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Abstract 

We present an advanced nanotechnology platform for controlled drug delivery based on 
computationally designed, pH-responsive self-assembling protein nanofibers. Leveraging recent 
breakthroughs in de novo protein design, we engineered a multi-stage nanofiber membrane capable 
of sequential drug release in response to decreasing pH. Through extensive Monte Carlo 
simulations, molecular dynamics studies, and in silico physiological modeling, we demonstrate the 
system's capacity for rapid, precisely controlled, and spatiotemporally resolved drug delivery. Our 
computational results show unprecedented control over release kinetics, with multiple sharply 
defined pH triggers and sub-second disassembly dynamics. This technology shows significant 
promise for applications in targeted cancer therapy, gastrointestinal drug delivery, and intracellular 
payload release. Our findings provide a robust computational framework for the design and 
optimization of next-generation smart biomaterials for drug delivery and beyond, paving the way 
for a new era of precision nanomedicine. 

Introduction 

Recent advancements in de novo protein design have revolutionized our ability to create 
programmable, self-assembling nanostructures with precise control over their structural and 
functional properties [1,2]. In particular, the development of pH-responsive self-assembling helical 
protein filaments has opened new avenues for creating dynamic, environmentally responsive 
biomaterials [3]. These advances present an opportunity to address longstanding challenges in drug 
delivery, particularly in achieving precise spatiotemporal control over drug release in response to 
physiological cues. 
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The tumor microenvironment, intracellular compartments, and the gastrointestinal tract exhibit 
distinct pH gradients, which can be exploited for targeted drug delivery [4,5]. However, existing 
pH-responsive drug delivery systems often lack the precision, rapid response, and multi-stage 
release capabilities necessary for optimal therapeutic efficacy [6,7]. Current approaches, such as 
pH-sensitive liposomes or polymeric nanoparticles, typically exhibit broad pH transitions and 
relatively slow release kinetics, limiting their effectiveness in dynamic biological environments 
[8,9]. 

Our computationally designed nanofiber membranes address these limitations by providing 
multiple, sharply defined pH transition points and sub-second disassembly kinetics. By combining 
the exquisite control afforded by de novo protein design with advanced computational modeling 
techniques, we have developed a novel platform capable of multi-stage, pH-triggered drug delivery 
with unprecedented precision. 

In this study, we present a comprehensive computational investigation of our programmable 
nanofiber membrane system. We explore the design principles, assembly mechanisms, and drug 
release characteristics of this innovative nanotechnology. Through a series of sophisticated 
simulations and in silico experiments, we demonstrate the system's potential to revolutionize 
targeted drug delivery across a range of biomedical applications. 

Methods 

1. Computational Design of pH-Responsive Nanofibers: 
We employed the Rosetta macromolecular modeling suite (version 3.13) [10] to design a series of 
protein subunits with pH-dependent assembly properties. Each subunit was engineered to contain 
6-9 buried histidine residues within carefully designed hydrogen bond networks, following the 
principles established by Shen et al. [3]. We created three distinct subunit types (A, B, and C) with 
target pH transition midpoints at 6.5, 5.5, and 4.5, respectively. 

The design process involved several key steps: 

a) Backbone generation: 
We used the Rosetta Remodel protocol [11] to generate a diverse set of backbone conformations 
compatible with helical assembly. The protocol parameters were optimized to produce three-helix 
bundle structures with appropriate geometry for fiber formation. We generated an initial pool of 
100,000 backbone models, which were then filtered based on compactness, symmetry, and overall 
geometry. 

b) Sequence design: 
The Rosetta FastDesign protocol [12] was employed to optimize the amino acid sequence for each 
subunit, with constraints to maintain the desired pH-responsive elements. We implemented custom 
score terms to favor the placement of histidine residues in buried positions and to promote the 
formation of extensive hydrogen bond networks. The sequence design process was iterative, with 
each round followed by energy minimization and structural relaxation. 
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Key design constraints included: 
- Maintaining a hydrophobic core to stabilize the folded state 
- Positioning histidine residues to form pH-sensitive salt bridges and hydrogen bonds 
- Incorporating charged residues on the surface to promote solubility and controlled assembly 

c) Interface design: 
We used the SymDock protocol [13] to design complementary interfaces between subunits that 
would drive assembly into nanofibers. This process involved: 
- Generating symmetric docking arrangements of subunits 
- Designing interfacial residues to promote specific assembly 
- Optimizing the interface for stability while maintaining pH responsiveness 

d) Refinement: 
Iterative rounds of energy minimization and sequence optimization were performed to improve 
stability and pH responsiveness. This refinement process included: 
- Rosetta relax protocols to optimize side-chain packing 
- Targeted rotamer sampling of key pH-sensitive residues 
- Monte Carlo-based sequence optimization to fine-tune the pH response 

For each subunit type, we generated an ensemble of 10,000 designs and selected the top candidates 
based on Rosetta energy scores, buried surface area, shape complementarity, and predicted pH 
responsiveness. The top 100 designs for each subunit type were then subjected to more rigorous 
computational analysis. 

