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ABSTRACT: Supramolecular assembly affords the development of a wide range of polypeptide-based biomaterials for drug delivery 

and nanomedicine. However, there remains a need to develop a platform for the rapid synthesis and study of diverse polypeptide-

based materials without the need for employing complex chemistries. Herein, we develop a versatile strategy for creating polypeptide-

based materials using polyphenols that display multiple synergistic cross-linking interactions with different polypeptide side groups. 

We evaluated the diverse interactions operating within these polypeptide–polyphenol networks via binding affinity, thermodynamics, 

and molecular docking studies and found that positively charged polypeptides (Ka of ~2  104 M−1) and polyproline (Ka of ~2  106 

M−1) exhibited stronger interactions with polyphenols than other amino acids (Ka of ~2  103 M−1). Free-standing particles (capsules) 

were obtained from different homopolypeptides using a template-mediated strategy. The properties of the capsules varied with the 

homopolypeptide used: e.g., positively charged polypeptides produced thicker shell walls (120 nm) with reduced permeability and 

involved multiple interactions (i.e., electrostatic and hydrogen), whereas uncharged polypeptides generated thinner (10 nm) and more 

permeable shell walls due to the dominant hydrophobic interactions. Polyarginine imparted cell penetration and endosomal escape 

properties to the polyarginine–tannic acid capsules, enabling enhanced delivery of the drug doxorubicin (2.5 times higher intracellular 

fluorescence after 24 h) and a corresponding higher cell death in vitro when compared with polyproline–tannic acid capsules. The 

ability to readily complex polyphenols with different types of polypeptides suggests that a wide range of functional materials can be 

generated for various applications. 

INTRODUCTION 

Advances in synthetic chemistry have enabled the synthesis 

of diverse biopolymers that can bridge the gap between 

materials science and biology via regulating biointerfaces.1 This 

progress has led to the rapid development of nanomaterials for 

various biomedical applications including disease diagnosis, 

drug/gene delivery, and tissue engineering.2–6 Synthetic 

polypeptides (PPeps) and poly(amino acids), which are 

composed of amino acids, have emerged as a platform for 

engineering nanomaterials owing to their facile synthesis, 

tunable composition, and well-defined sequence and 

corresponding physicochemical properties.7 Moreover, PPeps 

mimic endogenous macromolecules and thereby exhibit 

excellent biocompatibility and biodegradability as well as 

tunable biofunctionality.8–10 For instance, polyarginine (PArg) 

is commonly used as a cell-penetrating peptide for intracellular 

delivery11,12 and elastin-like PPep-based hydrogels are often 

used to mimic the extracellular matrix in synthetic 

biomaterials.13 In this context, PPep-based materials are 

generally constructed using different covalent-linking 

molecules to bridge the PPeps, thereby producing robust 

functional assemblies.2,14 However, such strategies require 

complex synthetic steps and toxic cross-linking agents, and 

yield irreversible bonds, which collectively limit the broad use 

of PPeps as a platform for engineering biomedical materials and 

advanced therapeutics. 

Supramolecular interactions have evolved into a toolbox for 

designing molecular recognition motifs and for driving self-

assembly among discrete building blocks.15–17 The rational 

design of PPep-based materials that can incorporate other 

functional molecules through noncovalent interactions allows 

for the generation of complex assemblies with synergistic and 

emergent physicochemical properties, thereby expanding the 

versatility of such systems.18–21 For example, noncovalent 

dynamic supramolecular complexes formed between PPeps and 

complementary molecules, such as polymers (e.g., 

polyethylenimine), chemotherapeutic drugs, and 

biomacromolecules (e.g., nucleotides), have recently been 

explored as carrier systems for the delivery of a wide range of 

functional cargos.22–25 Naturally occurring polyphenols show 

potential as supramolecular building blocks for engineering 

biomaterials in diverse fields,26–28 and it has been shown that 

polyphenols can simultaneously exhibit a variety of 

supramolecular interactions with biomacromolecules, in 

particular proteins, without disrupting their functions.29,30 The 

essential interactions governing supramolecular assembly 

between polyphenols and proteins are, however, still elusive. 

