and release data, it is evident that PNCs demonstrate a more rapid pH-responsive
behavior compared to DE-NPs, which is attributed to a variety of physical, chemical, and processing factors such as the
homogeneous drug distribution, polymer morphology, and composition.®* Furthermore, it is noteworthy that PLGA may
impede the diffusion of DE-NPs, thereby contributing to the decelerated pH-responsive degradation of the biodynamer.®®
The rapid pH-responsive behavior induced the fast release of protein/peptide represents an important phenomenon in
drug delivery.®* On the other hand, DE-NPs exhibit greater stability than PNCs in pH 7.4 buffer solution. Notably, DE-
NPs benefit from additional protection offered by PLGA, further enhancing their stability in these environments.

Biocompatibility and Cellular Uptake of PNCs and DE-NPs

A549, a widely employed human lung cell line, stands as a preeminent choice for investigating interactions between
particles and cells, and it has proven efficacy in elucidating diverse aspects such as cytotoxicity, transport, oxidative
stress, and inflammatory responses in the context of acute exposures ranging from 24 to 72 h to various materials.®®¢’
Therefore, the cell viability of PNCs and DE-NPs was evaluated with A549 cells using MTT method and lactate
dehydrogenase (LDH) assays by measuring the mitochondrial dehydrogenase activity and LDH, respectively.®® As
shown in Figure 8, PNCs and DE-NPs all showed negligible influence in cell viability (above 90%) even at the tested
highest concentration (100 pg/mL). The cytotoxicity measured by LDH assay was close to 0%, which was consistent

with MTT results. Therefore, the formulation methods using the same biodynamers showed similar biocompatibility and
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Figure 8 Cell viability of f-OVA-loaded NPs on A549 cells analyzed by MTT assay. White bar is f-OVA-PNCs-R (10: 5, w/w); light gray bar is f-OVA-DE-NPs-0% PLGA; dark
gray bar is f-OVA-DE-NPs-10% PLGA. (n=6). A one-way ANOVA was employed to assess the statistical differences in cell viability among PNCs, DE-NPs-0% PLGA, and DE-
NPs-10% PLGA. The red lines represent the standard values of the control group.
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cellular viability, and both PNCs and DE-NPs are biocompatible at below 100 pg/mL with the mammalian cells, which
enabled therapeutic application in vitro and in vivo.

The cellular internalization of PNCs and DE-NPs was compared through a comprehensive experimental setup. No
treatment control, free f~-OVA, f-OVA-PNCs (10:5, w/w), f-OVA-DE-NPs-0% PLGA, and f-OVA-DE-NPs-10% PLGA
were incubated with A549 cells for 6 h. Figure 9 visually demonstrates the results of the experiment. For a better
comparison, the mean fluorescence intensity (MFI) of f-OVA obtained in Figure 9 was quantified using Image J software
(Figure S8). The fluorescence from lysosome (labeled by LysoTracker Red) and f~-OVA indicates that both types of NPs
exhibit higher cellular uptake compared to free f~OVA. The PNCs exhibited the highest MFI (168.8 a.u.) among the NPs,
1.5-fold higher than that of DE-NPs. However, the concentrated and vibrant green fluorescence observed in the case of
f-OVA-PNCs can primarily be attributed to the aggregation of positively charged NPs around the negatively charged cell
membrane, as previously reported rather than the cell internalization. On the other hand, the overlapping red and green

DAPI LysoTracker f-OVA Merge

Neg. Ctrl

f-OVA

PNCs

Figure 9 A549 cellular uptake of f-OVA-loaded NPs after 6 h incubation. DAPI stained nucleus in blue, LysoTracker ™ Red DND-99 stained endosome/lysosome in red, and f-OVA
in green.
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fluorescence in DE-NPs-0% PLGA and DE-NPs-10% PLGA showcases the well-distributed presence of DE-NPs within
the cells, which can be attributed to the improved stability of these NPs compared to PNCs. Notably, the incorporation of
10% PLGA augmented the cellular uptake of DE-NPs in comparison to DE-NPs-0% PLGA, resulting in respective MFI of
125.1 a.u. and 112.3 a.u. Conclusively, PNCs showed high cellular uptake potential compared to DE-NPs due to the affinity
with cell membranes; however, with more physiological stability, DE-NPs exhibit more uniform dispersion than PNCs.