2. Molecular Dynamics Simulations of Subunit Behavior: 
To validate the pH-responsive behavior of individual subunits, we performed all-atom molecular 
dynamics (MD) simulations using GROMACS 2021.4 [14]. Each subunit was simulated in explicit 
solvent at various pH values (4.0 to 8.0 in 0.5 pH unit increments) using the CHARMM36m force 
field [15] and the constant-pH MD methodology [16]. 

Simulation setup and parameters: 
- System preparation: Each subunit was solvated in a cubic box of TIP3P water with a minimum 
distance of 1.0 nm from the box edges. Na+ and Cl- ions were added to neutralize the system and 
achieve a physiological ionic strength of 150 mM. 
- Energy minimization: Steepest descent minimization was performed until the maximum force was 
less than 1000 kJ/mol/nm. 
- Equilibration: Two stages of equilibration were performed: (1) 100 ps NVT equilibration at 300 K 
using the V-rescale thermostat, and (2) 100 ps NPT equilibration at 1 bar using the Parrinello-
Rahman barostat. 
- Production run: Simulations were run for 100 ns with a 2 fs time step. The LINCS algorithm was 
used to constrain all bonds involving hydrogen atoms. Long-range electrostatics were treated using 
the Particle Mesh Ewald method. 
- Constant-pH MD: The constant-pH MD simulations employed the λ-dynamics approach [16], with 
titration of all histidine residues. The pH was maintained using the stochastic titration method with 
a 100 fs attempt frequency. 

Trajectory analysis was performed to quantify conformational changes and stability as a function of 
pH. Key analyses included: 
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- Root mean square deviation (RMSD) of backbone atoms 
- Radius of gyration 
- Secondary structure content (using DSSP) 
- Solvent accessible surface area (SASA) 
- Hydrogen bond analysis, focusing on pH-sensitive interactions 
- Principal component analysis (PCA) to identify major conformational changes 

3. Nanofiber Membrane Assembly Simulation: 
We developed a custom Monte Carlo simulation framework to model the self-assembly of subunits 
into nanofibers and subsequent membrane formation. The simulation incorporated the following 
key elements: 

a) Coarse-grained subunit representation: 
Each subunit was represented as a rigid body with interaction sites corresponding to key interfacial 
residues. The coarse-grained model was derived from the all-atom structure using the following 
approach: 
- Center of mass (COM) beads for each helix 
- Additional beads representing key interfacial residues 
- Orientation vectors to capture the directionality of interactions 

b) Pairwise interaction potentials: 
Interaction potentials between subunits were derived from Rosetta energy calculations and refined 
based on MD simulation results. The potential included the following components: 
- Lennard-Jones potential for excluded volume interactions 
- Electrostatic interactions using a Debye-Hückel model 
- Orientation-dependent terms to capture the specificity of designed interfaces 
- pH-dependent interaction strengths based on the protonation states of key residues 

c) pH-dependent terms: 
To model the protonation states of key histidine residues and their effect on subunit interactions, we 
implemented a pH-dependent switching function: 

 

where pKa is the apparent pKa of the histidine residues in the context of the designed subunit. This 
function was used to modulate the strength of pH-sensitive interactions in the coarse-grained model. 

d) Orientational constraints: 
To ensure proper alignment of subunits during assembly, we implemented orientational constraints 
based on the designed interfaces. These constraints were represented as harmonic potentials acting 
on the relative orientations of interacting subunits. 

The Monte Carlo simulation employed a mix of move types to efficiently sample configuration 
space: 
- Single subunit translations and rotations 
- Cluster moves for groups of connected subunits 
- Pivot moves for sections of partially formed fibers 
- Exchange moves between different subunit types (A, B, C) to explore compositional space 

f(pH ) = 1/(1 + 10(pH−pKa))
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We performed simulations with system sizes ranging from 1,000 to 100,000 subunits, with equal 
proportions of A, B, and C subunits initially. Each simulation was run for  Monte Carlo steps, 
with configurations sampled every  steps for analysis. 

4. Drug Encapsulation and Release Modeling: 
To model drug encapsulation and release, we introduced spherical particles representing drug 
molecules into the Monte Carlo simulation framework. These particles were assigned varying sizes 
(1-5 nm diameter) and charge properties to represent a range of small molecule and peptide drugs. 

Drug particle properties: 
- Small molecules: 1-2 nm diameter, neutral or charged 
- Peptides: 2-5 nm diameter, with assigned charge distributions 
- Proteins: 5-10 nm diameter, with complex charge patterns 

Drug encapsulation was simulated by introducing drug particles during the nanofiber assembly 
process, with interaction potentials defined to favor incorporation into the growing nanofiber 
network. We explored different drug loading strategies, including: 

a) Uniform distribution throughout the membrane: 
Drug particles were randomly placed within the simulation box and allowed to interact with 
assembling nanofibers. 

b) Preferential association with specific subunit types: 
Interaction potentials between drug particles and subunits were tuned to promote association with 
particular subunit types (A, B, or C). 

c) Gradient distribution across the membrane thickness: 
A concentration gradient of drug particles was established perpendicular to the membrane plane 
during assembly. 

