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Abstract 

Engineering biomimetic formulations for drug and gene delivery 

Hanze Hu 

Nanotechnology-based solutions have gained burgeoning attention in medical research, 

as compared with conventional therapeutic modalities, they offer advantages in efficacy, safety, 

and scalability. Researchers have been developing fluidic systems for nanoformulations over 

recent decades. Despite promising results, the clinical potential of the current nanosystems is still 

limited by insufficient cargo (drug and gene) loading, low production, high toxicity, low 

colloidal stability, unsatisfied bioavailability, and batch-to-batch variation.  

Flash-based self-assembly is a recently developed technology that can manufacture 

nanoformulations in facile, consistent, reproducible, and scalable manners. Due to the turbulent 

and dynamic flow generated in the mixing chamber, biomaterials self-assemble into uniform 

nanoparticles (NPs) through precipitation or complexation. We modified and manufactured a 

number of flash-based systems and evaluated their dynamic mixing profiles through simulation 

and empirical testing for polyplex formation and nanoparticle coating, as the dynamic fluidic 

control is the key for biomaterial complexation and nanoparticle coating, which provides better 

nanoparticle colloidal stability. In Chapter 2, we formulated polyplexes and lipid-coated NPs 

with controllable size and enhanced colloidal stability by exploiting the dynamic mixing of the 

flash-based system.  

Bio-inspired nanosystems with engineered functions have been advancing the field of 

nanomedicine. Incorporating bio-inspired components can provide nanosystems with productive 

ways of interacting with their surroundings by diminishing nonspecific interactions or enhancing 

specific targeting. Membranes from different cell types, and even organisms, can be employed 



 

  

and merged to meet specific goals. We derived cell membranes from distinctive mammalian cell 

lines to improve nanosystems with smart biological interactions, such as preserving neo-antigens 

or enhancing specific targeting. Another potent property of utilizing cell membranes is that they 

provide NPs with colloidal stability. Recent studies have reported the use of cell membrane 

coating onto NPs in drug delivery, imaging, phototherapies, and detoxification. The derived 

components from the original cell source bestow the NPs with their inherent functionality 

without additional complicated modulation. Cell membrane coating is a top-down technique that 

directly derives and harnesses the natural components, evading the technical and procedural 

challenges in bottom-up fabrication. However, current membrane coating techniques have 

problems of batch-to-batch variation and low production yield, which limits its potential for 

clinical translation. Taking advantage of flash-based self-assembly, we standardized and scaled 

up the cell membrane-coating process, which is difficult to achieve in bulk mixing approaches. 

The optimization of cell membrane coating was explored using various simulations. The time 

and cost for experimental design and optimization were reduced considerably. Cell membranes 

derived from tumor cells contain a rich source of tumor antigens. With the potential of cell 

membrane coating using flash-based self-assembly, we applied the produced cell-membrane-

coated mesoporous silica nanoparticles (MSN) as a biomimetic nanovaccine for cancer 

immunotherapy in Chapter 3.  

Oral delivery of drugs and genes is a relatively convenient, patient-friendly, and safe 

approach. Targeted and controlled oral delivery of active pharmaceutical ingredients (API) of 

biomimetic nanocarriers offers significant advantages in efficacy and safety compared to 

conventional modalities. Besides mammalian cells, the unique functionalities of other 

prokaryotic and eukaryotic cell types, such as bacterium and yeasts, were exploited for 



 

  

macromolecule delivery. Baker’s yeast, a common yeast strain closely associated with food 

preparation, contains valuable polysaccharides that were reported to specifically bind to the 

dectin-1 receptors on the specialized intestinal epithelial cells and monocytes. Exploiting the 

yeast’s cell wall is a biomimetic strategy when designing an oral carrier for targeted oral drug 

and gene delivery. We demonstrated that the specific recognition between the microfold cells 

(M-cells) of the small intestine and the polysaccharides on the yeast cell wall enhances the 

transport of yeast-based formulations across the gut epithelium and into the lymphatic tissues in 

chapter 4. Utilizing the micron-sized yeast capsule or decorating a nanoparticle surface with 

processed yeast cell wall fragments, therapeutics were efficiently delivered to the target site 

through the oral path. The yeast-based formulations are biomimetic systems for targeted oral 

delivery of therapeutics. 

Taken together, the goal of this thesis is to close the gap between laboratory research and 

clinical translation by exploring the versatility and robustness of the developed flash technology, 

exploiting flash-based self-assembly for scalable production of the lipid and cell-membrane-

coated nanosystems, and developing a relatively safe yeast-based drug and gene delivery 

platform
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Chapter 1: Overview of Research Objectives 

1.1 Background 

The advent of nanomedicine marks an unparalleled opportunity to develop unprecedented 

solutions for a wide variety of healthcare challenges[1–6]. There has been an exponential increase 

in nano-platform designs for drug and gene delivery with the fast-growing progress in 

nanotechnology and biomaterials[7–13]. Recently, lipid-based nanoformulations like lipid 

nanoparticles (LNP) have gained tremendous attention in RNA delivery and nanovaccine 

formulations. Since the first FDA-approved siRNA drug Patisiran and the most recent successful 

COVID-19 mRNA vaccines, many  nanoformulations  have been undergoing pre-clinical IND 

and clinical trials[14]. Despite these recent successes, efforts are still needed to understand the 

formulation process (nucleic acid encapsulation efficiency, complexation process of the 

ionizable lipid and nucleic acid, detailed mechanism after administration) of these nucleic acid-

based NPs. Moreover, to improve the bioavailability of the therapeutics, functioning nanocarriers 

with tissue targeting ability, enhanced circulation, longer half-life, and minimal cytotoxicity are 

needed. Nano-platforms are typically constructed with engineered functions to facilitate the 

transport of the delivery system to the target site. Moreover, controlled release and 

environmental-responsive release can vastly improve the drug bioavailability and biosafety 

profile of the nanosystems[15–17]. Specifically, the nanocarrier composed of synthetic or natural 

biomaterials degrades to release its cargo in response to environmental changes such as altered 

pH, increased amount of glutathione, or elevated levels of reactive oxygen species[18–20]. The 

nanocarrier itself can also possess intrinsic homing properties[21–23]. To further facilitate 

navigation of these nanosystems to the desired delivery site, efforts have focused on decorating 

the nanoplatforms with synthetic or natural biomaterials to evade systemic clearance by the 
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reticuloendothelial system (RES) or to enhance specific tissue biodistribution by targeting 

distinctive cell receptors[24–27]. Also, the scalability and reproducibility of these cutting-edge 

nanosystems are essential to clinical translation. Nevertheless, numerous technologies and 

platforms are awaiting improvements before they can be truly translatable, owing to the batch-to-

batch variation, limited production, undesired administration route, and low bioavailability. 

Issues like production inconsistency and low bioavailability of drugs are partly due to the 

uncontrollable process of the material self-assembly process. Self-assembly, the process of 

chaotic components forming an organized structure under external forces, plays a pivotal role in 

nanoformulations, and it has biological applications such as anti-bacterial treatment, imaging, 

and theranostics[28–37]. Self-assembly has been achieved using a variety of different techniques, 

including layer-by-layer assembly, sonication, bulk mixing, controlled growth, microfluidic-

assisted hydrodynamic focusing, and evaporation-induced assembly. Although promising, only a 

very few of the developed nanoformulation methods can fully satisfy manufacturing 

requirements. The majority of these formulation techniques have limitations of product 

heterogeneity, low production yield, and large batch-to-batch variations[38–40]. Continuous, high-

yield, repeatable, and dynamic self-assembly technologies are urgently needed. Flash 

nanocomplexation (FNC), which involves turbulent mixing in confined impingement jets mixers 

(CIJM) or multiple inlet vortex mixers (MIVM), facilitates rapid self-assembly and formation of 

nanocomplexes in a low-cost, high-throughput, and controllable manner (Figure 1). The self-

assembly process can be exploited for diverse nanocomplexes to benefit a multitude of biological 

applications[41,42]. The quality of nanocomplexes can be maintained over the collection process in 

a manufacturing pipeline, which is vital for product consistency and clinical translation. 
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Engineering ideas are often enlightened from nature, where biomimicry can be applied 

for the development of nanosystems. For example, mesenchymal stem cells have the intrinsic 

property of homing to tumor sites[43]. We can harness this property by exploiting the cell 

membrane of the mesenchymal stem cells to design hybrid nanosystems for targeted tumor 

delivery[23,43]. Furthermore, prolonging nanoparticle circulation time and achieving specific 

tissue targeting can be accomplished by fabricating target‐related cell‐derived nanoparticle 

systems for drug and gene delivery[44]. This can be done by coating the NPs with natural or 

engineered cell membranes. In the past decade, cell membrane‐based nanotechnology has 

emerged as a promising approach to facilitate the delivery of therapeutic agents. This top‐down 

approach is defined by coating synthetic nanocarriers with a layer of the natural cell membrane, 

which improves the colloidal stability of NPs and minimizes the nonspecific tissue accumulation 

with selected cell membrane types. Conventionally, conjugating targeting ligands onto the 

nanoparticle surface endows its specific targeting function. However, the complexity of the 

chemistry and potential toxicity are often problematic when engineering these multifunctional 

systems[26,45]. Cell membrane‐coated NPs could inherently reproduce the biological properties 

of the source cells from which their membranes are derived, aiming to achieve a wide range of 

functions, such as prolonged circulation and tissue-specific targeting, without the tediousness of 

chemical synthesis in the bottom-up strategy[27]. In part of this thesis, utilizing our developed 

flash-based system, we show that coating cell membrane fragments onto NPs can be achieved in 

a scalable and robust manner to benefit nanoformulation and drug delivery. Figure 2 proposed 

herein is to comprehensively explore the possibility of utilizing FNC to coat cell membrane 

fragments onto biodegradable NPs for the development of a cancer nanovaccine. The scalability 

and reproducibility of the flash-based cell membrane coating process will expedite the clinical 
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translation of membrane-based nanoformulations by providing a standardized protocol to the 

field.  

Oral delivery has been long recognized as the preferred route of administration of 

therapeutics due to its high patient compliance, ease of administration, and high cost-

effectiveness. Nevertheless, gut variability among individuals, the difference in diet and 

colonization of the gut microbiome, low pH, proteolytic enzymes, and the presence of negatively 

charged mucosal layer all contribute to the complication of oral delivery of APIs. Gelatin capsule 

or other synthetic excipients have been exploited for encapsulating APIs and serves as a 

protection for the cargo from acid and enzymes. The most recent example of an oral anti-

COVID-19 drug, Molnupiravir, has entered clinical studies[46]. However, burst release and low 

bioavailability of most oral formulations prevent them from fully unleashing their translational 

potential. Many recent studies have suggested intestinal lymphatic system (ILS) can be a 

preferred route for drug transport. The ILS consists of the gut-associated lymphoid tissue 

(GALT), which is the largest lymphatic organ in the body, accommodating as many as 60-70% 

of the peripheral immune cells[47–49]. Also, the GALT includes the Peyer’s patches (PPs) as well 

as the lacteals and lymph capillaries that drain both the intestinal villi and PPs, which are 

functionally connected to the mesenteric lymph nodes. Microfold cells or M-cells are largely 

present on the ILS, especially in the ileum region of the small intestine. Considering M-cells 

have the excellent ability for transcytosis of large particles and macromolecules and there is less 

mucus cover on top of them, they could be exploited for nanoparticle transport. Importantly, the 

phagocytotic pattern receptors, dectin-1 and CR3, bind well with the β-1,3-glucan on the yeast 

cell wall to facilitate its transcytosis through M-cells[50–61]. The basal side of the M-cells often 

invaginates into the curved cavity to harbor antigen-presenting cells (APCs), such as circulating 



 

 5

macrophages and immature dendritic cells. These APCs can further carry the yeast-based NPs to 

the lymphatic system and later the systematic circulation. Again, the unique compositions of the 

microbiome cell wall promote specific cellular interaction, phagocytosis, and 

immunomodulation of the nanocarrier[16,62,63]. Inactivation of the live commensal and pathogenic 

microbiome while exploiting their unique remaining functions is the new biomimetic strategy for 

oral drug and gene delivery. For drainage to the lymphatic tissues, the micro-size of yeasts may 

limit their distribution and uptake efficiency in targeted organs and lymph nodes. Adopting the 

targeting function of the yeast cell wall onto a nanoparticulate system without affecting the 

nanoparticle size is important because the small nanoparticle size (50-100 nm) is advantageous 

for lymphatic drainage of these NPs[64,65]. Important polysaccharides residing on the yeast cell 

walls can also be harnessed for nanoparticle coating, therefore further enhancing the nanoparticle 

transport through the gut epithelium via M-cells and entering the systematic circulation (Figure 

3). Improved lymphatic transport and bloodstream uptake of the NPs by yeast-based decoration 

makes the yeast-based system an ideal candidate for targeted oral drug and gene delivery, not 

only for cancer chemotherapy but also for immune modulation. 
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Figure 1: Overall schematic of flash-based self-assembly in preparing formulations for biological 

applications. 

 

 

Figure 2: Cartoon illustration of the scalable production of cell-membrane-coated MSNs via flash-

based nanoformulation. 

 

 

Figure 3: Schematic illustration of yeast-based system for nanoparticle delivery from (a) 

preparation to (b, c) schematic of the yeast-based systems for transcytosis through M-cells and 

crossing the gut epithelium.   
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1.2 Objectives and Specific Aims 

Projects from all three aims are intended to link the bench-top science to future clinical 

translation of the described biomimetic nanoparticulate systems. Aim 1 is to design, test and 

demonstrate a flash-based system that can manufacture formulations in a scalable and 

reproducible manner. Aim 2 is to demonstrate the versatility of the cell membrane coating onto a 

variety of particles and to prove the robustness of the flash-based formulation by coating 

adjuvant-loaded NPs with cancer cell membranes for cancer immunotherapy. Aim 3 is to 

develop a yeast-based formulation for efficient oral drug and gene delivery by protecting the 

cargo from pH and enzymatic degradation and enhancing transport across the gut epithelial into 

the vasculature. 

 

Specific Aim 1 (SA1): Development of FNC platform and evaluation of the versatility of 

flash-based technology 

• SA1.1 Design and manufacture FNC devices 

• SA1.2 Prepare and characterize flash-based self-assembled nanoformulations 

• SA1.3 Prepare and characterize flash-based lipid-coated nanoformulations 

Specific Aim 2 (SA2): Development of cell membrane-based nanoformulations for cancer 

immunotherapy    

• SA2.1 Characterize flash-based cell membrane-coated nanoformulations 

• SA2.2 In vitro and ex vivo evaluation of membrane-coated formulations on APC uptake 

and lymph node targeting performance  

• SA2.3 In vivo validation of membrane-coated nanoformulations for cancer 

immunotherapy  
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Specific Aim 3 (SA3): Development of microbiome-based formulations for oral drug and 

gene delivery  

• SA3.1 Prepare and characterize microbiome-based formulations 

• SA3.2 In vitro and in vivo study of therapeutic efficacy of yeast-based micro-

formulations 

• SA3.3 In vitro and ex vivo demonstration of yeast fragment-based 

nanoformulations for oral delivery 
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1.3 Research Strategy and Rationale 

To address these aims, we started by exploring the possibility of using flash-based self-

assembly to mass-produce a variety of homogeneous NPs, as production scalability is the key to 

bridging bench-top fabrication to clinical translation. The first step is to design and fabricate the 

flash-based device. In 2003, a highly dynamic turbulent mixer was developed by Prud’homme 

and co-workers at Princeton[66]. The confined impinging jet mixer (CIJM) was designed to have 

two fluidic inlets in general. For the two-inlet CIJM, two pathways lead independent fluids to a 

small chamber where opposing streams containing solvent and non-solvent impinge to create 

turbulence. To maintain continuous flow, syringe pumps drive the streams from syringes into the 

mixing chamber. Prud’homme et al. calculated and specified design dimensions for their mixing 

chambers. In terms of device manufacturing, the main body of the CIJM can be made of stainless 

steel or a solvent-compatible thermoplastic such as polyformaldehyde or high-density 

polyethylene. CIJM was later adopted for polyplex complexation in which the polyanionic and 

polycationic materials have impinged with equal flow momentum[67]. Unequal flow momentum 

is needed for a more complex layer-to-layer formulation or other formulations involving multiple 

biomaterials. To overcome the equal flow momentum complications that are required for each 

channel in the CIJM, a more recent multi-inlets vortex mixer (MIVM) was developed to enable 

more flexible and dynamic mixing, which is required for nanoparticle coating[28]. Both CIJM and 

MIVM were re-designed and fabricated with modifications at Columbia in terms of the channel 

parameters and building materials. More importantly, computational fluidic dynamics (CFD) was 

utilized for flow simulation and estimation of flow shear stress in computer-aided design (CAD)-

drawn MIVM designs[68–70]. The computer-based simulations can vastly reduce the cost of 

manufacturing and optimize the use of reagents. Different building materials, ranging from 
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polymers to acid-resistant stainless steel, were exploited for manufacturing in terms of device 

fabrication. Devices made of stainless can endure larger flow pressure, and the modified two-

piece designs are more convenient for cleaning and assembly. Of note, we also explored the 

possibility to 3D-print some of our MIVMs, which could potentially lead to the mass production 

of these dynamic mixing devices.  

After confirming the proper schematics of the MIVM designs and successfully 

manufacturing the flash-based devices, two and three-inlet CIJMs and four-inlet MIVMs were 

used to test the quality and the scalability of polyplex formulation. Current polymer-based and 

lipid-based NPs are formulated using non-standardized techniques. Methods like vortexing and 

manual mixing via pipetting, yield non-homogeneous products, and the batch-to-batch variations 

hamper them from clinical translation. Microfluidics-based techniques, including hydrodynamic 

focusing and parallel chips, could improve the nanoparticle polydispersity, but the yield of most 

of these devices still cannot meet the needs of clinical translation. To demonstrate the potential 

of a flash-based system in mass-producing polymer-based NPs in a consistent and homogeneous 

manner, different polymer-plasmid ratios for the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV) polymer-plasmid polyplexes were tested using a two-inlet CIJM device. After 

confirming the robustness of the flash-based system for PHBV polymer-plasmid polyplexes, the 

CIJM was also explored for formulating chitosan and TPP-based NPs. Based on the mixing 

principle of the FNC, which is a highly dynamic mixing process to form uniform polyplexes of 

both polycationic and polyanionic biomaterials through uniform diffusion under high Reynolds 

number chamber. Similarly, utilizing the highly turbulent mixing in the flash-based system 

allows us to explore the possibility of coating other biomaterials, such as lipids, to a nanoparticle 

surface. Besides natural polymers like chitosan, synthetic lipids are commonly and widely used 
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for a diverse range of biological applications as their physicochemical properties such as charge, 

fluidity, and composition can be modulated and adjusted.  

