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ABSTRACT 

Biomaterials serve as interventional tools in medicine to treat, improve or replace 

diseased tissues, organs or function of the body. Although several polymeric biomaterials already 

exist, they often present challenges, at material level, such as non-biodegradability, degradation 

into acidic by-products or tissue incompatibility, or at functional level such as failure to sustain 

prolonged release of therapeutic payload for a desired period. Research has been focused on 

investigating new polymeric candidates to address these problems of current systems. The use of 

renewable resources to generate smart polymers for biomedical and pharmaceutical purposes 

presents a new and exciting avenue for biomaterials. As part of these efforts, a new set of 

biomaterials were developed from plant-derived high molecular weight (~3.0 kDa) compounds. 

The advantages of biobased materials include availability for large-scale synthesis, facile post-

synthetic modification, biocompatibility, improvement of functional properties and affordability. 

In this project we used sucrose soyates, i.e. octa-esters obtained from conjugation of sucrose 

molecules and multiple soybean oil fatty acid chains, to prepare three groups of functional 

biomaterials namely: a). self-assembled soy-based nano-constructs,   b). blended soy-based free-

standing films and c). Three-dimensional cross-linked soy-based soft matrices. Here, we will 

discuss the fabrication and physical, chemical and mechanical characterization of these 

biomaterials prepared from soy-based compounds, as well as, the assessment of their functional 

performance in biological environment. 
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CHAPTER 1. GENERAL INTRODUCTION 

Overview 

Biomaterials are any substances synthetic or natural that used in contact with biological 

systems for treatment, augmentation, or replacement of any tissue, organ or function of the 

body.1 Biomaterials can be metallic, ceramic, and polymeric in nature or in composite form. 

However, it is vital that these materials are biocompatible, i.e. able to function in the body in a 

safe and reliable manner with an appropriate host.2-5 Areas of applications for biomaterials span 

a wide range from medical devices, implants and accessories, to medical equipment. Table 1.1 

summarizes types of biomaterials and areas of application.  

Table 1.1. Examples of Biomaterials and Applications 

Biomaterials applications Uses of Biomaterials  Types of 

biomaterials 

Cardiovascular implants Heart valves, stents, pacemakers 

vascular grafts 

Polymers (such as 

polyamides, 

polyesters, 

polyurethanes, 

polyolefins) 

Metals and their alloys 

(such as steel, titanium 

alloys, cobalt alloys) 

Ceramics (such as 

zirconia, alumina) 

Composites  

Tissue engineering and 

Regenerative medicine 

Heart, tissue constructs, bone grafts, 

skin grafts 

Orthopedics  Prosthetic knee, hip joint  

Extracorporeal 

applications 

Dialyzers, plasmapheresis 

Dental Dental implants, orthodontic 

materials filling (restorative) 

materials, prostheses 

Ophthalmological Contact lenses, intraocular lenses 

Neural implants Cochlear implants 

Healthcare accessories Catheters, gloves, glucose 

monitoring biosensors 

Drug Delivery Systems Matrices, implants, coatings, 

transdermal patches 

Diagnostics Cell culture substrates, blood 

protein assays 

Wound healing and 

General surgery 

Sutures, bio-adhesives, blood 

substitutes stables, fracture fixtures, 

staples 
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The biomaterial field is continually growing and estimated to reach a global market worth 

of USD 150 billion by 2021.6 Polymeric biomaterials are an interesting subset; projected to 

contribute highest annual sales over upcoming years. However, there are challenges brought 

forth by the current polymers from which biomaterials are generated such as design complexity 

or complicated synthetic pathways, limited functionality, non -responsiveness to biological cues, 

slow or non-biodegradability, biocompatibility limitations and lack of affordability. Therefore, 

traction has grown toward investigating to new candidates that could yield new properties, form 

or enhanced function. Hence, plant-oil derivatives have emerged as prospective ideal candidates 

to generate biomaterials, as will be discussed in the following section. 

Plant-oil Derivatives as New Platform for Biomaterials 

The use of renewable resources has gained tremendous appeal in recent years due to the 

paradigm shift from reliance on finite petrochemical resource to exploring alternative, 

sustainable, bio-based feedstocks7-11. Particularly, plant-oils such as soy, linseed, palm, and 

sunflower oils, are an attractive resource to obtain chemical building blocks suitable to generate 

new materials amenable for use in biomedical and pharmaceutical. Plant-oil derivatives are 

obtainable via facile synthetic processes, have tunable properties, multi-functionality, versatility, 

inherent biodegradability and potential to improve performance properties of materials.12, 13  

The main constituents of plant oils are triglycerides – esters of glycerol with three long-

chain fatty acids (Figure 1.1). The fatty acids are the major component accounting for 95% of the 

total weight of the triglycerides and their compositions varies depending on the source of oil. 17-19 

These oils serve as precursors for monomers used to generate a library of biobased 

macromolecules including polyurethanes, polyesters, polyethers and polyolefins. For example, 

polyglycerol sebacate derived from vegetable oil has found applications in soft tissue 
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engineering.20-22 Polyester anhydrides obtained from sebacic and ricinoleic acid has been 

successfully utilized as drug carriers for localized antitumor agent delivery.23-27  

 

Figure 1.1. Generalized structure of plant oil triglyceride 

Santin et al developed a new class of bioactive and biodegradable bone filler, for 

reconstruction of bone defects from a powdered version of soybeans. This soy-based bone filler 

showed reduced immunogenicity in comparison to conventional bone-fillers.16 Soy proteins have 

also been used to make thermosetting biomaterials ideal for short-term or temporary implants 

due to adhesive and surface-active properties as well as ease of processability.3 Miao et al have 

extensively studied soybean oil derivatives such as acrylate resin obtained from epoxidized 

soybean oil used to prepare scaffolds for supporting growing human bone marrow mesenchymal 

stem cells (hMSCs); and also developed polyurethanes synthesized from polyol derived from 

epoxidized soybean oil and lactic acid. 28,29 The functionalizability of these soy-derivatives is 

limited to the three fatty acid chains of the soybean oil triglycerides. Using multifunctional 

soybean oil derivatives such as sucrose soyates present as fascinating prospective candidates to 

prepare new biomaterials. 

Sucrose soyates, are a class of highly substituted sucrose esters of soybean oil fatty acids. 

This class of macromolecules first gained popularity in developed by in the 1960s, marked by 

commercialization of Olestra® from P&G 30, 31. Olestra was a fat substitute, which quickly failed 

on the market due unwanted side effects. Nonetheless, it was reported to be non-toxic to non-

rodent species even after long-term consumption, showing potential for other applications.32, 33 

Later, P&G went on to introduce a new family of sucrose esters commercialized under brand 
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name SEFOSE from which can be further modified to introduce functionality.34-36 Using in situ 

peracid method an epoxidized version of sucrose soyate can be synthesized, epoxidized sucrose 

soyate (ESS) and via alcoholysis, ring opening reaction, secondary hydroxyls can be created on 

the fatty acid chains (Figure 1.2.). Methoxylated sucrose soyate polyol (MSSP) is obtained when 

methanol is used for the ring opening reaction. These sucrose soyates comprise a statistical 

mixture of fatty acids and have already been used in several applications such as plastics, 

solvents, adhesives and lubricants37-40 

 

 

Figure 1.2. Schematic illustration of idealized structures of sucrose esters of soybean oil obtained 

from the subsequent functionalization of SEFOSE 

Owing to their high functionality and biobased content, structural diversity, ease of 

production, affordability, and commercial abundance, these soybean oil-derivatives offer the 

promise of functional benefits for use as biomaterials. Additionally, these plant-oil derivatives 

are inherently lipidic in nature hence offer the promise of increased compatibility and 

solubilization of hydrophobic compounds which is most applicable in delivery applications.  

Polymeric Biomaterials as Delivery Systems 

Biomaterials technology breakthroughs have led to transformation in the method or 

processes of administering pharmaceutical agents to achieve therapeutic effect. Traditional 
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routes of drug administration (oral and parenteral) can only effectively transport the active 

payload in the form of a solution or emulsion. These methods cannot target specific site and 

expose the cargo to degradation or rapid clearance from the body before achieving therapeutic 

effect. Additionally, many of the potent and effective drugs developed for complex diseases such 

as cancer tend to be hydrophobic and cannot be administered in a simple aqueous solution. 

Hence limiting the route by which the drug may be delivered in order to achieve sufficient 

bioavailability. Such challenges combined with the need for controlled and targeted drug 

delivery as well as less solubility-restrictive system has driven research to develop many 

innovative technologies.  

There are several biomaterial platforms for drug delivery from nanoscale tools to 

microscopic systems that have been developed such as nanoparticles, coatings, matrixes or 

implants. A few examples will be discussed in the following subsections. 