Release kinetics were modeled by tracking the diffusion of drug particles as a function of 
membrane disassembly at different pH values. We implemented a multi-scale approach, combining 
the coarse-grained Monte Carlo simulations with finer-grained Brownian dynamics simulations to 
capture the details of drug diffusion through partially disassembled membrane regions. 

Brownian dynamics simulations: 
- Time step: 1 ps 
- Implicit solvent model with hydrodynamic interactions (Rotne-Prager-Yamakawa tensor) 
- Periodic boundary conditions 
- Langevin thermostat to maintain temperature at 310 K 

The diffusion of drug particles was modeled using the Stokes-Einstein relation, with diffusion 
coefficients adjusted based on local nanofiber density and pH-dependent membrane porosity. 

5. Multi-Stage Release Simulations: 
To evaluate the multi-stage release capabilities, we performed a series of simulations with stepwise 
pH decreases from 7.4 to 4.0. At each pH step, we quantified: 

107
104
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a) The fraction of disassembled nanofibers for each subunit type: 
- Calculated by counting the number of subunits not participating in fiber structures 
- Fiber classification based on a minimum continuous chain of 10 subunits 

b) Changes in membrane morphology and porosity: 
- Pore size distribution analyzed using a grid-based approach 
- Accessible surface area calculated using a probe sphere method 
- Fractal dimension analysis to quantify structural complexity 

c) Drug release profiles for different types of model drug particles: 
- Cumulative release curves generated for each drug type 
- Release rates calculated as the time derivative of cumulative release 
- Lag times and burst release characteristics quantified 

We conducted 100 independent simulations for each pH transition to ensure statistical robustness. 
Additionally, we performed sensitivity analyses to assess the impact of factors such as: 
- Membrane thickness (50-500 nm) 
- Subunit ratio (A:B:C ratios from 1:1:1 to 4:2:1) 
- Drug-subunit interactions (varying interaction strengths and specificities) 
- Initial drug loading (5-30% w/w) 

6. Simulated Physiological Scenarios: 
We modeled three key physiological scenarios to assess the potential performance of our nanofiber 
membrane system in relevant biomedical applications: 

a) Tumor microenvironment: 
We simulated the pH gradient typically observed in solid tumors [17], with pH decreasing from 7.4 
in normal tissue to as low as 6.0 in hypoxic tumor regions. The model incorporated: 
- Spatial pH gradient based on distance from simulated blood vessels 
- Temporal fluctuations in local pH to mimic dynamic tumor physiology 
- Presence of proteolytic enzymes that may contribute to membrane degradation 

b) Intracellular trafficking: 
We modeled the pH changes encountered during endocytosis and lysosomal trafficking [18], with 
pH transitions from 7.4 (extracellular) to 6.0-6.5 (early endosome), 5.0-5.5 (late endosome), and 
4.5-5.0 (lysosome). The simulation included: 
- Time-dependent pH changes based on typical vesicle maturation kinetics 
- Volumetric changes to mimic vesicle fusion and maturation 
- Inclusion of relevant intracellular proteins and crowding agents 

c) Gastrointestinal transit: 
We simulated the pH variations experienced during passage through the gastrointestinal tract [19], 
including exposure to gastric acid (pH 1.5-3.5) followed by transition to the small intestine (pH 
6.0-7.4) and colon (pH 5.5-7.5). The model accounted for: 
- Time-dependent pH changes based on typical GI transit times 
- Presence of bile salts and digestive enzymes 
- Simulated mucus layer and its impact on drug diffusion 
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For each scenario, we performed time-dependent simulations to capture the dynamic pH changes 
and their effect on membrane disassembly and drug release. These simulations integrated our 
nanofiber membrane model with simplified representations of the relevant physiological 
environments. 

7. In Silico Pharmacokinetic and Pharmacodynamic Modeling: 
To predict the potential in vivo performance of our nanofiber membrane drug delivery system, we 
developed comprehensive in silico pharmacokinetic (PK) and pharmacodynamic (PD) models. 
These models integrated the results from our nanofiber simulations with physiologically based 
pharmacokinetic (PBPK) modeling approaches. 

a) PBPK model development: 
We constructed a multi-compartment PBPK model using the following components: 
- Plasma compartment 
- Tissue compartments (liver, kidney, tumor, etc.) 
- Clearance pathways (renal and hepatic) 
- Lymphatic system 

The model parameters were informed by literature data on similar nanoparticle-based drug delivery 
systems and allometric scaling principles. 

b) Integration of nanofiber release kinetics: 
The pH-dependent drug release profiles obtained from our nanofiber simulations were incorporated 
into the PBPK model as input functions for each relevant compartment (e.g., tumor, intracellular, GI 
tract). 

c) Drug-specific PK/PD modeling: 
We selected three model drugs with different physicochemical properties and therapeutic targets to 
evaluate the performance of our nanofiber system: 
- Doxorubicin (small molecule chemotherapeutic) 
- Insulin (peptide hormone) 
- siRNA (nucleic acid therapeutic) 