We therefore envision that a systematic investigation into how 

homopolypeptides and polyphenols interact not only will 

unravel the reciprocal interactions between proteins/PPeps and 

polyphenols but also can help elucidate principles for the 

rational design of PPep-based materials with desired properties 

for wider applications. 
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In the present study, we report a general approach to design 

supramolecular PPep–polyphenol networks (PPNs) and 

demonstrate the rational design of PPN materials with 

customized properties and functions for bioapplications. Both 

charged and uncharged homopolypeptides (i.e., polylysine 

(PLys), PArg, polyhistidine (PHis), polyglutamic acid (PGlu), 

polythreonine (PThr), polyproline (PPro), and polyalanine 

(PAla)) were selected for studying the intermolecular 

interactions of PPeps with polyphenols such as tannic acid (TA) 

(Figure 1a). Specifically, the molecular binding kinetics and 

thermodynamic parameters between PPeps and polyphenols 

were measured experimentally, with the results corresponding 

well with the molecular docking simulations. The complexation 

between the PPeps and polyphenols was rationalized based on 

the various interactions between polyphenols and the side 

chains of the different PPeps. These insights further allowed us 

to synthesize hollow PPN capsules using sacrificial templates, 

demonstrating the possibility to create free-standing PPN 

materials with well-defined nanostructures and structural 

complexity (Figure 1b). The different types of PPeps employed 

endowed the resulting PPN capsules with different 

physicochemical properties, thus affording control over surface 

charge, microstructure, film thickness, and stimuli-responsive 

behavior. For example, the PArg–TA PPN capsules showed a 

higher cellular association than the other PPNs and underwent 

endosomal escape due to their pH-responsive charge reversal 

property. In addition, the PPep–TA capsules could serve as 

intracellular drug delivery platforms owing to the universal 

adherence of TA to other molecules that allowed for the 

controlled loading and release of therapeutic cargo (e.g., 

doxorubicin).  

RESULTS AND DISCUSSION 

To investigate the intermolecular interactions between PPeps 

and polyphenols, seven homopolypeptides with different side 

chains (i.e., PLys, PArg, PHis, PGlu, PThr, PPro, and PAla) 

were chosen as model PPeps (Table S1), while TA was selected 

as the model polyphenol. First, quartz crystal microbalance 

(QCM) gravimetry was used to detect and monitor the 

molecular binding kinetics in real-time by measuring changes 

in the frequency of a quartz crystal resonator.31 Specifically, a 

layer of TA was deposited on the gold-coated QCM crystals and 

subsequently the binding of the seven PPeps was monitored at 

pH values of 4.0 and 7.4. For the charged PPeps, distinct 

frequency changes were observed after the addition of PLys or 

PArg at both pH values, whereas no distinct changes were 

observed after the addition of PGlu at either pH values and the 

addition of PHis resulted in strong interactions at pH 4.0 only 

(Figure 1c,d). The PPep-to-TA mass ratios were then calculated 

and plotted (Figure 1e), with the results indicating that the 

PPeps with charged side chains exhibited pH-responsive 

binding with TA. Specifically, PPeps with positively charged 

side chains showed increased binding to TA at neutral pH (7.4) 

than at acidic pH (4.0). This is likely caused by the 

deprotonation of TA at neutral pH. In contrast, the negatively 

charged PGlu showed slightly increased binding at the lower 

pH, likely because the protonation of PGlu below pH 4.0 

reduced the electrostatic repulsion with TA, and thereby 

allowed for hydrogen bonds to form. PHis was soluble at pH 

4.0 only and showed high affinity for TA at that pH. PPeps that 

contain uncharged and hydrophobic side chains, namely PThr, 

PPro, and PAla, were also investigated. Among these three 

PPeps, PPro showed the strongest binding to TA, which is likely 

caused by strong aromatic–proline interactions (Figure 1f),32 

whereas PAla showed the weakest binding to TA (Figure 1g). 