Nanostructured Polymeric Biomaterials 

New horizons in nanomedicine, have placed polymeric biomaterials at the frontiers of 

nanotechnology specialized in highly specific medical interventions at the molecular scale. Over 

recent decades, the focus has been development of nanoscale drug delivery systems targeted at 

cancer treatment.41 The common goal within the nanomedicine research community is to design 

these nanomaterials with specific particle size and surface properties in order to achieve 

controlled or targeted release of active pharmaceutical agent. 

In general, nanoparticles are ultra-dispersed supramolecular structures or solid particles 

within the 10nm-1000nm size range. However, for usefulness in biological systems, size range 

narrows to facilitate cell penetration and uptake, avoid renal clearance or avoid inciting 

immunogenic response.42-44 The loaded cargo can be dissolved, entrapped, encapsulated within 
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cavity surround by polymer or physically or chemically conjugated to the polymer matrix. 

Several types of nanostructured systems exist of various forms, sizes and shapes depending on 

their composition and method of synthesis. Examples of nanocarrier systems include dendritic 

polymers, polymer drug conjugates, polyplexes, polymeric micelles liposomes and other lipid-

based systems. Polymers that have been studied for nanocarriers systems include poly (ethylene 

glycol)-b-poly (lactic-co-glycolic acid) (PEG -PLGA) 45-47, PEG-b-poly (aspartate) 48 and PEG-b-

poly (propargyl L-glutamate49. Recently, nanoparticles prepared from plant proteins such as zein, 

animal proteins such as albumin and gelatin, and complex carbohydrates such as chitosan, and 

hyaluronic acids have been successfully used for designing drug nanocarriers.50, 51 Drug delivery 

systems are enabling the repurposing of drugs with high potency yet limited solubility or toxicity 

to be efficiently delivered to targeted sites. Lipid-based nanoparticles show a lot of promise is 

this respect. 

Lipid-based nanoparticles were developed to enhance dissolution, bioavailability and 

biodistribution of hydrophobic active therapeutic cargo. They are composed of lipids or their 

derivatives and are typically non-toxic. A wide array of lipid-based nanocarriers used in 

pharmaceutical formulations from liposomes to innovations such as solid lipid nanoparticles 

(SLN) nanostructured lipid carriers (NLC) (Figure 1.3.). 
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Figure 1.3. Different types of lipid-based nanocarriers. Liposomes formed from phospholipids, 

solid lipid nanoparticles composed of mixture of solid lipids in the core and nanostructured lipid 

carriers composed of a mixture of solid and liquid lipids 

Liposomes are spherical vesicles composed of one or more natural or synthetic 

phospholipid bilayers, which were first described by Bangham et al.52, 53 The lipid bilayers self-

assemble in a fashion that can harbor lipophilic drugs within the lipid bilayers while 

encapsulating hydrophilic guest molecules in the inner aqueous core. The diameter of the lipid 

vesicles may vary between about 20 nm and a few micrometers depending on method of 

preparation and number of bilayers. Chemical modifications including PEGylation or 

incorporation of additives can render the liposomes more sterically stable or reduce uptake rate 

allowing for more controlled drug release.54-56Additionally liposomes have been reported to not 

only increase solubility of poorly-water soluble drugs, protect drugs from degradation but also 

reduce toxicity and side effects. However, several limitations remain like low encapsulation 

efficiency, rapid ‘burst’ release or leakage of drug, poor long-term storage stability and 

difficulties in scaling up.57-60 

Advances research in lipid-based systems led to the emergence of SLN and NLC. These 

innovative nanocarrier systems were designed to be physical stability, shield loaded drugs from 

degradation, eliminate manufacture and design complexity, introduce affordable formulation 
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materials, reduce systemic toxicity, offer controlled and targeted release and have the capacity to 

solubilize and transport both hydrophobic and hydrophilic active payload. 61-67 SLN are solid 

particles prepared from functional lipids and stabilized by surfactants. SLN are typically 

formulated with highly purified triglycerides, fatty acids, complex glyceride mixtures or even 

waxes which serve as the primary carrier component.65, 67  

NLC are a matrix-type nanocarrier system composed of mixture of multiple solid and 

lipids. This gives them the added advantage of higher active loading due to increased solvency 

from the liquid component. Additionally, modulation of the liquid component allows for 

customized release pattern.67, 68 Covalent conjugation of drug to the lipids is sometimes used to 

achieve even higher drug loading, reported to reach over 30%.62, 63  

Functional lipids have long played a major role in pharmaceutical formulations as 

excipients, solubility enhancers, and processing aids. They remain relevant area of interest for 

development of innovative drug delivery platforms aimed at continually improving drug 

solubility, bioavailability and biodistribution not only at nanoscale but also at larger scale. 

Coating Systems/Film-based Biomaterials 

Polymeric films have been investigated for use as drug delivery vehicles. Polymeric films 

are particularly appealing for application requiring a flexible, drug-eluting material. 70, 71 For 

example for buccal drug delivery, films offer benefits such as controlled release and extended 

residence time of the released payload by reducing the rate at which the cargo is washed away by 

saliva. 72 The basic criteria for such films are biocompatibility, flexibility and comfort. Swelling 

characteristics of the films should be limited while bio-adhesive strength should be adequate to 

retain film in the oral cavity for targeted duration. 
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Free-films are attractive as flexible, implantable applications such as post-surgical care, 

where localized delivery is necessary in order to sufficiently treat the affected area, minimize 

risk of infection or recurrence.72, 73 Advances in cancer research have investigated use of polymer 

films to deliver anti-cancer therapeutics. Films composed of a waxy, hydrophobic polymer, poly 

(glycerol monostearate-co-ε-caprolactone) were reported to prolong release, improved drug 

stability, and reduce the systemic toxicity of anti-cancer drugs, such as paclitaxel (PTX) and 

hydroxycamptothecin.72, 74, 75  

Lipidic films or coatings systems offer other advantages as well such as structural 

stability and improving biocompatibility.76 Lipidic materials show a lot of promise as flexible 

drug-eluting platform; however, when longer, extended release is required a larger depot type 

system is ideal. 

Three-dimensional Delivery Systems 

3D-polymeric biomaterials have had heavy presence in regenerative medicine tissue 

engineering and drug delivery applications, as well.77-82 These materials are employed, ideally, 

for localized drug delivery but can also be used for systemic delivery. As depot-type 

formulations, they function as slow release systems, maintaining a high local concentration of 

the payload in the surrounding environment over an extended period. These extended release 

dosage forms increase the lifetime of an active formulation and reduce fluctuations in 

bioavailable concentrations. These systems are implantable; therefore, they also eliminate 

reliance on patient compliance to maintain required dosage frequency.  

Polymer matrices are composed hydrophilic or hydrophobic polymers matrix and drug 

are mixed into the formulation. The capacity of the matrix to swell or the erosion of polymer 

network and diffusion of the cargo controls release of the cargo.  Most of them are based on 
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alginates, chitosan, cellulose derivatives (hydroxyethyl cellulose and hydroxypropyl 

methylcellulose), and cross-linked homopolymer and co-polymers of acrylic acid.83-89  

On the other hand, hydrophobic matrixes are prepared from water insoluble materials 

such as lipids, waxes, or fatty acids such as Carnauba wax, beeswax, micro crystalline wax, 

candelilla wax, and paraffin waxes.90-96 They are engaged to achieve sustained release due to the 

increased retardation in rate of diffusion of encapsulated cargo out of the polymer network. They 

are based on natural materials; therefore, are highly affordable and environmentally-friendly 

material candidates to generate controlled-release platforms. 

A lot of attention has been paid to lipid-based matrixes due to the promise of superior 

performance. Advantages of these systems include the ability to load and release both 

hydrophilic and hydrophobic compounds, biocompatibility, lower immunogenicity, improved 

stability of the drug, degradation to biocompatible end-products unlike many synthetic 

polymers97, 98. Characteristics of the matrix influence the loading and release kinetics i.e. 

porosity of the structure, dissolution properties, polymer erosion, and diffusion characteristics. 

Loading is achieved in various ways, dispersing or dissolving drug within a rate-controlling 

polymer matrix (monolithic), enclosed drug within polymer coatings (drug reservoir) or 

synthesizing polymer-drug conjugates in matrix form. Release may be erosion-controlled, 

diffusion controlled, or a combination thereof, as depicted in Figure 1.4. 
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Figure 1.4. Illustration of two possible mechanisms of drug release from polymer matrix over 

time (a). Diffusion-controlled release and (b). Erosion-controlled release 

The matrices are prepared from solid or liquid lipids or related materials such as fatty 

acids and triglycerides. Many of the currently FDA-approved hydrophobic matrix-formers such 

as beeswax, carnauba wax, and phospholipids, possess complex chemical structures and exhibit 

batch-to-batch variations depending on the source and method of extraction. A new avenue of 

pursuit is semi-synthetic bio-based lipid-like materials, which offer the benefit of batch-to-batch 

uniformity, affordability, biodegradability, low toxicity, accessibility, and facile preparation. 

Particular interest is growing directed at plant oil derivatives as viable source for chemicals 

amenable to prepare various biomaterials including polymer-drug matrixes.7, 8, 99. 