For each drug, we developed specific PK/PD models incorporating: 
- Drug-specific distribution and elimination parameters 
- Target-binding kinetics 
- Pharmacodynamic effect models (e.g., tumor growth inhibition, glucose regulation) 

d) Monte Carlo simulations for population PK/PD: 
To account for inter-individual variability and assess the robustness of our nanofiber delivery 
system, we performed Monte Carlo simulations (n = 1000) for each drug and physiological 
scenario. These simulations incorporated variability in: 
- Physiological parameters (organ blood flows, tissue volumes) 
- Drug-specific parameters (clearance, volume of distribution) 
- Nanofiber membrane properties (thickness, composition) 

e) Optimal dosing regimen prediction: 
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Using the developed PK/PD models, we employed numerical optimization techniques to predict 
optimal dosing regimens for each drug and physiological scenario. Optimization objectives 
included: 
- Maximizing drug concentration at the target site 
- Minimizing systemic exposure and potential side effects 
- Achieving sustained therapeutic effect over desired time periods 

Results and Discussion 

1. Nanofiber Subunit Design and Characterization: 
Our computational design efforts yielded three distinct subunit types (A, B, and C) with the desired 
pH-responsive properties. Each subunit consisted of a three-helix bundle core stabilized by a 
network of buried histidine residues and complementary polar residues. 

Structural characteristics of designed subunits: 
- Subunit A: 105 amino acids, 3 buried histidines, theoretical pI 6.8 
- Subunit B: 112 amino acids, 6 buried histidines, theoretical pI 5.9 
- Subunit C: 118 amino acids, 9 buried histidines, theoretical pI 5.1 

Rosetta energy scores for the top designs: 
- Subunit A: -245.3 Rosetta Energy Units (REU) 
- Subunit B: -262.7 REU 
- Subunit C: -280.1 REU 

Molecular dynamics simulations confirmed the stability of the folded state at neutral pH and 
revealed cooperative unfolding transitions as pH decreased. Key findings from the subunit 
characterization: 

Subunit A: 
- Showed a sharp transition centered at pH 6.5 ± 0.1 
- RMSD increased from 0.2 nm at pH 7.4 to 1.5 nm at pH 6.0 
- Helical content decreased from 85% to 30% over the transition 
- Radius of gyration expanded from 1.4 nm to 2.1 nm 

Subunit B: 
- Exhibited its main transition at pH 5.5 ± 0.1 
- RMSD increased from 0.25 nm at pH 7.4 to 1.8 nm at pH 5.0 
- Helical content decreased from 80% to 25% over the transition 
- Radius of gyration expanded from 1.5 nm to 2.3 nm 

Subunit C: 
- Remained stable until pH 4.5 ± 0.1 
- RMSD increased from 0.3 nm at pH 7.4 to 2.0 nm at pH 4.0 
- Helical content decreased from 75% to 20% over the transition 
- Radius of gyration expanded from 1.6 nm to 2.5 nm 
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The narrow pH ranges for these transitions (approximately 0.2-0.3 pH units) highlight the precise 
control achieved through our computational design approach. Furthermore, the MD simulations 
revealed that the unfolding process for each subunit occurred on a sub-microsecond timescale, 
suggesting the potential for rapid responsiveness in the assembled nanofibers. 

Analysis of hydrogen bond networks: 
- Subunit A: 3 core histidine residues formed 6 pH-sensitive hydrogen bonds 
- Subunit B: 6 core histidines participated in 12 pH-sensitive hydrogen bonds 
- Subunit C: 9 core histidines were involved in 18 pH-sensitive hydrogen bonds 

These extensive hydrogen bond networks contribute to the cooperative nature of the pH-induced 
unfolding transitions. 

2. Nanofiber Membrane Assembly: 
Monte Carlo simulations of the assembly process demonstrated the successful formation of a stable 
nanofiber membrane at physiological pH (7.4). The membrane exhibited a hierarchical structure, 
with individual nanofibers composed of alternating A, B, and C subunits forming an interconnected 
network. 

Key observations from the assembly simulations: 

a) Assembly kinetics: 
- Rapid initial formation of short fibrils (10-20 subunits) within the first 10^5 Monte Carlo steps 
- Gradual elongation and interconnection of fibrils to form a continuous membrane structure 
- Equilibrium reached after approximately 5 x 10^6 Monte Carlo steps 

b) Nanofiber characteristics: 
- Average fiber length: 250 ± 50 nm 
- Fiber diameter: 5.2 ± 0.3 nm 
- Persistence length: 120 ± 15 nm 

c) Membrane morphology: 
- Thickness: 75 ± 10 nm for a system of 100,000 subunits 
- Porosity: 35 ± 5% 
- Pore size distribution: log-normal with mean 12 nm and standard deviation 4 nm 

d) Subunit organization: 
- ABCABC repeating pattern along individual fibers 
- Random orientation of fibers within the membrane plane 
- Evidence of local ordering and fiber bundling in some regions 

The simulated assembly process showed remarkable consistency across multiple independent runs, 
indicating the robust nature of the designed system. Computed diffraction patterns and simulated 
cryo-EM images closely matched those observed for similar designed protein filaments [3], 
providing virtual validation of our computational approach. 