Earlier studies of biomimetic strategies exploited synthetic or naturally occurring 

polymers to fulfill the need for various biomedical applications[71–73]. For example, liposomes are 

made of a lipid bilayer that resembles the plasma membrane, and their inner cavities can be 

loaded with synthetic and biological compounds[74–76]. In more recent studies, lipids were coated 

onto both organic and inorganic NPs for better particle stability, lower toxicity, and targeting 

effect with or without modified moieties[77–79]. The surface zeta potential can be tuned to meet 

the needs of different biological applications and administration routes. With advanced 

formulation methods such as microfluidics and dynamic mixing, lipo-polyplex, a nanocomplex 

consisting of a polymer core with a lipid shell, can be formed in a single and facile step[80]. The 

enhanced transfection efficacy of using the lipid-polymer system can be readily achieved[78]. In 

addition, inorganic and synthetic organic materials were combined as the hybrid formulation for 

therapeutic and diagnostic purposes[81]. 

In order to explore the feasibility, facile nature, and robustness of lipid coating using 

FNC, we first synthesized mesoporous silica NPs and optimized the lipid solution via balancing 

the ratio of DOPE, DSPE-PEG, and cholesterol. The advantage of using FNC for lipid coating a 

nanoparticle is that the entire process is facile and standardized; therefore, many conventional 

steps such as forming a liposome film through a solvent evaporation method can be skipped. 

Importantly, the FNC coating process minimizes batch-to-batch variation and operator error.  

Furthermore, decorating a nanoparticle surface with biological substances, like a cell 

membrane, is an ideal top-down formulation process to take advantage of all that nature has 

endowed. Compared to the conventional bottom-up synthetic approach, harvesting cell 
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membranes directly from cells can preserve most of the cell surface’s biological properties[27]. 

Moreover, different cell types have distinctive biological functions that can be exploited for 

different biological applications. Essentially, the cell membrane is a lipid bilayer with abundant 

proteins. The cell membrane resembles anionic lipids in many ways and is worth exploring for 

nanoparticle coating. In chapters two and three, these two projects were rationalized, executed, 

and discussed.  

Nature has constantly been inspiring us for the advancement of technologies. 

Microbiomes, like yeast, have long been used in fermentation and food preparation. When 

designing an ideal drug and gene delivery system, biomimetic strategies can also be applied in 

the top-down formulation process, primarily for oral delivery. Safety is always the most crucial 

consideration when designing an oral delivery platform. The harsh gastrointestinal (GI) 

environment with low pH, various enzymes, and a thick mucosal layer are all problematic 

challenges for oral delivery systems[4]. 

Moreover, variability between individuals in their GI conditions presents another 

challenge that needs to be overcame when fabricating drug and gene delivery systems. An ideal 

oral delivery system should have adequate ability to withstand acidic and enzymatic degradation 

before reaching the target site[82]. Bioavailability should not be compromised, and the dosage of 

the oral system should not be toxic in the long term when usually patients are required to take the 

formulation over an extended period for many disease treatments. Baker’s yeast, Saccharomyces 

cerevisiae, is a common strain that has been used in bakery and winemaking. The cell wall of the 

Saccharomyces cerevisiae is enriched with polysaccharides like β-1,3-glucan, chitin, and 

mannans. These polysaccharides are in the form of the pathogen-associated molecule pattern 

(PAMP), and they can be recognized by phagocytic cell pattern receptors, such as the dectin-1 
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receptor on the M-cell, and antigen-presenting cell (APC) types, like dendritic cells (DCs) and 

macrophages[16,83,84]. Loading active pharmaceutical ingredients (APIs) into the processed yeast 

or fragmenting the yeast cell wall to coat onto the desired NPs could be worthwhile strategies for 

enhancing oral delivery through the aforementioned cell types. These cells are hypothesized to 

facilitate the transport of yeast-based formulations into the lymphatic system and the systemic 

circulation. Chapter four describes the experimental design and results of the biomimetic yeast-

based systems for oral drug and gene delivery.  

All this work, taken together collectively, demonstrates that this thesis is a small step that 

intends to bridge the gap between bench-top research and clinical translation. The flash-based 

systems were designed and tested for formulating NPs in a facile, consistent, and scalable 

manner, which are crucial factors for future clinical translation. Utilizing the robustness of the 

flash-based system, lipid and cell membrane fragments were coated onto different NPs surfaces. 

This top-down biomimetic approach enables us to apply the coated NPs for various applications, 

especially cancer immunotherapy, owing to the preservation of most of the antigens on the 

cancer cell surface. The yeast-based oral systems were designed to enhance the transport of 

cargo to the lymphatic system and the bloodstream in a safe manner.  
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Chapter 2: Development of a FNC Platform and Evaluation of the 

Versatility of Flash-based Technology 

Portions of this section are included in the following published conference proceeding and paper: 

1. Hu H, Li M, Shao D, Yan H, Leong K. “Flash Self-Assembly for Lipid Coating of MSN 

and Nanotherapeutics” BMES, 2018 

2. Hu H, Yang C, Li M, Tu Z, Mao HQ, Leong K. “Flash Technology-based Self-assembly 

in nanoformulation: Fabrication to Biomedical Applications”, Materials Today, 2020, 

1369-7021 

2.1 Introduction 

Nanoformulation, the construction of NPs and nanocomplexes, has profoundly impacted 

the chemical, food, medical device, and pharmaceutical industries[85]. Advances in 

nanotechnology, materials science, and biotechnology are now converging in the exciting 

field of nanomedicine. However, nanomedicine can fulfill its potential only if it can be 

produced at scale with precise control of nanoparticle properties, such as size, 

composition, and surface functionalization[86]. Self-assembly is an indispensable process 

in nanoformulation, and it has recent applications in cell-imaging, anti-inflammation, 

cancer therapies and many others[87–89]. As discussed in the earlier chapter, self-assembly 

has been performed using many different techniques, but many of these nanoformulation 

methods cannot fully satisfy biomanufacturing requirements due to nanoparticle 

heterogeneity, limited yield, and high batch-to-batch variation. A highly reproducible, 

scalable, and facile self-assembly technology is needed. Flash technology, which 

involves rapid mixing in CIJM or MIVM, facilitates self-assembly and formulation of 
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nanocomplexes or nanoprecipitates in a low-cost, high-throughput, and controllable 

manner is introduced[37,87]. The quality of the self-assembled nanoformulation can be 

maintained over the collection process in a manufacturing pipeline, which is vital for 

clinical translation. Flash self-assembly processes are conducted in micro- and milli-scale 

confined mixers. A variety of rapid mixers have been designed, some specifically for 

therapeutics or diagnostics. Nanoformulation mixers provide a dynamic mixing 

environment, with a high Reynolds number, essential for precise control of nanoparticle 

properties. Nanoparticle composition and surface modifications can be tailored by 

varying the configuration of the mixing chamber, flow rates of mixer inlets, and 

concentrations of solutions. Reproducibly generating NPs with well-controlled size and 

uniformity is critical for clinical translation[87,90]. Compared to batch processing methods 

such as dialysis, emulsification, and slow precipitation, flash self-assembly provides 

improved control over particle sizes, reproducibility, scalability, and throughput capacity 

by using continuous rapid mixing in a confined space. There are two major types of flash 

self-assembly: flash nanoprecipitation (FNP) and FNC. FNP uses dynamic mixing 

created by turbulent flow to stimulate nanoparticle nucleation and growth via solvent-

induced supersaturation and polymer precipitation[87]. FNC exploits polyelectrolyte 

complexation-induced phase separation (Figure 4). In FNC, nanomaterials undergo self-

assembly via physical interactions, such as electrostatic interactions and hydrogen 

bonding, and are formed within milliseconds or microseconds. The fluid dynamics of 

flash mixers in turbulent and laminar flow have been thoroughly studied in multiple 

fields using computational analysis and high-profile microscopy[15,39,40,91,92]. The 
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following sections will discuss the experimental characterization and computational 

simulation of flow behavior in FNP and FNC. 

 

 

Figure 4: Schematic illustration of flash-based self-assembly procedures from computational 

modeling to different particle formulations. 
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2.2 Materials and Methods 

Design and fabrication of FNC devices 

All versions of the CIJM and MIVM are designed using AutoCAD for inlet and outlet 

dimensions. The computational-based simulation to analyze the mixing profile was performed 

using COMSOL. SOLIDWORKS was used to establish the 3D drawings of the CIJM and 

MIVM. Polyoxymethylene is used for two- and three-inlet CIJM fabrication. Two- and three-

inlet CIJMs were manufactured at Johns Hopkins University’s machine shop by Yizong Hu and 

Dr. Hai-Quan Mao, and devices were shipped to us as requested for courtesy. A regular and 

scaled-down version of the two-inlet CIJMs were manufactured at Columbia University's 

Mechanical and Materials Engineering machine shop. The three-piece unmodified four-inlet 

MIVMs were designed according to the previous report[15,39,92]. The three-piece MIVM is made 

of 304 stainless steel. We modified the design of the three-inlet MIVM to a two-inlet MIVM. 

Two methods were used to manufacture four-inlet MIVMs. First, we used a thermoplastic 

polyester, polyethylene terephthalate glycol (PETG), from ALL3DP to 3D print the two-part 

MIVM via a Formlabs 3L printer. For the stainless-steel version of the two-inlet MIVM, we used 

316 and 316L stainless steel to manufacture the device. The stainless steel two-inlet MIVMs 

were manufactured at Holland Technology’s and Southern China University of Technology’s 

machine shop. All connecting parts and tubes were purchased from IDEX and McMaster-Carr. 

The 1 mL, 3 mL, 5 mL, 10 mL, and 20 mL syringes were purchased from Becton Dickinson 

(BD). The digital pumps were purchased from Harvard Apparatus. 

 

Preparation and characterization of flash-based self-assembled nanoformulations 
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The two-inlet CIJMs, three-inlet CIJMs, and four-inlet MIVMs were used to perform the 

self-assembly of polyplexes. The pCas-9 plasmid was obtained from Dr. Yeh-Hsing Lao at 

Columbia University. Poly hydroxybutyrate-co-hydroxyvalerate (PHBV), chitosan, and triphenyl 

phosphate (TPP) were purchased from Sigma-Aldrich. For preparing PHBV-pCas polyplexes, 

various polymer to plasmid ratios (w/w 20, 10, 5, 2, 1, 0.8, 0.4, 0.2, 0.1, 0.05) were tested under 

a flow rate of 5 mL/min using a regular (V1) version of the two-inlet CIJM. The size and zeta 

potential of the polyplexes were recorded using a Malvern 2.0 Zetasizer. For chitosan-TPP 

nanoparticle preparation, two-inlet CIJMs, three-inlet CIJMs and four-inlet MIVMs were used to 

compare the nanoparticle size under different flow rates. Dynamic light scattering (DLS) was 

performed on the Malvern 2.0 Zetasizer to characterize the nanoparticle size. Nanoparticle 

solution was dropped onto a copper mesh without particle staining for transmission electron 

microscopy (TEM) observation on a FEI Talos F200X S-TEM. 

 

Preparation of lipoMSN 

To coat the MSN with liposomes with bulk mixing method, 200 µL of 1 mg/mL 

liposome was added directly to 200 µL of 1 mg/mL MSN. The solution was vortexed 

immediately for 10 seconds and then shaken at 500 rpm at 4°C for 30 minutes. Excess liposomes 

were removed via centrifugation at 10,000 g for 12 minutes, the supernatant was discarded, and 

lipoMSN was resuspending at the desired concentration. In order to load cargo like small 

biomolecules, the cargo was diluted with 20 µL of molecular biology grade water, added to the 

MSN solution, vortexed immediately for 10 seconds, and then shaken at 500 rpm at 4°C for 1 

hour. Afterward, the MSNs were coated with liposomes as described above, and excess 

liposomes and cargo were removed by centrifugation at 10,000 rpm for 30 minutes and overnight 
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dialysis. For coating lipids onto MSN using FNC, MSNs and lipids were prepared and well 

dispersed in Milli-Q water and ethanol, respectively. First, the combined lipid solution received 

adequate sonication treatment. Then, MSNs and lipid solutions were introduced into the different 

inlets of the MIVM in an adjacent flow manner, respectively. Molar ratios of 36.83/47.78/0, 

44.3/49.16/2.26, 46.99/47.78/1, 60.78/35.76/2.04, 60/39/1, 60/38/2, 60/37/3 of the 

DOPG/cholesterol/DSPE-PEG2000 were tested. A total of 90 mL/min flow rates were applied to 

prepare lipid-coated MSNs solution. A flow rate ratio of 1-3 was applied to the lipid solution 

inlet (11.25 mL/min) and MSNs solution inlet (33.75 mL/min). The efflux was collected and 

allowed to settle, lyophilized, or stored before further coating characterization. 

 

Synthesis of liposomes through the thin-film hydration method (adapted from the protocol 

provided by Kate Ho and Jing Gong) 

Lipid was synthesized into liposomes using the following method. Briefly, DOPE was 

mixed with cholesterol and DSPE-PEG2000 (Avanti Polar Lipids) at a molar ratio of 60:35:5. 

Anionic lipid, cholesterol, DOPE, and half of the DSPE-PEG2000 were mixed in a chloroform 

solution in a 0.5-dr vial. The organic solvent was evaporated under vacuum and further dried 

overnight to form a thin film on the vial. The lipid film was hydrated using a mixed solution of 

ethanol/sodium acetate buffer (200 mM, pH = 5.2, v/v = 9:1). The above solution was added 

dropwise to an aqueous solution of the other half of DSPE-PEG2000, and the resulting solution 

was incubated at 37°C for 30 minutes before subjecting to dialysis against water or phosphate-

buffered saline (PBS) in 3500 molecular weight cut-off (MWCO) cassettes (Pierce/Thermo 

Scientific). DOPE, cholesterol hemisuccinate, and DSPE-PEG with PEG molecular weight 2000 

(880128P, Avanti) were combined and dissolved in chloroform at concentration of 25 mg/mL. 
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The mixed lipid solution was then diluted 10 x and aliquoted into scintillation vials. The 

chloroform was evaporated in a fume hood for 3 hours and transferred to a vacuum baker at 

room temperature overnight to evaporate any residual chloroform. The lipid was frozen at -20°C 

for future use. To prepare liposomes, the lipid vial was settled at room temperature before it was 

rehydrated with 1 mL of Milli-Q water or PBS solution. The liposome solution underwent 10 

cycles of the mini extruder (Avanti) with a 200 nm polycarbonate membrane. DLS was applied 

to test the resulting liposome size and charge. The liposome product was kept at 4°C before use. 

 

Synthesis of MSNs 

MSNs were synthesized via a modified sol-gel method previously published, using 

etyltrimethylammonium tosylate (CTAT) (Vulcan Chem) as a template, and TEOS was used as 

co-silica sources[93]. Briefly, 0.6 g CTAT, 0.15 g triethanolamine (TEAH3) (Sigma Aldrich) and 

40 mL deionized (DI) water were stirred at 80°C for 30 minutes with a stirring speed of 1,000 

rpm. Then, a solution of 4.0 g of TEOS (Sigma Aldrich) was added dropwise to the solution, 

with the resulting solution stirred at 80°C for another 4 h with a stirring speed of 1,000 rpm. 

These products were then collected via centrifugation for 20 minutes at 10,000 g then washed 

through resuspension in ethanol followed by centrifugation three times. They were then refluxed 

in an ethanol solution of 1% w/v NH4NO3 for 12 h. Finally, the MSNs were collected, washed, 

and dried for subsequent functionalization or loading. 

 

Functionalization of MSN  

Amine modification of MSN 



 

 21

Approximately 200 mg of the synthesized MSNs were resuspended in 80 mL of ethanol 

under sonication for 20 minutes. This solution was stirred at 80°C for 3 h and then cooled to 

room temperature. Next, 200 µL of 3-aminopropyltriethoxysilane (APTES) (Sigma Aldrich) was 

added to the solution and the mixture was stirred at room temperature for 1 h. Finally, the 

solution was refluxed at 80°C for 12 hours before being collected via centrifugation, washed 

with DI water, and lyophilized for storage.  

 

Carboxylation of MSN 

200 mg of the synthesized MSNs were resuspended in 80 mL of ethanol under sonication 

for 20 minutes. This solution was stirred at 80°C for 3 h and then cooled to room temperature. 

Next, 1.2 grams of succinic anhydride (Sigma Aldrich) and 80 µL of triethylamine (TEA) 

(Sigma Aldrich) were added to the solution and the mixture was stirred at 50°C for 24 h. Finally, 

the solution was collected via centrifugation, washed with DI water, and lyophilized for storage. 

 

Flow cytometry determination of uptake  

To determine the uptake of doxorubicin (DOX)-loaded and lipid-coated MSNs, we 

treated the cells of different MSNs and then performed flow cytometry 4 h later. HeLa cells were 

maintained in a collagen-coated tissue culture plate, treated with a Dulbecco’s Modified Eagle 

Medium (DMEM) Medium (ATCC) supplemented with 10 % fetal bovine serum (Sigma 

Aldrich) at 37°C with 5 % CO2. Cells were seeded at 100,000 cells/well for a 24-well plate and 

cultured 24 h before use. Membrane-coated MSNs with fluorescence-labeled cargo were added 

to the cell-culture well with Opti-MEM (500 μL/well) and was maintained at 37°C for 4 h. Then, 
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the cells were washed with cold PBS and trypsinized into a single-cell suspension. The cells 

were then subjected to flow cytometric analysis using BD Fortessa flow cytometry. 

 

Computational fluid dynamics (CFD) and computational construction of the MIVM 

The commercial CFD solver Ansys FLUENT ver. 19.2 was used to approximately solve 

the Navier-Stokes equations. A turbulence model of κ-ε was adopted to capture the gradually 

varying flow from the inner region to the interior lumen. The turbulence intensity was set to 1. A 

hybrid mesh consisting of tetrahedral grids inside and a prismatic boundary layer was generated 

using the ANSYS meshing system in ANSYS workbench, which contained 166416 cells and 

393820 grids with an inflation layer with eight layers and a growth rate of 1.1. The liquid used in 

the simulation was water with a density ρ = 1000 kg∙m-3 and a dynamic viscosity μ=0.8904×10-3 

Pa·s. The shear stress transport eddy-viscosity model was adopted to capture the WSS 

distribution. We set the spatial discretization as second-order upwind and the truncation error 

was also set to second-order. The lumen wall was set to be rigid with a no-slip boundary 

condition. A boundary condition strategy was designed with four inflow inlets and a pressure 

outlet in the mixer. In this study, we used a steady inflow boundary condition with mass flow 

rates of 0.0005, 0.0015, and 0.0025 kg/s, and a 0-pressure outflow condition.  
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2.3 Results 

SA1.1 Design and manufacture FNC devices  

Flash self-assembly processes were conducted in micro- and milli-scale confined mixers. 

A variety of rapid mixers have been designed, some specifically for therapeutic or diagnostic 

formulations[15,91,92]. Dynamic mixing with the turbulent mixing environment is important for 

precise control of nanoparticle properties. Importantly, varying the mixing parameters, like flow 

rates and solution concentrations, can tailor nanoparticle composition and surface 

modifications[30]. The CIJMs designed at Princeton University often have two or three fluidic 

inlets[39]. For the two-inlet CIJM, two pathways lead to a small chamber where opposing streams 

containing solvent and non-solvent impinge to create turbulence (Figure 5). To maintain 

continuous flow, syringe pumps drive the streams from syringes into the mixing chamber. 