Limitation of Current Polymeric Biomaterials 

Currently, most polymeric biomaterials are generated from either synthetic or naturally 

occurring polymers. Synthetic polymers are typically designed to offer durability. Examples 

include poly(ethylene glycol) (PEG), poly (methylmethacrylate), poly(lactic-co-glycolic) acid 
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(PLGA), PLA and poly (ε-caprolactone) (PCL).46, 47, 100-111 On the other hand, natural polymers 

are attractive due to their structure, morphology and chemistry that can be easily manipulated to 

substitute or mimic biological systems.112-115 Some of the commonly used natural polymers 

include cellulose, chitin, collagen, gelatin, fibrin.  

 These polymers are already influencing medicine and have been successfully translated 

into clinical use. However, they have several limitations as discussed below: 

 High cost or unaffordability. Only a few polymer candidates have FDA approval for use 

resulting in higher cost to synthesize the polymer and manufacture the biomaterials. Most 

of these conventional polymers have mono-functionality, which limits versatility or 

potential applications. 

 Design and synthetic complexity. Many of the current polymers are mono-functional, 

which limits versatility and potential applications. Complex synthetic pathways are often 

required to prepare the target polymers, leading to extensive purification processes, poor 

reproducibility  

 Low biodegradation. Many synthetic polymers are either non-or low-degrading. Those 

that biodegrade often require special condition to degrade or degrade into toxic materials 

such as acidic by-products from PLA or PLGA.  

 Low biocompatibility. Non-responsiveness toward biological cues or invoking an 

undesirable immune response limits biocompatibility. The immune system constantly 

surveilles for any potentially harmful exogenous materials and upon detection of foreign 

substance attacks as a quick defense. For effective performance, polymeric biomaterials 

should be able to bypass this system. Though deemed, as biocompatible petrochemical 
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derived polymers are not always easily metabolically cleared from the body, which can 

trigger health complications. 

 Requirement of safe-by-design approach. The polymer candidates need to be safe to 

humans. The FDA provides a database of materials classified as GRAS (generally 

regarded as safe) which can be used as candidates for the formation of biomaterials. This 

limits the library of useable polymers and can also drive up the cost of current systems. 

  Functional limitations. For example, low solubilization and transport of therapeutic 

agents. In recent years, pharmaceutical research community has intensely focused on 

repurposing and combining potent yet toxic drug candidates for cancer treatment. Many 

of these drug candidates have limited solubility and stability; therefore, increased 

encapsulation efficiency is required. However, many of the current polymer candidates 

exhibit poor loading, are unable to sustain release over prolonged periods, nor can they 

enhance stability of drug.  

 Batch-to-batch variation and unreliability. Biopolymers or natural polymers are a 

seemingly attractive sustainable resource for generating biomaterials due to their 

potential to substitute or mimic biological systems. However, biopolymers are often 

complex, heterogeneous and present batch-to-batch variability. 

All these problems can culminate in failed performance of biomaterial or undesirable side 

effects. Therefore, there is a need for the introduction of better performing and safer 

biomaterials. Hence, the emergence of plant-derived building blocks as an abundant, renewable 

feedstock for starting materials to synthesize customizable molecules amenable for biomedical 

applications. 



 

14 

Research Scope 

As representative biobased macromolecules, sucrose soyate derivatives have been 

extensively studied as a new platform for developing functional materials amenable for 

biomedical and pharmaceutical applications. Such Biobased feedstock have been mainly applied 

to coatings applications and little attention has been focused on studying their potential as 

biomaterials. This current work aims at formulating, designing and characterizing functional 

biomaterials prepared from ESS and MSSP.  

 Sucrose soyates offer versatility due to multivalent functionality. Tunability and ease of 

synthesis of these biobased large molecules allows for modification introducing functionality, 

which diversifies the range of applications. The hydroxyls present in MSSP or epoxy groups in 

ESS enable cross-linking capacity and potential for self-assembly behavior. The biomaterials 

were designed to investigate properties from mesoscale to nanoscale (Figure 1.5.). 

MSSP is expected to self-assemble into nanoparticles due to solvent shifting enabling 

development of a new biobased nanocarrier system. The versatility of these sucrose soyates, 

allows incorporating of MSSP in formulation of flexible, cargo-eluting thermoplastic composite 

films. Finally, the epoxy groups in ESS are cross-linked to development of 3D lipid-based matrix 

useful for molecular transport.  
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Figure 1.5. Examples of soy-based biomaterials prepared from epoxidized sucrose soyate (ESS) 

and methoxylated sucrose soyate polyol (MSSP) 
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CHAPTER 2. STUDY OF SELF-ASSEMBLY BEHAVIOR OF SOY-BASED 

MACROMOLECULES12 

Abstract 

A new class of lipid-based nano-constructs was generated from plant-oil derived 

macromolecules. Lipid based nanoparticulate systems have applications in the areas of 

pharmaceutical sciences, nutritional sciences, and in cosmetic industries; particularly to improve 

stability, transport and functional properties of the encapsulated content. Soybean oil derivatives 

such as MSSP present an interesting class of biobased materials from which lipidic 

nanoassemblies amenable for biomedical purposes may be fabricated. Using a facile 

nanoprecipitation technique, it was demonstrated that upon solvent shifting (Ouzo effect), MSSP 

forms self-assembled structure with a size range within 70-150nm and narrow polydispersity 

index (PDI). Soysomes exhibited long-term storage stability in the absence of any stabilizers or 

surfactants. Without the aid of surfactants or stabilizers, these MSSP nanoparticles termed 

“soysomes” were found to be stable in water for an extended period, withstanding the 

destabilizing effect of time, temperature, and pH. Understanding the mechanistic properties of 

Soysomes could open exciting avenues for use of renewable resources to generate smart 

                                                 
1 This chapter contains some material adapted with permission from Chitemere, R. P.;  Stafslien, 

S.;  Rasulev, B.;  Webster, D. C.; Quadir, M., Soysome: A surfactant-free, fully biobased, self-

assembled platform for nanoscale drug delivery applications. ACS Appl. Bio Mater. 2018, 1 (6), 

1830-1841. Copyright 2018 American Chemical Society. 

2 Some material in this chapter was co-authored by Ruvimbo Chitemere (Wright), Bhaktiyor 

Rasulev, Dean Webster and Mohiuddin Quadir. Ruvimbo Chitemere (Wright) had primary 

responsibility for sample formulation, conducting experiments, materials characterization and 

data interpretation. Ruvimbo Chitemere (Wright) was the primary developer of the conclusions 

that are advanced here. Ruvimbo Chitemere (Wright) also drafted and revised all versions of this 

chapter. ), Bhaktiyor Rasulev conducted the computational studies. Dean Webster and 

Mohiuddin Quadir conceived and designed the experiments. Mohiuddin Quadir served as 

proofreader and corresponding author. 
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colloidal materials amenable towards multifarious applications. In this work, the physico-

chemical factors governing self-assembly behavior of soy-based nanoparticles were investigated.  

Introduction 

Over recent decades nanomaterials have been the focus to advance medical interventions 

Research has intensely targeted improving the solubility of poorly water-soluble drug candidates 

which are highly potent and are promising pharmaceutical formulation with the potential achieve 

desired therapeutic effect, particularly  to treat cancer and other complex disease conditions.1-8 

However, the transport of such hydrophobic compounds remains a challenge. Current polymers 

used as vehicles for drug delivery systems present several challenges such as low loading 

capacity, low bioavailability achievable, inability to sustain release over prolonged periods, poor 

stability and non-degradation or degradation into toxic by-products. Researchers in nanoscience 

continually develop new tools to address these challenges. 

Although, nano-biomaterials have already gained tremendous research interest, only a 

few polymers are FDA approved, thus reliance on these can be costly, making manufacturing 

economically unviable.  The need for designing and developing new and better polymers 

remains. To this end, large biobased molecules, particularly plant oil derivatives have become 

fascinating new avenue for developing new innovative materials with an enhanced form or 

function for application in pharmaceutics, medicine or agriculture.9-13  

Particularly interest is focused on sucrose octa-esters of soybean oils such as MSSP and 

ESS. Sucrose esters of plant oils are synthesized from sucrose molecules conjugates to fatty acid 

chains from the plant oil. In the early 2000s, Procter & Gamble (P&G) introduced the first of this 

class of macromolecules, SEFOSE and commercialized it for applications in lubricant and 

coatings industries. 14,15 MSSP and ESS have previously been used to fabricate high 



 

32 

performance, durable biobased coatings, matrices, shape-memory composites and hybrid 

materials.16-19 Historically, several biomaterials translated to clinical use were originally 

designed other non-related applications. For example, materials used for artificial hearts were 

originally based on commercial-grade polyurethanes and the first dialysis tubing was fabricated 

from cellulose acetate, which is used to make various plastic components in automotive 

industry.20 

Nanocarriers from lipids or their derivatives has a long-standing history in drug delivery 

technology. Family of lipid-based colloidal systems includes liposomes, solid lipid nanocarriers, 

nanostructured lipid carriers and lipid drug nano-conjugates. Such lipid –based delivery systems 

offer the promise of improved solubility of poorly water-soluble active pharmaceutical agents 

and other hydrophobic compounds, increased stability of the encapsulated cargo, enhanced 

bioavailability and biodistribution. Lipidic nanocarriers address many of the challenges of 

hydrophilic nanoparticle systems; however, still have limitations including poor storage stability 

or need for surfactants in the formulation. Therefore, designing a new lipid-based system from 

large biobased molecules with tunable properties such as sucrose soyates presents an exciting 

prospect of customizable, stable, lipid-based nanocarriers systems applicable as a delivery 

platform. 

