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Abstract.

A synthetic biomolecular condensate (sBC) consists of a prolamin-rich, plant protein, zein, has been
engineered. These artificial condensates were prepared from the liquid-liquid phase (LLP) separation
of a protein-rich liquid phase in water. To ensure the colloidal stability of the separated condensate,
the protein was chemically modified either via quaternization with glycidyl trimethyl ammonium
chloride (GTMAC) or covalently connecting poly (ethylene glycol) by reductive amination,
respectively. The modified protein condensates, termed as QZs and PZs (for quaternized and PEG-
conjugated zein, respectively) exhibited hydrodynamic diameters (Dy) ranging from 100-300 nm and
surface charge or {-potential of +35 to -19 mV, that ensured condensate stability via inter-particle
repulsion. The size, charge, stability, and morphology of the condensate particles can be optimized
by mixing both types of modified proteins (QZs and PZs) at a pre-determined stoichiometry. Such
stoichiometric interactions of proteins electrostatically and thermodynamically stabilized the sBCs.
These sBCs can be enriched with small molecules, which can be exchanged with their bulk
environment, showcasing their potential to compartmentalize chemical species. In vitro studies
indicated cellular internalization and accumulation of sBCs depending on their surface properties.
Inspired by the condensation of proteins occurring in cells via LLP, this work provides a robust,
scalable strategy to design stable, functional condensates that can be used as a platform to understand

the structure and function of natural condensates.
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1. INTRODUCTION

Biomolecular condensates (BCs) are membrane-less assemblies of proteins and nucleic acids
and are well-established cellular entities which can selectively compartmentalize compounds and
chemical processes vital for cellular organizations.! Formed via liquid-liquid phase separation (LLPS)
of protein-rich phases in aqueous environment of the cells, BCs come in a wide range of sizes.?> The
nucleolus and stress granules are primordial examples of large BCs and have been extensively studied
in vitro. BCs, particularly under in vivo conditions, are within the nanoscale range, <100 — 300 nm
in diameter containing multiple copies of the constituent molecules.®> With the progress of our
understanding of cellular biology, BCs are gaining increasing traction because of their roles in cellular
homeostasis and pathology.* Ranging from amyloid plaque formation in neurodegenerative diseases’
to aging,® and cancer,” BCs have been implicated from disease initiation, maintenance, and
proliferation. As such, therapeutic interventions targeted to disrupt the form and function of disease-
associated BCs have spurred the emergence of several translational molecules. This has become
increasingly important to study the mechanism of formation, action, and size-function relationship of
BCs, particularly those composed of proteins, in the context of their in vitro and in vivo implications
in health and diseases. Synthetic biomolecular condensates (sBCs) are ideal platforms to investigate
the compositional and structural attributes of natural condensates, in vitro, and to connect with their
functional role, such as compartmentalization and condensation of target compounds.® Synthetic
polypeptides have been an attractive chemical platform to prepare artificial BCs.” The presence of
multiple functional groups, pre-defined secondary conformations, and possibility to include stimuli-
responsive - particularly thermo-sensitive residues within the peptide backbone are important features
of synthetic polypeptides for their applications for developing sBCs.!® We aimed to develop sBCs
using a chemically modified plant protein, such as zein. A prolamin protein derived from maize (Zea
mays) endosperm, zein is the main storage protein of the plant, constituting almost 50% of the corn

proteins.!! The protein has been certified as Generally Recognized As Safe (GRAS) materials in 1985



Journal of Materials Chemistry B Page 4 of 42

by the Food and Drug Administration (FDA) and has been used in multifarious commercial colloidal

preparations.!!-16

To our advantage in designing sBCs, zein proteins showcase interesting colloidal properties,
which are key attributes of natural biomolecular condensates. The origin of these properties is rooted
in the capacity of the protein to self-assemble. Various self-assembly techniques have been adopted
to prepare colloidal particles of zein, including emulsification, solvent evaporation, phase
separation,'? solvent precipitation,'® antisolvent dialysis, pH driven nanoprecipitation, '4 15 and
electrohydrodynamic atomization. '® The critical challenge of using zein as a representative platform
to study condensates is the fundamental colloidal instability of the protein. The colloidal stability is
defined by various particle-related properties including aggregation, core composition, shape, size,
and surface chemistry.!” The inherent tendency of zein colloidal suspension to aggregate and
precipitate at near-neutral pH or under high ionic strength conditions is primarily due to reduced
electrostatic repulsion and enhanced hydrophobic interactions.!® In aqueous dispersion the
hydrophobic interactions dominate in particle coalescence and loss of colloidal stability. Colloidal
structures, as those of condensates, are generally unstable due to high surface energy, leading to high
reactivity. To gain stabilization of a colloidal dispersion it can be achieved through three primary
mechanisms: electrostatic, steric, and electrosteric stabilization.!® Electrostatic stabilization relies on
surface charges that create repulsive forces between particles, preventing their aggregation.?’->3 Steric
stabilization, on the other hand, uses adsorbed macromolecules or surfactants that form a protective
layer around the condensates, providing spatial separation among them.?!: % In many cases, a
combination of both electrostatic and steric mechanisms is required to stabilize colloidal systems
from various destabilization forces.!> 227 To improve colloidal stability of zein proteins, stabilizers
such as sodium caseinate and various surfactants like tween 20, Pluronic F86 are widely used.?® 2°
Sodium caseinate, for instance, provides steric and electrostatic stabilization by adsorbing onto the
surface of zein-derived sBCs, forming a protective layer that prevents aggregation.??- 30 Similarly,

surfactants like polysorbates (e.g., Tween 80), or Pluronic F68, enhance dispersion of colloidal
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particles by reducing surface tension and providing steric hindrance.?!- 32 Another approach for
augmenting the colloidal stability is to adjust the pH of the particle suspension. The isoelectric point
of zein is around pH 6.2, and lowering the pH to 4-5 protonates the amino groups, creating strong
charge repulsion between particles. This prevents aggregation and improves the redispersibility of the
colloidal particles of zein.?® Due to such limiting hydrophobic nature of the protein, zein is not
amenable to LLPS to produce a uniform and colloidally stable platform for a longer time scale.
Furthermore, the inclusion of these synthetic materials to stabilize sBCs produced from zein will
further disconnect the platform from recapitulative in vivo conditions. Therefore, we adopted a new
chemical modification strategy to render the protein amenable to LLPS, thereby favoring the
formation of sBCs. Our approach included an incorporation of a positively charged, i.e., quaternized
amine residue within the primary structure of the protein, which will favor the formation of sBCs via
LLPS, and will ensure particle stability via electrostatic mechanism provided by the cationic surface
charge. This approach was achieved via reacting zein with glycidyl trimethylammonium chloride
(GTMAC) under basic conditions, to produce quaternized zein protein (QZ proteins).’? 3* In the
second approach, we incorporated a hydrophilic polymer segment at the N-terminal of the protein.
This was achieved by connecting an aldehyde-terminated poly (ethylene glycol) to the N-terminal
residue of the protein via a Michael Addition-type reductive amination reaction to produce PEG-
modified zein (PZ proteins). The objective of these modifications is to promote the formation of
sterically stabilized sBCs via LLPS of an otherwise hydrophobic protein that is prone to uncontrolled
aggregation. Via adopting a liquid-based phase separation technique, and by promoting interactions
between the native protein with a specified amount of the modified, i.e., QZ or PZ proteins, we were
able to form distinct sSBCs with a narrow size distribution (in terms of hydrodynamic diameter, Dy),
controllable surface charge (in terms of {-potential), distinct morphology (identified via TEM and
AFM) and augmented colloidal stability. With a particular emphasis, how composition affects BC
formation and structure, we anticipate that the chemically modified zein protein colloids as models
of sBCs will provide a new cell-free, straight-forward platform to study the size-surface-function

relationship of protein condensates in the context of molecular compartmentalization.
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2. MATERIALS AND METHODS