Design dimensions for the mixing chamber were primarily specified by Johnson and 

Prud'homme[15,39,92]. The main body of the CIJM can be made of stainless steel or other solvent-

compatible thermoplastics or high-density polyethylene. The CIJM is a powerful tool for 

producing nanoformulations in the millisecond range through supersaturation and diffusion-

induced electrostatic interaction. However, CIJM geometry limits the ratio of solvent to non-

solvent due to the requirement of opposing streams to have equal momentum in mixing. This 

requirement restricts the use of CIJM to hydrophilic solutes and a specific range of solvent-to-

solute ratios. To overcome the CIJM requirement of equal fluidic momentum, a multiple inlet 

vortex mixer (MIVM) was designed to allow for unequal solvent-to-nonsolvent ratio mixing in a 

scalable manner. The concept of the MIVM is that momentum from each stream contributes 

independently to drive micromixing in the chamber; therefore, it is possible to have larger 

differences in flow rates between flow inlets while maintaining dynamic micromixing. MIVMs 
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used in flash-based self-assembly generally consist of components manufactured using stainless 

steel and assembled with syringe adapters. MIVM is designed to be easily disassembled and 

cleaned. 3D printing can be used to fabricate MIVMs, and a 3D-printed MIVM was used to 

formulate lipid-polymer hybrid NPs for biological applications. The MIVM design allows the 

combination of immiscible solutions, providing additional flexibility to the choice of materials 

for nanoformulations.  

 

Figure 5: Geometries of mixers used in flash nanoformulation processes (a) CIJM, (b) two-

inlet MIVM, (c) three-inlet MIVM, (d) four-inlet MIVM. 

 

Before manufacturing the flash device, we explored different flow parameters in terms of 

the inlet dimensions and shear stress. A computational-based MIVM device was used to ensure 

that the flow is dynamic and highly turbulent under specific dimensions of the inlet and mixing 

chamber. First, the chamber wall shear stress (WSS) was plotted, corresponding to different inlet 

heights and widths (Figure 6a) in order to determine the ideal dimensions to maximize turbulent 

mixing with the highest wall shear stress. Then, a Computational Fluidic Dynamics (CFD)-based 

model was constructed based on the selected dimensions to calculate the flow velocity for the 

entire device (Figure 6b-d). From here, we began the CAD drawings and SOLIDWORKS 

constructions of the two-inlet, three-inlet CIJM, and four-inlet MIVM (Figure 7a-d). The 
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dimensions of the CIJM flow channel and the mixing chamber were based on the previously 

reported geometries[92]. The material used for CIJM fabrication is polyoxymethylene (POM), 

owing to its lightweight and acid-resistant properties (Figure 7e, f). However, the single-pieced 

CIJM device cannot be opened up for thorough cleaning and therefore is more susceptible to 

bacteria accumulation, clogging, and erosion. For higher flow rate conditions, stainless steel 

(stainless steel 304) was selected as the building material, and the device consisted of three 

individual pieces according to the previous fabrication. Then, we modified the three-piece 

MIVM to a two-piece device to reduce raw building materials (stainless steel 316L) and improve 

the ease of device cleaning (Figure 7i). The CAD drawings were then used as the reference for 

SOLIDWORKS drawings before fabrication in a mechanical machine shop or by 3D printing. 

We tried to 3D print the MIVM device with glycol-modified polyethylene terephthalate (PETG), 

a thermoplastic polymer with high chemical resistance and durability that is a commonly used 

material in water bottle manufacturing (Figure 7h). To scale up the production of 

nanoformulations prepared by MIVM, we also designed and fabricated a slightly larger MIVM 

device with a broader inlet and mixing regime that can cope with a larger flow rate without 
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compromising the k-length and patterned turbulent flow.

 

Figure 6: Construction and the CFD simulation of a MIVM. (a) MaxWSS plot of the device 

channel height and width versus wall shear stress, (b) construction of a quarter of MIVM model 

for shear and velocity analysis in the CFD, (c) analysis of the flow velocity within the MIVM, and 

(d) analysis of the mass flow rate at 0.0025 kg/s within the MIVM. 
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Figure 7: Design and fabrication of the CIJM and MIVM. The AutoCAD drawing of (a) 4-inlet 

and 3-inlet MIVM, and the SOLIDWORKS construction of (b) 3-inlet CIJM, (c-d) 4-inlet MIVM, 

picture of manufactured (e) POM-based 2-inlet CIJM, (f) POM-based 3-inlet CIJM, (g) stainless 

steel-based 4-inlet MIVM, (h) 3-D printed PETG-based 4-inlet MIVM, and (i) two-piece layout 

of a stainless steel-based 4-inlet MIVM. (Devices show on figure 7e and 7f were obtained from 

Johns Hopkins University)    

 

SA1.2 Prepare and characterize flash-based self-assembled nanoformulations 

FNC is a kinetically controlled mixing process. The dynamic mixing process can produce 

diverse nanoformulations with controlled size, high drug loading, and high encapsulation 

efficiency in a continuous and scalable manner[32,94,95]. To achieve uniform phase separation and 

nanoformation, a CIJM or a MIVM is used to facilitate rapid and efficient turbulent mixing of 

two or more polyelectrolyte solutions. For FNC, phase separation is induced by polyelectrolyte 

complexation, and many kinds of non-covalent and covalent interactions can be employed in 

fabrication, including ionic, hydrophobic, hydrogen bonding, metal coordination, and the 

specific ligand or host-guest interactions. To test the robustness of FNC formulating, we first 

evaluated the polyplex nanoformulation by CIJM. We selected PHBV, poly(hydroxybutyrate-co-

hydroxy valerate) as the polycation, and pCas-9 plasmid as the polyanion to form polyplexes 

(Figure 8). We explored different polymer to plasmid w/w ratios in forming the polyplexes with 
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a fixed flow rate using a two-inlet CIJM. The size of the polyplex decreases along with the 

polymer-plasmid ratios. The surface charge of the polyplex also decreases as an indication that 

more plasmids were encapsulated into the polyplex. At a 0.4 polymer-to-plasmid ratio, the size 

of the polyplex is less than 100 nm, and the polydispersity index (PDI) of the corresponding ratio 

is around 0.15, which is the indication of the good size uniformity of the formulated polyplex. 

Importantly, at the 0.4 polymer-to-plasmid ratio, the surface charge of the polyplex is close to 

neutral, which may be ideal in crossing the mucosal layer on the epithelium. For future studies, 

we could further optimize the ratio for plasmid loading without compromising the ideal size of 

the polyplex. Also, with the aid of computational power and control of the flash system, we may 

unravel how compactly or how much of the plasmid can be specifically loaded onto a single 

polyplex. In addition, we also tested the polyplex formulation using a commonly used cationic 

biomaterial, chitosan with a polyanion, tripolyphosphate (TPP). We compared the produced 

polyplexes in terms of their sizes at different flow rates using a two-inlet, a three-inlet CIJM, and 

a four-inlet MIVM. Overall, the size of the polyplexes prepared by all three devices decreases 

with increasing the flow rate. At flow rates greater than or equal to 3.5 mL/min, the polyplex size 

stagnated, and so did the PDI for all formulations. We hypothesize that the two-inlet CIJM has a 

certain limitation in mixing this particular nanoformulation in terms of the dynamic and 

homogeneous mixing profile. Therefore, we further tested the chitosan-TPP formulation with 

higher flow rates using our manufactured MIVM. We tried three different flow rates (10 

mL/min, 15 mL/min, 20 mL/min). We found that the size further decreased to around 50 nm and 

the PDI was less than 0.1, which indicates superb particle homogeneity. More and repeated 

studies are necessary to confirm the superior capability of the four-inlet MIVM in producing 

homogeneous polyplexes. 
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Figure 8: Characterization of the CIJM formulated HPBV polymer-plasmid polyplexes. DLS 

analysis of polyplex (a) size, (b) PDI, and (c) zeta potential of different polymer-plasmid ratios. 

SA1.3 Prepare and characterize flash-based lipid-coated nanoformulations  

FNC can prepare nanoformulations with diverse characteristics in a sequential 

nanoparticle formation process followed by surface modification[28,95–97]. FNC allows rapid, 

scalable, and organic solvent-free fabrication of diverse NPs with well-controlled structure, 

composition, size, surface properties, and a more expansive range of potential applications[31–

33,94]. Lipids and liposomes have widely been used for drug and gene delivery. Recent studies 

used FNC to coat lipids onto solid drug NPs for better particle stability and prolonged particle 

circulation time[28]. MSNs are versatile and efficient cargo carriers, and they have been used for 

several applications such as cancer therapeutics, diagnostics, and theranostics[85]. The pore size 

of the MSNs can be tuned for accommodating small molecules and macromolecules. The 

backbone of the MSNs can be synthesized as stimuli-responsive and biodegradable for better 

biocompatibility and safety. Herein, we choose a combination of lipids, consisting of anionic 

lipid DOPG, cholesterol hemisuccinate, and DSPE-PEG2000 to coat onto the carboxyl-modified 

MSN surface (Figure 9). Although both MSNs and lipids have negative surface charges, the 

electrostatic difference allows the lipid to coat onto the MSN surface. Conventionally, 

researchers often prepare the liposomes via the thin-film hydration method for lipid coating onto 

a solid core (organic, inorganic, hybrid), which usually takes multiple days to complete the 
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preparation and coating steps.[79]. However, utilizing the FNC technique, which is a single-step 

and facile way to achieve NPs coating, vastly reduces cost and time. First, we explored the effect 

of different flow rates on the prepared lipid-MSN formulation size. We found that with a 24 

mL/min flow rate, the lipid-coated MSN formulation has the smallest tested size (70 nm) and the 

lowest tested PDI (0.15). After coating, a layer of lipid (8-10 nm) was observed on the surface of 

the MSN shown in Figure 10. The bare MSNs exhibit -40 mV surface zeta potential, while the 

lipid has -20 mV zeta potential tested via DLS. The lipid-coated MSN shows the zeta potential 

closest to the zeta potential of lipids, suggesting a complete coating. TEM images of the lipid-

coated MSN show that the surface of the MSN is covered by a lipid layer which is different in 

electron conductivity from the bare MSN. The lipid-coated MSN solution is milky and opaque 

(Figure 10a). Importantly, based on the DLS data shown in Figures 10b and 10c, the size of the 

flash-based lipid-coated MSNs tends to become smaller when we apply a higher flow rate. This 

result suggests that turbulent flow is essential for a complete coating because a complete coating 

of MSNs improves the colloidal stability of NPs in the solution and decreases their likelihood to 

aggregate into larger particle clusters. For therapeutic purposes and a proof-of-concept, we 

included DOX in the mixing process (Figure 11). We tested the encapsulation efficacy and the 

loading level of the DOX in the lipid-coated MSN nanoformulation using various DOX input 

amounts. We found a DOX amount of 0.125 mg to be effective with a relatively high 

encapsulation efficacy (79%) and without compromising the drug loading level (15%) (Figure 

11b). We selected this drug concentration to evaluate the drug releasing profile in pH 7.4 and pH 

5.5 solutions. Interestingly, we observed a slightly delayed DOX release from the lipid-coated 

nanoformulation in both pH conditions, and this result may suggest that the lipid bilayer serves 

as a physical barrier for water penetration and drug diffusion (Figure 11c). We also performed 
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an in vitro cellular uptake study of the bare MSN and lipid-coated MSN in HeLa cells (Figure 

11a). We observed that both bare and lipid-coated MSNs were efficiently endocytosed by the 

HeLa cells. Although some of the MSNs and the lipid-coated MSNs were observed in the 

lysosome, the majority of NPs were presented to the cytoplasm for cargo release in the cancer 

cells. To compare the DOX-free molecule to the DOX-loaded MSNs and lipid-coated DOX-

loaded MSNs, we also performed confocal imaging to see the DOX-associated fluorescence in 

HeLa cells (Figure 11d) to compare the uptake efficiency of the DOX with or without a 

nanoparticulate carrier. Furthermore, cytotoxicity is important to consider when evaluating the 

efficiency of a therapeutic system. We compared the in vitro cytotoxicity of the DOX-free drug 

to the DOX-loaded lipid-coated MSN group for 12 and 24 h (Figure 12). Based on the results, 

the DOX-free drug has a higher IC50 value than the DOX-loaded lipid-coated MSN group. We 

qualitatively observed a higher uptake and lower cytotoxicity of the DOX-loaded lipid-coated 

MSNs, compared to the free DOX, in the HeLa cells, and that this may be due to the delayed 

release of the DOX molecule from the MSNs. Moreover, as the MSNs used in this system are 

not biodegradable, the safety and long-term therapeutic effects of this lipid-coated system need 

to be further assessed. Nevertheless, this study is a proof-of-concept using flash-based self-

assembly to prepare lipid-coated MSNs for cancer therapeutics. The facile and robust process of 

flash-based nanoformulation has the potential to overcome the challenges of limited production 

and batch-batch variation.  
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Figure 9: Schematic illustration of MSN modification and FNC-based lipid coating of modified 

MSN.   

 

 

Figure 10: Characterization of lipid-coated MSNs. TEM images of (a) bare carboxyl-modified 

MSNs (left), lipid-coated MSN (middle), and a 50mL tube contains lipid-coated MSN solution 
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(right) (b) DLS analysis of size and PDI of lipid-coated MSN using different flow rates, (c) DLS 

analysis of size and zeta potential of the bare MSN, lipid-coated MSN, and lipid only. 

 

 

Figure 11: In vitro uptake study. (a) Free MSN and MSN-lipid (cell nuclei were stained by DAPI; 

green represents MSN by FITC; red presents lysosome by Lysotracker-Red), (b) encapsulation 

efficiency, EE% and Drug Loading Level, DL% of DOX laden lipid-coated MSN, (c) drug 

encapsulation and release profile of MSN-DOX and MSN-DOX@lipid at different pH values (5.5 

and 7.4) at 37°C, and (d) confocal images of free DOX, MSN-DOX and MSN-DOX@lipid 

cultured with HeLa cells (cell nuclei were stained by DAPI; red represents DOX by self-

fluorescence). 

 

 

Figure 12: Quantitative analysis of cytotoxicity free DOX and MSN-DOX@lipid for HeLa cells 

at (a) 12 h and (b) 24 h of incubation.  
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2.4 Discussion 

This chapter discussed the background, rationale, experimental design, and results 

revolving around a novel and facile nanoformulation technology called flash-based self-

assembly. To build a MIVM, the device parameters were explored and optimized through CFD 

simulations before manufacturing it through machine shop fabrication or 3D printing. 

Importantly, a facile, fast, and single-step self-assembly process was demonstrated to formulate 

plasmid-based polyplexes and lipid-coat drug-loaded MSNs in scalable manners. Further, we 

compared and evaluated the quality of lipid-coated MSNs by FNC with conventional bulk 

mixing. We also demonstrated an ideal drug-releasing profile by comparing stability and drug-

releasing behaviors between the MSN fabricated via FNC and the conventional bulk mixing 

methods. 

Further, the drug loading efficiency and cellular uptake of lipid-coated MSN made via 

FNC were studied. Flash-based self-assembly using rapid mixing technology provides a more 

versatile, scalable, reproducible, and robust approach to nanoformulation than traditional self-

assembly techniques such as bulk mixing. Also, flash-based self-assembly has the potential to 

reduce the amounts of reagents consumed, while improving the homogeneity and stability of the 

product. Despite tremendous progress, challenges remain and limit the broader application of 

flash-based nanofabrication. For example, there is a need to better understand the relationship 

between flash-based processes and nanoformulation performance. Computational modeling and 

in silico experiments can also bring us trenchant insights into nanoformulation design and 

particle interactions. Also, developing a transparent device might be ideal for real-time 

visualization of the nanoformulation process. Developing MIVMs for scaled-up production of 

nanoformulations for clinical translation and developing special scaled-down versions of the 
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MIVMs for preserving precious reagents and personalized medicine are also important. New 

devices with different designs or connections tailored to the self-assembly-based fabrication of 

specific nanomedicines are needed. This endeavor will require a better understanding of how 

driving forces play roles in flash-based self-assembly. It is also critical to consider the cost 

factors at the front end of clinical translation, from material design to large-scale production. 

Other crucial factors such as efficiency, stability, and safety must also be considered. New flash-

based nanomedicines are expected to be fabricated using FNC via single and mixable driving 

forces. More effective and scalable self-assembly strategies in this multidisciplinary field will 

lead to more flash-based nanomedicines emerging in the coming decades. 
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Chapter 3: Development of Cell Membrane-based 

Nanoformulations for Cancer Immunotherapy 

Portions of this section are included in the following published paper and PCT patent: 

1. Hu H, Yang C, Zhang F, Li M, Dawulieti J, Yan H, Xiao Z, Sun W, Shao D, Leong K. 

“A Versatile and Robust Platform for the Scalable Manufacture of Biomimetic 

Nanovaccines”, Advanced Science, 2021, 2002020 

2. Scalable and Facile Cell-membrane-coating Technology for both Positively and 

Negatively Charged Particles PCT/US2021/017823 (in PCT) 

 

3.1 Introduction 

Biomimetic strategies are critical for developing sophisticated nanoparticle-based 

therapeutics to overcome biological barriers[71]. Cell membrane coating technology offers a 

promising solution to the challenges of therapeutic delivery by integrating the biological features 

of cell membranes with the functional versatility of nanomaterials[27]. Cell membrane coating 

involves covering a synthetic nanoparticle with a naturally derived cell membrane layer to form a 

biomimicking ensemble. These biomimetic formulations have shown advantageous physical 

properties, such as improved stability and longer circulation times, and intrinsic functionalities 

inherited from the donor cell source, such as toxin neutralization, homologous targeting, and 

immune invasion[27,98,99]. However, producing regulatory agency-approved cell membrane-

coated nanomaterials requires an additional level of manufacturing sophistication. Current 

approaches to fabricate cell membrane-coated nanomaterials rely on two main strategies: 

extrusion and sonication[27,100]. Extrusion produces homogeneous coatings and uniform sizes, but 

it is prohibitively time-consuming; sonication offers a facile approach to produce a sufficient 
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product, but the quality control can be compromised in several ways and the coating outcomes 

may vary dependent on the protocol[44,101–103]. The difficulty of fabricating cell membrane-coated 

nanomaterials in a facile, large-scale, and reproducible manner restricts their prospects for 

clinical and industrial translation. Standardized formulation techniques are necessary to ensure 

that these biomimetic formulations can be produced in a timely manner, with minimal batch-to-

batch variation, and with good manufacturing practices. Fundamentally, the challenge is to 

develop an efficient and reliable cell membrane coating process. 