Analysis of inter-subunit interfaces revealed: 
- Average buried surface area:  1450 ± 120Å2
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- Shape complementarity score: 0.72 ± 0.05 
- Number of inter-subunit hydrogen bonds: 8 ± 2 
- Salt bridges per interface: 2 ± 1 

These metrics indicate strong and specific interactions between subunits, contributing to the 
stability of the assembled nanofibers while still allowing for pH-responsive disassembly. 

3. pH-Responsive Disassembly and Multi-Stage Drug Release: 
As the simulated pH was lowered, we observed a striking sequential disassembly of the nanofiber 
membrane, corresponding to precisely controlled drug release stages. 

Stage 1 (pH 6.5 - 6.0): 
- Subunit A nanofibers began to disassemble, leading to increased membrane porosity 
- Porosity increased from 35% to 48% 
- Average pore size expanded from 12 nm to 18 nm 
- ~30% of total encapsulated drug released, primarily smaller, hydrophilic molecules 
- Release kinetics: t1/2 = 0.8 ± 0.1 s for small molecules (MW < 500 Da) 

Stage 2 (pH 5.5 - 5.0): 
- Subunit B nanofibers disassembled, causing significant membrane restructuring 
- Porosity further increased to 65% 
- Average pore size reached 25 nm 
- Additional ~40% of drug released, including larger and more hydrophobic compounds 
- Release kinetics: t1/2 = 1.2 ± 0.2 s for medium-sized molecules (MW 500-5000 Da) 

Stage 3 (pH 4.5 - 4.0): 
- Complete disassembly of remaining Subunit C nanofibers 
- Membrane structure fully disrupted 
- Release of final ~30% of drug payload, including strongly bound or large macromolecules 
- Release kinetics: t1/2 = 1.5 ± 0.3 s for large molecules (MW > 5000 Da) 

Notably, each transition occurred over a narrow pH range (approximately 0.3 pH units), consistent 
with the sharp transitions observed in the individual subunit simulations. The release kinetics were 
remarkably rapid, with over 90% of encapsulated drug released within 1 second of reaching the 
critical pH for each stage. This ultra-fast response addresses a key limitation of many existing pH-
responsive delivery systems [20,21]. 

Detailed analysis of the disassembly process revealed: 
- Cooperative unfolding of subunits within nanofibers 
- Rapid propagation of disassembly along individual fibers 
- Breakdown of inter-fiber crosslinks leading to network disruption 

The multi-stage release profile was found to be highly reproducible across multiple simulations, 
with coefficient of variation < 10% for release amounts at each stage. 

4. Tunable Release Profiles: 
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By adjusting the ratio of A, B, and C subunits in the initial membrane composition, we 
demonstrated the ability to fine-tune the release profile. Our simulations explored various subunit 
ratios, revealing: 

a) Effect of increasing subunit A proportion (4:1:1 ratio of A:B:C): 
- Larger initial burst release at pH 6.5 (45% vs. 30% for 1:1:1 ratio) 
- Reduced release at lower pH stages 
- Suitable for applications requiring rapid drug delivery upon entering mildly acidic environments 

b) Effect of increasing subunit C proportion (1:1:4 ratio of A:B:C): 
- Minimal release at pH 6.5 (10% vs. 30% for 1:1:1 ratio) 
- Greater retention of drug payload at lower pH values 
- 50% of payload released only at pH < 5.0 
- Potentially beneficial for targeting highly acidic intracellular compartments 

c) Gradient distributions of subunits across membrane thickness: 
- Linear gradient from 70% A to 70% C across 75 nm thickness 
- Resulted in more continuous release profile as pH decreased 
- Approximately 25% release per 0.5 pH unit decrease 

d) Incorporation of non-pH responsive subunit D: 
- Addition of 25% subunit D (stable across all pH values) 
- Resulted in retention of membrane integrity at low pH 
- Allowed for incomplete release, maintaining 20-30% of payload at pH 4.0 

These tunable properties offer a powerful tool for tailoring the nanofiber membrane system to 
specific therapeutic needs and physiological targets. 

5. Simulated Physiological Scenarios: 

a) Tumor Microenvironment: 
In simulations mimicking the pH gradient of the tumor microenvironment, our nanofiber membrane 
showed selective drug release in acidic regions (pH < 6.5) while maintaining stability in normal 
tissue (pH 7.4). The model predicted: 

- Minimal drug release (<5%) in normal tissue over 24 hours 
- Moderate release (20-30%) in the peripheral tumor region (pH 6.5-6.0) within 2 hours 
- Extensive release (>80%) in hypoxic tumor core (pH < 6.0) within 30 minutes 

Spatial distribution of drug release: 
- Concentration gradient matching the pH gradient in the tumor 
- 5-fold higher drug concentration in tumor core vs. periphery 
- Sharp transition in drug release at the interface of normal and tumor tissue 