2.1. Materials. Zein protein from maize was purchased from Tokyo Chemical Industries (TCI)
(Tokyo, Japan). Methyl poly (ethylene glycol) aldehyde (mPEG-aldehyde) of molecular weight 5
kDa was purchased from Creative PEGWorks (Chapel Hill, NC, USA). Sodium cyanoborohydride
(NaCNBH3;), glycidyl trimethylammonium chloride (GTMAC) (technical >90%), sodium
hydroxide (NaOH), hydrochloric acid (HCl 37% v/v), di-sodium hydrogen phosphate dihydrate
(Na,HPO,4.2H,0), sodium dihydrogen phosphate monohydrate (NaH,PO,-H,0) sodium chloride
(NaCl), ethyl alcohol (anhydrous >99.5%) and pyrene was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). Dimethyl sulfoxide-Dg (>99.8%), and ninhydrin were purchased from Oakwood
Chemicals (Estill, South Carolina, USA). Doxorubicin hydrochloride was purchased from LC
laboratories. Regenerated Cellulose (RC) Dialysis Tubing (average. flat width 32 mm) with a
molecular weight cutoff (MWCO) of 3.5-5.0 kDa or 6-8 kDa was purchased from Repligen
(SpectraPor®, Waltham, Massachusetts, USA). For fluorescence tagging Alexa fluor 647 NHS ester,
Alexa fluor 488 phalloidin, NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI), were procured
from Thermo Fisher Scientific Inc. (Waltham, Massachusetts, USA). Dulbecco’s Phosphate buffered
saline and DPBS (with MgCl, and CaCl,, liquid, sterile-filtered, suitable for cell culture) were
procured from Sigma-Aldrich and DMEM 1X (Dulbecco’s Modified Eagle’'s Medium with 4.5¢g/1
glucose, L-glutamine, sodium pyruvate) was purchased from Thermo Fisher Scientific Inc (Waltham,
MA, USA). 10x Tris/SDS/glycine running buffer, 4X Laemmli sample buffer, 4-20% mini-
PROTEIN®TGX™ Precast Protein Gels, 10-well, 50ul, Precision Plus Protein Dual color standards
500 pul was purchased from Bio-Rad (Hercules, California).3-mercaptoethanol, methanol , FITC and
glacial acetic acid was purchased from Thermo Fisher Scientific Inc. (Waltham, Massachusetts,
USA).

2.2. Quaternization of Zein — Synthesis of QZ Proteins. The quaternization of zein was achieved
by reacting the commercially procured zein with glycidyl trimethyl ammonium chloride (GTMAC),
a quaternary ammonium compound (Scheme 1 A), following modification of published procedures

34,35 In this method, zein protein (500 mg) was dissolved in 8 mL of 60% (v/v) ethanol solution.
6
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Subsequently, 2 mL of GTMAC (densityl.13 g/mL at 20°C) was introduced to the protein solution
drop-wise under continuous stirring with a bar magnet. The pH of the reaction mixture was adjusted
to pH 10 using a 4 M sodium hydroxide (NaOH) solution. The reaction was continued for 1 h at 60°C
and terminated by reducing the pH of the suspension to 7.0 by adding a 4 M HCI solution. No
precipitation was observed after this neutralization. Therefore, the reaction product containing was
purified via dialyzing the reaction mixture using RC membranes of MWCO 3.5 kD against water for

18 h. to get the product of Quaternized Zein (QZ).3% 3

2.3. Hydrophilic Modification of Zein by PEG-conjugation. The conjugation of mPEG-aldehyde
to the e-amino groups of lysine residues in zein was performed via Michael’s addition type reductive
amination reaction (Scheme 1 B).3¢ The reaction was conducted in a conjugation buffer composed of
0.1 M sodium phosphate and 0.15 M sodium chloride, the pH of which was adjusted to 7.4. First, 20
mg of mPEG-aldehyde solution in a freshly prepared conjugation buffer (1 mL) was prepared so that
the mPEG-aldehyde concentration of the stock solution is 20 mg/mL. Zein (10 mg) was dissolved in
a solvent system (1 ml) that is composed of 60% (v/v) ethanol and 40% (v/v) conjugation buffer
prepared as above. Subsequently, 1 mL of the protein solution was added to 1 mL of mPEG-aldehyde
solution slowly under continuous stirring at 300 rpm with the help of a bar magnet. After 15 min of
mixing, 10 mg of NaCNBH; was added as a reducing agent.’” The pH of the reaction mixture was
adjusted to 4-5 using 1 N HCI. The reaction was allowed to proceed for 3 h at room temperature under
continuous stirring. After the stipulated time, the clear solution was directly transferred to a dialysis
chamber (MWCO = 6-8 KDa), and the product was dialyzed against water to obtain PEG conjugated-
zein (PZ). Both the QZ and PZ proteins were characterized with FTIR, 'H NMR, ninhydrin assay,

circular dichroism (CD), and via elemental analysis as described below.

2.4. Fourier Transform Infrared Spectroscopic (FTIR) Analysis. FTIR spectroscopic
measurements were conducted using a Thermo Scientific Nicolet 8700 spectrometer. Samples were
applied onto potassium bromide (KBr) pellets for analysis. Transmittance spectra were acquired in

the mid-infrared region, spanning 4000-500 cm™, with a spectral resolution of 4 cm™ with 32 scans.

7
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2.5. Determination of the Degree of Functionalization of Modified Proteins. The degree of
functionalization of zein upon reaction with either GTMAC or mPEG-aldehyde was determined using
a ninhydrin colorimetric assay, comparing the starting material (native zein) as the control following
the published procedure.?® In this method, QZ (2 mg) or PZ (2 mg) were separately dissolved in
DMSO (2 mL, Fischer Chemicals) to prepare a 1 mg/mL stock solution of the modified proteins in
DMSO. A freshly prepared 10 ml of ninhydrin solution in ethanol was prepared by dissolving 200
mg of ninhydrin in 10 mL 99% ethanol). The ninhydrin solution (150 pl) was added to the 2 mL of
the protein solution in a dropwise pattern. The mixtures were then incubated in a water bath at 85°C
until a faint orange color was developed. As zein is a protein of the prolamin family it developed this
faint orange color instead of characteristic Ruhemann’s purple color that originated upon the reaction
of a primary amine with ninhydrin.?®. The absorbances of the samples were measured by UV-Vis
spectrophotometer at an absorption maximum (Ap,) of 600 nm. The degree of functionalization was

calculated using the following equation.

Abs Test—Abs Blank (1)
Abs Standard—Abs Blank

mg of « — amino acid =

2.6. Circular Dichroism (CD) Spectroscopy of Modified Proteins. The CD experiment was carried
out using a JASCO J-815 spectrometer in a 0.1 cm path-length quartz cuvette. The baseline was
adjusted using 60% ethanol as all the products were completely soluble in this solution. The spectra
of all samples were recorded at 25 °C by averaging three scans acquired from 260 to 176 nm (1 nm

bandwidth) in 0.2 nm steps at a scanning rate of 50 nm min'.3°

2.7. X-ray Photon Spectroscopy (XPS). XPS was performed using Thermo electron K-Alpha™ X-
ray photoelectron spectroscopy (XPS). Samples were mounted on carbon tape and loaded into the
XPS and pumped down to 10-¢ mTorr before the experiment. The survey scans were run at 200 eV

with a dwell time of 10 milliseconds, and an energy step size of 1 eV.
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2.8. Thermogravimetric Analysis (TGA) of Proteins. For determining the thermal degradation and
decomposition behavior of QZ and PZ proteins in comparison to unmodified proteins,
thermogravimetric analysis was conducted using a Q500 thermogravimetric analysis (TGA) system

(TA Instruments) with a heating ramp rate of 10 °C/min from room temperature to 700 °C.