Design complexity of the nanocarriers systems results in difficulties in large-scale 

production. Several techniques have been developed to prepare nanoparticles and encapsulation 

of any cargo. Some of the most commonly, employed methods include solvent diffusion15, 

solvent displacement, emulsion, salting out, solvent evaporation, interfacial deposition, 

polymerization, ionic gelation and nanoprecipitation.7, 21-27 Nanoprecipitation method was 

established by Fessi et al as facile technique to produce polymeric nanoparticles28, 29. It has since 



 

33 

then been used to synthesize several polymeric nanoparticles as well as encapsulate hydrophobic 

drugs within the nanoparticles22, 30-36 

Briefly, the polymer is dissolved in a water-miscible organic solvent and added dropwise 

to an aqueous phase, under moderate stirring, leading to precipitation of polymer forming 

colloidal particles. Removal of the organic solvent results in polymeric nanoparticles suspended 

in water. Nanoprecipitation is a facile method that may be undertaken to eliminate complicated 

preparatory methods for nanocarriers.  

In this work, the self-assembly behavior of sucrose octa-ester, MSSP was investigated. 

MSSP is expected to form stable nanoparticles upon solvent shifting during nanoprecipitation 

process. Systematic study was carried out to evaluate the characteristics, performance and 

viability of sucrose ester, MSSP as a potential new platform for biomaterials. 

Experimental 

Materials 

MSSP, Mn 3442 g/mol (characterized by gel permeation chromatography with THF as an 

eluent) has been synthesized earlier by Nelson et al.16 PEG–PLGA Mn for PEG = 5 kDa, Mn for 

PLGA = 25 kDa (lactide: glycolide ratio = 50:50), pyrene, oleic acid (OA), linoleic acid (LA), 

linolenic acid (LNA), acetonitrile (ACN), tetrahydrofuran (THF), acetone (ACT), inhibitor-free 

anhydrous grade N′,N-dimethylformamide (99.8%) (DMF), ethanol (EtOH), dimethyl sulfoxide 

(DMSO), isopropyl alcohol (IPA) and 1-octanol were purchased from Millipore Sigma. Ethylene 

glycol (EG) was acquired from BDH Chemicals. Phosphate buffer saline (PBS) tablets (10 mM) 

were purchased from VWR (Solon, OH, USA), which was used to prepare PBS pH 7.4. 
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Preparation of Soy-based Nanoassemblies  

Soysomes were prepared by the nanoprecipitation method7, 34, 37, 38. A specified 

concentration of MSSP was dissolved in a water-miscible organic solvent and stirred for 30 min. 

To form nanoparticles, the MSSP solution was added dropwise to water, a nonsolvent for MSSP, 

using a syringe pump at a 0.2 mL/min infusion rate. The resulting soysomes suspension was 

stirred at room temperature for 15 h and then dialyzed against water for 24 h using benzoylated 

dialysis tubing molecular weight cut-off (MWCO)1200 (Sigma-Aldrich). The soysomes were 

purified by filtration using a 0.45 μm PES syringe filter (VWR). Organic solvents that were used 

as the nonselective media for nanoprecipitation were ACN, ACT, DMF, DMSO, EtOH, EG, IPA 

and THF. The effect of solvent types on the self-assembly and resulting particle size was 

evaluated. Polymer concentration in the organic solvent as well as the ratio of nonselective 

(organic) to selective solvent (water) were also varied to optimize the process of 

nanoprecipitation.  

Fatty acids emulsions were prepared from oleic, linoleic and linolenic acid using similar 

nanoprecipitation procedure. A specified concentration of each fatty acid (10mg/mL) was 

dissolved in ethanol and stirred for 30 min. The fatty acid solution was titrated into water at 

0.2mL/min addition rate. The resulting suspensions were stirred at room temperature for 15 h 

and then dialyzed against water for 24 h. Fatty emulsions clogged the micro-filters immediately; 

therefore, suspensions were analyzed without following the purification step.  

Physicochemical Characterization of Nanoparticles  

Evaluation of Soysomes Morphology by Transmission Electron Microscopy 

A drop of the soysomes suspension was placed on a 300 mesh Formvar-carbon-coated 

copper TEM grid (Electron Microscopy Sciences, Hatfield, Pennsylvania, USA) for 1 min and 
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wicked off. Phosphotungstic acid (0.1%), pH adjusted to 7–8, was dropped onto the grid, 

allowed to stand for 2 min, and then wicked off. After the grids were dry, images were obtained 

using a JEOL JEM-2100 LaB6 transmission electron microscope (JEOL USA, Peabody, MA) 

running at 200 kV. 

Determination of Particle Size and Zeta Potential 

The hydrodynamic diameter and particle size distribution of soysomes were measured by 

dynamic light scattering (DLS) using Malvern Zetasizer Nano-ZS90 (Malvern PANalytical, UK) 

at 25 °C after 60 s equilibration at a scattering angle of 90° using disposable polystyrene 

cuvettes. Three measurements were performed for each sample replicate (N=5), each with an 

average of 10 runs at 10s/run. The intensity-weighted mean value was recorded.  The zeta 

potential was determined by DLS using the similar particle analyzer, Malvern Zetasizer Nano 

ZS90 (Malvern PANalytical, UK).  Three measurements were performed for each sample 

replicate (N=5) for 10 runs each at 30s/run, after a 60 s equilibration period under automatic 

attenuation and automatic voltage.  

Computational Analysis of Soysomes Structures  

To investigate the MSSP–solvent interactions and stabilization of nanoparticles in 

corresponding solvents and build a predictive model, a computational analysis of MSSP 

structures, as well as solvent structures, was carried out. Various molecular features/descriptors 

were calculated per each solvent structure, after initial optimization. Molecular mechanics (MM) 

and quantum-mechanical (QM) calculations were performed using MM+ and PM339 methods 

within HyperChem software [HyperChem; Hypercube Inc., Gainesville, FL, USA]. The 

structures were built and used for QM calculations in two steps: (1) optimization of the 

molecular geometry and (2) calculation of various quantum chemical properties. The semi 
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empirical QM calculations were performed utilizing the efficient Parameterized Model 3 (PM3) 

method. PM3 (and its updated version, PM6) delivers results that are comparable to the density 

functional theory (DFT) level40. The following molecular properties were calculated for each 

structure: heat of formation (HF), dipole moment (μ), total energy (ET), electronic energy (EE), 

energy of the highest occupied molecular orbital (EHOMO), energy of the lowest unoccupied 

molecular orbital (ELUMO). In addition, a number of structural descriptors were generated by 

Dragon 6 software [Talete srl, Dragon (version 6.0), Milano, Italy]. A QSAR study was 

performed by the application of multiple linear regression (MLR) analysis, which is a commonly 

used statistical tool for which a dependent variable (y) is expressed as a linear combination of 

independent variables (e.g., physicochemical properties and/or structural features (x1, x2, ..., xn)) 

with certain coefficients. In this study, a QSAR model was developed by selecting the most 

relevant independent variables (i.e., molecular descriptors) selected by a genetic algorithm (also 

known as GA-MLR modification) 41. MLR models were developed using QSARINS 

software42, and the results were compared to experimental data. 

Construction of Phase Diagram and Determination of Ouzo Boundary 

MSSP was dissolved in acetone and then added dropwise to the aqueous phase using a 

syringe pump. The mixture was kept under constant magnetic stirring (100rpm). After addition 

of the organic phase, the resulting colloidal suspension was visually inspected for change in 

turbidity. Mass fraction of each component: water (fwater), acetone (facetone) and the polymer, 

MSSP, (fMSSP) was determined for each marked volume added. The volume of aqueous phase 

was kept constant. MSSP solution was titrated, identifying the cloud-point boundaries (binodal 

and spinodal), region where stable nanoparticle (ouzo region) form until the polymer 

precipitated. The binodal boundary was deduced from mass fraction of MSSP added at the onset 
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of turbidity, while the spinodal boundary was identified as the mass fraction after which super-

saturation allows formation of emulsion or phase separation occurs. A phase diagram was 

constructed by plotting the mass fraction of the solvent, acetone against the mass fraction of the 

polymer, MSSP.  