Negligible differences were observed when comparing the 

binding behavior of each peptide at pH values 4.0 and 7.4 

(Figure 1h), suggesting that hydrogen bonding was minimal 

between TA and the uncharged PPeps. 

Isothermal titration calorimetry (ITC) was used to determine 

the thermodynamics of the interactions between PPeps and TA. 

For these measurements, TA solutions loaded in the injection 

syringe were titrated into different PPep solutions in sample 

cells. The heat change was monitored and then plotted as a 

function of the molar ratio of the PPeps and TA (Figure 1i,j and 

Figure S1) and all fitted thermodynamic parameters (i.e., 

association constant (Ka), binding constant (Kd), enthalpy 

change (ΔH), entropy change (ΔS), Gibbs free energy change 

(ΔG), and TΔS, where T is the temperature) are provided in 

Table S2. Binding between positively charged PArg and TA 

was predominantly enthalpy driven with a high ΔH of −76.40 ± 

4.12 kcal mol−1 and an unfavorable entropic contribution (−TΔS 

= 70.63 kcal mol−1), implying that an equilibrium between 

enthalpic and entropic contributions prevailed. In contrast, the 

binding between PPro and TA showed an unfavorable enthalpy 

(ΔH = 4.25 kcal mol−1) and a favorable entropy (−TΔS = −12.69 

kcal mol−1), which was consistent with a hydrophobic 

association process.34 Importantly, all examined PPeps that 

complexed with TA showed a negative ΔG (Figure 1k), 

indicating that association is spontaneous. Specifically, the 

thermodynamic parameters reveal that PArg, PHis, and PPro, 

complex with TA with a relatively higher Ka of 1.95  104, 2.39 

 104, and 1.56  106 M−1, respectively, whereas PGlu, PAla, 

and PThr complex with a relatively lower Ka of 5.11  103, 3.53 

 103, and 1.12  103 M−1, respectively (Table S2). These Ka 

values represent moderate affinities (103–108 M−1) and are ideal 

for self-assembly, confirming the potential for developing self-

assembled materials from PPeps and TA.35  

To understand the interaction sites between PPeps and 

polyphenols, mixtures of PPeps and polyphenols were analyzed 

using 1H-NMR spectroscopy. Epigallocatechin gallate (EGCG) 

was substituted for TA in this analysis, as EGCG is a simpler 

molecule with comparable phenolic moieties, whereas TA is 

composed of a mixture of molecules that makes careful analysis 

difficult (Figure S2). As observed from Figure S3, the 

interaction of PArg with EGCG resulted in different chemical 

shifts of the H atoms closest to the guanidine group on the 

arginine side chain, suggesting that PArg interacts with 

polyphenols via the guanidino group on the side chains. 

Interestingly, the 1H-NMR spectra of mixtures of PPro and 

EGCG at different molar ratios consistently featured peaks of at 

least one of the molecules (Figure S4), likely because an excess 

of either 



 

 

Figure 1. (a) Chemical structures of the seven PPeps investigated in this study. (b) Illustration of PPep–polyphenol networks (PPNs) for 

biomedical applications; the PPNs are formed by interactions between TA and PPep. (c–e) Binding kinetics of TA with charged PPeps at pH 

7.4 (c) and pH 4.0 (d), as monitored by QCM, and the corresponding binding mass ratios, as calculated using Sauerbrey equation33 (e). PHis 

does not dissolve in pH 7.4 buffer; therefore data could only be obtained at pH 4.0. (f–h) Binding kinetics of TA with uncharged PPeps at 

pH 7.4 (f) and pH 4.0 (g), as monitored by QCM, and the corresponding binding mass ratios (h). (i,j) Thermodynamic ITC curves obtained 

by titration of PArg (i) or PPro (j) in TA at 25 C. The top panels represent the raw data and the bottom panels display the fitted curves of 

changes in the molar heat as a function of PPep-to-TA molar ratio. (k) Summary of thermodynamic parameters (ΔH, ΔG, −TΔS) determined 

from ITC analysis. 