2.9. Gel electrophoresis of Zein and modified Zein. To evaluate the molecular weight distribution,
and assess potential modifications of zein and its derivatives, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis SDS-PAGE was performed under denaturing conditions. Native zein, PZ, and QZ
were dissolved separately in 60% (v/v) ethanol and 40% of 1X Tris/SDS/glycine running buffer (Bio-
Rad). The final concentration of the proteins in the solution was 1 mg/mL. For each sample, 5 pL of
the protein solution was mixed with 25 pL of running buffer and 10 pL of Laemmli sample buffer
containing -mercaptoethanol as a reducing agent (B-mercaptoethanol: 4X Laemmli buffer prepared
in 1:9 ratio). The mixtures were heated at 95 °C in a water bath for 5 minutes to ensure complete
protein denaturation and reduction of disulfide bonds. A 5 pL aliquot of protein ladder was loaded
into the first well of a precast SDS-polyacrylamide gel purchased from BioRad. Subsequently, 40 pL
of the protein samples (zein, PZ, or QZ) were loaded into separate wells. Electrophoresis was
conducted initially at a constant voltage of 60 V for 1 h to allow sample stacking, followed by 100 V
for an additional 1h to achieve protein separation based on molecular weight. Upon completion of the
electrophoresis, the gel was stained using Coomassie Brilliant Blue staining solution prepared with
200 mg Coomassie Brilliant Blue R-250 dissolved in 50 mL methanol, 10 mL glacial acetic acid, and
40 mL deionized water. The gel was incubated in the staining solution for 2 h with gentle agitation.
Excess stain was removed by immersing the gel in a destaining solution (methanol: acetic acid: water,
5:1:4 v/v/v) for overnight until a clear background was achieved. Later the gel image was taken by

Azure-200 gel imager with an orange background.

2.10. Preparation of sBCs by Self-Assembling QZ and PZ with the Native Protein. The formation
of sBCs composed of QZ or PZ and native zein was achieved by an LLPS method, popularly known

as the non-solvent induced phase separation (NIPS). This process demonstrated in (Fig. 1) involves
9
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dissolving a specific ratio of the modified proteins, i.e. QZ or PZ and the native, unmodified zein
protein in a water-miscible compatible solvent. The resulting solution is then added to an aqueous
phase, which serves as a non-solvent for the protein. As the water miscible solvent diffuses into the
aqueous phase, the protein becomes insoluble and precipitates in the form of condensates at nanoscale
dimensions.*’ In our case, five (05) different SBCs composed of QZ or PZ and zein mixed in different
weight ratios were prepared using 60% ethanol in water (v/v) as a solute-compatible and deionized
(DI) water as the solute-precipitating solvent. More specifically, first, different amounts of QZ or PZ
and native zein, according to Table 1, were added to 1 mL of 60% ethanol in water to obtain the
targeted % wt/volume of protein in the solvent. This solution is added in a drop-by-drop pattern in
the non-solvent (water) under continuous stirring at 100 rpm. The addition was completed in 10 min,
and the stirring was continued for 4 h which resulted in the formation of sBCs. The compositions of
the formed sBCs (based on the feed ratio of QZ, PZ, or unmodified protein) are presented in Table
1. To remove ethanol and promote the formation of the sBCs of relatively uniform distribution, the
protein suspension was dialyzed against water using an RC membrane of MWCO of 3.0-3.5 kDa. As
a control, sSBCs composed of zein protein entirely (no incorporation of QZ or PZ variants), are referred
to as 2100, while those mixed with QZ or PZ systems, are referred to QZ or PZ followed by the
percentage of these modified proteins in the sBCs. Condensates composed of QZ or PZ proteins are

referred to as QZ 100 or PZ 100. 341

10
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Table 1. Formulations used for making mixed QZ and PZ sBCs with zein*

Zein (mg) QZ (mg) Zein (mg) PZ (mg)
7100 10 - 7100 10 -
QZ30 7 3 PZ 30 7 3
QZ50 5 5 PZ50 5 5
QZ70 3 7 PZ70 3 7
Q7100 - 10 PZ100 - 10

*QZ and PZ proteins are mixed with the unmodified protein in a total volume of 1 mL of 60% ethanol and
added in 2 mL of DI water to promote LLPS leading to the formation of sBCs.

2.11. Synthesis of Fluorescently labeled QZ and PZ Proteins. The fluorescent dye, Alexa Fluor™
647 NHS Ester (Succinimidyl Ester), was dissolved in DMSO to a stock concentration of 0.2 mg/mL.
In a 1.5 mL aliquot of the preformed sBC suspension, 20 pL of the dye stock solution was slowly
added while gently mixing using a magnetic stir bar. The reaction mixture was incubated at room
temperature for 1 h, and protected from light by wrapping the container in aluminum foil for
conjugating the sBCs with the fluorescent dye. The dye-conjugated sBCs were then dialyzed against
PBS for 8 h using a dialysis membrane with an MWCO of 6-8 KDa for purification purposes.

Following dialysis, protein concentrations were determined via bicinchoninic acid assay BCA assay.

2.12. Evaluation of Nanoscale Features, i.e., Colloidal size, Distribution and Surface Charge of
sBCs. The colloidal size of sBCs in terms of Dy and distribution in terms of polydispersity indices
(PDI) of the prepared sBCs were evaluated via dynamic light scattering (DLS) using disposable
polystyrene cuvettes (1ml, Malvern Panalytical). The surface charge, i.e., (-potential of sSBCs was
measured by utilizing the electrophoretic mobility of the colloidal particles under an applied electric
field, as determined by laser Doppler electrophoresis. To ensure statistical reliability, all

measurements were conducted in triplicate (N =3).

11
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2.13. Transmission Electron Microscopy. The microstructural analysis of the sBCs was conducted
using a high-resolution transmission electron microscopy (HR-TEM). Micrographs were acquired
with a JEOL JEM-2100 LaB6 instrument (JEOL USA, Peabody, MA), operating at an accelerating
voltage of 200 kV.

2.14. Atomic Force Microscopiy (AFM). AFM analysis of sBCs, including PZ70 and QZ70, was
conducted to evaluate their size and nanomechanical properties. Samples were prepared by incubating
20 uL of sBC solution on silicon substrates (University Wafer) for 10 minutes in a sealed
compartment at room temperature to minimize evaporation. After incubation, excess water was gently
removed, ensuring that sufficient surface moisture remained to preserve the hydrated state of the
condensates during measurement. Imaging and spectroscopy were performed under ambient
conditions using an NT-MDT NTEGRA AFM system equipped with V-shaped silicon nitride probes
(spring constant: 0.08 N/m, tip face angle: 35°). The spring constant was calibrated via thermal noise
fluctuation, and deflection sensitivity was calibrated using force-indentation on bare silicon wafers.
Randomly selected sBCs were imaged at a resolution of 256 x 256 pixels with scan rates of 0.1-0.5
Hz, adjusted based on scan area and particle size. Images were flattened to remove background noise
and tilt. Relative stiffness (Young’s modulus) was extracted from force-indentation curves using the
Hertz model with a shallow indentation depth of 10% of particle size to minimize substrate effects.**
43 Surface roughness was analyzed using Image Analysis P9 software, calculating the root-mean-
square roughness (R,,,;) from five areas (80 x 80 nm?) in the central region of each sample.*

2.15. Thermodynamic Stability Measurement of sBCs. The critical aggregation concentrations
(CACs) of the sBCs, formed from the self-assembly of zein with PZ or QZ, were determined utilizing
fluorescence spectroscopy using pyrene as a hydrophobic fluorescent probe, following an established
protocol®. A stock solution of pyrene (0.1 mM) was first prepared in dichloromethane. Aliquots (10
uL) of this solution were dispensed into a series of vials, and the solvent was allowed to evaporate
via overnight air-drying at room temperature. Subsequently, 1.0 ml of varying concentrations of sBCs
(ranging from 0.001 to 1000 pg/mL, 1 mL) were introduced to each vial, maintaining a final pyrene

concentration of 1 uM for all samples. The mixtures were subjected to sonication for 90 min, followed
12
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by an equilibration period of 3 h at room temperature prior to spectroscopic analysis. Fluorescence
emission spectra were acquired using Jobin Yvon Fluorimeter Fluoromax-3 with an excitation
wavelength of 337 nm, with both excitation and emission slit widths set at 2.5 nm. The intensity ratio
of 373 nm to 384 nm signals of pyrene was plotted as a function of sSBC concentration. The CAC was
determined from the inflection point of the resulting curve, in accordance with established
methodologies.*’