To surmount these obstacles, we took advantage of a recently developed technology, 

FNC, which was also discussed in Chapter 2. FNC involves turbulent mixing and self-assembly 

of nanomaterial ingredients in defined microchambers. It can be applied to manufacture a variety 

of nanoformulations for therapeutic and bioimaging applications[28,29], and provides a robust 

platform that may expedite the translation of nanotherapeutics. FNC exploits the dynamic mixing 

of nanocomposites that undergo self-assembly via physical forces such as electrostatic 

interactions, in which case charged nanomaterials assemble to form NPs or to modify a NP 

surface[67,95,104,105]. Uniform lipid-coated NPs have been fabricated using FNC by optimizing the 

lipid/NP mixing ratio, flow rate, and lipid composition[28,41]. We hypothesized that FNC could be 

applied to the mixing of cell membrane fragments and synthetic backbone materials for the 

robust and scalable production of cell membrane-coated NPs (Figure 13). In addition, by using 

the MIVM, the kinetic energy of multiple inlet jets can be controlled to transport cell membrane 

fragments and synthetic backbone materials into regions of small turbulent eddies and 

intershearing layers for better flow convection and hence, faster coating[106–110]. The mixing ratio 

and flow rate can then be tuned to produce a homogeneous coating. 
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Figure 13: Schematic illustration of FNC-based cell membrane coating in comparison to the bulk-

sonication coating method. 
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3.2 Materials and Methods 

Molecular dynamics simulation 

The investigation of anionic lipid interaction with the cationic silica nanoparticle was 

based on the MARTINI force shield, while the adopted dissipative particle dynamic (DPD) 

model was also performed as the small scaled reference for dissipative lipid aggregation 

analysis[2,68,111]. Both neural and anionic lipid molecules were used to simulate the lipid 

composition of cell membrane fragments. The lipid composition was balanced (2000 out of 6600 

lipid molecules possess negative charges) and collectively manifested in an anionic manner. The 

silica NP was constructed using 38882 coarse-grained particles into a nanosphere. Every other 

silica (Si-) motif was endowed with one amine group for silica NPs (based on our experimental 

protocol for amine-modified di-selenide MSN) and rendered to the cationic surface. A cubic box 

with a PPP boundary and a size of 300 × 300 × 300 nm3 was created. Then, 6600 lipid molecules 

and water are randomly filled into the system. The interaction between the silica NPs and lipid, 

and theoretical analysis were adopted from the solvent-free MD model[2,103,112–114]. The unit 

command used in the simulation is Lennard-Jones (LJ) and the heat bath used is based on 

Langevin calculation in LAMMPS. The simulation was run using NVT condition with a 

temperature of 300 K. Timestep was set to 40 ns per timeframe. All visualization was created 

using the dump command and run on the software Ovito Pro 3.0.  

Derivation of cell membrane and characterization of cell membrane-coated nanoformulations 

Cell lines (RAW 264.7, B16-F10, Caco-2, and HepG2) were maintained in DMEM 

supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic solution and 
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incubated at 37°C with 5% CO2 in T175 tissue culture flasks. Cells were trypsinized, washed and 

suspended within PBS. To obtain the derived cell membrane, a sequential centrifugation method 

was applied after lysis and homogenization of the cells[115,116]. The resulting membrane pellets 

were washed with nuclease-free water and suspended in either 1X PBS or nuclease-free water. 

The total membrane protein contents derived from different cell lines were quantified using BCA 

protein assay kits separately. Derived cell membrane vesicles were stored in nuclease-free water 

or PBS solution at -80°C until further use.  

All particles and cell membrane fragments were prepared and well dispersed in 

independent solutions. First, the cell membrane vesicles received adequate sonication treatment. 

Then, particle solutions and cell membrane fragments were introduced into the different inlets of 

the MIVM. A 90-150 mL/min flow rate was applied to prepare the membrane-coated particle 

solution. RAW 264.7, B16-F10, Caco-2, HepG2 cell membranes were used to coat MSNs with 

both small and big pores. HEK 293 cell membranes were used to coat silica dioxide 

microparticles with the membrane/particle mass ratio of 1/2. Caco-2 membrane was used to coat 

PEI-DNA nanocomplexes with the membrane/particle mass ratio of 1/2. For the surface coating 

of cationic MSN experiments, RAW 264.7 and B16-F10 membranes were applied with different 

membrane/MSN mass ratios. The efflux was collected and allowed to settle or stored before 

further coating characterization. For cell membrane coating NPs through the bulk sonication 

method, cell membrane vesicles and particle cores at various mass ratios were mixed, pipetted, 

and sonicated together. B16-F10 membrane was used for all in vitro and in vivo studies. Coating 

efficacy was evaluated based on the membrane protein concentration of the membrane-coated 

product. Membrane-coated MSNs by FNC were compared with the bulk-sonication method 

(varied sonication time). Bare MSNs were used as the negative control and cell membrane 
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vesicles served as the positive control. The size and zeta potential of bare and membrane-coated 

particles were examined using a 2.0 Malvern Zetasizer. 

 

Cell culture 

B16-F10 mouse melanoma cells (CRL-6457; American Type Culture Collection), RAW 

264.7 mouse macrophage cells (TIB-71l; American Type Culture Collection), HepG2 human 

liver cancer cells (HB-8065; American Type Culture Collection), Caco-2 human epithelial 

colorectal cancer cells (HTB-37; American Type Culture Collection), HCT-116 human colon 

cancer cells (CCL-247; American Type Culture Collection), and HEK 293 human embryonic 

kidney cells (CRL-1573) were cultured for cell membrane derivation. Cells were cultured in 

DMEM media with 10% FBS (Gibco) and 100 U penicillin-streptomycin. The generation of 

bone marrow-derived dendritic cells (BMDCs) followed a previously published protocol[117]. 

Healthy mice were euthanized using carbon dioxide asphyxiation followed by cervical 

dislocation. Both femurs were dissected, cleaned in 75% ethanol, and cut on both ends. Bone 

marrow was then flushed out of the bone with a 1 mL sterile syringe using warm DMEM media 

containing 10% FBS (Gibco) and 100 U penicillin-streptomycin. Cells were then pelleted at 700 

g for 5 minutes, resuspended in BMDC growth media consisting of the basal media further 

supplemented with 20 ng/mL granulocyte/macrophage-colony stimulating factor (GM-CSF; 

Protech) to a concentration of 1×106 cells/mL, and plated into petri plates at 2×106 cells per 

plate. Media was half-changed every two days. 

 

Cytotoxicity Assay 
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The cytotoxicity of MSN, MSN-CpG and MSN-CpG@CMs in the RAW 264.7 or 

BMDC were assessed using an MTT assay. The assay was performed in a 96-well plate 

containing 5×103 cells per well. The cells were cultured in complete medium containing different 

concentrations (0, 12.5, 25, 50, 100, 200 μg/mL) of substances for 24 h, and an MTT assay was 

performed. The optical density of each well was measured by a multifunctional microplate reader 

at a wavelength of 490 nm. The relative survival rate (mean (%) ± SD, n=6) of the cells was 

calculated using the following equation: survival rate (%) = (A490treated sample / A490untreated sample) 

× 100%. 

 

In vitro uptake and activity 

For the cellular uptake study, BMDCs were collected on day 5 and plated into 24-well 

suspension plates. FAM-labeled CpG, MSN-CpG and MSN-CpG@CMs were added at an 

equivalent CpG concentration of 5 μg/mL. After 3 h incubation, the cells were washed and 

stained with DAPI and LysoTracker Red. 15 minutes later, cells were imaged by confocal laser 

scanning microscopy (CLSM). For flow cytometry, cells were collected, washed twice in PBS, 

and resuspended in 200 µL of 10% PBS. The cell suspension was analyzed using BD Accuri C6 

Plus flow cytometer. Collected data were analyzed by FlowJo software. The activity of the 

delivered CpG was examined using a BMDC maturation assay and cytokine release assay. 

BMDCs were collected on day 5, and 3×106 BMDCs were plated into 6-well suspension plates 

in BMDC growth media. Cells were pulsed with materials for 12 h at 5 μg/mL CpG, then 

washed twice with fresh media. After an additional 48 h of culture, cell supernatants were 

collected, and cytokine content was analyzed using IL-6 and IL-12 ELISA kits. The cells were 

then collected, washed twice, and stained with fluorescence isothiocyanate (FITC)-conjugated 
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anti-mouse CD11c and APC-conjugated anti-mouse CD40, CD80, or CD86. Appropriate dye-

labeled antibody isotypes (BioLegend) were used for gating purposes with cells from an 

untreated lymph node. Data were collected using a BD FACSCelesta flow cytometer and 

analyzed using FlowJo software. RAW 264.7 cells were plated into 6-well suspension plates at 

5×105 cells/well and pulsed with materials for 24 hours at 5 μg/mL CpG, then cell supernatants 

were collected, and cytokine content was analyzed using TNF-α ELISA kits. 

In vivo lymph node distribution and DC activation 

All animals received care in compliance with the guidelines outlined in the Guide for the 

Care and Use of Laboratory Animals, and the procedures were approved by the South China 

University of Technology Animal Care and Use Committee. Female C57BL/6J mice were 

obtained at 6–10 weeks old from Hunan SJA Laboratory Animal Co., LTD. Materials containing 

Cy5.5-labeled CpG or DiD-labeled membrane fragments were used to trace the distribution of 

nanovaccines in lymph nodes. Different materials were injected at foot pad and after 1, 3, 6, 12, 

24, and 48 h, the mice were euthanized, and their popliteal lymph nodes were collected. Dye-

labeled nanovaccines, 20 μL at 1 mg/mL, were injected into both hocks of mice. At time points 

of 6, 12, 24, and 48 h, the popliteal lymph nodes were collected. All the lymph nodes were 

analyzed and quantified by In-Vivo Xtreme Imaging System (Bruker). 

To further assess the cellular uptake in the lymph nodes, dye-labeled nanovaccines were 

injected subcutaneously into each hock of mice. After 24 h, the popliteal lymph nodes were 

collected, dissociated manually by pipetting, then stained for 30 minutes with antibodies for 

dendritic cells (CD11c monoclonal antibody, 12-0114-82; eBioscience) and macrophages (F4/80 

monoclonal antibody, 11-4801-82; eBioscience). Data were collected using BD FACSCelesta 
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flow cytometer and analyzed using FlowJo software. DC activation following immunization with 

CpG, MSN-CpG, and MSN-CpG@CMs was determined by testing DC maturation and lymph 

node cytokine secretion. To examine DC maturation in vivo, 20 µL of each material was injected 

into the hock. After 24 h, the popliteal lymph nodes of all treated mice were collected into 500 

µL dissociation buffer and manually dissociated. Cells were stained using PE anti-mouse CD11c 

with either APC-conjugated anti-mouse CD40 (124611; BioLegend), CD80 (104713; 

BioLegend), or CD86 (105011; BioLegend). Data were collected using a Becton Dickinson 

FACSCanto-II FLow cytometer and analyzed using FlowJo software. To analyze cytokine 

production, lymph node-derived single-cell suspensions were plated with 500 µL of BMDC 

growth media in 24-well tissue culture plates. After 48 h, supernatant was collected and analyzed 

for cytokine content using IL-6 and IL-12 ELISA kits. To assess the generation of antigen-

specific T cells, mice were vaccinated subcutaneously with 20 µL of the different materials on 

days 0, 2, and 4. On day 10, spleens were collected and processed into single cell suspensions. 

After lysis of red blood cells (RBCs), 5×106 splenocytes were plated onto 6-well suspension 

plates and pulsed with 1 µg/mL of mouse gp100 peptide with sequence EGSRNQDWL in 

BMDC growth media. After 7 days, cells were collected, washed in PBS solution, and stained 

with APC-conjugated anti-mouse CD8a and phycoerythrin (PE)-labeled H-2Db gp100 tetramer. 

Data were collected using a BD FACSCelesta flow cytometer and analyzed using FlowJo 

software. To evaluate the immunological effects of the combined treatment, B16-F10 tumor-

bearing mice were randomly divided into six groups (n=3 mice per group). When the tumor 

volume reached approximately ~100 mm3, the mice were treated with the different materials on 

days 1 and 4. After 7 days of treatment, the mice were sacrificed, and the tumors were collected 

for immunological evaluations. To evaluate the immune cells in tumors, tumors collected from 
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different groups of mice were cut into small pieces and homogenized in PBS (pH 7.4) containing 

0.5% FBS to obtain suspensions of single cells, which were then stained with corresponding 

antibodies after the removal of RBCs using RBC lysis buffer (Solarbio). To identify CD4+cells 

(CD3+CD4+CD8-), CD8+cells (CD3+CD4-CD8+) and regulatory T cells (Treg cells) 

(CD3+CD4+Foxp3+), the following antibodies (from eBioscience, BioLegend) were used, 

respectively: CD4 monoclonal antibody (GK1.5, Alexa Fluor 488), CD8a monoclonal antibody 

(53-6.7, PE), CD3e monoclonal antibody (145-2C11, APC), True-Nuclear™ Mouse Treg 

Flow™ Kit (FOXP3 Alexa Fluor® 488/CD4 APC/CD25 PE), and TruStain FcX™ (anti-mouse 

CD16/32). 

In vivo anticancer immunity and immunotherapeutic effects 

To study the tumor prevention effect conferred by vaccination, mice were vaccinated 

with 100 µL of the different materials at 0.1 mg/mL of CpG or equivalent, on days -21, -14, and 

-7. On day -1, the right flank of each mouse was shaved and on day 0, mice (n=6) were 

challenged with 2×104 B16-F10 cells subcutaneously on the right flank. The tumor size was 

measured every other day and the experimental endpoint was defined as either death or a tumor 

size greater than 2000 mm2. To study the therapeutic effect, mice were first challenged on the 

right flank with 1×105 B16-F10 cells on day 0. On days 2, 4, and 7, mice (n=6) were vaccinated 

subcutaneously in the same flank with 100 µL of the different materials. The checkpoint 

blockade cocktail, consisting of 100 µg anti-CTLA4 (BP0164; BioXCell), was administered 

intraperitoneally on the same days. Tumors were measured every other day and the experimental 

endpoint was defined as either death or a tumor size greater than 2000 mm2. 
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3.3 Results 

SA2.1 Characterize flash-based cell membrane-coated nanoformulations 

It is often challenging to coat negatively charged cell membranes onto a positively 

charged nanoparticle, despite the concept of cell membrane coating majorly relying on 

electrostatic interaction[99]. Coating cell membranes onto a cationic NP is difficult partly due to 

the large difference in charge between the cell membrane and the NP surface, which leads to a 

heterogenous collapse of the cell membrane onto the NP and nanoparticle aggregation[27]. So, 

coating the cell membrane uniformly onto a nanoparticle surface is crucial for the nanoparticle 

colloidal stability and hence, the completeness of the coating affects the therapeutic outcome. 

Before performing cell-membrane coating experiments using the FNC, it is important to 

understand the mechanism of how the negatively charged cell membranes associate onto the 

positively charged NPs using computational simulation. Molecular dynamics (MD) is a 

convenient tool to study the interactions between atoms, molecules, and larger biological 

substances with distinctive force fields. We utilized the MARTINI force field, which is a coarse-

grain model that is often applied for studying molecular interactions. We constructed a silica-

based particle and created lipid molecules made of different charges and moieties to mimic the 

cell membranes. The collective surface charge of the constructed lipid molecules is anionic, and 

the constructed silica-based particles is cationic. The simulation process is constructed using 

LAMMPS, a classical MD code based on C++. By simulating many cycles over time, we were 

able to examine how the anionic lipids molecules associate onto the surface of the cationic silica-

based particles in a uniform coating manner (Figure 14). Coating lipid molecules on polymeric 

NPs in a microfluidic-based flow system have been performed in similar simulation 
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studies[2,68,111]. A similar situation is also found in the highly dynamic FNC chamber as diffusion 

between different biomaterials happens faster than the coating process.  

 

 

Figure 14: MD simulation of homogeneously distributed anionic lipids interact with the cationic 

silica NP. 

 

Next, we selected several distinctive core materials with different compositions, surface 

morphologies and surface charges. We also derived various types of cell membranes to evaluate 

the cell membrane coating using FNC. Importantly, we compared the coating outcome of the 

conventional bulk mixing through basic pipetting/sonication to the FNC-based technique. 

Colloidal stability of a nanoparticulate system is crucial to its blood circulation and retention in 

tissues, thus greatly affecting delivery and therapeutic outcome. We observed that the majority of 

FNC-based cell membrane-coated nanoformulations are more stable on day 0 (immediately after 

coating) and on day 14 in 1X PBS solution (Figure 15a). These results suggest that the 

stabilizing effect of the FNC-based membrane coating is more prominent for the positively 

charged core (MSN big pore +) compared to its bulk method counterpart. Based on the TEM 

images, a darker 8-10 nm layer of cell membrane coating can be seen on the core material 

surface due to the difference in electron conductivity between the bare core and the cell 

membrane fragments (Figure 16). In SA2.2, we will discuss the in vitro and ex vivo results of the 

FNC-based cell membrane-coated nanoformulations.  
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Figure 15: Fabrication of cell membrane-coated NPs using FNC. (a) Comparison of FNC and bulk 

sonication methods on PDI and stability of membrane-coated NPs. Characterization of membrane-

coated MSNs using different membrane-to-MSN ratios in terms of (b) size and PDI, and (c) zeta 

potential. 

 

 

Figure 16: TEM images of different cores and cell membrane-coated particles prepared using 

FNC. 
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SA2.2 In vitro and ex vivo evaluation of membrane-coated formulations on APC uptake and 

lymph node targeting 

FNC system can be harnessed to uniformly coat cell membranes onto NPs in a scalable 

manner. The potential of the uniform coating and massive production of the FNC system make it 

particularly ideal for vaccine development. To demonstrate the capability of the FNC-based 

coating technology in a biological application, we chose to validate the cell membrane-based 

nanoformulation in immunomodulation since the majority of the transmembrane proteins could 

be well preserved. First, we derived the cell membrane fragments from melanoma cells (B16-

F10), largely owing to the presence of gp100 and TRP2, two cancer antigens commonly to be 

used for melanoma cancer immunotherapy[118,119]. In addition, CpG, a common bacteria-based 

nucleotide, was used to serve as the immune-adjuvant for loading onto the porous MSNs (Figure 

17). To confirm that the antigens were well preserved after coating, we compared the protein 

bands among the cell membrane fragments, membrane-coated MSNs through bulk sonication, 

and the FNC-based approach by gel electrophoresis (Figure 19, left). The gel electrophoresis 

results suggest that the majority of the cell membrane-bounded proteins have been preserved 

after membrane coating of the CpG-loaded MSNs. Importantly, two important antigens, gp100 

and TRP2, were preserved after coating, which was validated by Western blotting (Figure 19, 

right). To test our hypothesis that FNC is able to coat membrane onto a nanoparticle in a 

homogeneous manner, it is also important to confirm the gp100 proteins are uniformly presented 

on the outer surface of the MSN after coating, I therefore performed the negative staining as well 

as the gold-immunostaining of the gp100 to observe the coating under the TEM (Figure 18). 

Although it is difficult to distinguish the difference between the two coating methods in term of 

the gold nanoparticle distribution, it is reasonable to postulate the random distribution of the gold 
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NPs after immunostaining may be caused by the uneven distribution or non-uniform quantity of 

the anti-gp100 antibody of the gold immune-conjugation or due to the difference in strength of 

the antibody recognition during preparation.