 

 

Figure 2. (a) 2D Ligand interaction diagrams for docking TA to the binding site of PArg or PPro using MOE software. (b) Side-view of 3D 

molecular interactions between PArg or PPro with TA visualized by MOE software. (c) Computed binding S scores for the interactions 

between different PPeps and TA evaluated by MOE software. Data represent the mean ± standard deviation of three configurations. Statistical 

significance was determined by an unpaired t-test and is reported as ***p < 0.001, **p < 0.01, *p < 0.05, ns p > 0.05. 

molecule can mask the other. These findings indicate that the 

interactions between PArg or PPro and EGCG are sufficiently 

robust for assembly.  

To further study the interactions between the PPeps and TA, 

we performed molecular docking simulations using Molecular 

Operating Environment (MOE) software.36 The two 

dimensional (2D) ligand interaction diagrams of two 

representative PPeps (i.e., PArg and PPro) with TA 

demonstrated that PArg prefers to interact with the ester and 

carbonyl groups of TA, whereas PPro interacts with both the 

hydroxyl groups and aromatic rings of TA (Figure 2a). The 

three-dimensional (3D) molecular interaction graphics showed 

that the interactions between PArg and TA occur between the 

side chains of PArg and the periphery of TA. In contrast, PPro 

is surrounded by TA molecules in a different manner (Figure 

2b). The 2D ligand interaction diagrams of the remaining PPeps 

with TA are shown in Figure S5. To obtain a clear 

understanding of this information, all-atom MOE docking was 

performed on TA for each PPep and the binding S scores were 

computed based on binding affinities with all possible binding 

geometries. PPeps with lower S scores tend to establish a 

stronger interaction with TA.37 Among all examined PPeps, the 

positively charged PPeps (i.e., PArg, PLys, and PHis) showed 

the lowest S scores (−8.15, −8.00, and −7.84, respectively), and 

among all the uncharged PPeps, PPro showed the lowest S score 

(−7.32) (Figure 2c), which agrees with the experimental 

analytical results. We note that there are no significant 

differences between the S scores of most PPeps from the same 

class (charged or uncharged) as their binding strengths are 

approximated. However, the observed trend in the S scores of 

the examined PPeps is consistent with the experimental 

observations on PPNs. Collectively, these findings demonstrate 

how different types of interactions between PPeps and 

polyphenols at the molecular level can contribute to 

complexation.  



 

We assessed the suitability of PPeps and polyphenols to 

assemble into free-standing PPN films (capsules) using a 

sacrificial template (Figure 3a), which would enable the 

encapsulation of functional molecules relevant for drug 

delivery.38,39 TA and PPeps were added to a suspension 

containing CaCO3 particles of 3 µm in diameter. Following 

incubation for 4 h, the CaCO3 templates were removed using 

ethylenediaminetetraacetic acid.29 The PPeps that showed 

strong binding to TA resulted in the formation of hollow 

capsules, namely the PPeps with positively charged side chains 

PLys, PArg, and PHis, and the PPeps with uncharged side 

chains PPro and PThr. Monodisperse PPep–TA capsules were 

observed using differential interference contrast (DIC) 

microscopy, and fluorescent capsules were assembled using 

fluorescein isothiocyanate (FITC)-labeled PPeps and visualized 

by confocal laser scanning microscopy (CLSM) (Figure 3b). 

The UV–vis spectra of the PArg–TA and PPro–TA capsules 

were different from the UV–vis spectra of the respective free 

PPeps and TA components (Figure S6). The Fourier transform 

infrared (FTIR) spectrum of the PPro–TA capsules 

demonstrated peak overlaps with the spectra of free TA and 

PPro (Figure S7). Both the UV–vis and FTIR results confirm 

the presence of both compounds in the PPep–TA capsules. The 

ζ-potential results showed that the surface charge of all the 

formed capsules varied depending on the PPep type (Figure 3c). 