Evaluation of Soysomes Stability 

Soysomes prepared according to the above-mentioned procedure were evaluated for 

particle size and polydispersity when subjected to varying temperatures and pH conditions. To 

control temperature, soysomes samples (2 mL) were placed in a bath at 37 and 80 °C, while a set 

of samples was allowed to sit at room temperature. In order to evaluate the effect of pH on the 

stability of soysomes, nanoparticles were prepared in 0.01 M PBS (pH 7.4), adjusted to pH 5.5 

and to pH 12 by the addition of 0.01 N HCl or 0.1 N NaOH solution, respectively, and treated for 

96 h. For long-term stability, soysomes were stored at 4 °C and the particle size of the 

nanoparticles were measured after a week and five months after the preparation. 

Determination of Critical Aggregation Concentration (CAC) 

Pyrene Method 

Determination of CAC of MSSP was estimated by a fluorescence spectroscopic method 

using pyrene as a probe following a previously described procedure43-45. Briefly, 10 μL of 2.02 

μg/mL (0.10 mM) pyrene solution in ACT was prepared in Eppendorf tubes, and the solvent was 

removed by evaporation overnight. To each of the tubes containing pyrene, a fixed volume (1 

mL) of soysomes solution of varying concentrations ranging from 0.06 mg/mL (1.74 × 10–4 M) 

to 2.17 mg/mL (6.30 × 10–4 M) of MSSP equivalent was added to achieve a constant pyrene 

concentration 0.20 μg/mL (1 × 10–6 M) in each tube. Each Eppendorf tube was sonicated for 5 

min (Branson 1800) and then allowed to stand for 3 h before the emission spectra were recorded. 

Fluorescence spectra of pyrene were recorded from 350 to 470 nm after excitation at 337 nm. 
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The slit width was set at 2 nm for both excitation and emission. The peak intensities at 373 and 

383 nm were designated as I1 and I3, respectively, and the ratio of I1 and I3 was plotted against 

the MSSP concentration. The CAC was determined from the inflection point observed in this 

plot. 

Cloud-Point Method 

MSSP solution in organic solvent (ACT) was titrated against water forming a three-

component system. Acetone was removed by evaporation and the turbidity of the resulting 

colloidal suspensions analyzed by transmittance using Varian Cary 5000 UV–vis-NIR 

spectrophotometer. A plot of the transmittance as a function of mass fraction of polymer was 

used to identify the cloud-point, i.e. concentration at which first stable colloidal structures are 

formed. Water was measured as the blank reference. The cloud-point was deduced as the 

inflection point due to drop in light transmittance.  

Results and Discussion 

Self-Assembly Behavior of Methoxylated Sucrose Soyate Polyol 

A stable nano-particulate dispersion of MSSP, termed ‘soysomes’, was achieved in water 

through nanoprecipitation (solvent shifting) technique (Figure 2.1). The method requires 

miscibility between a solvent pair, with the polymer being completely soluble in the one (the 

solvent), but insoluble in the other (nonsolvent) 43. In our work, we used water as the nonsolvent 

(aqueous phase) and selected a variety of organic solvents, ACT, ACN, DMF and THF based on 

their water miscibility7, 22, 37, 44 and capacity to solubilize a broad spectrum of compounds.  In a 

bid to improve the solvent system in the fabrication process, a series of “green solvents”, EtOH, 

IPA, EG and DMSO were used for the nanoprecipitation of MSSP.45 Complete solvent removal 

was achieved by dialysis resulting in solvent-free polymeric nanoparticles in water. The effect of 

solvent types, concentration and solvent ratio were evaluated and discussed in this section. 
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Figure 2.1. Representation of the nanoprecipitation technique to prepare Soysomes showing 

rapid dispersion of the organic solution in water followed by diffusion of solvent and water 

leading to particle nucleation. Solvent removal at the process resulting in an aqueous nano-

suspension. 

We have also established that the formation of soy-based nanoparticles (Soysomes) is a 

unique property of MSSP and not that of its constituent fatty acids by attempting to form 

nanoparticles from fatty acids of soybean oil alone under similar nanoprecipitation conditions. 

The typical fatty acid composition of soybean oil is 15.3 wt. % saturated fatty acids (11.3 wt. % 

palmitic acid and 3.6 wt. % stearic acid) and 25.6 wt. % monounsaturated fatty acids (24.9 wt. % 

OA) with 59.1 wt. % polyunsaturation (53.0 wt. % LA and 6.1 wt. % LNA).  

OA, LA and LNA were selected as the representative fatty acids from which MSSP is 

synthesized. When these fatty acids were dissolved in ethanol and added water following the 

nanoprecipitation technique, rapid phase transition of fatty acids was observed, leading to the 

formation of an emulsion. Particle size analysis of the resulting emulsions (Figure 2.2.) shows 

the presence of larger particles with a high PDI > 0.4. LNA completely precipitated out of 

solution forming distinct oil and water phase, while OA and LA although formed emulsions, 

eventually demonstrated an uncontrolled size enlargement.  
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Figure 2.2. Particle size and PDI obtained from nanoprecipitation of fatty acids composing 

MSSP 

Soysomes formation from other sucrose soyate derivatives was evaluated using a series 

of soy-based resins (Table 2.1). All resin were nanoprecipitated under similar conditions as 

MSSP, i.e. concentration of 10mg/mL in DMF at 1:3 DMF to water ratio. Propylated sucrose 

soyate polyol (PrSSP) and PEGylated sucrose soyate polyol are both formed from alcoholysis of 

ESS with propanol and PEG respectively. Both polyols self-assembled into soy-based 

nanostructures with particle size similar to MSSP and within range ideal for use in biological 

system (PrSSP: 93.84 ± 1.17 and PSSP: 84.57 ± 4.90 nm). Benzoylated sucrose soyate polyol 

(BASSP), obtained from reacting ESS with 10% benzoic acid, gave larger particles (205.50 ± 

18.87nm) and difficult to filter through 0.45μm PES filter. The presence of acrylate group in the 

resin impeded soysome formation; acrylated sucrose soyate (ASSP) formed colloidal suspension 

briefly, which precipitated within an hour of formation. To evaluate the role of the hydroxyl 

group, sucrose soyates without any hydroxyl functionality were evaluated. 

Dimethyl methacrylated sucrose soyate (DMESS) phase separated immediately without 

forming any nanoparticles while carbonated sucrose soyate was able to form large particles with 

poor stability; phase separating within 24 h. From Table 2.1, it is apparent that hydrophilic 
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moieties such as hydroxyl group are required to form nanoparticle size below 100nm. Presence 

of aromatic group in sucrose soyate tends to increase the particle size of the resulting Soysomes. 

Table 2.1. Evaluation of Soysomes Formation from Sucrose Soyate Derivatives 

 

Sucrose Soyate Structure Forms Soysomes     

(-/+) 

Particle Size 

(nm) 

Methoxylated sucrose soyate 

polyol (MSSP) 

 
+ 75.11 ± 1.16 

Propoxylated sucrose soyate 

polyol (PrSSP) 

 
+ 93.84 ± 1.17 

PEGylated sucrose soyate 

polyol (PSSP) 

 

+ 84.57 ± 4.90 

10% Benzoylated sucrose 

soyate polyol (BASSP) 

 
+ 205.50 ± 18.87 

Acrylated sucrose soyate 

polyol (ASSP) 

 
- - 

Dimethyl methacrylated 

sucrose soyate (DMESS) 

 
- - 

Carbonate sucrose soyate 

(CSS) 

 
+ 176.33 ± 10.52 

 

Factors Controlling Particle Size of Soysomes  

To evaluate the size, shape, and polydispersity of soysomes, and optimize the processing 

conditions, we characterized the size and morphology of the nanoparticles using TEM and DLS. 

Soysomes were determined to exhibit spherical morphology as depicted in the TEM microgram 

in Figure 2.3. (a). 

 

 



 

42 

 

Figure 2.3. (a). TEM image of MSSP soysomes prepared with DMF as organic solvent with a 

scale bar of 50 nm and (b) histogram showing particle size distribution of MSSP Soysomes as 

determined by TEM 

 Furthermore, the TEM studies showed that, upon nanoprecipitation from organic to 

aqueous solvents, self-assembled constructs formed by MSSP are monodispersed and with 

majority of the nanoparticles within 31–40 nm size range (Figure 2.3. (b)). A spherical 

nanoparticle shape is typical, especially when the polymer solution is precipitated in a poor 

solvent, most likely to reduce interfacial tension46, 47 

Hydrodynamic diameters (RH) of Soysomes obtained from DLS analysis and reported in 

Table 2.2. were found to be within the range 100–200 nm, depending on the type of organic 

solvent, concentration of polymer and the ratio of organic solvents to water, the aqueous phase in 

which the nanoparticles were precipitated. The smaller particle size obtained from TEM in 

comparison to DLS-derived hydrodynamic diameter is most likely due to the dehydration of 

particles during the sample preparation for TEM. 48 

Table 2.2. Soysomes Particle Size and PDI Prepared from Four Different Solvents 

Solvent ∆δ solvent -water Particle Size (RH), nm PDI 

DMF 31.14 137.63±1.70 0.078±0.009 

ACT 35.74 180.03±6.39 0.058±0.019 

THF 35.83 182.73±0.57 0.082±0.018 

ACN 36.26 221.97±3.48 0.060±0.017 
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Particle size distribution has a similar distribution profile as that obtained from TEM. The 

Soysomes particles have a mono-modal and narrow distribution shown in Figure 2.4. This is 

supported by the very low PDI values (<0.09) observed for Soysomes regardless of solvent used 

in the preparative step. Soysomes prepared from THF were unstable and at high concentrations 

of MSSO or larger water to solvent ratios, MSSP precipitated out of solution forming a mixture 

of large particles and droplets of resin creaming at the air-water interface eventually leading to 

the formation of two phases. Due to this, THF was not used for subsequent testing. 