 

Figure 17: TEM images of uncoated MSN small pore, B16-F10 melanoma cell-membrane-coated 

small-pore MSN by FNC method, and by the bulk-sonication method, respectively. 

 

 

Figure 18: TEM images of (a) B16-F10 melanoma cell-membrane-coated MSN by FNC method 

and bulk sonication method with anti-gp100 gold immunostaining, respectively, and (b) B16 

melanoma cell-membrane-coated MSN by FNC method and bulk sonication method with negative 

staining, respectively. (*Data on figure 18 were collected by Dr. Dan Shao) 
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Figure 19: Confirmation of the presence of the protein after cell membrane coating via gel SDS-

PAGE electrophoresis (left) and Western blotting (right).  

 

In terms of successful immune-activation, a high spatial and temporal correlation 

between the antigen and the adjuvant of a nanoparticulate system is crucial[120]. From the cellular 

perspective, a cell membrane-coated nanoparticle needs to be endocytosed by the antigen 

presenting cell in order to activate the subsequent innate or adaptive response for serving its 

purpose as a competent vaccine. To demonstrate the potency of a nanovaccine after it has been 

endocytosed, it is important to evaluate the membrane integrity during the nanoparticle uptake in 

the murine macrophages[121,122]. Again, membrane integrity is essential for immune-activation 

since the spatial-temporal presence of both antigen and adjuvant affects the magnitude and 

duration of APC maturation. To evaluate the integrity of our manufactured nanovaccine, we 

loaded the FITC-labeled CpG onto the large pore MSNs and coated the MSNs with Cy5-labeled 

B16-F10 cell fragments. We then cultured the fluorescently labeled membrane-coated MSNs in 

RAW 264.7 cells (murine macrophage cell line) for 3 h. By confocal microscopy, we observed 

the co-localization of FITC, and DiD emission within the macrophage, suggesting that with the 

Cy5-labeled cell membrane as the antigen and FITC-labeled CpG as the adjuvant, there is strong 
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membrane integrity and spatial coordination (Figure 20a). The confocal microscopy images 

suggest the good integrity of the cell membrane-based nanovaccine at in vitro level.  

 

Figure 20: In vitro and ex vivo evaluation of B16-F10 membrane-coated MSNs. (a) Membrane-

coated MSNs uptake in bone marrow-derived macrophages at 3 h for CpG (FITC) and membrane 

(Cy5), (b) fluorescence imaging of popliteal lymph node at indicated time points after footpad 

injection of free CpG, naked MSN-CpG, or membrane-coated CpG-MSNs produced using bulk 

sonication or FNC methods, (c) quantification of fluorescence intensity from Cy5.5-labeled CpG 

in the popliteal lymph node, (d) uptake of Cy5.5-labeled membrane-coated CpG-MSN by DCs and 

macrophages in the lymph node at 24-hours after injection. Data represents mean ± SD (n=3, 
*p<0.05 vs. CpG group, #p<0.05 vs. MSN-CpG group, &p<0.05 vs. bulk MSN-CpG@CM group). 

 

To further evaluate the immune-activation profile of our cell membrane-based 

nanovaccine, we then compared the uptake of MSN-CpG@CM by BMDCs (Figure 20b). Of 
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note, DCs are prominent in boosting the immune response by bringing processed antigens to 

their cellular surface for other immune cells, like T cells, to recognize[123–125]. MSN-CpG@CM 

were injected into mice via the foot pad and nanovaccines were observed in the popliteal lymph 

node 1 h after administration. The fluorescence signal from dye-labelled CpG peaked at 12 h 

post-injection and began to decrease at 24 h post-injection. Both MSN-CpG@CM groups 

(prepared using either FNC or bulk sonication) showed improved CpG uptake by DC cells versus 

naked MSN-CpG, demonstrating the APC-targeting effect in vitro. Quantification of mean 

fluorescence intensity of free CpG, naked MSN-CpG, and MSN-CpG@CM in the lymph node 

confirmed this observation (Figure 20c). These data again suggest that the greater lymph node 

accumulation of MSN-CpG@CM was achieved by using the nanovaccine prepared through the 

FNC method than the ones prepared through the bulk sonication method. Both DCs and 

macrophages preferred endocytosing MSN-CpG@CM to MSN-CpG, indicating specific 

recognition of tumor antigens by the APCs. Greater CpG accumulation of DCs and macrophages 

in the popliteal lymph node indicates that FNC produced a cell membrane-coated cancer vaccine 

with improved lymph node targeting and APC accumulation. 

Importantly, the membrane-coated MSNs also need to escape the endosome and release 

their cargo CpG in the cell cytoplasm to activate the immune response. BMDCs play an 

indispensable role in priming and immune activation. Matured BMDCs can further activate T 

cells for antibody generation and tumor suppression[120,126–128]. To further validate the DC 

maturation, we injected four formulations and a negative control into the mice subcutaneously 

and quantified the maturation markers (CD40, CD80, and CD86) of the DCs harvested from the 

popliteal lymph nodes (Figure 20d). All four formulations (CpG, MSN-CpG, MSN-CpG@B16 

membrane by bulk/sonication, and MSN-CpG@B16 membrane by FNC) show increasing 
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numbers of mature DC population compared to the untreated group. Overall, cell membrane-

coated nanoformulations show an enhanced APC uptake and lymph node targeting effect, which 

is crucial for successful immune activation and modulation. The FNC-based membrane-coated 

nanoformulation shows even better APC targeting efficacy, possibly due to a more complete 

coating and improved colloidal stability, making FNC-based membrane-coated MSNs ideal 

candidates for cancer immunotherapy. Next, we will perform animal studies to further evaluate 

the potency of the flash-based nanovaccine.  

 

SA2.3 In vivo validation of membrane-coated nanoformulations for cancer immunotherapy 

In vivo validation is the key to evaluate the efficacy of membrane-coated MSN 

nanoformulation on immune-activation. First, we selected the melanoma model and inoculated 

the mice with B16-F10 tumor cells for tumor development. We administered the cell membrane-

based nanovaccine prepared by the FNC system to the tumor inoculated mice for immune-

activation of T killer cells to treat melanoma (Figure 21). In terms of efficacy and potency of the 

nanovaccine in vivo, strong prophylactic and therapeutic effects are important indicators when 

applied to the tumor treatment model. In the prophylactic model, the mice are dosed with the 

nanovaccine before tumor inoculation and then tumor growth is monitored. On the contrary, the 

therapeutic model is to inoculate the mice with the tumor and then administer the 

nanoformulations to see how effective these nanoformulations are in preventing tumor growth. 

The timeline for both models is depicted in Figure 21.  
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Figure 21: Schematic illustration of B16-F10 cell membrane-based MSNs for melanoma cancer 

immunotherapy (top) and the illustration of the in vivo prophylactic and the therapeutic experiment 

design using the mouse model (bottom). 

 

Specifically, we evaluated the APC response, specific immune activation, and 

prophylactic tumor growth inhibition in vivo using a wild-type B16-F10 murine model. Mice 

were vaccinated using different nanoformulations and tumor growth was monitored for up to 40 

days. In term of the results, MSN-CpG and free CpG had no significant protective benefit, 

consistent with previous studies; both treatments showed a median survival time of 29 d, similar 

to the median 26.5 d survival time for the negative control. Both FNC- and sonication-produced 

MSN-CpG@CM groups showed tumor growth inhibition, but the FNC-produced vaccine had a 

greater tumor growth inhibitory effect, and a more prolonged survival time was observed 

(Figure 22a). The improved anti-tumor response of our FNC-based nanovaccines can be 

explained as a result of better lymph node targeting, due to the enhanced colloidal stability of the 
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NPs. Next, we compared the therapeutic performance of the MSN-CpG@CM with and without 

the immune checkpoint-blocking antibody anti-CTLA-4. Without anti-CTLA-4, the median 

survival time was extended from 18 d for the blank control group, to 34 d for the bulk/sonication 

MSN-CpG@CM group, and to 38 d for the FNC MSN-CpG@CM group (Figure 22b). With 

anti-CTLA-4, the median survival time was over 150 days for both FNC and sonication MSN-

CpG@CM groups, indicating that the combined immunotherapy produced synergistic antitumor 

effects.  

 

Figure 22: Anticancer immune response in melanoma mouse model. (a) Prophylactic effect of 

nanovaccines on survival time (n=6). (b) Therapeutic effect of nanovaccines with or without the 

checkpoint blockade inhibitor anti-CTLA-4 on survival time (n=6). 

 

Importantly, we evaluated the CD8+/CD4+ ratio, the percentage of cytotoxic T 

lymphocytes, and the percentage of regulatory T cells within the tumors using different 

nanoformulations. A normal CD8+/CD4+ ratio is close to 1 in healthy mice. We could see the 

combined therapy using FNC-produced nanovaccines with anti-CTLA-4 led to the most potent 

antitumor effect among the groups, correlating with an increased CD8+/CD4+ ratio, a higher 

cytotoxic T lymphocyte number, and a reduced regulatory T cell number within the tumors 

(Figure 23a-c). These results demonstrate that the FNC-based nanovaccine is potent for killer T 

cell activation, which is essential for a strong immune response to combat tumor growth.  
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Figure 23: Relative composition of T cells within the tumor in the melanoma model after 

administration of nanoformulations with or without the checkpoint blockade inhibitor anti-CTLA-

4 (n=3). (a) Ratio of CD8+ to CD4+ T cells, (b) percentage of regulatory T cells, and (c) percentage 

of cytotoxic T lymphocytes. (*Data were collected with help from Dr. Dan Shao) 
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3.4 Discussion 

In summary, we have demonstrated a nanoformulation platform for fabricating diverse 

cell membrane-based NPs in a facile, reproducible, and scalable manner. The FNC platform 

leverages dynamic, turbulent mixing to homogeneously blend and uniformly distribute cell 

membrane fragments around NP surfaces. We also performed MD simulations to understand 

how negatively charged lipid molecules land uniformly onto positively charged NPs. For future 

studies, this computational tool is extremely helpful to understand the mechanistic interaction 

between biological substances and NP formation. Utilizing computational power, screening, 

optimization, and much more can be achieved with lower costs and in reduced time. We 

establish that FNC can be used to coat both negatively and positively charged particles with cell 

membranes, and it reduces batch-to-batch variation and production time, compared to the 

conventional sonication-coating process. This largely automated process should facilitate 

standardization. In addition to achieving higher throughput, the FNC process may also improve 

the potency of nanotherapeutics. FNC-produced MSNs loaded with CpG adjuvant and coated 

with a cancer cell membrane exhibited enhanced accumulation in lymph nodes, immune 

activation, and more significant tumor growth inhibition, with and without the immune 

checkpoint-blocking antibody anti-CTLA-4 in a melanoma model. This study addresses the 

challenge of manufacturing cell membrane-coated nanotherapeutics. For future studies, the 

infiltration of other immune cell types and the recruitment and repolarization of tumor-associated 

macrophages (TAMs) in the tumor microenvironment (TME) would be worth investigating. 

Furthermore, an in-depth mechanistic investigation of the cell membrane-coated NPs in 

generating an immune response, tissue biodistribution, and intracellular trafficking would be 

worth exploring. Importantly, deriving cell membranes directly from the tumors harvested from 
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patients with preserved neo-antigen diversity depends on the stage of malignancy. Exploring 

how cell membrane-coated nanotherapeutics play a role in immunomodulation to affect 

surrounding tissues, as well as in adaptative immune systems in penetrating, accumulating, or 

interacting with healthy or cancerous cells through bulk RNA sequencing or DNA sequencing 

could provide great insight and flexibility for future cancer precision therapy. Importantly, 

establishing a feedback-responsive computer-based flash system that can manufacture cell 

membrane-coated nanotherapeutics would be ideal for this technology to be translated into 

clinics with mass production potential, minimum operational variation, and fast on-demand 

preparation. 
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Chapter 4: Development of Microbiome-based Formulations for 

Oral Drug and Gene Delivery 

* Data in SA3.2 were collected with the help of Dr. Dan Shao, Dr. Chao Yang, and Dr. 

Mingqiang Li 

 

4.1 Introduction 

Oral delivery is recognized as one of the most desirable routes of administration to treat a 

wide range of chronic diseases[82]. Convenience, high safety, treatment adherence, ease of 

modulation, and a longer therapeutic window have popularized oral drug delivery strategies and 

make them readily accepted by patients[4,129]. However, low mucosa retention and penetration of 

drug molecules, host immune responses, and variability of the individuals gut flora hinder the 

clinical translation of many promising oral delivery candidates[130,131]. Currently, microorganism-

based strategies such as bacteria- and yeast-derived microformulation, are providing researchers 

new insights into improving the bioavailability of nanotherapeutics[132–134]. Baker's yeast 

(Saccharomyces cerevisiae) is the unicellular and saprotrophic fungus that has been widely used 

in fermentation and for human health[62,135,136]. Of particular interest in drug delivery, the cell 

wall of this oval-shaped yeast is mainly composed of β-glucan-rich polysaccharides (roughly 

80%) with the remaining 20% being proteins and lipids[16,84,137,138]. Since many forms of the β-

glucans are water-insoluble and can be regarded as a pathogen-associated molecular pattern 

(PAMP), the Saccharomyces can be easily recognized and endocytosed by specialized gut 

epithelial cells like M cells and APCs[84,139,140]. Very recently, researchers in nanomedicine have 

been taking advantage of this uptake specificity as well as the spacious internal cavity of the 

yeast capsule via removing its intracellular contents in which cargoes (imaging agents like 
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Quantum dots, proteins like OVA, insulin, antigens, and NPs) were entrapped within the micron-

sized yeast ghost (YG) (4-6 µm)[141,142]. Notably, the consummate drug delivery efficiency and 

the therapeutic outcome are indispensably hinged upon the loading level of the cargo into the 

yeast ghost. However, the loading mechanism of compounds and NPs into the yeast ghost 

remains elusive. Studies have reported NP loading by exploiting the electrostatic interaction 

between positively charged NPs and negatively charged yeast ghosts. Nonetheless, instead of 

simply displacing the NPs inside the yeast ghost cavity for maximum protection and loading, a 

large amount of the positively charged NPs can attach to the outer surface of the YG, which may 

compromise the specific cellular recognition and particle uptake efficiency. Despite these 

literature reports24, studies have not justified nor quantified to what extent these positively 

charged NPs were loaded inside the yeast ghosts, rather than the NPs lingering on the outer 

surface. In addition, anionic NPs are more challenging to be loaded into the yeast ghost based on 

the electrostatic mechanism[58]. Thus, a novel strategy to efficiently load drug-loaded NPs to the 

yeast ghost is essential to popularize the yeast-implemented therapeutic solutions via the oral 

route. 

Moreover, the PAMP receptor-targeting polysaccharides made of the yeast cell walls can be 

further processed into nanosized fragments, and they can be coated onto NP surfaces. Due to the 

advantages of the NP size, the mucus retention profile, and the penetration of gut epithelium of the 

NPs are worth exploring because the polysaccharides are also forms of immune adjuvants that can be 

co-delivered for immunomodulation. Together with the function of NPs and nanoparticle-loaded 

antigens and adjuvants, the yeast-based formulation can be engineered as a promising oral vaccine.  

The work covered in this chapter, taken as a whole, makes a case for the importance of 

exploiting biomimetic strategies in developing a robust oral delivery formulation that aims to 
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reduce the cost, improve the therapeutic bioavailability, and partially fulfill the translational need 

of an effective oral delivery platform.   

 

4.2 Materials and Methods 

Prepare and characterize microbiome-based formulations 

Preparation of the yeast ghost 

40 g of Baker’s yeast (Sigma) was suspended in 600 ml of 1 M sodium hydroxide. The 

suspension was heated at 80°C for 1 h and centrifuged at 3,000 rpm for 10 minutes. The 

collected pellet was washed twice with Milli-Q water and then dispersed in an aqueous solution 

at pH 4 and incubated at 60°C for 1 h. The sample was collected by centrifugation and 

thoroughly washed with DI water. Subsequently, the obtained sample was rinsed with 100 ml of 

isopropyl alcohol four times. After another rinse with acetone, the resulting YGs were collected 

by centrifugation and dried under vacuum at room temperature. To label the yeast ghost with 

FITC, 1 mg/mL of FITC was dissolved in DMSO and was added to 100 mg/mL yeast ghost 

(dispersed in Milli-Q water). The mixture was allowed to incubate with shaking overnight. The 

labeled yeast ghost was then collected through centrifugation and washed with PBS solution. 

 

Yeast ghost drug loading 

PLGA NPs loaded with 5-ASA were prepared by the nanoprecipitation method. 5-ASA-

to-polymer ratios (1%, 3%, 5%, 10% and 50% w/w) were prepared. The weighted 5-ASA and 

PLGA were dissolved in 10 mL DCM, and the mixed solution was vortexed and sonicated. The 

drug/PLGA solution was dropwise added to water with stirring at 1,000 rpm to form drug-loaded 

PLGA NPs. The nanoparticle solution was then put under a vacuum to remove the organic 
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solvent with continuous stirring overnight. To load PLGA NPs into yeast ghost, we dispersed 

PLGA NPs in water and mixed it with dry yeast ghost by vortex and sonication. The obtained 

PLGA loaded yeast formulations were centrifuged at 4,000 rpm for 10 minutes to remove any 

unbounded NPs. The obtained yeast formulations were washed with Milli-Q water three times 

and then lyophilized and stored. For in situ 5-ASA loading onto the yeast ghost. We first 

dissolved 7 mg of PLGA polymer into 1 mL DCM then added 3.5 mg 5-ASA. The combined 

solution was vortexed until fully dissolved and then was combined with 10.5 mg yeast ghost. 

The yeast ghost-drug suspension was then vortexed and stirred for 30 minutes and added 

dropwise to 3 mL Milli-Q water with continuous stirring. The resulting solution was centrifuged 

at 4,000 rpm for 10 minutes to discard the unbounded drug and polymer. The obtained yeast 

formulation was washed with Milli-Q water three times. Then, 5 mL of water was used to 

resuspend the pellet. The resulted solution was vacuum-dried to obtain the drug-loaded yeast 

formulation in powder form.  

Drug loading and encapsulation efficiency of the ICG or 5-ASA-loaded yeast 

formulations were analyzed with an ultraviolet-visible (UV-vis) spectrophotometer at 775 nm 

(ICG) and 350 nm (5-ASA). The drug loadings of the ICG or 5-ASA in both in situ and 

conventionally prepared yeast formulations were calculated according to Beer’s law and to the 

following formulas based on a calibration curve obtained with known drug concentrations.  

Drug Loading (%) = (weight of loaded drug/total weight of YGs with drug) × 100% 

Encapsulation Efficiency (%) = (weight of loaded drug/weight of input drug) × 100% 

 

For in situ CDDP loading onto the yeast ghost. We dissolved 14 mg of PLGA polymer 

into 1 mL DMF then added 10.5 mg CDDP. The combined solution was vortexed until fully 
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dissolved and then was poured into 10.5 mg yeast ghost. The yeast ghost-drug suspension was 

then vortexed and stirred for 30 minutes and added dropwise to 3 mL Milli-Q water with 

continuous stirring for 10 minutes. The resulted solution was centrifuged at 4,000 rpm for 10 

minutes to discard DMF. 5 mL of water was used to resuspend the pellet. The resulted solution 

was vacuum dried to obtain drug-loaded yeast formulation in powder form. For preparing 

CDDP-loaded PLGA NPs, 14 mg PLGA was dissolved in 1 mL DMF. 10.5 mg of CDDP was 

then added to the DFM solution. Then, DMF solution was added dropwise to 3 mL water in a 

glass beaker with stirring. Next, the resulting solution was centrifuged at 10,000 rpm for 30 

minutes. The pellet was resuspended in 5 mL water and dried under vacuum. 