Specifically, the capsules formed from positively charged 

PPeps (i.e., PLys, PArg, PHis) demonstrated pH-responsive 

charge reversal behavior that could potentially allow them to act 

as stimuli-responsive drug delivery carriers. 

Two representative PPeps, PArg and PPro, were chosen to 

characterize the structure and properties of the formed PPN 

capsules in detail. Although prepared in the same way, 

microscopy analysis showed that the PPro–TA and PArg–TA 

capsules had a different structure and thickness. The wall 

thickness of the PPro–TA capsules was ~10 nm (Figure 4a–c), 

whereas a single wall of the PArg–TA capsules was ~120 nm 

thick (Figure 4d–f). Scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) performed on air-dried 

capsules revealed that the PPro–TA capsules exhibited surface 

features with folds and creases typical to collapsed thin film 

capsules.40,41 In contrast, air-dried PArg–TA capsules showed a 

toroidal shape with solid and self-sustaining walls. Moreover, 

the PPro–TA and PArg–TA capsules exhibited different 

permeability and disassembly kinetics in various media (Figure 

4g,h). To investigate the permeability of the capsules, they were 

loaded with FITC-dextran of different molecular weights 

(ranging from 20 to 2000 kDa) and visualized in solution using 

CLSM. The PPro–TA capsules with thinner shells appeared to 

be more permeable than the PArg–TA capsules with thicker 

shells. For instance, nearly 100% of the PPro–TA capsules were 

permeable to 500 kDa FITC-dextran, whereas only around 15% 

of the PArg–TA capsules were permeable (Figure 4g). 

Subsequently, the disassembly of fluorescent capsules was 

monitored after the addition of molecules that are expected to 

compete with the interactions operating between the PPeps and 

TA. Urea was used to compete with hydrogen bonding, Tween 

20 for hydrophobic interactions, and guanidinium chloride 

(GdmCl) for electrostatic interactions. The intact fluorescent 

capsules remaining after incubation were then counted using 

flow cytometry. The PPro–TA capsules disassembled 

completely in Tween 20 but largely remained intact in the 

presence of urea, and only some disassembled in GdmCl, 

indicating that the dominant interaction is hydrophobic. In 

contrast, PArg–TA capsules partially disassembled in urea and 

GdmCl but mostly remained intact in the presence of Tween 20, 

indicating that hydrogen bonding and electrostatic interactions 

both contribute to the network stability (Figure 4h). Diverse 

interactions between different PPeps and polyphenols offer the 

possibility to fabricate PPep materials with distinctive 

physicochemical properties, structures, and stimuli-responsive 

behaviors, and this platform could be extended to smart delivery 

systems for various biomedical applications. 

 

Figure 3. (a) Schematic of the formation of PPep–TA core-shell 

particle and hollow capsule. (b) DIC microscopy and fluorescence 

microscopy images of different PPep‒TA capsules. Scale bars: 10 

μm. (c) ζ-potentials of different PPep‒TA capsules measured under 

different pH conditions. Data are shown as the mean ± standard 

deviation (n = 3). 

The cell association and endosomal escape behaviors of 

PPNs were examined to explore their potential for biomedical 

applications. For the studies, green-fluorescent polystyrene (PS) 

particles of 1 µm in size were coated with PPArg–TA, PPro–

TA, or TA, as confirmed by ζ-potential measurements (Figure 

S8). As observed from Figure 5a,b, both the PArg–TA coatings 

and PPro–TA coatings facilitated 



 

 

Figure 4. (a,d) SEM images, and (b,e) AFM images and (c,f) corresponding height measurements of the PPro–TA (a–c) and PArg–TA (d–

f) capsules. (g) Percentage of PPep–TA capsules permeable to FITC-dextran of different molecular weights and corresponding CLSM images 

of PPep–TA capsules incubated with 500 kDa FITC-dextran at pH 7.4 for 10 min. The permeability of 100 capsules was measured using 