 

Figure 2.4. Soysomes particle size distribution profile as determined by DLS demonstrating 

monodisperse sample with various solvents 

To investigate the influence of organic solvents on the final hydrodynamic particle size of 

Soysomes, we used four different solvents with varying miscibility in water as determined by 

comparing Hansen solubility parameters (δ) for both the solvent and water32, 37. The average 

particle size of Soysomes demonstrated solvent dependency (Figure 2.5.) when a fixed 

concentration of MSSP was used (10 mg/mL) during the nanoprecipitation process.  

The general trend showed a decrease in mean nanoparticle size with the increase in 

miscibility of solvent with water. Soysomes prepared in DMF, which had the highest water 
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miscibility among the solvents tested in this experiment, yielded the smallest particles size (RH = 

98.48 ± 4.72 nm). This is presumably due to a more efficient solvent diffusion and polymer 

dispersion into water22. On the other hand, when ACN, which had the highest Δδ, was used in 

Soysomes synthesis, it led to the formation of particles with the largest hydrodynamic diameter 

(212.03 ± 2.46 nm).  

 

Figure 2.5. Soysomes particle size as a function of ratio of solvent–water (1:1, 1:2, 1:5, 1:10) at a 

constant MSSP concentration (10 mg/mL) 

Previous studies have reported a correlation between the miscibility of organic solvents in 

water and the size of nanoparticles formed28, 36. When the difference of the solubility parameter 

(Δδ) between the solvent and water is smaller, the miscibility of the solvent with water is 

higher22, 28, 30, 32. Solvents having a high affinity for water, which is evidenced by low solvent–

water Δδ values, tend to promote an efficient solvent diffusion and rapid macromolecular 

precipitation into the aqueous phase, leading to the formation of smaller NPs. A similar 

phenomenon was observed in nanoparticle systems based on PEG-PLGA block copolymers, 

which have been widely used in preparation of drug delivery nanocarriers33.  
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Water-solvent interaction plays a role in controlling particle size as well. As illustrated 

in Figure 2.5., the Soysomes particle size increased with increasing solvent to water ratios. At a 

1:10 DMF to water ratio, Soysomes obtained from precipitating MSSP (at a concentration of 10 

mg/mL) had the lowest diameter (87.47 ± 3.08 nm) compared to those prepared at a 1:1 ratio of 

DMF to water (99.53 ± 4.72 nm). These results showed that, by selecting the type and ratio of 

organic solvent to water, it would be possible to control the nanoparticle size for an optimal 

application outcome.  Computational structural modeling (Figure 2.6. (a) and (b)) supports the 

difference in conformation of MSSP in different solvent environments, DMF and water 

respectively.  

 

Figure 2.6. Computational structural model of a single molecule of MSSP in (a) DMF and (b) 

water 

In addition to water–solvent interactions, factors such as the molecular volume as well as 

molar volume of the solvent and polymer–solvent interactions most likely played an important 

role in determining the size of nanoparticles. To demonstrate this, we have selected a set of green 

solvents for analyzing the prospect of preparing of MSSP nanoparticles (Figure 2.7.) in an eco-

friendlier manner. We observed that nanoparticles with the smallest diameter were obtained 

when MSSP precipitated from DMSO (57.87 ± 2.09 nm), while nanoparticles with a 
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hydrodynamic diameter of 173.69 ± 7.49 nm were obtained when EG was used as the 

precipitating solvent. For this set of solvents, the solubility of MSSP in the respective solvent 

compensated for the solvent–water miscibility. For example, although EG possesses the highest 

water miscibility (Δδsolvent–water = 17.11), it produced significantly larger-diameter Soysomes in 

comparison to DMSO, which has a Δδ value of 32.22, but led to smaller nanoparticles. MSSP is 

easily solubilized in DMSO, which can be considered a good solvent for MSSP.  

 

Figure 2.7. Particle size and PDI of Soysomes prepared from a set of green solvents 

On the other hand, MSSP is much less soluble in EG, the “bad” solvent, as indicated by 

an increase in viscosity of the mixture as well as immediate turbidity observed when MSSP in 

EG solution is added to water. The organic solvent to water ratio also affected the particle size of 

Soysomes prepared from highly polar solvents such as DMF. Polymer concentration can be 

correlated to aggregation properties and hence the resulting particle size.  

To investigate the relationship between the particle size of Soysomes and the feed 

concentration of MSSP, we prepared a series of MSSP solutions varying the concentration of the 

polymer from 1.0 mg/mL (2.9 × 10–4 M) to 10.0 mg/mL (2.9 × 10–3 M) in the organic phase 

(DMF and acetone) at a fixed solvent to water ratio. We found that the hydrodynamic diameter 
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of Soysomes was proportional to the initial polymer concentration regardless of the solvent type 

(Figure 2.8.).  

 

Figure 2.8. Effect of MSSP concentrations in the organic phase (1–10 mg/mL) on MSSP particle 

size, while keeping the solvent– water ratio fixed at 1:3 

For example, with respect to DMF, the hydrodynamic diameter of Soysomes was doubled 

from 75.09 ± 0.97 nm to 147.97 ± 2.50 nm when the polymer concentration was increased 10-

fold from 1 mg/mL to 10 mg/mL. This observation can be correlated with the increased mass of 

material per nanoparticle that is precipitated out of the organic solvent during the formation of 

the particles in an aqueous environment. We also observed that the preparative conditions 

critically influenced the size distribution of Soysomes. Filtration of nanoprecipitated Soysomes 

through a 0.45 μM PES filter reduced the particle size and improved the polydispersity in terms 

of PDI (Figure 2.9.).  
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Figure 2.9. Evaluation of the effect of filtration on PDI of MSSP Soysomes prepared in water 

The removal of organic solvent after nanoprecipitation was attempted using two different 

methods: dialysis, which entails a slow solvent exchange against water, and an evaporative 

method, where heat was applied near the boiling point of the respective solvent for 24 h, leaving 

only the Soysomes in an aqueous suspension. We observed that the dialysis-based purification 

method always yielded smaller particles compared to the evaporative method, possibly due to a 

slow and gradual phase transition of the dissolved MSSP occurring when the organic solvent was 

removed by dialysis (Figure 2.10.).  
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Figure 2.10. Effect of different solvent removal preparative methods (dialysis versus 

evaporation) on the particle size MSSP Soysomes 

Computational Structure−Property Relationship Analysis between Solvent Type and 

Soysomes Particle Size  

To understand the relationship between the particle size of Soysomes and organic 

solvents, we applied a cheminformatics approach, so-called quantitative structure–property 

relationship (QSPR). For this, we used the experimental data of the Soysomes particle sizes in 

each solvent (experimental end-point) and structural information on all solvent molecules, 

computationally derived. The optimized structures of solvent molecules (as described in 

the Materials and Methods section) were used to calculate a number of structure-related 

properties/descriptors. By applying the QSPR technique, we were able to develop a mathematical 

model for the relationship “solvent structure–Soysomes particle size”, which shows a strong 

correlation with experimental values, R2 = 0.84 (eq 2.1): 

𝑆𝑜𝑦𝑠𝑜𝑚𝑒 𝑆𝑖𝑧𝑒 = 619.8(±239.1) 𝑥 𝑀𝑣 − 67.4(±14.9) 𝑥 𝐵𝐿𝐼 − 78.61  (2.1) 

where R2 = 0.842, Q2 = 0.689, CCCtr = 0.914, RMSEtr = 19.65, F = 13.32, and s = 24.85. 
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The GA technique within QSPR has selected two main structural descriptors that are 

responsible for the relationship, Mv (mean atomic van der Waals volume) and Kier benzene-

likeliness index (BLI). The Mv is related to the solvent molecule’s volume size, and BLI 

represents a relative number of double bonds to total number of bonds in the molecule, i.e., 

indicates a higher electron density level in the structure. Both selected properties work 

synergistically to give a good correlation with experimental data and explain the phenomena 

(Figure 2.11.).  