2.16. Enrichment of a Guest Molecule Inside Protein sBCs. We evaluated the capacity of the sBCs
to condense or compartmentalize small molecules using doxorubicin (DOX, MW = 543.5 g/mol, pK,
= 8.01) as a model compound. The reason for using this compound as the molecular surrogate is the
ease of detection and pH-dependent protonation. We selected QZ 70 as a model or representative
sBCs, which is composed of 70% quaternized and 30% unmodified zein, for enrichment with DOX.
A solution containing 20 mg of QZ70 suspension (as preformed sBC) and 20 mg of PZ70 suspension
(also as preformed sBC) with 10 mg of DOX in each vial was dissolved in 2 mL of 60% (v/v) ethanol.
This solution was introduced dropwise into 4 mL PBS under continuous magnetic stirring, facilitating
the formation of DOX-condensed sBCs. The exact same protocol was used to prepare sBCs of PZ70
enriched with DOX. The resulting dispersion was maintained under stirring for 2 h at room
temperature to ensure complete compartmentalization or association of DOX with the sBCs.
Subsequently, the sBC suspension was purified via dialysis against 1000 mL of PBS using a dialysis
membrane with an MWCO of 6-8 kDa. The dialysis medium was regularly replaced until no further
diffusion of DOX in the bulk media was visually detectable, indicating the removal of sBC-free DOX.
To quantify the efficiency of uptake, and loading content of DOX inside sBCs, the dialyzed sample
was freeze-dried. Later Iml of ethanol was added to the dried DOX-associated sBCs in order to
solubilize and disrupt the particle structure and induce complete DOX dissociation from sBCs. The
ethanol was allowed to evaporate under room temperature and pressure. A predetermined amount of
PBS was added to the sample and sonicated so that DOX was completely dissolved in the media. The
sample was redispersed and filtered via a centrifugation filter at 10,000 rpm (MWCO = 3kDa, VWR

International LLC USA). The filtrate solution was quantified to determine the amount of DOX that
13
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was compartmentalized within the sSBCs using UV—vis spectroscopy at Ay, for DOX at 480 nm. The
DOX compartmentalization efficiency of sBCs was calculated using equation 2, and the loading
content of DOX within sBCs was calculated using the equation 3 as presented below.*! 46

DOX amount loaded in sBCs

N - o) _
DOX compartmentalization ef ficiency % = Tmitial feed of DOX X100 i 2)

DOX amount entrapped in sBCs

0 =
DOX content % Total weight of sBCs

2.17. Dissociation Kinetics of the Guest Molecule as a Function of Time and pH. The dissociation
kinetics of DOX from sBCs were evaluated by monitoring the absorbance of the free DOX at 480 nm
over 33 hours at 25°C. A predetermined amount of DOX-loaded sBC suspensions was introduced in
a dialysis bag (Repligen®, MWCO 6-8 kDa) and completely submerged in either PBS (pH 7.4) or
pH 5.5 phosphate buffer (pH adjusted with strong acid) in a 250 ml beaker. The samples were

continuously agitated by an orbital shaker (Heathrow Scientific, Vernon Hills, Il, USA) at 65 rpm.

After a predetermined time interval, 3 mL of sample buffer was collected from the bulk media (outside

the dialysis membrane) and replenished immediately with the same volume of buffer media

maintained at a similar temperature. The experiment was continued for 33 h and the amount of DOX
in the sample was measured using UV—Vis spectroscopy (Varian Cary 5000, Santa Clara, CA, USA).
Based on the intensity of the absorption peak at 480 nm, the DOX concentration of the withdrawn
media, i.e., the amount of DOX dissociated from sBCs was determined.*’- 48 As a control, an
equivalent amount of DOX was dissolved in PBS buffer and their dissociation kinetics was also
recorded to examine the diffusion-based release of DOX through the dialysis membrane comparison
to that of the sBC-associated DOX. The cumulative dissociation of DOX over time was calculated

by Equation 4.41-4

Volume withdrawn
Volume of bath

Cumuative % dissociation of DOX = x % release at time t + Z % release at timet — 1

.(4)
14
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Fig.1. Fabrication of sBCs of zein with QZ or PZ by liquid-liquid phase separation (LLPS) method.
60% ethanol was used as solvent where DI water used as nonsolvent. The sBC suspensions were

purified by dialysis against DI water.

2.18. Effects of sBCs on Cell Health and Cellular Uptake. The effect of sSBCs on eukaryotic cells
was evaluated by an in vitro Alamar blue® assay, which determines the proliferation status of the
cells in the presence of foreign particles. In our case, SBCs composed of zein only (i.e. Z100) were
used as a control. Two cell lines, i.e., human embryonic kidney (HEK293) and MIA PaCa-2,
pancreatic cancer cells were used as test platforms. For this experiment, 2,000 or 4,000 cells were
seeded in a 96-well plate in DMEM media for 48 h or 24 h studies, respectively. Once the cells
reached approximately 70% confluency, the DMEM media was replaced with sBC-spiked media.
The cells were then incubated for 24 h before conducting the Alamar Blue assay. Both sBCs of QZ

70 and PZ70 were tested at doses ranging from 1000 pg/mL to 0.001 pg/mL. After 24 h of incubation,
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20 pL of Alamar Blue® reagent (10% of the well volume) was added to each well and placed in a
CO; incubator for 4 h (37°C, 5% CO,, Thermo Scientific™ Midi CO, Incubator, USA). After the
incubation period, fluorescence was measured using a SpectraMax Gemini XPS Microplate Reader
with an excitation wavelength of 560 nm and an emission wavelength of 590 nm. The cytotoxicity
results were analyzed relative to the 100% viability of cells cultured in sSBC-free media (control). The
same procedure was followed for the 48-h incubation study, where the cells were treated with sBCs

for 48 h.

2.19. Confocal Microscopic Evaluation of Cellular Uptake of sBCs. Confocal laser scan
microscopy was conducted in MICA microhub (Leica Microsystems, Wetzlar, Germany). Both QZ70
and PZ70 dye-labeled sBCs were diluted with DMEM to a final working concentration of 10 pg/mL.
These dye-labeled sBCs were used for confocal microscopy experiments. For this study, MIA PaCa-
2 cells were cultured, and 10,000 cells were seeded in glass-bottom ibidi dishes (35 mm). The cells
were incubated for 24 h to allow cell adherence and growth. After incubation, the media in the ibidi
dishes was replaced with sBC-containing DMEM media. Cells were treated with the sBC suspensions
for 24 h at 37°C. After 24 hours of treatment, the media was removed, and the cells were washed
three times with DPBS, and fixed with 4% paraformaldehyde. Subsequently, the cells were incubated
in the dark for 20 minutes. Following fixation, cells were gently washed with DPBS. Permeabilization
was carried out by treating the cells with 0.1% (w/v) Triton solution for 10 min. Staining of the cell
nucleus was performed by adding a DAPI solution (NucBlue™ Fixed Cell Ready Probes™ by
Thermo Fisher Scientific) Reagent diluted with DPBS and incubating for 10 minutes.>® After gently
washing with DPBS, the cytoskeleton staining was conducted using Alexa Fluor™ 488 Phalloidin
(Thermo Fisher Scientific).’! After staining, cells were washed with PBS and observed under a bright-
field microscope to ensure cell integrity. Dishes were then stored in PBS (2-3 drops to prevent drying)
and were observed under confocal microscopy to evaluate sBC localization, nuclear staining, and
cytoskeletal organization. A control dish where cells were not treated with dye-labeled sBCs was also

prepared.
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3. RESULTS AND DISCUSSION

3.1. Chemical Modification of the Proteins Constituting sBCs. The biomolecules which have been
used to form the sBCs were synthesized via modification of zein. The synthetic routes to the modified
zein proteins, i.e., QZ and PZ, are presented in (Scheme 1A-B). The quaternization of zein was
successfully achieved by the reaction of the protein with GTMAC under alkaline condition (pH 10)
as shown in (Scheme 1A). The reaction was conducted at elevated temperature of 60°C.3?
Conjugation of PEG to proteins like zein is an established pathway to modulate the in vitro and in
vivo stability, and hemocompatibility of proteins.3* 3 Chemically conjugating PEG with zein through
a carbodiimide reaction has already been reported.>: 3 We opted for a one-step Michael addition to
modify the zein protein with PEG owing to more orthogonality of reductive amination type reactions.