CLSM. (h) Interaction-dependent disassembly of PPep–TA capsules in the presence of 100 mM of urea, tween 20, or GdmCl after 24 h, as 

assessed by flow cytometry. Data are shown as the mean ± standard deviation of three independent experiments. 

the cellular association of the particles, which was not the case 

for the TA control groups. As arginine-rich peptides and 

proline-rich peptides are cell-penetrating peptides, this finding 

indicates that the assembled materials can retain the functions 

of the constituent peptides. Specifically, the PArg–TA particles 

showed ~70% cell association at a high cell-to-particle ratio 

(1:100) after incubation for 1 h, whereas the PPro–TA particles 

showed ~30% cell association under the same conditions. At a 

lower cell-to-particle ratio of 1:10 and after incubation for 1 h, 

the PArg–TA particles showed ~20% cell association, whereas 

the PPro–TA particles showed low association (~4%) similar to 

the control group (~3%). Additionally, PArg–TA particles 

demonstrated increased cell association after longer incubation 

times (2 h), reaching ~80% cell association at a cell-to-particle 

ratio of 1:100, whereas increases in cell association of other 

particles were not obvious. These findings demonstrate the 

stronger cellular association displayed by PArg–TA particles 

when compared to PPro–TA particles, which is likely due to the 

high cell-binding and cell-penetrating activity of the positively 

charged peptides (arginine) in comparison with amphipathic 

peptides (proline).  

The intracellular fate of the particles was subsequently 

examined by incubating the PPep–TA-coated PS particles with 

HeLa cells for 4 h. From the CLSM analyses, we found that a 

portion of the internalized PArg–TA-coated PS particles (green) 

were not colocalized with acidic compartments such as the 

endosomes and lysosomes (red) but were found at other 

locations in the cytosol (Figure 5c and Figure S9). In contrast, 

the PPro–TA-coated PS particles inside the cells were 

completely trapped within the endosomes and lysosomes 

(Figure 5c and Figure S9). The control PS particles that were 

coated with TA showed a similar endosomal entrapment feature 

to PPro–TA (Figure S10). These results suggest that PArg–TA 

coatings can facilitate the escape of particles from endosomes 

and lysosomes, probably due to the pH-responsive charge 

reversal behavior of the PArg–TA assemblies (Figure 3c) or the 

cell-penetrating nature of PArg. The diversity of intracellular 

distribution of the examined PPep–TA particles suggests that 

the rational design of hybrid 



 

 

Figure 5. (a) CLSM images of PArg–TA and PPro–TA particles incubated with HeLa cells for 1 h. Scale bars: 10 μm. (b) Percentage of 

HeLa cells associated with PArg–TA or PPro–TA particles, and TA-coated particles (control) after incubation for 1 or 2 h, as assessed by 

flow cytometry. The cell-to-particles ratio was 1:100 or 1:10. Data are shown as the mean ± standard deviation of three independent 

experiments. (c) CLSM imaging of a LysoTracker colocalization assay performed in HeLa cells after incubation for 4 h with PArg–TA or 

PPro–TA particles. The cell-to-particle ratio was 1:50. Scale bars: 10 μm. 

PPep–TA assemblies might lead to tailored intracellular 

transport, which is important for advanced drug delivery.42 

To evaluate the potential of PPN capsules for drug delivery 

applications, anticancer drug doxorubicin (Dox) was preloaded 

into CaCO3 template particles and Dox-loaded PPN capsules 

were synthesized (Figure S11). The in vitro drug release in 

phosphate-buffered saline buffer was first studied. Both the 

PArg–TA and PPro–TA capsules gradually released Dox over 

48 h (Figure S12). Capsules were then prepared using Alexa 

Fluor (AF) 488-labeled PPeps (PArg and PPro) to visualize the 

intracellular delivery in detail by CLSM (Figure 6a). PC3 cells 

incubated with Dox-loaded PPro–TA capsules for 24 h 

displayed a weak Dox fluorescence (red). In comparison, a 

strong Dox fluorescence (red) was observed inside the PC3 cells 

following 24 h incubation with Dox-loaded PArg–TA capsules. 