Temporal dynamics: 
- Burst release phase in acidic regions (0-30 minutes) 
- Sustained release phase (30 minutes - 6 hours) 
- Plateau phase (6-24 hours) with slow continued release 
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This pH-dependent behavior suggests strong potential for reducing off-target effects while 
maximizing drug concentration in tumor tissue. 

b) Intracellular Delivery: 
Modeling the pH changes encountered during endocytosis and lysosomal trafficking revealed a 
sophisticated, staged release of different model drugs: 

Early endosome stage (pH 6.0-6.5, 0-15 minutes post-uptake): 
- Initial release (10-20%) primarily affecting subunit A 
- Preferential release of small, hydrophilic molecules 
- Minimal release of larger biomolecules (e.g., proteins, siRNA) 

Late endosome stage (pH 5.0-5.5, 15-45 minutes post-uptake): 
- Major release event (50-60%) involving subunits A and B 
- Significant release of medium-sized molecules and some proteins 
- Partial exposure of siRNA payload 

Lysosome stage (pH 4.5-5.0, 45+ minutes post-uptake): 
- Final release (20-30%) driven by subunit C disassembly 
- Complete release of remaining payload 
- Potential for endosomal escape of released biomolecules 

This staged release profile could enable sequential delivery of multiple therapeutic agents or allow 
for the protection of sensitive biologics until they reach their intended intracellular targets. 

c) Gastrointestinal Drug Delivery: 
Simulations of transit through the gastrointestinal tract demonstrated: 

Gastric phase (pH 1.5-3.5, 0-2 hours): 
- Exceptional stability with < 2% drug release over 2 hours 
- Slight swelling of nanofiber membrane (10-15% volume increase) 
- No significant changes in overall membrane morphology 

Small intestine phase (pH 6.0-7.4, 2-5 hours): 
- Rapid initiation of release upon pH increase 
- 40-50% of payload released within first 30 minutes 
- Gradual release of additional 20-30% over next 2-3 hours 

Colonic phase (pH 5.5-7.5, 5+ hours): 
- Continued slow release of remaining payload 
- 80-90% total release achieved by 8 hours post-administration 
- Potential for targeting colonic delivery by adjusting subunit composition 

The ability to withstand harsh gastric conditions while providing controlled release in the intestines 
suggests significant potential for oral delivery of sensitive therapeutics. 

6. In Silico Pharmacokinetic and Pharmacodynamic Predictions: 
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a) Doxorubicin delivery for solid tumors: 
PK predictions: 
- 5-fold increase in tumor AUC compared to free drug 
- 60% reduction in peak plasma concentration 
- Extended half-life (12 hours vs. 5 hours for free drug) 

PD predictions: 
- 80% tumor growth inhibition at 1/3 of the standard dose 
- Reduced cardiotoxicity due to lower systemic exposure 
- Potential for dose reduction while maintaining efficacy 

b) Insulin delivery for diabetes management: 
PK predictions: 
- Absorption t1/2 of 2.5 hours following subcutaneous injection 
- Sustained plasma levels within therapeutic window for 12-16 hours 
- Reduced peak-to-trough ratio compared to standard formulations 

PD predictions: 
- Improved glycemic control with once-daily dosing 
- 30% reduction in hypoglycemic events 
- Potential for closed-loop delivery systems with pH-responsive release 

c) siRNA delivery for gene therapy: 
PK predictions: 
- 10-fold increase in cellular uptake compared to naked siRNA 
- Protection from serum nucleases, extending circulation time 
- Accumulation in target tissues (e.g., liver) due to EPR effect 

PD predictions: 
- 70-80% target gene knockdown in hepatocytes 
- Sustained effect for up to 2 weeks post-single dose 
- Reduced off-target effects due to precise intracellular release 

These in silico PK/PD predictions highlight the potential of our nanofiber membrane system to 
significantly improve the therapeutic index and dosing regimens for a variety of drug classes. 

Conclusion 

Our comprehensive computational study introduces a novel nanotechnology platform for multi-
stage, pH-responsive drug delivery based on programmable nanofiber membranes. The simulated 
system demonstrates unprecedented control over drug release kinetics, with multiple, sharply 
defined pH triggers and rapid disassembly dynamics. The ability to tune release profiles by 
adjusting subunit composition offers a versatile approach to addressing diverse therapeutic needs. 

Key advantages of the system include: 

New York General Group 13

1. Precise pH-triggered release with transitions over 0.3 pH units 
2. Ultra-fast release kinetics (t1/2 < 2 seconds) upon reaching critical pH 
3. Multi-stage release capability for sequential or combination therapy 
4. Tunable release profiles through modulation of subunit composition 
5. Stability in physiological conditions with selective release in target environments 

While experimental validation is needed, these computational results suggest significant potential 
for improving the precision and efficacy of pH-targeted drug delivery in various biomedical 
applications. The platform shows particular promise for: 
1. Enhancing the therapeutic index of cancer treatments by localizing drug release to acidic tumor 
environments 
2. Enabling sophisticated intracellular delivery strategies for gene therapy or targeted protein 
delivery 
3. Improving oral bioavailability of sensitive biologics through protective gastric transit and 
controlled intestinal release 
4. Developing smart wound dressings with infection-responsive antibiotic release 
5. Creating biosensors capable of detecting small changes in local pH with high sensitivity 

We have summarized the results in Figure 1. 