For this reaction, mPEG-aldehyde was conjugated to the L-lysine residue of the protein.3® Primarily

(A)  Quaternization of Zein

s
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(g .
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(B) PEGylation of Zein

Scheme 1. Reaction scheme for modification of zein : (A) quaternization of zein with GTMAC ;

(B) Conjugation of PEG with zein via reductive amination.
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available as a-zein, the zein protein used in this study consists of approximately 0.4-1 % lysine
residues.’”->® Thus the PEG conjugation process involves the reaction between the aldehyde group of
the PEG, and the e-amino group of lysine residues in zein to form a Schiff base intermediate. This
intermediate is then reduced to create a stable secondary amine linkage in the presence of a reducing

agent such as sodium cyanoborohydride Na(BH;)CN as shown in (Scheme 1B).?’

3.2. Chemical Characterization of the sBC-forming Proteins by FTIR Spectroscopy. The FTIR
spectra of the modified proteins, QZ and PZ, which constitute the sBCs, are presented in (Fig. 2A).
The spectra reveal the characteristic amide I peak for C-N stretching at 1652 cm™ and amide II peaks
corresponding to C=0 stretching at 1535 cm™, respectively.>® %0 The presence of these bands suggests
that the amide bonds in the protein backbone remain unaltered post-chemical modification. In QZ we
can see the appearance of a new peak at 1039 cm™! which corresponds to the C-O stretching of the
secondary alcohol originating from the epoxide ring opening of GTMAC.¢! Moreover, a peak at 1096
cm™', which is most likely due to the C-N bond stretching that formed between GTMAC and the
lysine residues in QZ.%> For the PEG-conjugated zein, PZ, a medium-intensity single peak at 2886
cm™! was formed originating from the symmetric -CH,- stretching vibrations of long alkyl chains,
confirming the presence of PEG in the sample.®* A distinctive peak at 1103 cm™, which is
characteristic of C-N stretching vibrations of secondary amines appeared in the FTIR spectra of PZ,

indicating the successful formation of the PEG conjugate of zein via Michael addition (Fig. 2A).

3.3. Determination of the Degree of Functionalization of the Proteins Constituting sBCs. The
ninhydrin test was adopted to determine the degree of functionalization of the modified proteins, QZ
and PZ, which constitute the sBC (Fig. 2B). Zein contains 0.1-4% of lysine residue and is also rich
in prolamin. Therefore, we expect that the protein will be sensitive to the ninhydrin test, which is a
highly effective assay to quantify the primary (and secondary) amine residues present in amino acids,
peptides, proteins, and in other compounds of biochemical relevance.?® For our case, DMSO was used
as the solvent system to trace the degree of modification of zein. Previous studies have shown that

the A;.x of the ninhydrin reaction product is ~605nm in a nonaqueous aprotic solvents like DMSO or
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DMEF.* As presented in (Fig. 2B), native zein displays a distinct peak for Ruhemann’s purple at 600
nm upon reaction with the ninhydrin reagent, which is absent in the UV-spectra that were obtained
for QZ and PZ. This is most likely due to the significant extent of the reaction of zein with GTMAC
(for QZ) or mPEG-aldehyde (for PZ). Our results indicated that for QZ and PZ, approximately 86%
and 92% of the amino acid residues containing primary or secondary amines have been functionalized

by GTMAC and PEG, respectively.

3.4. Evaluation of the Secondary Structure of the sBC-forming Proteins by Circular Dichroism
Spectroscopy. Circular dichroism spectroscopy was used to evaluate the conformational changes of
the secondary structures of the protein after chemical modifications (Fig. 2C) . Earlier studies showed
that the peak intensity of zein protein changes with solvent composition, particularly with the ethanol-
to-water ratio.® Therefore, for our experiment, we used 60% ethanol (v/v) as the solvent for the
protein, at a concentration maintained at 100 ug/ml. We observed that the unmodified zein in this
solvent system showed two prominent and intense local minima around 208 nm and 222 nm
indicating a very high percentage of a-helical secondary structures within the protein backbone.5
These CD peaks essentially corresponded to the 1 — n* and n — ©* electronic transitions for the a-
helical structure of the protein.3® This observation is in agreement with the previous studies which
showed that zein is rich in a-helical component.®” 68 We further observed that, for QZ, there is a
significant reduction of the a-helical content almost by 56%. On the other hand, for the PZ system,
the a-helical content was reduced by approximately 83%. These changes could be due to the
disruption of the local hydrogen bonds by the incorporation of GTMAC and PEG moiety within the

primary structure of the protein.

3.5. Elemental Analysis of the sBC-forming Proteins by X-ray Photon Spectroscopy (XPS). As
expected for PZ, the surface scan using XPS showed a strong presence of elemental oxygen (Fig. 2D)
compared to unmodified zein due to the attachment of a 5 kDa PEG to the protein. The XPS spectra
of QZ did not exhibit a significant change in N/C ratio (Fig. 2E), mostly due to the presence of small
amount of lysine residues (0.4-1%) within the protein backbone to which the GTMAC residue (M.W
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= 151.63 g/mol) could be conjugated. The elemental analysis revealed the composition of N, C, and
O (in %) before and after the modification (Fig. 2E), where the N/C and O/C ratio for QZ and PZ
indicated the changes in the elemental composition after the chemical modification validating our
observations with the XPS measurement. The nitrogen-to-carbon (N/C) and oxygen-to-carbon (O/C)
ratios were calculated from the atomic percentages of each element as obtained from the XPS survey
spectra and showed in (Fig. 2E) The ratios were calculated as: N/C ratio=(Atomic % of N)/(Atomic

% of C), and for O/C ratio=(Atomic % of O)/(Atomic % of C)

3.6. Thermal Stability of the sBC-forming Proteins. The thermal stability properties of zein and
the modified zein (QZ and PZ) were estimated by thermal gravimetric analysis (Fig. 2F). This
analysis was done to identify the physical stability, the success of chemical modification, and purity
of the modified proteins that constituted the sBCs. We observed that the unmodified protein was
stable up to 300 °C, with an initial weight loss of 5% that is probably due to water evaporation.®® A
significant mass loss of zein took place around 300 °C, which could be due to the thermal degradation
of the protein that is consistent with previous literature.”% 7! Interestingly we observed that the
conjugation of PEG to zein increased the thermal stability of the product (PZ) in accordance with
earlier studies.”> 73 Practically, this product showed a two-step degradation pattern, where the early
stage corresponds to the decomposition of PEG, 7* While the later stages involve the degradation of
the zein backbone. For QZ a significant shift and change in thermal stability behavior can be seen
from the TGA trace. The first stage of decomposition took place from 25-130 °C. This is most likely
originated from the surface-bound moisture associated with the product formed from the reaction of
zein with GTMAC under alkaline conditions. The significant mass loss started at around 150°C,
which could be associated with the decomposition of the protein backbone. This result follows the
previously studied literature which has shown that the increased amount of GTMAC in the

chitosan/PLA composite films showed the lowest thermal stability.”> 76
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Fig.2. Chemical characterization of sBC-forming proteins, QZ and PZ using unmodified zein as
the control: (A) FTIR spectra of unmodified and modified protein shows the appearance of the
new vibration signals at 1096 cm™! and 1039 cm! for QZ corresponding to the C-N stretching and
C-O stretching, respectively. For PZ two new peaks at 2886 cm™ and 1103 cm! appeared in
comparison to zein corresponding to symmetrical -CH,- stretching and -C-N stretching; (B)
Ninhydrin assay shows a very distinct peak at 600 nm for zein, which is absent in spectra obtained
of QZ and PZ, indicating a successful conjugation of the GTMAC and PEG respectively to the
primary amine containing amino acid residues in zein; (C) Circular dichroism (CD) spectra of QZ
and PZ shows a reduction of the two characteristic local minima at 208 and 222 nm, most likely
due to the reduction of the alpha helical content after the chemical modification of zein ; (D) An
XPS plot shows the surface elemental composition of QZ and PZ with respect to the unmodified
protein; (E) A comparative elemental composition obtained from XPS showing the N/C and O/C
ratio in the QZ and PZ systems; (F) A TGA trace of the native zein, QZ and PZ indicating the