The corrected total cell fluorescence (CTCF) intensity was 

calculated for the cells treated with both capsules. The cells 

treated with Dox-loaded PPro–TA capsules exhibited a 

relatively lower intensity (~1.8  106), whereas the cells treated 

with Dox-loaded PArg–TA capsules showed higher intensity 

(~4.6  106), which confirmed their effective internalization and 

drug release in cancer cells (Figure 6b). Next, we incubated PC3 

cells with Dox-loaded capsules and free Dox at different doses 

for 48 h and investigated cell viability (Figure 6c). Cell viability 

decreased as the concentration of Dox increased for both 

capsule and control groups. The results demonstrated that both 

PArg–TA and PPro–TA capsules induced anticancer activity 

(~26% and ~36% cell viability at a dose of 1 g Dox, 

respectively). The efficiency of PArg–TA was higher than 

PPro–TA at the same dose of Dox, which is likely due to the 

successful endosomal escape of PArg–TA. PPep–TA capsules 

that were not loaded with Dox did not show cell toxicity toward 

PC3 cells after incubation for 48 h (Figure S13). To improve 

reproducibility, reporting, and reanalysis, this study conforms 

to the Minimum Information Reporting in Bio−Nano 

Experimental Literature (MIRIBEL) standard,43 and a 

companion checklist is provided in the Supporting Information. 

CONCLUSION 

We have comprehensively studied various aspects of PPNs, 

from fundamentals, including molecular interactions, to the 

fabrication of functional materials. Investigations into 



 

 

Figure 6. (a) CLSM imaging of Dox-loaded PPep–TA capsules incubated with PC3 cells for 24 h. PPeps are labeled with AF488 dye (green). 

Scale bars: 20 μm. (b) Quantification of fluorescence intensity in cells incubated with Dox-loaded PPep–TA capsules. CTCF is calculated 

by subtracting the contribution of the background from the integrated fluorescence density within the regions of interest. Data represent the 

mean ± standard deviation of 10 measurements. Statistical significance was determined by an unpaired t-test and is reported as ****p < 

0.0001. (c) Viability of PC3 cells incubated with Dox-loaded PPro–TA capsules, Dox-loaded PArg–TA capsules, or free Dox at different 

drug dosages for 48 h at 37 °C. Data are shown as the mean ± standard deviation of six independent experiments. 

the type of molecular interactions between PPeps and TA, and 

the thermodynamics thereof, showed that PPeps with different 

side chains interact with polyphenols via different 

supramolecular interactions. The strong interactions displayed 

between PArg or PPro and TA were then leveraged to assemble 

PPep–TA capsules that exhibited diverse physicochemical 

properties, structures, thicknesses, and stimuli-responsiveness 

due to the different interactions operating within the assemblies. 

For example, the PPep–TA capsules formed from PPeps with 

positive side chains exhibited pH-responsive charge reversal 

behavior, and the film thickness of the PArg–TA capsules was 

more than 10 times the thickness of the PPro–TA capsules. 

Importantly, PArg–TA coatings on particles could facilitate 

their cellular association and subsequent endosomal escape. 

These are beneficial properties for intracellular drug delivery. 

Furthermore, the Dox-loaded PPep–TA capsules displayed 

effective cell toxicity toward cancer cells. Whereas PArg was 

responsible for cell association and endosomal escape, the 

ability to form stable capsules and the loading of a drug, such 

as Dox, could be attributed to the adherence of TA to molecules. 

Hence, the reciprocal interactions between these different types 

of molecules, as well as their individual properties, could enable 

the design of functional materials for advanced applications. 

These PPN materials have good tunability and versatility, and 

customized structures for a range of functionalities could be 

engineered into the PPep-based assemblies by balancing 

various interactions. 
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