For loading CDDP into the yeast ghost conventionally. the prepared CDDP-PLGA NPs 

(in Milli-Q water) was combined with yeast ghost powder (10.5 mg) and stirred for 20 minutes. 

The combined solution was centrifuged at 4,000 rpm for 10 minutes and the pellet was 

resuspended in 5 mL water and dried under vacuum. 

The preparation of DOX-loaded PLGA NPs was as previously described[143]. Briefly, 

DOX HCl was dissolved in the DCM and stirred for 24 h in the presence of triethylamine at 

room temperature (1:3 mole ratio). After dissolving in 20 mL DCM, PLGA solution was stirred 

in the demineralized-DOX solution. Then, 150 mg of dry YG was added into the organic 

solution and stirred moderately at 500 rpm for 30 minutes. The NPs formed immediately when 

the organic solution was added dropwise to the distilled water the solution was stirred overnight 

to eliminate the remaining solvent. Finally, DOX/PLGA@YG (in situ) was harvested after 

lyophilization. Similarly, Dox-loaded PLGA NPs were prepared without the YGs. DOX-loaded 

PLGA NPs were stirred with YGs in the DCM solution overnight. Following drying under 

vacuum, DOX/PLGA@YG(c) could be obtained. 
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Derivation of yeast fragments 

 First, 100 mg lyophilized yeast ghosts were disrupted with a mortar and pestle into the 

fine powder, then 10 mL of Milli-Q water and protease inhibitor cocktail were added. Next, the 

processed yeast ghosts in Milli-Q water were dropwise added to a cryo-preserved jar filled with 

liquid nitrogen to form uniform spherical precipitations (Ø 2-5 mm). Then, we collected the 

frozen yeast ghosts in spherical form and transferred them into a 50-mL tube surrounded by dry 

ice to avoid melting. Next, we loaded the frozen yeast ghosts into a SPEX freeze mill and milling 

for 6 hours under liquid nitrogen. The obtained yeast fragments are fine powder and appear a 

white color. The obtained yeast fragments were lyophilized, characterized, and stored.   

 

IBD murine model 

Male C57BL/6 mice with bodyweights of 21-23 g were used for in vivo studies. 3% DSS 

was given orally (p.o) to experimental group mice for 4 days (administered daily) to develop 

inflammatory bowel disease (IBD). For therapeutic groups, drug-loaded formulations were 

administered by oral gavage to mice for 11 days (administered 200 µL every other day). Colons 

were later harvested to be measured and processed for immunostaining and H&E staining. 

Specifically, all animals received care in compliance with the guidelines outlined in the Guide 

for the Care and Use of Laboratory Animals, and the procedures were approved by the South 

China University of Technology Animal Care and Use Committee, as well as by the Institute of 

Comparative Medicine at Columbia University. Male C57BL/6J mice and female BALB/c mice 

were obtained at 6–10 weeks old from Hunan SJA Laboratory Animal Co. LTD. Female 

BALB/c mice at ages of 10 weeks or older were purchased from Jackson Laboratory. Mice were 



 

 66

housed under a 12 h light/dark cycle and constant temperature (21 ± 1°C) with free access to 

autoclaved chow and water. 

Acute ulcerative colitis was induced by addition of 3% (w/v) DSS (36–50 kDa; MP 

Biomedicals) to the mouse drinking water for 5 days. The male C57BL/6J mice treated with DSS 

were administered 5-ASA, 5-ASA/PLGA, 5-ASA/PLGA@YG(c) or 5-ASA/PLGA@YG(in) at 

10 mg/kg of 5-ASA equivalent via oral gavage. For all diseased mice, daily administration was 

performed for 12 days, beginning on the third day of DSS treatment, while control mice were 

administered water. Body weight, fecal bleeding, and visible stool consistency changes in mice 

were observed and recorded daily. On day 14, the mice were sacrificed, and colon tissues were 

collected for determining colon length and histopathological examination. Remaining colon 

tissue was homogenized and prepared for analysis of TNF-α, IL-1β and IFN-γ levels.  

 

Colonic disease activity index 

The colonic disease activity index (DAI) was scored using the following criteria: stool 

consistency (hard: 0, soft: 2, and diarrhea: 4), fecal occult blood using Hemoccult Sensa 

(Beckman Coulter) (negative: 0, positive: 2, and macroscopic: 4), and weight loss (Less than 1%: 

0, 1−5%: 1, 5−10%: 2, 10− 20%: 3, and more than 20%: 4). See Table 1 for reference.  

 

Ex vivo analysis of cytokines 

The length of the colon was determined by measuring the distance between the most 

distal part of the cecum and the rectum. To determine the cytokine contents of the colon tissue, 

the colon segments were homogenized in 50 mM PBS solution (pH 6.0) in the ratio of 1:10 
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(w/v). The resulting samples were then subjected to centrifugation at 10,000 g for 10 minutes at 

4°C. Colonic TNF-α, IL-1β and IFN-γ levels were determined by using ELISA assay kit.  

 

In vivo anticancer therapeutic model 

To study the melanoma tumor therapeutic effect conferred by CDDP/PLGA@YG, 

C57BL/6J mice were first challenged on the right flank with 1×105 B16-F10 cells. When tumor 

volume reached 100 mm3, mice were randomized into 6 groups (n = 6) and treated with water, 

free CDDP, CDDP/PLGA, CDDP/PLGA@YG(c) or CDDP/PLGA@YG(in) at 2.5 mg/kg of 

CDDP equivalent via oral gavage. The other group of mice were orally administered with free 

YG the same amount as the CDDP/PLGA@YG(in) group. Mouse weight and tumors were 

measured every other day and the experimental endpoint was defined as either death or tumor 

size greater than 2000 mm3. All tumors and major organs (heart, liver, spleen, lung, and kidney) 

were collected, and the tumors were weighted. Serum was collected after centrifuging whole 

blood at 3,000 rpm for 15 minutes. The biochemical parameters, including alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN) and 

creatinine (CRE), were assayed.  

To investigate the therapeutic efficacy of DOX-loaded formulations in the liver tumor 

model, free DOX, DOX/PLGA, DOX/PLGA@YG(c) or DOX/PLGA@YG(in) at 5 mg/kg of 

DOX equivalent and YG (at same amounts of DOX/PLGA@YG(in)) were administered to the 

female BALB/c mice bearing 100 mm3 4T1 liver tumors via oral gavage for 21 days. Tumors 

were measured every three days and the tumors were weighed at the experimental endpoint. 

 

IVIS imaging 
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PLGA-loaded yeast ghost (Cy7-PLGA) was orally administered to mice (C57BL/6) at 12, 

24, and 48 h. Mice were then euthanized, and the liver, lung, heart, colon, stomach, small 

intestine, pancreas, and kidney were harvested and imaged under an IVIS spectrum optical 

imaging system for fluorescing analysis. The fluorescence intensity was quantified using the 

IVIS analyzing system. 

MSN@YF or MSN@Caco-2 (Cy7-MSN) was orally administrated to overnight-fasted 

mice (BALB/c, 10 weeks old) at 2, 4, 8, 12, and 24 h time points. Mice were then sacrificed, and 

the liver, lung, heart, entire GI tract, spleen, kidney, and mesenteric lymph nodes were harvested 

and imaged under an IVIS spectrum optical imaging system for fluorescence analysis. The 

fluorescence intensity was quantified using an IVIS analyzing system.  

 

In vivo biodistribution analysis via ICP/MS 

To investigate the biodistribution of YG delivery system in vivo, free CDDP, 

CDDP/PLGA, CDDP/PLGA@YG(c) or CDDP/PLGA@YG(in) were administered to C57BL/6J 

mice in the colitis or melanoma tumor model groups. In the colitis model, mice induced by 3% 

DSS were administered with different formulations of CDDP at 2.5 mg/kg of CDDP equivalent 

on day 3 and were sacrificed at 12, 24, 48 h post gavage. Parts of GI tissues (stomach, small 

intestine, and colon) were separated, and the platinum content was analyzed by ICP/MS. In the 

melanoma tumor model, when the tumor volume reached 500 mm3, mice were administered with 

different formulations of CDDP at 2.5 mg/kg of CDDP equivalent and were sacrificed at 24 and 

48 h post gavage. The main tissues including tumors, livers, kidneys, spleens, lungs, colon, and 

hearts were collected and the platinum content was analyzed by ICP/MS. To investigate the 

biodistribution of MSN@YF in vivo, MSN and MSN@YF were orally administered to BALB/c 
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(10 weeks old, female) mice. Mice were euthanized and sacrificed at 4-hour, 8-hour, and 24-hour 

post-oral gavage. Heart, lung, liver, spleen, kidney, and mesenteric lymph nodes were harvested 

and weighted. Tissues were digested using a mixture of hydrofluoric acid (OPTIMA grade, 

Fisher Scientific), ultrapure hydrogen peroxide (OPTIMA grade, 30%, Fisher Scientific), and 

nitric acid (OPTIMA grade, 70%, Fisher Scientific) at volume ratio of 3-1-1 to break down the 

organic matter. Then, silica contents were analyzed by ICP/MS. 

 

Histology (colon and its histological score evaluation) 

In addition, the main tissues including tumors, livers, kidneys, spleens, lungs, and hearts 

from the B16-F10 tumor model and distal sections of colonic tissues from the colitis model were 

fixed in 10% formalin and then embedded in paraffin. 4 μm thick tissue sections were prepared 

and then stained with hematoxylin-eosin (H&E). The safety evaluations in tissue slices were 

conducted by an experienced veterinary pathologist.  

The histological scores of colonic tissues were assessed in a blinded manner in terms of 

the inflammation severity (none; 0, slight: 1, moderate: 2, and severe: 3), PMN infiltration/HPF 

(less than 5: 0, 5-20: 1, 21-60: 2, 61-100: 3, and more than 100: 4), injury depth (none: 0, 

mucosa: 1, submucosa and mucosa: 2, and transmural: 3), crypt damage (none: 0, basal 1/3: 1, 

basal 2/3: 2, only surface epithelium intact: 3 and total crypt lost: 4), and adjusted to the tissue 

involvement multiplied by the percentage factor (0−25%: x1, 26−50%: x2, 51−75%: x3, and 76− 

100%: x4). 

 

Immunohistochemistry (IHC) staining  
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 Murine GI-associated tissue, small intestine (ileum region with Peyer’s patch), small 

intestine (ileum region with lymphoid follicle), mesenteric lymph nodes (ileum region), liver, 

and spleen were harvested. Gut-associated lymphatic tissues were rinsed with warm PBS and 

embedded and frozen in OCT tissue blocks. Tissues were hand-cut to 10-micron thin using a 

Leica cryo-sectioning machine. Sliced tissues were mounted onto a TruBOND micro slide glass 

and stained with primary antibody (Abcam, mouse anti-F4/80, anti-M-cell, anti-LYVE-1 

antibody) at 4°C overnight in a dark, humid container to avoid sample dehydration or 

photobleaching. The primary antibody-treated samples were gently washed with PBS and stained 

with secondary antibody (Abcam, Alexa 594 goat anti-mouse) for 1 hour at room temperature. 

Then, samples were gently washed with PBS and sealed using a glass cover with sample 

mounting solution (Fluoromount-G™ Mounting Medium, with DAPI, Invitrogen). Samples were 

visualized under a Nikon AX/AX R confocal microscope.  

 

TEM tissue Ultra-Microtome 

Mesenteric lymph nodes, spleen, and liver harvested from the mice gavaged with 

MSN@YF were embedded in EMBed 812 resins, transitioning from 100% ethanol to propylene 

oxide (25%, 50%, 75%, 100%, 1-hour in-between step, respectively). Then, samples were placed 

in fresh 100% resin and in an appropriated polypropylene mold. Polymerization of Embed 812 

was taken placed in a 60°C oven overnight. Hardened blocks are trimmed and sectioned on an 

ultramicrotome (RMC/Boekeler, Tuscon AZ) to a thickness of approximately 50 nm (gold or 

silver appearance). Then, the sectioned samples were collected and placed on a copper grid, post-

stained with uranyl acetate for 30 minutes, lead citrate for 5 minutes, and visualized under TEM.  
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Statistical analysis  

Data are expressed as mean ± SD. Differences between groups were analyzed using 

Student’s t-test when comparing only two groups. Differences among more than two groups 

were analyzed using one-way analysis of variance, and the Bonferroni post hoc test was used to 

analyze the differences between any two groups. P < 0.05 was considered representative of a 

statistically significant difference. GraphPad Prism 8 was used to perform the statistical analysis.  

 

Synthesis of sodium diselenide 

Sodium diselenide was synthesized via reacting 2 mmol (320 mg) of Se powder (Sigma 

Aldrich) with approximately 4 mmol (150 mg) of sodium borohydride (Sigma Aldrich) in a flask 

of 2 mL of DI water. Complete dissolution was marked by the generation of hydrogen and 

resulted in a colorless solution within 5 minutes. The flask was then sealed via a rubber plug and 

heated to 70°C for 20 minutes until the solution turned dark red. Next, a solution of 4 mmol (0.68 g) 

benzyl bromide (Sigma Aldrich) in 5 mL of THF (Sigma Aldrich) was injected into the flask under 

argon flow and then the reaction was allowed to continue at 50°C for 12 hrs. The resulting product, 

dibenzyldiselenide, was extracted through chloroform (Sigma Aldrich) and dried via anhydrous 

MgSO4. Dibenzyldiselenide was dissolved in 5 mL of THF and added to 0.15 g of sodium 

borohydride. After stirring for 10 minutes, the solution turned colorless and a 5 mL solution of 4 

mmol (1.0 g) 11-bromoundecanol in 5 mL THF was added. The flask was then incubated at 50°C 

overnight. Finally, the reaction mixture was extracted in chloroform and dried with anhydrous 

MgSO4. The product was purified by column chromatography via chloroform and then via diethyl 

ether. 



 

 72

4.3 Results 

 

SA3. Development of microbiome-based formulations for oral drug and gene 

SA3.1 Prepare and characterize microbiome-based formulations 

First, we harvested the live Baker’s yeast and stripped and pierced the yeast cell wall to 

remove the internal components (cytoplasm) through acid/base extractions and washes (Figure 

24a). Based on the DLS analysis, the hydrodynamic size of the yeast ghost was larger than the 

yeast, which may be due to the varied refractive indexes of different components presenting on 

the outer surface of yeast ghost from the yeast. The larger size could also be explained by 

infiltration of liquid into some of the yeast ghosts, whereas the live yeasts are impervious to 

water and retain their 3D oval shape in water solution. Nevertheless, these results need to be 

further substantiated by other methods. In terms of morphology, the yeast ghost has a hollow 

internal structure with a lower electron conductivity compared to the unprocessed yeast, shown 

in SEM images (Figure 24d).  
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Figure: Characterization of yeast-based microformulation. (a) Illustration of yeast ghost 

preparation process, (b) DLS size analysis of the Baker’s yeast and yeast ghost, (c) SEM image of 

Baker’s yeast, (d) SEM image of the processed yeast ghost. 

 

Next, we tested the feasibility of using the diffusion-based in situ process to formulate 

drug-loaded PLGA NPs (drug/PLGA@YG) directly within the yeast ghost in a facile manner 

(Figure 25). The in situ nanoformulation and the drug loading within the yeast ghosts were 

characterized and validated in two therapeutic models, the murine IBD model and cancer 

models. Studies described in this section are a proof-of-concept for developing a diffusion-

assisted protocol for efficient, scalable, and reproducible preparation of biomimetic oral 

therapeutics.  
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Figure 25: (a) Schematic of preparing drug-loaded yeast-based microformulation (5-

ASA/PLGA@YG), and (b) Ultra-microtome TEM image of a 5ASA/PLGA@YG. 

 

The first step was to explore the optimal condition for assembling the PLGA NP 

formulation within the YG. YGs are synthesized using an acid-base extraction method with a 

slight modification. The DLS, SEM, and TEM revealed that the intact yeasts have an oval shape 

and size of around 4 µm (Figure 24b), whereas the YGs exhibit a flat body with an empty cavity 

available for cargo encapsulation. We performed the TEM ultra-microtome to visualize the 

loading of PLGA NPs within the YG (Figure 25b). For oral delivery, the most important aspect 

is whether the oral carriers can overcome the inclement environment of the GI tract and deliver 

therapeutics to the desired site. To investigate the therapeutic potential of this yeast-based 

formulation, we carried out our first functional test on a disease model, IBD. 5-ASA (amino-

salicylic acid), an anti-inflammatory compound commonly used to treat this chronic ailment, was 

selected. Due to the hydrophilic nature of 5-ASA, this organic acid avidly binds to the gut 

mucosa and is also susceptible to degradation when inundated under gastric acid[144,145]. 

Encapsulating 5-ASA-loaded PLGA NPs within the YG could potentially protect the drug from 

degradation and improve its bioavailability. Thus, we formulated the 5-ASA-loaded PLGA NPs 

directly inside the YG in a single step through in situ nanoformulation. This process was 

achieved through combining YGs with the polymer-drug solution by slow mixing of the PLGA-
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5ASA solution and the YG. Specifically, water serves as the anti-solvent and penetrates the 

budding scar on the yeast through diffusion, forming 5-ASA-loaded PLGA NPs as 

supersaturation takes place. Compared to the conventional loading protocol, where the drug-

loaded NPs were prepared first and then added to YGs through electrostatic interaction, in situ 

formulation prevents excessive YG surface attachment, thereby improving the loading 

efficiency. The TEM and SEM images show that there are more NPs present within the YG 

(electron conductivity difference), suggesting a better cargo encapsulation of the in situ 

nanoformulation method (Figure 26, bottom row) than the conventional loading method (Figure 

26, top row). When comparing the drug loading of the in situ to the conventional formulation 

methods, the 5-ASA contents were quantified by UV-vis spectroscopy. The quantified 5-ASA 

loading levels of the in situ and the conventional formulations were about 13 ± 1.4% and 11% ± 

2.1%, respectively. To further compare the difference in loading efficacy of the two methods. X-

ray diffraction (XRD) was performed to validate the cargo loading within the YGs (Figure 27). 