 

Figure 2.11. QSPR computational model showing correlation between experimental obtained 

Soysomes size and predicted size 

When analyzed individually, each descriptor presents different behavior. For example, a 

strong nonlinear inverse relationship exists between the BLI of the solvent and the resulting 

Soysomes particle size. Therefore, a larger BLI for a solvent result in smaller size Soysomes 

particles. This is demonstrated clearly in the case of DMSO as the selected solvent; it exhibits 

the highest BLI and yields the smallest sized particles (Figure 2.12.).  
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Figure 2.12. QSPR computational models showing correlation between Kier benzene-likeliness 

index (BLI) and experimentally determined Soysomes size 

The distinct behavior of DMSO was attributed to the presence sulfur in its structure 

which made it unique in comparison to the other analyzed solvents. DMSO has a very strong 

affinity to water and creates a large hydration layer that stabilizes Soysomes particles preventing 

aggregation. 

On the other hand, Mv has a linear relationship with particle size with exception of 

DMSO (Figure 2.13.). The larger Mv of the solvent leads formation of a larger size Soysomes 

particle during the nanoprecipitation stage. This was attributed to likely lack of uniform coverage 

of the surface of Soysomes particles by the large solvent molecules hence resulting in 

aggregation of MSSP into larger particles. In the case of smaller solvent molecules, surface 

coverage of the Soysomes is likely more uniform and increased thus minimizing the possibilities 

of aggregation.  
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Figure 2.13. QSAR computational models showing correlation between mean atomic Van der 

Waals volume (Mv) and experimentally determined Soysomes size 

Stable Ouzo Region  

Mechanism of Soysomes formation could be explained in two possible ways. The first is 

the solvent displacement method, which attributes particle nucleation to variations in interfacial 

tensions between the two liquid phases not at equilibrium24, 31, 49-51. When the two phases come 

in contact, the solvent diffuses out of the organic phase into the aqueous phases. This introduces 

into water a small portion of still solubilized polymer. As the solvent continues to diffuse into 

water, polymer chains tend to aggregate, hence forming nanoparticles. 

 The second is known as Ouzo effect which describes liquid- liquid particle nucleation as 

spontaneous emulsification that takes place when oil or polymer dissolved in a solvent and water 

diffuses into the oil droplet and some solvent simultaneous diffuses into the water.52-57 This 

continues until the oil becomes supersaturated leading to particle nucleation. The particles grow 

as the polymer diffuses into nearby particles resulting in decrease in super-saturation and 

nucleation stops. As the two phases mix, a region of metastable dispersion is achieved known as 
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the Ouzo region. This is found between the miscibility/solubility limit (binodal boundary) and 

the stability limit (spinodal boundary).56, 58, 59  

We performed a systematic study to demonstrate the mechanism of Soysomes formation. 

Figure 2.14. shows our phase diagram mapping the composition of MSSP-acetone-water ternary 

system through the nanoprecipitation process. The phase diagram was constructed from 

determining the mass fractions of each individual component as the solution of MSSP dissolved 

in acetone was titrated into water until the MSSP precipitated out. At very low mass fractions of 

MSSP, there is some aqueous solubility which is slightly enhanced by increase the amount of 

acetone. However, a solubility limit was shortly reached and noted, as the point the mixture 

became instantaneous cloudy52, 59. This miscibility limit is identified as the binodal boundary.  

 

Figure 2.14. Phase diagram for the ternary system MSSP/acetone/water at 25C represented by 

the mass fraction of MSSP as a function of mass fraction of acetone, depicting the one phase 

region (before the binodal boundary), stable “ouzo region” and unstable emulsion/two phase 

region (beyond the spinodal boundary) 

As the amounts of MSSP and acetone, added increased, specific concentrations were 

reached that lay in the so-called ouzo region (shaded area) where stable nanoparticles are 

formed. The region is limited by the amount of MSSP and was determined as very narrow region 
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(about an order of magnitude) with respect to the mass fractions of MSSP. Addition of MSSP-

acetone solution leads to eventual phase separation between the MSSP and water due to 

insolubility. The onset of the precipitation of MSSP noted as the spinodal boundary and observed 

as increase in opacity of the mixture due to formation of large particles additionally some MSSP 

formed oil droplets while other stuck to the vial and magnetic stirrer.    

The binodal and spinodal boundaries were visually identified as the onset of turbidity 

(and the mixture turns into opaque emulsion (phase separation), respectively (Figure 2.15.). At 

low mass fractions of MSSP (<10-4), the dissolved polymer is miscible with water as indicated 

by the transparent single phase. Increasing mass of fraction of MSSP led to turbidity as nano-

suspension is formed reaching a metastable region. Further increase of the mass fraction of 

MSSP (>10-2) resulted in formation of opaque emulsions or visible polymer aggregates.  

 

Figure 2.15. Photographic image of representative nano-suspensions with increasing MSSP mass 

fractions 

The organic solvent was evaporated off and resulting suspension analyzed to determine 

particle size by means of DLS. Average particle size of the resulting nano-suspensions within the 

ouzo region ranged from 70nm to 140nm (Figure 2.16.). These particles are within size range 
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(50-150nm) that ideal for applications in biological environment and encapsulation of guest 

molecules36, 60-62. On the other hand, higher mass fractions of MSSP produced larger particles 

with diameters reaching up to 490nm. 

 

Figure 2.16. Soysomes particle size as a function of the mass fraction of MSSP 

Factors Governing Soysomes Stability 

The most interesting observation we had was that the Soysomes were stable and able to 

retain their particle size in aqueous conditions without the inclusion of surfactants. Stability of 

nanoparticles suspensions is crucial for application as encapsulants in drug formulations.63 

Stabilization of nanoparticulate systems is dependent on interfacial forces; and therefore, 

achieved by either steric or electrostatic effects.64, 65 Many nanoparticle suspensions achieve 

steric stabilization via the addition of steric stabilizers21, 67, 68. On the other hand, electrostatic 

stabilization via charge on the surface of the particles. However, some particles nanoparticle or 

colloidal systems are stabilized from the combination of steric effect and electrostatic 

repulsion.66 However, the structure of MSSP allows for steric stabilization without the addition 

of surfactants or other aids. The electrostatic contribution in the Soysomes, originates from the 

surface charge on the particles. This was supported by the negative zeta potential determined by 
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DLS (Table 2.3.). Zeta potential is a measure of the charge of the particle and is used as an index 

for particle stability. A larger the zeta potential value means there is more charge on the surface 

of the particle, which implies greater repulsive interactions, and hence more stable particles. In 

comparison to extensively studied and commercially relevant, PEG-PLGA nanoparticles, 

Soysomes have a negative zeta potential, indicative of some contribution of charge stabilization. 

However, Soysomes stabilization is thermodynamic, which is typical for lyophilic colloidal 

systems.  

Table 2.3. Comparison of Surface Charge for Soysomes and PEG-PLGA NPs 

Sample Polymer Zeta Potential, mV 

Soysomes  MSSP -20.55  1.01 

PEG-PLGA NPs PEG: PLGA (50:50) -13.04  0.80 

 

In order to assess the stability of the Soysomes further, we investigated the effect of 

temperature and pH on the nanoparticles post-fabrication. Figure 2.17 shows the effect of 

temperature on particle size of Soysomes. As such, the Soysomes were incubated at three 

different temperatures; 25°C to assess stability at standard room temperature, at 37°C to evaluate 

stability at average body temperature and at elevated temperature, 80°C in case of transportation 

conditions or heat sterilization. No significant changes in particle sizes were observed when a 

Soysomes suspension was maintained at 25 or 37 °C after short-term (3h) or long-term (24 h) 

temperature imposition; however, a slight increase in particle size was observed after 24 h when 

Soysomes were kept at 80 °C.  
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Figure 2.17. Effect of temperature on particle size of Soysomes after 3 h and 24 h period of 

exposure 

For pH evaluation, three values were selected pH 5.5 representative of diseased tissue 

microenvironment, pH 7.4 representative of normal physiological pH and finally pH 12, as 

control conditions under which sucrose Soyate derivatives undergo alkaline hydrolysis. 

Soysomes particle sizes did not show significant changes when incubated at pH 5.5 and at pH 

7.4, i.e., 126.17 ± 2.77 nm and 116.36 ± 4.61 nm (Figure 2.18), respectively, but decreased to 

87.17 ± 1.84 nm at pH 12.0, most likely due to alkaline hydrolysis. Soysomes were also found to 

be stable for an extended period without coalescence, and we did not observe a substantial 

change in particle size or size distribution (Insert, Figure 2.18). 

 

Figure 2.18. Effect of pH on the particle size of Soysomes. Insert: Effect of pH on particle size 

distribution profile of Soysomes 

https://pubs.acs.org/doi/full/10.1021/acsabm.8b00317#fig3
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We evaluated the storage stability of Soysomes by incubating the nanoparticles at 4 °C in 

water and then analyzing particle size after 1 week and again after 5 months of storage. We 

observed that the Soysomes prepared from nanoprecipitation from DMF showed only a slight 

change in particle diameter from 137.63 ± 1.70 nm to 130.57 ± 1.45 nm after 5 months as 

displayed in Figure 2.19. 