Biomedical Applications of PNCs and DE-NPs

Polymeric NPs enable delivery of various cargos including small molecules, biological macromolecules, proteins, and
vaccines.®® Our biodynamers establish resilient pathways for protein delivery through the formation of PNCs and DE-
NPs. The utilization of biodynamers not only amplifies the stability of protein drugs but also expedites their cellular
uptake and facilitates precise cytosolic release.

Physiological microenvironments with acidic conditions can serve as valuable biomarkers for various diseases,
offering dual functionality as both treatment targets and diagnostic indicators.®” pH-Responsive drug delivery systems
have emerged as a prominent modality in various medical domains, such as cancer diagnosis and treatment,”® diabetes

n % and anti-bacterial applications.”® Peptide-loading PNCs formed with biodynamers

therapy,”' skin disease therapy,”
offered enhanced efficacy and reduced systemic toxicity, attributable to their high drug LC% and controlled-release
capabilities triggered by changes in pH.”* Additionally, in our investigation, DE-NPs formed using the same biodynamers
exhibited exceptional monodispersity and elevated stability. Moreover, our study underscored the consistent preservation
of the pH-responsiveness inherent in DE-NPs. The promising attributes of our PNCs and DE-NPs suggest their
significant potential in advancing the field of drug delivery.

However, prospective research is crucial to evaluate the scalability, stability, and in vivo behavior of both PNCs and
DE-NPs. When comparing particle formation methods, protein delivery efficiency assessed by delivered protein func-
tions is the critical aspect. However, given the challenges of evaluating the model protein and peptide drug efficacy using
in vitro assays and the varied conditions encountered in vivo (e.g., high serum protein concentration, biological barriers
like mucus, and biochemical interactions), such comparisons should be conducted in future in vivo studies. These critical
investigations will contribute to a comprehensive understanding of the translational viability and broader implications of

these delivery systems.

Conclusions

This study aimed to explore the potential of pH-responsive amphiphilic biodynamers as innovative materials for protein
delivery, manifesting within PNCs and DE-NPs. Particularly, our focus was on a comparative analysis of the distinctive
attributes exhibited by PNCs and DE-NPs, both formulated utilizing the same biodynamer. Evidently, the loading
efficiency of PNCs surpassed that of DE-NPs, while DE-NPs were able to load more kinds of proteins. In addition,
the stability of NP was possible to further modulate simply by incorporating other types of hydrazide residues in the
biodynamer. Despite the pronounced influence of formulation methodologies on Dy, morphology, drug loading, stability,
and cellular uptake efficiency, both PNCs and DE-NPs maintained their intrinsic pH-responsive degradation natures and
exhibited exemplary biocompatibility. Even when biodynamer facilitates two entirely distinct formulation methods, the
unique demands of each application warrant careful consideration in the choice of formulation approach.

The development of precision-engineered PNCs and DE-NPs for delivering functional proteins holds immense
potential not only in therapeutic applications but also within the biotechnological landscape. Notably, charged PNCs
have exhibited noteworthy encapsulation efficiency, while DE-NPs have manifested a spherical morphology, thereby
augmenting their intracellular delivery capabilities. Despite these promising attributes, certain challenges persist,
necessitating further investigation. Unforeseen functional variations, such as immunogenic host reactions and long-
term stability concerns, underscore the need for continued research. Rigorous efforts are imperative to comprehensively
assess safety profiles and delivery efficiencies in vivo.

In conclusion, our biodynamers offer a sophisticated, pH-responsive delivery platform for protein drugs. This
innovation holds significant promise for controlled release and targeted delivery of functional protein cargoes,
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particularly antibodies. As we move forward, continued research and refinement are essential to unlock the full potential
of these advanced delivery systems.
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