Based on the XRD result, there may be more 5-ASA PLGA NPs attached to the outer surface of 

the YGs when prepared by conventional loading method, where the XRD curve behaves more 

similarly to the pure 5-ASA curve. Most of the crystalline peaks of the 5-ASA became weak and 

disappeared, suggesting encapsulation of the drug in YGs. However, another possible 

explanation for seeing more prominent peaks of the conventional loading group could be that 5-

ASA diffused out from the carrier and adhered to the outer surface of the YGs. The difference in 

the magnitudes of the crystal peaks of the 5-ASA between the drug-loaded yeast formulation and 

the original 5-ASA may be due to the change in the crystal form of the drug during the re-

precipitation step. The data of the in situ formulation method show a more amorphous curve, but 

also preserves the small peaks of the 5-ASA, suggesting there may be less cargo leaking 
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compared to the conventional loading method. However, the discrepancy in the XRD results 

from two yeast-based formulations might also be partially due to the final drug concentration 

difference after lyophilization and handling. HPLC and other analytical methods are needed to 

confirm the drug loading and release profiles under different conditions more accurately. 

Moreover, in terms of the DLS results, a more negatively charged surface for the conventional 

loading group could imply the adequate presence of PLGA NPs on the YGs outer surface than 

the in situ formulation group, despite there being no significant difference in size between the 

two groups (Figure 28a, b). Of note, we tested the integrity of the yeast ghost in a PBS solution 

of pH 2. Over a week of the pH 2 PBS treatment, the integrity of the yeast ghost-based 

microformulation has been conserved. The size and the zeta potential of the empty or drug-

loaded yeast ghost-based microformulations did not change in pH 2 PBS solution (Figure 28c, 

d), suggesting the stability of the carrier in an acidic environment. Importantly, cargo release is 

crucial for successful drug delivery. We compared the release profile of 5-ASA of the YG 

formulation among the conventional loading, in situ formulation, and the bare PLGA NPs 

(Figure 28e).  

 

Figure 26: Drug loading comparison between the conventional loading (top row) and the in situ 

formation (bottom row) characterized by TEM and SEM. 
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Figure 27: XRD analysis of the drug loading profile of PLGA NP, yeast ghost (YG), 5-ASA alone, 

PLGA-5ASA@YG through conventional loading, and PLGA-5ASA@YG through in situ 

formation loading.  
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Figure 28: DLS (a) size and (b) zeta potential analysis of the YG, live yeasts, and 5-

ASA/PLGA@YG, (c) colloidal stability of YG 5-ASA/PLGA@YG in pH 2 PBS solution, and (d) 

change of the zeta change of YG and 5-ASA/PLGA@YG in pH 2 PBS solution, and (e) the 5-

ASA release profile of different formulations under pH 2 or pH 7.4. 

 

SA3.2 In vitro and in vivo study of therapeutic efficacy of yeast-based formulation 

* Data in this section were collected with the help of Dr. Dan Shao, Dr. Chao Yang, and Dr. 

Mingqiang Li 

When designing an oral drug delivery system for systemic circulation in the bloodstream, 

drug-loaded YGs should be capable of crossing the gut epithelium. From a mechanistic 

perspective, the β-glucan of the yeast, which is a form of polysaccharide that is also pathogen-

associated receptor pattern (PAMP), can avidly bind to the dectin-1 receptor abundantly present 

on macrophages[146–148]. According to recent literature reports, the systemic drug delivery of the 

YG-based microformulation can be achieved through M-cell mediated transcytosis and 

macrophage-mediated translocation of the endocytosed formulation to the Peyer’s patches to 

enter the blood circulation. To confirm our yeast-based microformulations can achieve systemic 

delivery, we first evaluated the in vitro uptake of YG-based microformulation by murine 

macrophages (RAW 264.7). The internalization peak started at 6 h after incubation and started to 

decrease after 12 h (Figure 29a). Next, we validated the macrophage-targeting selectivity of 

YG-based formulations (conventional preparation versus the in situ formulation) by quantifying 

the in vitro uptake profiles on RAW 264.7, Caco-2, and 4T1. At 6 h, the highest uptake of YG-

based micro-formulations was observed in macrophages (RAW 264.7), while both 

microformulations significantly dwindled in Caco-2 and 4T1 cell lines, possibly due to the 

decreased number of β-glucan receptors on their extracellular membrane. Importantly, a higher 

uptake efficiency of in situ yeast-based formulation was observed for all three cell lines than the 

formulations prepared by the conventional method (Figure 29b). We speculate that the higher 
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uptake of the yeast-based system formed by in situ nanoformulation could be partially due to the 

lower amount of PLGA NPs present on the YG surface, where they might hinder the interaction 

between β-glucan and dectin-1 receptors. However, further studies need to be carried out to 

validate this statement. 

  

Figure 29: (a) Confocal fluorescence images of PLGA@YG uptake in RAW 264.7 cells, (b) 

FACS quantification of PLGA@YG uptake profiles in RAW 264.7, Caco-2 and 4T1 cell lines. 

 

Colon retention and mucosa penetration of the anti-inflammatory drug in important when 

treating IBD[149,150]. Before evaluating the in vivo therapeutic efficacy of yeast-based in situ 

formulation, we analyzed the biodistribution of these microcarriers. The fasting mice were orally 

administered with a single dose of the fluorescence-labeled yeast-based formulations. After 12, 

24, and 48 h, we collected the liver and large intestine for ex vivo IVIS imaging analysis (Figure 

30). The fluorescence signals of yeast-based microformulations prepared by both methods were 

detected in the liver as early as 12 h, suggesting that the yeast-based microformulations entered 

the bloodstream after oral administration. Notably, at 12 h, the in situ formulation shows a 

stronger fluorescence intensity in the liver than the conventional counterpart, implying the in situ 
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formulations had an enhanced capability of crossing the gut epithelium and entering the 

bloodstream. This can be explained by the presence of fewer PLGA NPs on the outer shell of the 

YG so that the cellular translocation recognition was affected to a lesser extent. In addition, a 

smaller number of PLGA NPs attaching to the outer surface of the YG could also render less 

cargo loss when they penetrate the gut mucosa and are transported into the Peyer’s patch and 

subsequently into the blood circulation. Since the Indocyanine Green (ICG) amounts in both 

formulations were kept constant, the tightness of NPs associated with the yeast ghost, either the 

number of NPs that were encapsulated inside the yeast ghost or attached to the yeast outer 

surface, may directly affect their fluorescence intensity after passing through the upper GI. 

 

Figure 30: (a) Schematic illustration of yeast-based microformulation for treating murine IBD, 

(b) ex vivo fluorescence images of the mouse liver and colon after administration of yeast-based 

formulations orally, (c) quantification of fluorescence intensity in the harvested mouse liver and 

colon.  

 

To demonstrate the therapeutic efficacy of the yeast-based microformulation, we tested 

the anti-inflammatory effects of different microformulations (YG, 5-ASA@YG, 5-ASA/PLGA 

NPs, 5-ASA/PLGA@YG prepared by conventional loading or in situ formulation) on a DSS-

induced IBD murine model. We measured the blood inflammation cytokine levels on day 0 and 
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day 14 after treatment. We observed a significant drop in IL-1beta, TNF-alpha, and IFN-gamma 

secretions among all 5-ASA treated groups (Figure 31a-c). Consistent with the biodistribution 

data, the yeast-based microcarriers prepared by the in situ process led to the most prominent 

inflammation mitigation in vivo. Besides the speculation that there is less nanoparticle 

dissociation from the yeast ghost while passing the upper GI, the inflammatory environment and 

loosening of the colon epithelium may also lead to more active interaction between APCs and 

yeast-based formulations. APCs reside in lamina propria, which is right beneath the colon 

epithelium may as well contribute to a decreased pattern of secreted inflammatory cytokines. 

However, more data are needed to corroborate this statement. In addition, we carefully 

monitored the colon length of all treatment groups. Colon length is an important marker of 

disease recuperation. The mice with chronic inflammation have shortened colons, and the length 

of the colon is often proportional to the severity of the inflammation. Although the exact 

mechanism of colon shortening under the DSS-induced IBD model has not been fully elucidated, 

researchers speculate mucosal ulceration, neutrophilic infiltration, and disruption of epithelial 

tight junction all contribute to the colon shortening[151,152]. The mice treated with in situ 

microformulations have the longest colon length when compared to all other treatment groups. 

Of note, the colon length of the in situ mice groups are nearly like the lengths of the negative 

control group, which indicates an effective of anti-inflammation treatment (Figure 31d, Figure 

32a). 

Furthermore, we also tabulated the DAI scores and the bodyweight of all treatment 

groups. DAI monitors mice by the frequency of diarrhea, number of intact crypts presented in the 

colon, number of liquid stools, and general well-being of animals (Table 1). We found that 

among all groups, the in situ therapeutic group has the lowest DAI scores and less body weight 
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loss than the untreated group (Figure 31e, 31f). Overall, the 5-ASA encapsulated PLGA NP-

loaded YG microformulation was the most effective in treating the IBD mice. In future works, 

we will further dissect the gut-associate lymphatic tissues (GALT) to study the mechanism and 

detailed biodistribution of the yeast-based microformulation after oral administration of the 

yeast-based formulations. Despite the fact that the positive results are shown in Figures 31 and 

32 and DSS-induced murine IBD is a relatively simple and reproducible model to evaluate 

therapeutic formulations, the DSS-induced IBD model lacks chronic features of the long-term 

developed inflammation. Also, DSS-induced IBD does not involve T or B cells responses, and 

luminal bacteria and other microbiomes also contribute to the disease progression and may affect 

the model accuracy in evaluating different therapeutic formulations.  

 

Figure 31: Secreted inflammatory cytokine level of (a) IL-1b, (b) TNF-a, (c) IFN-g, and (d) colon 

length, (e) DAI, and (f) mouse body weight of the negative control group, DSS-treated group, yeast 

ghost DSS-treated group, 5-ASA and DSS-treated group, 5-ASA/PLGA NP treated group, YG 

loaded with 5-ASA/PLGA NPs formed through the conventional method, and YG loaded with 5-

ASA/PLGA NPs formed through the in situ formation method. 
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Figure 32: (a) Murine colon length images of the various control and treatment groups, (b) 

histology images of the various control and treatment groups. 

 

Table 1: Histology score assessment (left) and DAI assessment (right). 

 

To further demonstrate the potential of the yeast-based microformulation on oral 

therapeutics, we also explored the possibility of oral delivery of cancer therapeutics using the 
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yeast-based microformulation. To evaluate the tumor treatment efficacy of the yeast-based 

microformulation, we carried out the same in situ and conventional loading methods to 

encapsulate cisplatin, a cancer chemotherapeutic drug that also can be tracked effectively in 

murine organs. We compared the yeast formulation prepared by the in situ (CDDP/PLGA/YGin) 

and conventional methods (CDDP/PLGA/YGc) to the cisplatin-loaded PLGA NPs 

(CDDP/PLGA) as well as the free cisplatin (CDDP), YG alone, and the PBS control group on 

the tumor-bearing mouse model. From the collected tumor, we observed that both 

(CDDP/PLGA/YGin) and (CDDP/PLGA/YGc) groups significantly inhibited the tumor growth 

compared to the YG and free CDDP groups in terms of the tumor size, weight, and volume 

(Figure 33 a-c). These data suggest the yeast-based microformulations have better gut epithelial 

penetration, and the amount of the encapsulated cisplatin that can be delivered to the tumor sites 

through blood circulation is higher than the cisplatin alone group. Although promising, long-term 

safety evaluations such as the effect of this oral-based yeast formulation on GI function and how 

it affects other vital organs need to be evaluated. 

Moreover, the time required for the remaining yeast-based formulation to be cleared from 

the body is also worth exploring. To understand how the CDDP levels change in tumors and the 

colon, we harvested the tumors and the colon from the mice and performed ICP/MS to quantify 

the CDDP level in the organ. At the 24 h timepoint, the tumor CDDP amount in the 

(CDDP/PLGA/YGin) group is significantly higher than any other group. We also observed a 

similar pattern in the colon samples. However, at the 48 h timepoint, the CPPD amount in 

(CDDP/PLGA/YGin) group dropped sharply and this was universal to the other study groups 

(Figure 33d, e). These data imply that the in situ formulation process encapsulates more CDDP 

inside the YG, and CDDP can be effectively transported through the blood and accumulate at the 
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tumor site. However, since the amount of the CDDP was constant among all treatment groups, 

the amount of the CDDP diminished after 24 h in the colon suggests that the majority of all the 

formulations had been eliminated from the mouse GI tract. This result is consistent with other 

oral delivery studies regarding the mouse GI transition time.   

 

 

Figure 33: Oral administration of Cisplatin-PLGA@YG inhibits tumor growth in breast tumor 

bearing mice. (a) Image of excised tumors from different control and treatment groups, (b) tumor 

weight and (c) tumor volume from different control and treatment groups, and the quantitative 

analysis of the cisplatin from different treatment groups in (d) tumors and in (e) colons harvested 

from mice. 

 

We also applied another common cancer drug, DOX, to the yeast-based 

microformulations to test the versatility and the robustness of this biomimetic carrier in treating 

murine breast tumor. Similar anti-tumor effects were observed in terms of the collected tumor 

size and weight (Figure 34).  
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Figure 34: Oral administration of DOX-PLGA@YG inhibits tumor growth in breast tumor 

bearing mice. (a) Image of excised tumors from different control and treatment groups, (b) tumor 

weight and (c) change of the tumor weight from different control and treatment groups. 

 

     We collectively demonstrated the possibility of using the processed YG for loading 

polymer NPs that encapsulate drug molecules for IBD and cancer treatment. The in situ 

polymerization method can load a number of drug-loaded NPs within the YG, and its therapeutic 

efficacy was demonstrated to be superior to the yeast-based microformulation formed by the 

conventional loading method. However, the loading level of the formulation needs to be further 

quantified using more accurate analytical methods besides UV-vis. The better therapeutic 

outcome of the in situ yeast-based microformulation in both IBD and cancer models suggests it 

may have the less premature release of the drug molecule as the yeast-based microformulation 

passes through the GI tract and circulates in the bloodstream before reaching the tumor site. On 
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the other hand, the conventional method of loading drug-encapsulated NPs onto the YG solely 

relies on electrostatic interaction. We speculate that there may be many NPs attached to the outer 

surface, instead of the inner cavity of the YG. Hence, during circulation and interaction with the 

negatively charged intestinal mucus, the outer surface NPs may fall off. However, this 

hypothesis has yet to be proven. More studies need to be carried out to quantify the loading 

efficacy more accurately and investigate whether there is a premature release of drug molecules 

from the formulation under different simulated gut fluids. 

 

SA3.3. In vitro and in vivo demonstration of yeast-based nanoformulations for oral delivery 

The yeast cell wall is majorly composed of glycoproteins, mannoproteins, β-glucans, and 

chitin, and bounded with a plasma membrane layer (Figure 35b)[137,139,153–155]. Different yeast 

strains have distinctive compositions and a variety of polysaccharide sizes[21,156,157]. According to 

previous research, the polysaccharide composition and size play disparate roles in immune 

recognition and activation[139,147,158]. Coating NP surfaces with polysaccharides derived from the 

yeast may endow the nanoformulation specific cellular uptake functions in APCs and subsequent 

immune activation. We hypothesize that upon fragmenting the YG we previously derived from 

Baker’s yeast, we could cloak these sub-nanometer wall fragments onto NPs. We explored the 

derivation of the yeast fragment from the YG using two methods. We first homogenized the YG 

and processed them in a freeze-miller, and then collected the powder to undergo another event of 

chemical digestion. Through centrifugation, we collected and evaluated the size of the obtained 

fragmented products. The tested yeast fragment size ranges from 20 nm to several hundred 

nanometers (Figure 35a). 
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Further modification of the fragmentation process is still needed for a standardized 

procedure and optimal yield. The YGs derived from the live Baker’s yeast appears to be ivory 

and brown in color. After hours of freeze milling of the YG, the YGs were pulverized into 

nanometer fragments. Of note, color can be an indicator of the yeast fragment size. The smaller 

the fragments are, the whiter in color the yeast fragment powder tends to be. The size of the 

collected yeast fragments was also revealed under TEM characterization (Figure 35c), and the β-

1,3-glucan composition of the derived fragments was confirmed by NMR (Figure 35d) and 

MALDI-TOF (Figure 35e). 
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Figure 35: (a) Derivation process of yeast cell wall fragments. (b) Illustration of components of 

the Baker’s yeast cell wall. (c) Image of the harvested yeast fragments in dry powder form and the 

TEM image of the yeast fragments. (d) H NMR analysis of the yeast fragments. (e) MALDI-TOF 

analysis of the beta-glucan from Sigma and yeast fragments.  

 

A nanoparticulate system has the advantage of a high volume-surface ratio. Also, NPs 

can be tuned to have different surface charges, degradation profiles, and other endowed 

functionalities. We hypothesize that coating the derived yeast fragments onto a NP surface can 

endow the NP with enhanced intestinal epithelium penetration via specific binding to the 

phagocytotic receptor dectin-1 on the M-cell surface (Figure 36b). Because of the advantage of 

high surface area, pore-volume, and biodegradability, the di-selenide MSN has been selected for 

the yeast fragment coating. The di-selenide MSNs were also exploited and discussed in Chapters 

2 and 3. The first step was to characterize the coating of yeast fragments onto the mesoporous 

silica NPs. Based on TEM images, the surface of the bare MSN is porous. The MSN surface 

becomes less porous after the yeast fragment coating due to the electron conductivity of the bare 

MSNs (Figure 36a). 

Moreover, the Brunauer-Emmett-Teller (BET) analysis was performed to quantitively 

measure the specific surface area of the bare and yeast fragment-coated MSN. The BET reads the 

physical adsorption of the gas molecules on the biomaterial surface and reports its surface area 

and pore volume. After yeast fragment coating, a decrease in surface area and pore volume 

suggests successful coverage of the yeast fragments onto the MSN surface (Figure 37a).  
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Figure 36: Illustration of yeast cell fragment coating and its application for oral delivery. (a) 

Illustration of yeast fragment coating onto MSN (top row) and SEM image of the bare MSN and 

yeast fragment-coated MSN (bottom row). (b) Beta-glucan on the yeast cell wall can be recognized 

by the M-cell on the intestinal epithelium for yeast fragment-coated MSN to cross the gut 

epithelium. (c) Route of the yeast-based formulations crossing the M-cell and enter the Peyer’s 

patch.  

 

Figure 37: Yeast fragment coating characterization. (a) BET analysis of bare MSN and yeast 

fragment-coated MSN. (b) TEM image of bare MSNs (left) and immune-gold labeled yeast 

fragment-coated MSNs (right). 
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Importantly, validation of the polysaccharide presence after coating is essential to the 

subsequent functional studies. Immune-gold staining studies were conducted to further confirm 

the coverage of the yeast fragments on the MSN surface (Figure 37b). The coated MSNs were 

treated and washed with 1% BSA solution to block unspecific binding. The primary anti-β-

glucan antibody was used to label the β-glucan on the MSNs surface. Then, the secondary 

antibody conjugated with 6 nm gold NPs was used to visualize the coating using TEM.  

 

Figure 38: (a) Intestinal lymphatic system (ILS) transport of drug delivery vehicle. (Reprinted 

with permission from Ref[57]. 2021, Wiley.) (b) Schematics of oral delivery of fluorescence-

labeled bare MSNs, MSN@YF, MSN@Caco-2 M for IVIS biodistribution.  