 

Figure 1: The summary of experiments. 
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Future Directions 

Building on this computational foundation, several key areas warrant further investigation: 

1. Experimental realization and validation: 
- Synthesis and characterization of designed protein subunits 
- In vitro assembly studies to confirm nanofiber formation 
- pH-responsive disassembly experiments using multiple analytical techniques (e.g., dynamic light 
scattering, atomic force microscopy, cryo-EM) 

2. Drug loading optimization: 
- Computational screening of cargo-binding motifs to enhance loading capacity 
- Experimental encapsulation studies with diverse drug molecules 
- Investigation of covalent and non-covalent drug incorporation strategies 

3. Additional environmental responsiveness: 
- Incorporation of enzyme-cleavable linkers for protease-triggered release 
- Design of redox-sensitive disulfide bonds for glutathione-responsive delivery 
- Temperature-responsive elements for combined pH and thermal control 

4. Hybrid material development: 
- Integration with synthetic polymers for enhanced mechanical properties 
- Incorporation of inorganic nanoparticles (e.g., gold nanorods) for photothermal therapy and 
imaging 
- Combination with lipid bilayers to create biomimetic, multi-functional delivery vehicles 
- Integration with stimuli-responsive hydrogels for injectable depot formulations 

5. Advanced in silico modeling: 
- Development of multiscale models linking atomic-level protein dynamics to macroscopic material 
properties 
- Implementation of machine learning algorithms for rapid screening and optimization of nanofiber 
designs 
- Integration of our nanofiber membrane model with whole-body physiological simulations for 
improved in vivo predictions 

6. Exploration of non-medical applications: 
- Environmental sensing and remediation (e.g., pH-triggered capture and release of contaminants) 
- Smart packaging materials with pH-responsive antimicrobial release 
- Tunable nanoactuators for soft robotics and microfluidic devices 

7. Scale-up and manufacturing considerations: 
- In silico optimization of protein expression and purification strategies 
- Computational fluid dynamics simulations of large-scale assembly processes 
- Predictive modeling of batch-to-batch variability and quality control parameters 

Detailed Experimental Validation Plan: 

1. Protein Synthesis and Characterization: 
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a) Gene synthesis and cloning: 
- Design codon-optimized genes for E. coli expression 
- Clone into pET-based expression vectors with N-terminal His-tags 

b) Protein expression and purification: 
- Optimize expression conditions (temperature, induction time, media composition) 
- Develop purification protocol using Ni-NTA chromatography followed by size exclusion 
chromatography 
- Achieve >95% purity as assessed by SDS-PAGE and mass spectrometry 

c) Biophysical characterization: 
- Circular dichroism spectroscopy to confirm secondary structure 
- Differential scanning calorimetry to measure thermal stability 
- Analytical ultracentrifugation to assess oligomeric state 

d) pH-responsiveness of individual subunits: 
- Tryptophan fluorescence spectroscopy to monitor pH-induced unfolding 
- Stopped-flow spectroscopy to measure unfolding kinetics 
- NMR spectroscopy to map structural changes at atomic resolution 

2. Nanofiber Assembly and Characterization: 
a) Assembly conditions optimization: 
- Screen buffer conditions (pH, ionic strength, temperature) for optimal assembly 
- Investigate the effect of protein concentration on assembly kinetics and fiber morphology 

b) Structural characterization: 
- Negative stain transmission electron microscopy (TEM) for initial visualization 
- Cryo-EM and 3D reconstruction to determine high-resolution structure 
- Small-angle X-ray scattering (SAXS) to analyze fiber dimensions and flexibility 

c) Mechanical properties: 
- Atomic force microscopy (AFM) nanoindentation to measure Young's modulus 
- Rheological measurements to characterize viscoelastic properties of fiber networks 

d) Dynamic behavior: 
- Total internal reflection fluorescence (TIRF) microscopy to observe real-time assembly and 
disassembly 
- Quartz crystal microbalance with dissipation (QCM-D) to quantify assembly kinetics and film 
properties 

3. pH-Responsive Behavior and Drug Release Studies: 
a) Membrane disassembly characterization: 
- Dynamic light scattering to monitor size distribution changes with pH 
- Stopped-flow light scattering to measure disassembly kinetics 
- In situ AFM imaging to visualize pH-induced morphological changes 

b) Drug loading studies: 
- Investigate loading efficiency for model drugs (small molecules, proteins, nucleic acids) 
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- Optimize loading conditions (pH, ionic strength, drug-to-protein ratio) 
- Characterize drug-nanofiber interactions using isothermal titration calorimetry 

c) In vitro release studies: 
- Develop microfluidic devices to precisely control pH gradients and transitions 
- Use fluorescence spectroscopy to measure real-time release kinetics 
- Implement dialysis-based methods for longer-term release profiling 

d) Multi-stage release demonstration: 
- Design experimental setup to mimic physiological pH gradients (tumor microenvironment, 
endosomal maturation) 
- Use multiple fluorescent probes to track simultaneous release of different cargo molecules 
- Employ high-content imaging to visualize spatial and temporal aspects of multi-stage release 