effect of chemical modifications on the thermal stability of the protein.
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3.7. SDS-PAGE Gel electrophoresis of zein and modified zein. SDS-PAGE gel electrophoresis
was conducted to confirm protein purity and modifications. The major bands appear around 20-25
kDa and a faint signal at ~45 kDa (Fig.3A). This is consistent with the known molecular weight range
of a-zein monomers (~19-22 kDa) and a minor fraction of - or y-zein components (32-45 kDa).”’
Fig. 3A also demonstrates a band appearing at slightly higher molecular weights than unmodified
zein (in lane 3), particularly around 25-30 kDa and ~50 kDa. This is possibly due to the increment of
molecular weight of GTMAC-conjugated zein that reduced the protein mobility due to the presence
of cationic charge. Fig. 3B shows the gel electrophoretic migration for PZ (lane 3), which shows a
similar banding pattern to the native zein, with slight migration and band broadening indicative of
successful PEG conjugation. The conservation of the primary band of zein around 22-25 kDa
confirms that the protein backbone remains intact after the PEGylation reaction, suggesting that the

conjugation process did not lead to fragmentation or degradation of the native protein.
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Fig. 3.(A) SDS-PAGE Gel electrophoresis of Zein and quaternized zein. (B) SDS-PAGE Gel

- electrophoresis of Zein and PEG-Zein
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3.8. Nanoscale Features of the sBCs. We prepared sBCs using LLPS, where the varying ratio of
unmodified zein was mixed with chemically modified proteins (either QZ or PZ). For the LLPS, a
60% v/v ethanol solution in water was used as the conducive solvent to dissolve the mixture of
modified and unmodified protein. This protein-rich phase was slowly added to water, to form sBC
particles, which were later purified by dialysis against water. The compositional variations of sBCs
are presented in Table 1. This strategy is adopted to systemically regulate the nanoscale features of
the resulting colloidal particles, such as Dy, {-potential, and particle size distribution. The Dy of the
sBCs was measured via DLS. We also formed sBCs composed of unmodified zein (no QZ or PZ
added) for use as controls. We observed that sBCs fabricated from unmodified zein were larger, with
a Dy of 173 = 15 nm and a PDI of 0.9 (Fig. 4A). This indicates a significant extent of aggregation
and/or coalescence that took place affecting the heterogeneous distribution of the sBC particles.
Similar trends have been observed in earlier studies, where colloidal particles prepared with
unmodified zein, tend to form aggregates due to the inherent hydrophobic nature of the protein.”® On
the other hand, sBCs composed of quaternized zein (i.e. QZ 100) exclusively, displayed the lowest
Dy of 47 £4 nm with a PDI of 0.1. Transmission electron microscopic images of QZ100 are presented
in (Fig. SA). Condensates composed of unmodified zein mixed with quaternized zein at 30, 50 or 70
w/w% ratio (i.e. sSBCs QZ30, QZ50, and QZ70) showed a gradual enhancement of Dy from 64 + 8
nm, 72 = 5 and 81 £ 9 nm, respectively as shown in (Fig. 4A). Quaternization modifies the surface
chemistry of proteins, by incorporating cationic charges, rendering the protein more hydrophilic.
Upon LLPS of the protein-rich phase, these charges promote electrostatic repulsion and reduce the
propensity of otherwise hydrophobic proteins to aggregate into larger particles. As such, the sBCs
composed of QZ present smaller Dy, which are less likely to coalesce together into larger
aggregates.”” Notably, sBCs composed of 70% quaternized protein (i.e., QZ70) show the most
uniform size distribution with a PDI of 0.06. The variation in the Dy of the sBCs with changing
composition is primarily governed by the interplay between colloidal stabilization mechanisms i.e.,
electrostatic and steric interactions during LLPS, and the inherent properties of unmodified zein. In

the case of QZ-based sBCs, increasing the proportion of QZ introduces a greater number of surface-
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bound cationic groups from GTMAC (showed in the {-potential data), leading to stronger electrostatic
repulsion between particles. This repulsion reduces interparticle attraction and prevents coalescence,
resulting in smaller and more uniform particles, especially at higher QZ content (e.g., QZ100).
However, increasing the fraction of unmodified zein, which is inherently hydrophobic in nature due
to its high content of non-polar amino acids, leads to strong hydrophobic interactions and reduced
solubility in aqueous media. During LLPS, these hydrophobic domains of the zein protein promote
uncontrolled aggregation and particle fusion, resulting in larger and more polydisperse condensates,
and the effect is particularly evident in QZ30. The diameter of sBCs composed of PEG-conjugated
zein (PZ) mixed with the unmodified protein, are presented in (Fig. 4B). We also observed that the
sBCs showed a gradual reduction of the particle size with a decreasing amount of zein in the
composition. Theoretically, PEG molecules tend to shield the hydrophobic regions of the protein and
stabilize the sBCs by reducing surface interactions and promoting steric hindrance between the
particles and biomolecules.®® When the weight fraction of PZ increases in individual sBCs, there
would be more effective steric stabilization, preventing particle growth, Ostwald ripening, and
maintenance of smaller Dy. Condensates composed of PZ and unmodified zein also promoted tighter
packing of particle-constituting biomolecules, most likely due to the flexible chains of the PEG.8!
The sBCs condensed solely with PZ (i.e. PZ 100 composition) showed the lowest Dy of 70 £ 7 nm
with a PDI of 0.05. On the other hand, PZ70 sBCs, i.e. those composed of mixing 70 w/w% PZ with
30 w/w% of unmodified zein, showed a larger Dy of 127 + 9 nm with a PDI of 0.1. The sBCs
composed of lower w/w% of PZ, as in PZ 50 or PZ 30 compositions showed a larger Dy of 502 + 34
nm and 342 £ 115 nm, respectively with heterogeneous particle distribution (PDI > 0.5). In case of
PZ sBCs the steric barrier minimizes van der Waal’s and hydrophobic attractions between particles,
restricting growth and aggregation during LLPS. As the PZ content increases, the Dy decreases due
to enhanced steric stabilization, with PZ100 showing the smallest diameter. The hydrophobic
interactions of unmodified zein in PZ30 and PZ50 systems, on the other hand, increase the Dy.

Therefore, the observed size variation across different compositions reflects a dynamic balance
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between hydrophobic interactions from unmodified zein and stabilizing forces introduced by either

quaternization via GTMAC (electrostatic) or PEGylation (steric).

3.9. Surface Charge Distribution is Critical for sBC Stability. The electrostatic repulsion or
attraction between colloidal particles as those in sSBCs is determined by the surface charge, which can
be assessed through zeta ({-) potential measurements. Typically, particles with a high (-potential offer
both kinetic and electrostatic stability, helping to prevent particle aggregation in colloidal systems.3?
The (-potential of > +25 mV or < —25 mV is generally considered ideal for ensuring good colloidal
stability as it predicts strong electrostatic repulsive forces between colloidal particles.®® The zein
condensates exhibit an inherent negative surface charge of -2.39 = 0.5 mV most likely due to the
existence of glutamate residues within the primary structure of the protein.?% 8 This reduced zeta
potential might be responsible for the higher aggregation tendency of sBCs which are exclusively
composed of zein. We evaluated the {-potential of the sBCs composed of zein mixed with PZ or QZ
to understand the compositional effect on the surface electronic properties of sBCs. As shown in (Fig.
4C), there is a gradual increase in (- potential of sSBCs with the increasing concentration of QZ within
the composition. For example, the incorporation of 30 w/w% QZ in sBCs increased the (-potential

up to 16.5 £ 1 mV, while the inclusion of 70 w/w% of QZ enhanced the potential up to 35+ 1 mV.
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Such significant enhancement of surface charge will favor the formation of stable sBCs not prone to

colloidal aggregation due to electrostatic repulsion.