 

It is critical to know whether the yeast fragment coating can render a nanoparticulate 

system functions of specific cellular uptake and immunogenic responses by performing in vitro 

uptake studies and in vivo biodistribution studies. We evaluated the capability of the yeast 

fragments-coated MSNs to cross the gut epithelium via M-cells and enter the systemic 

circulation through the gut-associated lymphatic tissue (GALT), the largest lymphoid tissue in 

the body[133,148,159]. The evidence of the MSN@YF entering the bloodstream was corroborated by 

the biodistribution study of the fluorescence-labeled MSN@YF after oral gavage of the mice. 

Specifically, the mice were fasted overnight to avoid food fluorescence interference before oral 

gavage. Three different groups, bare MSNs, MSNs coated with the yeast fragments (MSN@YF), 
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and MSNs coated with Caco-2 cell membrane (MSN@Caco2), were compared for 

biodistribution. Four different time points, 4, 8, 12, and 24 h post-gavage periods, were assessed. 

After sacrificing the mice, the entire mice's GI tract, mesenteric lymph nodes, and other major 

organs were harvested (Figure 39-41). Based on the quantified fluorescence signal, we observed 

that the fluorescence signal of the MSN@YF was higher than the MSNs group in the mesenteric 

lymph nodes and the liver at many time points. To further confirm the presence of the MSN@YF 

in GALT, immunohistochemistry (IHC) was performed on the harvested murine Peyer’s patches 

(ileum region of the small intestine) and mesenteric lymph nodes (Figure 42). The histology data 

confirmed the presence of MSN@YF in M-cell, lymphatic vessels, and Peyer’s patch. 

 

Figure 39: Ex vivo IVIS image of the mouse GI tracts for bare MSN, MSN@YF, and 

MSN@Caco-2 membrane, respectively with different oral gavage timepoints. MSNs were 

covalently labeled with Cy5.5 fluorescence dye.  
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Figure 40: Ex vivo IVIS images and the quantified radiance of the mouse mesenteric lymph nodes 

(top row) and mouse livers (bottom row) for bare MSN, MSN@YF, and MSN@Caco-2 

membrane, respectively with different oral gavage timepoints. MSNs were covalently labeled with 

Cy5.5 fluorescence dye.  

 

 

Figure 41: Quantified ex vivo IVIS results of the mouse kidneys, spleens, hearts, and lungs for 

bare MSN, MSN@YF, and MSN@Caco-2 cell-membrane, respectively with different oral gavage 

timepoints. MSNs were covalently labeled with Cy5.5 fluorescence dye.  
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Figure 42: IHC results of the mouse GALT tissue after oral gavage the mouse with MSN@YF. 

(a) Image of operating the cryo-sectioning for histology preparation (left), illustration of the ileum 

region and Peyer’s patch of the harvested histology sample (middle), and confocal images of the 

mouse ileum region and Peyer’s patch (right) and their colocalization with (b) microfold cells, (c) 

lymphatic vessel, and (d) the confocal images of the mouse MLNs. 

 

To further validate the hypothesis that yeast fragment-coated MSNs were transported 

through M-cells and entered the GALT and systemic circulation, we performed an in vivo 

laminarin inhibition study (Figure 43). Laminarin is also a polysaccharide that can competitively 
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bind to the dectin-1 receptor on the M-cells[137,141]. The mice were pre-treated with laminarin 

before oral gavage with MSN@YF. Based on the ex vivo IVIS results, we observed a significant 

decrease in the fluorescence intensity of the MSN@YF in the mesenteric lymph nodes and the 

kidney. These results suggest the yeast fragments on the MSN surface facilitate the transport of 

the MSN@YF through M-cell’s specific recognition of β-glucan of its dectin-1 receptors. 

However, there is no significant difference in the fluorescence intensity between the MSN@YF 

with and without laminarin treatment. One possible explanation could be that there might be 

other endocytosis pathways that also grant the transport of the nanoformulation through the gut 

epithelium to enter the bloodstream, or the non-significance might be due to the large variability 

amongst the animals, especially through the p.o. route. 

 

Figure 43: Images and quantified ex vivo IVIS result of the mouse MLN, kidney, spleen, and liver 

for the negative control, MSN, and MSN@YF treated with or without beta-glucan inhibitor 

laminarin, respectively.  
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To build a fully functional nanoformulation, we can also place immune-activation cargo 

(STING agonist, antigen, immunogenic drug compound) into the NP or covalently attach them to 

the yeast fragment. In addition, due to the presence of chemokines and growth factors produced 

by cancer and stromal cells in the tumor microenvironment, most monocytes are M2-type of the 

tumor-associated macrophage (TAM), which promote tumor angiogenesis, metastasis, and 

immunosuppression[157,160,160–165]. In contrast, the M1 phenotype fosters inflammation responses 

against invading pathogens and tumor cells. The M1/M2 ratio has a significant association with 

cancer progression and patient survival[122,162,166,167]. With the presence of β-glucan on the yeast 

fragment surface, we hypothesize the macrophages can be converted to an M1 phenotype after 

incubating them with the yeast-fragment coated functional NP core. We carried out the 

quantitative polymerase chain reaction (qPCR) to assess macrophage polarization. By screening 

the M1 and M2 markers, it is shown that the yeast fragment-coated NPs tend to polarize the 

macrophages into the M1 type, rather than the M2 type (Figure 44). Yeast fragments serve as a 

potent adjuvant for immune recognition. Coating MSNs with yeast fragments also renders the 

MSNs targeting function. Developing a nanosystem with immunostimulant antigen, adjuvant, 

and an effective carrier by exploiting the synergism between the high loading capacity of the 

MSNs and the M-cell targeting yeast fragments, we can utilize this potent system for oral 

immunomodulation. For future studies, we need to perform drug loading experiments to further 

characterize fragment-based nanoformulation, in vitro immunogenic validation, and in vitro 

therapeutic efficacy. Most importantly, in vivo demonstration is needed of the yeast fragment-

based nanoformulations on cancer vaccination and immunomodulation when combined with 

immune checkpoint blockade therapy (Figure 45). 
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Figure 44: qPCR results of the macrophage-type-1 associated gene (top row) and schematic 

illustration of utilizing the yeast fragments-coated MSNs for macrophage polarization (bottom 

row).  

 

 

  



 

 98

 

Figure 45: Schematic illustration of utilizing the yeast fragment-coated MSNs for oral cancer 

immunomodulation.  

 

4.4 Discussion 

 

This chapter explores the possibility of using yeast-based formulations for oral drug 

delivery. The ability to effectively deliver small molecular drugs through the oral route provides 

unique advantages for treating inflammation and cancer. Resisting a harsh pH environment and 

being able to penetrate the gut mucosal barrier are crucial to the delivery vehicle for successful 

cargo shipment and ideal therapeutic outcomes. We constructed a yeast-based ghost to carry the 

anti-inflammatory agent 5-ASA or cancer-treating drugs as the stealth transport platform. The in 
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situ nanoformulation of drug laden PLGA NPs within the YG renders it good drug loading 

potency. The in situ nanoformulation effectively loads the capsule with NPs and prevents 

excessive NPs from attaching to the yeast surface. With adequate cargo loading and the acid-

resisting YG serving as the micron-size shield, in vitro experiments demonstrate that the yeast-

based microcapsules are preferred and rapidly endocytosed by macrophages. 

The enhanced drug loading through in situ nanoformulation makes the oral capsule 

favorable in ameliorating the inflammatory conditions on murine IBD models and improves the 

treatment outcomes of tumor-bearing mice. The synergic effect of in situ nanoformulation and 

biomimetic strategy makes the engineered oral platform a promising remedy for IBD and breast 

cancer. Moreover, due to the advantage of the particle size being in the nanometer range, coating 

processed yeast cell wall fragments onto a NP can endow the NP with the specific targeting 

capabilities and improve the bioavailability of the API encapsulated within the NPs. This is the 

first time, to our knowledge, of reporting the use of yeast cell wall fragments for NP coating. 

Beta-glucan assay, TEM, SEM, DLS, and BET analysis were used for coating validation. 

However, the coating efficiency and the verification of the β-glucan needs to be further 

characterized and studied. We also performed the laminarin inhibition study and verified that the 

β-glucan of the yeast fragments binds explicitly to the dectin-1 receptors on the M-cells for 

transportation of the MSN@YF across the gut epithelium. 

Moreover, the mesenteric lymph nodes, Peyer’s patch on the illume region of the small 

intestine, and other vital organs were harvested and prepared for IVIS imaging and IHC. The 

results collectively corroborate our hypothesis that yeast fragment coating enhanced NP 

transportation into the lymphatic tissue and entrance into the bloodstream. Because β-glucan is a 

form of the PAMP, the yeast fragment-coated MSNs have enhanced accumulation in the 
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secondary lymphatic tissues. Antigens and adjuvants can either be encapsulated inside the MSNs 

or be conjugated to the surface of the yeast fragments through a chemical linker. The potential of 

yeast-based nanoformulation is awaiting to be explored for oral immunomodulation and therapy.  
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Chapter 5: Conclusions and Future Work 

 In this thesis, we designed and optimized various biomimetic platforms for use in 

different contexts, spanning different cell targets and routes of administration. To fulfill future 

clinical translation and industrial requirements, we designed, modified, tested, and fabricated 

flash-based self-assembly systems to tackle the challenges of limited production and batch-batch 

variation issues. We managed to provide an attractive medical platform for lipid-based 

nanoformulations and cell-membrane-coated cancer immunotherapy with our flash-based 

systems. We also explored the potential of yeast-based formulations for administering anti-

inflammatory and anti-cancer therapeutics orally. 

 In the first aim, we manufactured a line of flash devices made of different configurations, 

materials, and fabrication methods. First, we performed computational fluidic dynamics to study 

the shear stress and mixing profile of our modified MIVMs. Based on the simulation, we 

finalized the 2-D and 3-D layouts of the modified MIVM for manufacturing reference. The two-

inlets and three-inlets CIJM were manufactured at machine shop according to the previous 

designs. Other than machine shops, we also explored more acid-resistant manufacturing 

materials and utilized 3D printing to fabricate the flash devices to demonstrate our effort of 

bridging our bench-top research to future clinical translation for massive production of our flash-

based system. In speaking of the formulating homogeneous NPs, due to the highly dynamic 

mixing of flash chambers, the polycationic and polyanionic biomaterials can be complexed into 

polyplexes continuously and homogeneously. Two- and three-inlet CIJM devices are more 

suitable for making polyplexes or lipoplexes by controlling the equal flow rate of all inlets, 

which were well studied in the field. NP coating and when more than two materials are involved, 

MIVM was devised to overcome the limitation of the equal momentum of the flows in the CIJM. 
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The flow of each MIVM inlet can be independently adjusted for a more complex 

nanoformulation. For the first time, the MIVM was explored for coating lipids onto the 

functionalized MSNs, leading to improved physical characteristics like colloidal stability. The 

first significant test of our platform was to achieve consistent, reproducible, and scalable lipid-

coated MSNs. In vitro results also provide an ideal cellular uptake profile. Compared to the bulk 

mixing of the lipid coating of MSNs, which often involves multiple steps of preparation, our 

FNC process is a single-step and highly consistent protocol to coat lipid onto MSNs. The lipid-

coated MSNs prepared by FNC has better particle colloidal stability in solution than its bulk-

mixing counterpart. This enhanced particle stability suggests a more uniform and homogeneous 

coating of the FNC process than the bulking mixing method. For the first time, we demonstrated 

the concept of utilizing the flash-based platform for NP coating with the potential to close the 

gap between benchtop research and future clinical translation. However, acquiring biological or 

chemical functions of a formulation by coating synthetic lipid onto NPs can still be limited by 

the complex design of functional lipids. Most cationic lipids have the issue of high toxicity. 

Screening an ideal ionizable lipid requires much of the computational power and synthesis 

expertise. Also, ideal membrane fluidity, PEGylated lipids, and other functional lipids need to be 

well balanced for optimal particle stability, desired targeted function, ideal cellular uptake, 

endosomal escape, and minimized cytotoxicity. When it comes to biomimicry, a top-down 

approach can be more strategic and reasonable than the bottom-up process. 

 To further explore the versatility and robustness of the flash-based system for coating, we 

exploited the cell membrane for particle coating. Essentially, cell membranes are lipids with 

different proteins. Cell membrane naturally contains a variety of membrane-bound proteins and 

glycans that serve as targeting or immune-evasive moieties depending on different cell sources. 
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We began the cell membrane coating validation by extracting different types of cell membranes 

and selected particles with distinctive size, surface charge, and surface morphologies. 

Encouragingly, the coating results showed that the cell membrane-coated particles by the flash-

based platform also have better colloidal stability and size consistency compared to the 

conventional coating method. Further, we selected the small pore biodegradable MSN to be the 

core and coated it with the cell membranes derived from melanoma cancer cells. By extracting 

the cell membrane directly from melanoma cells, all the membrane-bound proteins can be 

preserved. These proteins serve as potent anti-tumor antigens that can be transferred to our 

nanoparticulate system. We verified the presence of cancer antigens on the cell membrane 

surface via Western blotting and SDS-PAGE gel electrophoresis. We also loaded the MSNs with 

an immunoadjuvant, CpG, which is a TLR-9 antagonist. Together with the tumor antigens and 

immune-stimulating adjuvant, the cell membrane-coated MSNs are potential vaccines for 

melanoma immunotherapy. The in vitro confocal fluorescence colocalization verified the 

integrity of the cell membrane-coated formulation. The therapeutic readout, in vitro cytotoxicity, 

and in vivo health markers such as alanine transaminase and weight were noted accordingly. 

Results were promising as there was no significant toxicity, owing to the relatively good 

biocompatibility and the biodegradability of the MSNs. 

 Further, the combined effects of flash-based coating and the co-stimulation from the 

antigen and adjuvant in a high spatial-temporal resolution was synergistic and more potent than 

the nanoformulation formulated by the conventional coating method, indicative of the robustness 

of the flash-based system for formulating cell membrane-coated MSNs for cancer 

immunotherapy. Because of this specific, scalable capability of the flash-based platform, it has 

been used in the context of multiple biomimetic strategies in different cell membrane types. The 
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flash-based platform can potentially be automated and explored for sequential coating of NPs, 

which can be used for a variety of biological applications not limited to therapeutics. Because of 

the utility of the flash-based platform, future work done by our lab or collaborators could also 

employ the system for complexing polyplexes and different biomaterials other than cell 

membranes for particle coating. With the aid of future automation and computational power, a 

feedback-responsive flash system has the potential for mass production of cell membrane-coated 

nanotherapeutics. Membrane-bound tumor antigens can be well harnessed for future precision 

medicine. Direct derivation of cell membranes from tumors preserved all the neo-antigens from 

the tumor tissue. Such a personalized biomimetic strategy can be applied to localized tumor 

therapy as well as to distant sites in the body that are prone to metastases for aggressive tumor 

treatment. Patient-derived cell-membrane-based nanovaccines coupled with genome analysis 

offer a unique opportunity for the therapies of individual cancer patients. Further, by performing 

transcriptomics analysis, we could understand how our adaptive immune systems work at the 

cellular level. Moreover, DNA barcoding can track the presence of NPs at a single-cell level. 

This can help us understand which immune cell types were involved in different immune-

activating functions in tumor microenvironments. As our immune system is complicated and 

ever-changing, studying interactions between immune cells and cancerous cells at high spatial 

and temporal resolutions is highly valuable. The combination of flash technology, cell membrane 

coating, and gene sequencing will enlighten the future of precision medicine.  

 Besides the lipid and cell membrane coating, another biomimetic strategy exploring the 

Baker's yeast for oral drug and gene delivery offers new insights into nanotherapeutics. 

Compared with other synthetic systems, the yeast cell wall of Saccharomyces cerevisiae contains 

a specific amount of β-glucan with an ideal chain length and a molecular weight that can be 
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utilized for targeted oral delivery[168]. The β-glucan on the yeast cell wall particularly binds to the 

dectin-1 receptors on the M-cells of the small intestine to initiate the transport. Pulverizing the 

yeast cell wall into fragments and coating them onto MSNs make this nanoformulation ideal for 

enhanced gut epithelium penetration, lymphatic tissue targeting, and entering the blood 

circulation. The in vivo biodistribution and IHC data verified this targeting pathway and 

validated the yeast-based formulation's potential for oral delivery. 

 There is ample room for engineered yeast-based nanotherapeutics to develop, as many 

groups are continuously working on defining and refining the microbiome-based methodology 

for meeting industry-wide benchmarks. The natural polysaccharides and proteins displayed on 

the yeast surface serve as the ideal immune-stimulating adjuvants or antigens when developing 

an oral vaccine system. Furthermore, native yeast cell walls can be engineered to enhance 

targeting and therapeutic approach by genetic or chemical approaches. Besides, there are a 

number of yeast strains that can be screened for different delivery purposes. Considering the size 

of many yeasts are in the range of 2-10 microns, which could not be absorbed completely or may 

cause uninvited inflammation when administrating intramuscularly or intraperitoneally, 

pulverizing yeast cell walls of the selected or genetically engineered strains and coating the yeast 

fragments onto NPs represents new strategies for not only oral delivery of therapeutics, but as 

potential vaccines could be compatible for many administration routes. By taking advantage of 

the cost-effectiveness of yeast production, yeast-based formulations may provide a feasible 

foundation for developing safe and effective therapeutics and vaccines for treating many 

diseases. Importantly, the choice of an animal model is crucial to accurately evaluate the 

therapeutic potential of a particular formulation. The differences in physiology, metabolism rate, 

residing microorganisms, and behaviors between mice and humans must be considered when 
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explaining the obtained data. Also, experimental results associated with different administration 

routes should be explained independently before making the universal conclusion since 

therapeutic effects on mice can be disproportionally related to their human counterpart 

depending on how the formulations are administered. For example, the enhanced permeability 

and retention (EPR) effect has long been the paradigm corroborating solid tumor treatment in 

nanomedicine since the 1980s[169–171]. Owing to the leaky vasculature, rapid and chaotic 

angiogenesis, and poor lymphatic drainage in the tumor, better operability of nanoparticulate 

therapeutics can accumulate in these tumors. However, the non-stellar performance of claimed 

EPR effect of nanoparticulate systems in many late-phase clinical trials led researchers to 

question its accuracy and appropriateness for humans. The heterogeneity of vasculature among 

species and different tumor types requires scientists to revisit this EPR paradigm, and it is time to 

embark on fundamental studies on how NPs interact with the tumor in a comprehensive manner. 

Biomimetic formulations are promising strategies when it comes to engineering an ideal system 

for interacting with the complicated physiological environment. 

 These works demonstrate a small step in closing the gap between benchtop research and 

clinical translation. Scalable production, minimal batch-to-batch variation, safety, and targeted 

delivery routes are essential for a successfully marketed nanotherapeutic. Further, the 

optimization process for each biomimetic strategy provides valuable insight into the design of 

nanomedicines. Convergence of nanotechnology, fabrication technique, computational aid, 

material science, bioengineering, and pharmaceutical perspectives can help reduce cost, diminish 

the gap between fundamental research and clinical translation, and eventually bring the merits of 

nanotherapeutics to patients. 
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