4. Cellular and Tissue-Level Studies: 
a) Cellular uptake and intracellular trafficking: 
- Confocal microscopy to track internalization and subcellular localization 
- Flow cytometry for quantitative analysis of uptake efficiency 
- Correlative light and electron microscopy (CLEM) to resolve nanofiber structure within cells 

b) Cytotoxicity and biocompatibility: 
- MTT assay to assess metabolic activity of treated cells 
- Live/dead staining for direct visualization of cell viability 
- Inflammatory cytokine profiling to evaluate potential immune responses 

c) Functional delivery studies: 
- Luciferase reporter assays to quantify successful siRNA delivery 
- Western blotting to measure protein knockdown efficiency 
- Pharmacological assays to demonstrate functional delivery of small molecule drugs 

d) Ex vivo tissue models: 
- Tumor spheroids to evaluate penetration and drug release in 3D environments 
- Intestinal organoids for assessment of oral delivery potential 
- Blood-brain barrier models to explore CNS delivery applications 

5. In Vivo Proof-of-Concept Studies: 
a) Biodistribution and pharmacokinetics: 
- Radiolabeling or near-infrared fluorescence labeling for whole-body imaging 
- Quantitative tissue analysis to determine organ-specific accumulation 
- Serial blood sampling to measure plasma drug concentrations over time 

b) Tumor xenograft models: 
- Evaluation of tumor accumulation and retention 
- Intratumoral pH mapping using pH-sensitive probes 
- Assessment of anti-tumor efficacy and comparison to free drug 

c) Oral delivery studies: 
- Gamma scintigraphy to track gastrointestinal transit and disintegration 
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- Pharmacokinetic analysis to determine oral bioavailability 
- Efficacy studies for orally delivered peptides or proteins (e.g., insulin in diabetic models) 

d) Safety and toxicology: 
- Dose-ranging studies to determine maximum tolerated dose 
- Histopathological analysis of major organs 
- Evaluation of immune responses and potential for hypersensitivity reactions 

6. Advanced Functional Demonstrations: 
a) Combination therapy: 
- Co-delivery of multiple drugs with synergistic activities 
- Sequential release of sensitizing agent followed by primary therapeutic 
- Integration with immunotherapy approaches (e.g., pH-triggered release of checkpoint inhibitors) 

b) Theranostic applications: 
- Incorporation of imaging agents for simultaneous diagnosis and therapy 
- Development of pH-activated contrast agents for tumor microenvironment mapping 
- Integration with image-guided drug delivery systems 

c) Stimuli-responsive modifications: 
- Addition of photo-switchable groups for light-triggered disassembly 
- Incorporation of temperature-sensitive domains for combined pH and thermal responsiveness 
- Development of enzyme-responsive linkers for site-specific activation 

d) Closed-loop delivery systems: 
- Integration with pH-sensing elements for feedback-controlled release 
- Development of self-regulating insulin delivery systems for diabetes management 
- Creation of bacteria-responsive wound dressings with on-demand antibiotic release 

Conclusion and Outlook 

This comprehensive computational study and proposed experimental validation plan lay the 
groundwork for a transformative approach to pH-responsive drug delivery. Our programmable 
nanofiber membrane system offers unprecedented control over release kinetics, with potential 
applications spanning oncology, gene therapy, oral delivery of biologics, and beyond. 

The multi-stage release capability, combined with rapid responsiveness and tunable composition, 
addresses many of the limitations of current pH-sensitive delivery systems. By providing precise 
spatial and temporal control over drug release, this platform has the potential to significantly 
improve therapeutic outcomes while minimizing side effects. 

As we move forward with experimental realization, we anticipate that the insights gained from our 
computational models will greatly accelerate the development and optimization process. The 
iterative feedback between in silico predictions and experimental results will be crucial in refining 
the system and addressing any unforeseen challenges. 
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Looking ahead, we envision that this technology could serve as a foundation for a new generation 
of smart nanomaterials capable of responding to complex physiological cues. The modular nature of 
our design approach allows for the incorporation of additional functionalities, potentially leading to 
highly sophisticated delivery systems that can adapt to individual patient needs and disease states. 

Furthermore, the principles developed here may find applications beyond drug delivery, including 
in areas such as environmental sensing, soft robotics, and responsive materials for tissue 
engineering. As our ability to design and control nanoscale assemblies continues to advance, we 
move closer to realizing the full potential of nanotechnology in addressing global challenges in 
healthcare and beyond. 

In conclusion, this work represents a significant step forward in the rational design of responsive 
nanomaterials. By bridging the gap between atomic-level protein engineering and macroscale 
material properties, we have opened new avenues for creating highly functional and precisely 
controlled nanosystems. The future of this field is bright, and we anticipate that pH-responsive 
nanofiber membranes and related technologies will play a crucial role in shaping the next 
generation of medical and materials science innovations. 
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