The surface potentials of the sBCs mixed with PZ vary significantly depending on the PEG
concentration. For example, the {- potential of PZ 30 sBCs, composed of 30 w/w% of PZ and 70
w/w% of unmodified zein demonstrated a (-potential of -12 + 1 mV. At higher PEG concentrations,
the surface charge became markedly negative, as seen in PZ 100 sBCs (-19 + 1 mV) as shown in (Fig.

4C). In these sBCs, which are composed of PEG-conjugated, and unmodified zein, the interactions
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Fig.4. Size and surface charge characterization of different compositions of sBCs prepared from
modified zein: (A) Dy of sBCs formed via mixing of zein with QZ at different w/w%; (B) Dy of
sBCs formed via mixing zein with PZ at different w/w%; (C) {-potential of sBCs formed from zein

and QZ or PZ at different w/w% ratio; (D) Autocorrelation function of sSBCs composed of zein mixed

with 70 w/w % modified zein (QZ or PZ).

between the PEG chains on the sBC surfaces most likely caused a partial shielding of the charges. 8
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Therefore, we observe that the zeta potential of PZ100 particles appears to be the highest than that of
PZ70 sBCs (-19.0 mV compared to -9.8 mV). Similarly, PZ 30, PZ 50 and PZ 70 sBCs also showed
a similar range of zeta potential (-9.8 to -12.0 mV). This significant increase in the magnitude of
negative (- potential for PZ enriched sBCs can be attributed to the anionic nature of PEG #, which
contributes to the electrosteric repulsion between sBCs, potentially providing augmented colloidal
stability. " Time-dependent evolution of sBC particle size was evaluated using the autocorrelation
function during the light scattering experiment by analyzing the fluctuations in scattered light
intensity over time (Fig. 4D). Usually, A faster decay in the autocorrelation function indicates smaller
particles, and the decay rate of this function is directly related to the particle size and diffusion
coefficient of the sBCs in the solution. We observed that for sBCs, the decay rate was faster for QZ
or PZ containing condensates, compared to those formed from zein only. This observation indicates
that compositional variation affects the stability and compaction of sBCs. Autocorrelation function
of all compositions of sBCs (both of QZ and PZ variants) are shown in Supporting information Fig.
S2(A-B). The direct imaging of sBCs of different compositions under TEM clearly presents the
colloidal condensates of the biomolecules, not bound by any membrane-type architecture (Fig. SA-
D). The structures of sBCs, irrespective of their composition, appear to be compact, spherical, and
uniformly distributed. All compositions of sBCs, composed of either QZ or PZs, preserved the

spherical, particulate morphology as presented in the Supporting information Fig. S3 (A-D).
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Fig. 5. HR-TEM images of the sBCs of different compositions: (A) QZ100, composed exclusively
of quaternized zein protein; (B) QZ70, composed of 70 w/w% QZ mixed with 30 w/w%
unmodified zein; (C) PZ100, composed of PZ and showing a homogeneous representation of
spherical particles with uniform size distribution, and (D) PZ70, composed of 70 w/w% of PZ

mixed with 30 w/w% unmodified zein.

3.10. Evaluation of Surface and Mechanical Characteristics of sBCs by AFM. The morphological
and biomechanical properties of sBCs were examined using atomic force microscopy. Our findings
revealed a spherical shape for both sBCs, with PZ70 exhibiting a slightly greater height compared to
QZ70, as shown in (Fig. 6A-B). These results align well with the size measurements obtained from
DLS and TEM analyses (Figs. 4 and 5). Surface stiffness was assessed by analyzing force-dependent
distances on the sBC surfaces (Fig. 6C). The mean stiffness values for PZ70 and QZ70 were 139.9 +
49.22 MPa and 325.4 £ 68.05 MPa, respectively, indicating that PZ70 is over two times softer than
QZ70. This is most likely due to the presence of flexible and dynamic PEG chain on PZ70 surfaces.
On the other hand, surface roughness measurement of sBCs revealed that PZ70 has a less smooth
surface compared to QZ70 (Fig. 6D). This is most likely due to the surface presentation of the protein
domains which are hydrophilic, most likely composed of residues rich in short GTMAC moiety. Thus,
the single-particle nanomechanical analysis suggests that the shape, flexibility, size, and surface
smoothness of the sBCs are dependent on the chemical nature (MW and charge) of the residues added

to the constituent biomolecules.
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Fig.6. AFM analysis of sBCs. (A) Topographic images of single PZ70 and QZ70 samples.

Comparisons of their (B) heights, (C) stiffness, and (D) surface roughness.

3.11. Evaluation of Thermodynamic Stability of sBCs. The thermodynamic stability of sBCs is the
key to their independent existence. Therefore, the extent of stability of sSBCs was analyzed using the
pyrene-based fluorescent spectroscopic assay that is widely used for determining the association
stability of condensates composed of amphiphilic macromolecules. The minimum concentration of
biomolecules which are required to form an assembly/condensate is known as the critical association
concentration (CAC). We selected QZ70 and PZ70 as our representative sBCs to determine the CAC
of the biomolecules that are required to form sBCs. Pyrene is used as a fluorescence probe for
determining CAC. Typically, the first (A373) and third (A3g4 nm) peaks in the fluorescence emission
spectra of pyrene are sensitive to the environmental polarity, and the intensity ratio I3;3/I3g4 serves as
an indicator of the aggregation behavior of amphiphilic molecules.?® (Fig. 7A-B) shows the effect of
sBCs microenvironment on pyrene fluorescence. The spectral change of pyrene fluorescence in the
presence of QZ70 sBCs is presented in (Fig. 7A), while for that of PZ70 sBCs is presented in
Supporting information Fig. S4. The ratio of I373/I534 was determined from this spectrum and plotted
as a function of sBC concentration (Fig. 7B). From (Fig. 7B), we observe that at lower concentrations
(below 1 pg/mL), both QZ70 and PZ70 sBCs exhibit a high I573/I5g4 ratio of ~ 1.5, indicating that the
molecules are well-dispersed as discrete entity within a polar environment of sBC. No significant
aggregation has occurred in this region. As the concentration increases from 107 to 10 ug/mL, the

I573/1384 ratio remains relatively stable, suggesting that the protein molecules maintain a dispersed
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state up until this range. From 10 pg/mL concentration onwards, a sharp decrease in the I373/1554 ratio
is observed for both QZ70 and PZ70 sBCs as shown in (Fig. 7B). This indicates that the system is
reaching the CAC, where the local environment around pyrene becomes less polar due to the
formation of aggregates, and pyrene becomes partitioned into the hydrophobic core of these sBCs.
This results in a marked decrease in the I373/I3g4 ratio, indicating a transition from a polar to a
hydrophobic environment. Beyond 10 png/mL concentration of protein, there is a significant reduction
in the I373/15g4 ratio, which can be observed for both formulations. This experiment reveals that zein
mixed with QZ or PZ form sBCs at a relatively low CAC (~ 10 pg/mL), suggesting that the sSBCs can

form and remain stable even at low concentrations.3% %0
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Fig.7. Thermodynamic stability showed via pyrene based critical aggregation concentration
assay: (A) Intensity Vs Wavelength spectra for QZ 70 sBCs; (B) I5373/I534 Vs concentration graph

showing the CAC of both QZ 70 and PZ 70 at (~ 10 pg/mL).

3.12. Capacity of sBCs to Compartmentalize a Guest Molecule. To evaluate the capacity of the
sBCs composed of zein and modified zein to compartmentalize a small molecular weight guest
molecule, we used doxorubicin (DOX). This compound is selected because of its hydrophilicity, pH-
dependent solubility, and ease of quantification by UV-Vis or fluorescence spectrophotometry. We

first determined the loading efficiency, i.e., how much quantity of the added small molecular
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compound can be accumulated within the condensate using Equation 2 presented in (Section 2.16).
Afterward, we evaluated the fraction of the compound that can be encapsulated or compartmentalized
in a specific weight fraction of the condensate-forming macromolecules using Equation 3 (Section

2.16). The amount of the loading efficiency and the loading content is presented in Table 2.

Table 2. Loading efficiency and content of DOX condensed within sBCs.

sBC-composition Loading efficiency Loading content
QZ70 19.3+0.08 2.89+0.01
PZ70 276+ 1 4.14+018

Interestingly, we observe that sSBC composition did not affect loading efficiency or the content
significantly. This is most likely due to the pK, of DOX (pKa = 8.3), which is mostly contributed by
the primary amine functional group present in the sugar residue of DOX. Under preparative
conditions, a larger mole fraction of the drug remained protonated, which favored electrostatic
interactions with sBC components. We also evaluated the kinetics at which the DOX is dissociated
from the sBCs. We selected QZ 70 and PZ 70 sBCs to evaluate the DOX dissociation kinetics from
sBCs under different pH conditions, i.e. at pH 7.4 and 5.5. (Fig. 8B) displays the cumulative
dissociation profile of DOX from sBCs composed of QZ mixed with the modified protein at a 70%
w/w ratio. DOX cumulative release profile for PZ 70 sBCs shown in Supporting information Fig. S5.
For QZ 70 systems the cumulative dissociation of DOX gradually increases and reached a plateau at
around ~3.5% for pH 5.5 system and ~2% for pH 7.4 system at the end of 33 h .Overall the extent of
DOX dissociation from sBCs such as QZ70 is slightly higher at pH 5.5 than that at pH 7.4 (Fig. 8B).
This dissociation experiment showed that the small molecules, such as DOX, can be
compartmentalized within the sBCs, mostly facilitated by electrostatic interactions. At relatively
acidic pH, the primary amine group of DOX is ionized, which may have contributed to the slightly
faster rate of DOX dissociation from sBCs. For PZ 70 sBCs, the dissociation of DOX from sBCs is

more suppressed compared to that observed from QZ systems, indicating higher
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compartmentalization of the small molecule within the condensed particles (Supporting information
Fig. S5). DOX itself is a weakly basic compound with a pKa value of 8.01 and becomes more soluble
at lower pH due to protonation.®-°? This increased hydrophilicity of DOX coupled with the tortuous,
PEG-rich surface of PZ sBCs are most likely responsible for the slight suppression of the rate and
extent of DOX dissociation from the PZ sBCs. As a control experiment, we added the same
concentration of free DOX inside the dialysis membrane and repeated the same method. From Fig.
8B, we observe that at pH 7.4, DOX shows a cumulative release of 13% over 30 h, while at pH 5.5,
a significantly higher cumulative release of 42% was observed, indicating that sBCs can

compartmentalize DOX extensively from the bulk environment.

B) 50
(A) ( ) QZ7.4
——QZ 5.5
- S 40{ODoxo7.4
DOX loaded sBCs Freedrug = ——Dox0 5.5_
@
2 30+
©
Dialysis media Dialysis %
membrane
_ £
; T
=3
—o
g 10 4
(&)
A
0-

0 5 10 1I5 20 25 3IO
Time (h)

Fig.8. Cumulative dissociation of DOX from the sBCs: (A) Experimental setup for DOX
dissociation from the sBCs over time; (B) Dissociation of DOX from QZ70 sBCs as a function of

time in two different pH conditions.
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3.13. Cellular Effect of sBCs. We evaluated the cellular effect of sSBCs composed of QZ or PZ mixed
with unmodified zein using the Alamar blue assay in two different cell lines: human embryonic
kidney (HEK293) and MIA PaCa-2 pancreatic cancer cells. We selected the sBCs composed of 70%
w/w of QZ or PZ proteins mixed with zein because these condensates showed uniform particle size
distribution ranging from 130-150 nm, and surface properties ranging from (+28mV to — 17mV)
conducive for potential in vitro or in vivo studies. The cells were incubated with varying
concentrations (1000pg/ml -0.001pug/ml) of these sBCs for 24 or 48 h to evaluate their impact on
cells. The cytotoxicity data is presented in (Fig. 9A-D) Our experiment revealed that both QZ and PZ
containing sBC compositions did not exert any significant cytotoxicity across the range of tested

concentrations. The cell viability remained >90% for both formulations in both cell lines over 24-48

h.

33



Journal of Materials Chemistry B Page 34 of 42

QZ Cytotoxicity assay (HEK-293) QZ Cytotoxicity assay (MIA PaCa-2)
140
(A) | 24n (B) 120.|:24h
1204{148h [_148h _ %iL
i ol o oof o ta ab &r ol
Y PR i . i &b [ |
- = 804
2 804 {} 5
2 >
£ 604 3 o
K 2 404
O 404 s
201 204
0 0
Ctrl 1000 100 10 1 0.1 0.01 0.001 Ctrl 1000 100 10 1 0.1 0.01 0.001
Concentration (ng/ml) Concentration (pg/ml)
C PZ Cytotoxicity assay (HEK-293) D PZ Cytotoxicity assay (MIA PaCa-2)
(C) 140 [ J24h (D) 1o zan
e [ ]48h e [_]48h
120 s { +
—_— =3 }=
21004 [ } %{ {-I— 1 ][{ % 217 b 1= s {* %
> i = I
= 80 ﬁ 80 4 £
2 >
> 60+ 2 60+
2 -
O 404 & 40+
20 - 20 -
0 0 T T
Ctrl 1000 100 10 1 0.1 0.01 0.001 Ctrl 1000 100 10 1 0.1 0.01 0.001
Concentration (ug/ml) Concentration (upg/ml)

Fig.9. Effect of sBCs containing QZ or PZ mixed with zein on MIA-PaCa-2 and HEK-293 cell
lines for 24-48h: (A) Cytotoxic effects of QZ70 on HEK-293 cell lines; (B) Cytotoxic effects of
QZ70 on MIA PaCa-2 cell lines; (C) Cytotoxic effects of PZ70 on HEK-293 cell lines; (D) PZ70

cytotoxic effects on MIA PaCa-2 cell lines.

3.14. Cellular Internalization and Uptake of sBCs. We evaluated the cellular internalization of
sBCs composed of zein and PZ or QZ. For labeling zein with a fluorescent dye, we conjugated Alexa
Fluor 647 NHS ester to the N-terminal residue of the protein via an EDC/NHS mediated amide
coupling reaction. Confocal laser scan microscopy was used to determine the cellular uptake of QZ70
and PZ70 particles in MIA PaCa-2 cell lines. These systems presented either a cationized or a PEG-
enriched surface, respectively. We observed that QZ 70 systems show an enhanced affinity towards

cell membrane compared to PZ-rich sBCs (Fig. 10). This is most likely due to the presence of a
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positively charged surface on QZ70 sBCs, which promoted non-specific cellular uptake of the
particles through the cell membrane. On the other hand, PZ70 sBCs showed relatively cellular
internalization compared to QZ70 particles, most likely due to the presence of dense PEG shell that

deterred non-specific uptake of these condensates inside the cell.

Alexa-Fluor 488
A , C D _

QzZ70

PZ70

Fig.10. Confocal fluorescence microscopic images showing sBC distribution in cells in vitro (10
pg, 24 h); Top panel: Corresponds to the confocal microscopy images of cellular uptake of Alexa
fluor 647 tagged QZ 70 sBCs (Red) which showed affinity towards the cell membrane: Bottom
panel: Corresponds to the confocal microscopy images of cellular uptake of Alexa fluor 647 tagged

PZ 70 sBCs (Red) which show perinuclear accumulation inside the cell.

CONCLUSION

In this study, we developed an approach to engineer synthetic biomolecular condensates (sBCs) from
a plant protein. Mimicking the natural processes of condensate formation, we mixed proteins of
diversified chemical motifs, which were precipitated as colloidally stable entities via LLPS. The
primary structure of the protein was modified via quaternization and PEG conjugation, copying the
natural mechanism of post-translational modifications. The sBCs were found to form spherical

particles with controllable colloidal properties such as size, surface charge, and stability. In most
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cases, the sizes and charges were found to be a function of the composition of sBCs. As such, this
work can open pathways to provide a straightforward strategy to engineer artificial biomolecular
condensates with compartmentalization functions for small molecules or reaction partners. The
approach can be used to produce synthetic cells and cellular organelles, where condensates of pre-

programmed stability and function are required for efficient biomolecular communications.
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