 

Figure 2.19. Effect of long-term (5 months) storage at 4°C on particle size of Soysomes prepared 

from DMF 

This observation was attributed to an interplay of the solvent polarity, solvent-polymer 

interactions and rate of solvent diffusion. Solvents with a higher water miscibility have a 

diffusion rate fast enough to allow an efficient spontaneous emulsification of polymer in water. 

Hence, the diffusion rate of DMF out of nascent MSSP nanoparticles is much faster than that of 

acetonitrile and acetone, thereby giving smaller particles with a higher surface area of hydration 

around the particles, which most likely enhanced the stability of the nanoparticles in an aqueous 

environment.  

In comparison, Soysomes prepared from acetone and acetonitrile, increased in particle 

size over long storage period by 20 nm for acetone (Figure 2.20. (a)) and by 40 nm for 

acetonitrile (Figure 2.20. (b)). Contrary to DMF, ACT and ACN, the diffusion rate is slower and 

likely competing closely with coalescence rate of MSSP; hence, larger particles were obtained 
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with these lower polarity solvents. Due to that large size, the particles become unstable in the 

aqueous environment and tend to flocculate over time. This was observed as an increase in 

particle size in Soysomes obtained from acetone and acetonitrile during the nanoprecipitation 

process. It, therefore, follows that DMF was selected as the solvent for preparing Soysomes due 

to the formation of nanoparticles within the optimal range for biological applications, i.e., 

between 50 and 120 nm.23, 69  

 

Figure 2.20. Effect of long-term (5 months) storage at 4°C on particle size of Soysomes prepared 

from (a) acetone and (b) acetonitrile 

Determination of Critical Aggregation Concentration 

To confirm the association behavior of MSSP and Soysomes stability in physiological 

environments, critical aggregation concentration, CAC, was determined using a well-known 

technique of measuring the solubilization of pyrene via fluorescence spectroscopy70. Pyrene is a 

hydrophobic molecule with a signature fluorescence signal that varies depending on the polarity 

of the environment71-73. We observed that the intensity of the vibrionic signals of pyrene in water 

increased with an increase in Soysomes and MSSP concentration in the suspension (Figure 2.21). 

This observation was due to the change in polarity of the microenvironment of pyrene from 

aqueous to hydrophobic, allowing pyrene to harbor itself within the nonpolar environment of the 

MSSP microstructure.  
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Figure 2.21. Fluorescence emission spectra showing the evolution of vibrionic signals (373 and 

383 nm, I1 and I3 signals) of pyrene with increments of the Soysomes concentration in water, 

indicating the capacity of Soysomes to solubilize pyrene 

The relationship between the ratio of intensity of pyrene signals at 373 and 383 nm, 

denoted as I1 and I3, respectively, and the polymer concentration enabled the determination of the 

critical aggregation concentration, CAC, of MSSP.74-76 The ratio of intensities of pyrene 

vibrionic signals and 373nm and 383nm (i.e., I1 and I3 respectively), when plotted as a function 

of MSSP concentration (Figure 2.22.), showed an increase as the concentration of MSSP was 

increased, which abruptly plateaus around 10–4 M.  

The CAC value was estimated from the intersection of the best-fit regression lines from 

this plot and found to be 0.364 mg/mL (1.06 × 10–4 M). The association behavior of 

nanoparticle-forming polymers and large molecules is critical as this parameter determines the 

solution and dilution stability of the aggregates in physiological conditions, particularly in blood 

circulation. 
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Figure 2.22. Plot of I1/I3 ratio as a function of MSSP concentration to determine the critical 

aggregation concentration (CAC) 

The critical cloud point, i.e. concentration at which first colloidal structure is formed by 

the polymer, MSSP in water was identified using transmittance (Figure 2.23.). At low mass 

fractions of MSSP (<10-3), the transmittance between 92-99% over 400-700nm range was 

observed. There was a sudden drop in transmittance after fMSSP ≥ 10-3. The concentration of 

MSSP at the critical cloud point is within an order of magnitude of the critical aggregation 

concentration deduced using the pyrene-based fluorescence method.  
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Figure 2.23. Critical cloud point identified as the inflection point on the of transmittance as a 

function of mass fraction of MSSP in the MSSP-acetone-water ternary system after removal of 

organic solvent 

Generally, decrease in transmittance was observed after 120 h was observed in 

comparison to 24 h. This was attributed to evaporation of residual solvent, acetone. As the 

residual solvent diffuses out of the MSSP colloidal particles, this could result in some 

coalescence. As such, presence of larger particles increases the turbidity of the suspension 

resulting in more light scattering and reduces transmittance.  

Conclusions 

In this work, for the first time, the self-assembling behavior of methoxylated sucrose 

soyate polyol (MSSP), a sucrose octa-ester of soybean oil, was investigated. Using a facile 

nanoprecipitation technique, we established that MSSP possesses the unique property of forming 

stable colloidal particulate structures upon solvent-shifting, without the aid of surfactants. The 

MSSP nanoparticles, “Soysomes” exhibited narrow, monomodal distribution with particle sizes 
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suitable for use in a biological system. Computational studies confirmed the relationship between 

solvent type and formed Soysomes size. We observed that these nanoassemblies form 

stable nano-dispersions capable of encapsulating hydrophobic active pharmaceutical agents and 

exhibited long-term storage stability. Additionally, Soysomes were shown to be biodegradable in 

presence of enzyme lipase. Soysomes are a fascinating new platform for developing Biobased 

nanomaterials with the prospect of application as new biomaterials 
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CHAPTER 3. ENCAPSULATION AND TRANSPORT PROPERTIES OF 

SELF-ASSEMBLED SUCROSE SOYATES12 

Abstract 

A new class of biobased nanocarriers, Soysomes, has been discovered and investigated. 

These nanocarriers are derived from a synthetically accessible, scalable sucrose soyate, 

methoxylated sucrose soyate polyol (MSSP), derived from chemical building blocks obtained 

from soybean oil and sucrose. We observed for the first time that MSSP, when dissolved in an 

organic solvent of different polarity and slowly added to an aqueous phase at a predetermined 

rate under “nanoprecipitation” conditions, will form a stable, self-assembled structure with a size 

range from 100 to 200 nm depending on the polarity difference between the precipitating solvent 

pairs. We also found that the Soysomes were able to encapsulate and release a hydrophobic 

bioactive compound, such as curcumin. Both MSSP and their self-assembled structures were 

highly biocompatible and did not trigger cellular toxicity to mammalian cell lines. Our 

experiments showed that such 100% biobased, non-cytotoxic material as MSSP and a related 

class of products have the potential for use toward the sustainable manufacturing of drug 

nanocarriers for biomedical applications. 

                                                 
1 This chapter contains some material adapted with permission from Chitemere, R. P.;  Stafslien, 

S.;  Rasulev, B.;  Webster, D. C.; Quadir, M., Soysome: A surfactant-free, fully biobased, self-

assembled platform for nanoscale drug delivery applications. ACS Appl. Bio Mater. 2018, 1 (6), 

1830-1841. Copyright 2018 American Chemical Society. 

2 Some material in this chapter was co-authored by Ruvimbo Chitemere (Wright), Shane 

Stafslien;  Dean Webster and Mohiuddin Quadir. Ruvimbo Chitemere (Wright) had primary 

responsibility for sample formulation, conducting experiments, materials characterization and 

data interpretation. Ruvimbo Chitemere (Wright) was the primary developer of the conclusions 

that are advanced here. Ruvimbo Chitemere (Wright) also drafted and revised all versions of this 

chapter. Shane Stafslien carried out the bright field microscopy study. Dean Webster and 

Mohiuddin Quadir conceived and designed the experiments. Mohiuddin Quadir served as 

proofreader and corresponding author. 
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Introduction 

Efficient transport of therapeutic agents to pathological tissues constitutes a cornerstone 

of modern medicine. The popularly termed “drug delivery” is an area of research that has gained 

unprecedented traction in the pharmaceutical sector. Physiologically, drug delivery systems in 

most cases composed of synthetic polymers or self-assembling small molecular amphiphilic 

aggregates, encapsulate and protect the drug from systemic degradation and enhance their 

pharmacokinetic properties. An engineered drug delivery system can open up newer, sustainable 

avenues of so-termed “drug repurposing” and spare huge financial and environmental burdens 

required to synthesize a novel drug candidate. Pharmaceutical excipients, many of which are 

used to enhance drug delivery efficiency, have a projected market size in 2021 of 8.4 billion 

USD.1 

The global surge of miniaturizing tools and technologies has also influenced a paradigm 

shift in this area, from conventional drug delivery toward the emergence of nanomedicine2-11. 

Polymer-based nanoparticles are the most commonly used platform for preparing nanodrug 

delivery systems affecting the pharmacokinetic and pharmacodynamics profile of the active 

agent12-14. However, achieving a “safe-by-design”, self-assembling biocompatible polymer 

derived through a simplified and sustainable synthetic and purification pathway remains as one 

of the unmet challenges that are driving the research of polymer-derived drug delivery systems, 

and biomaterials in general, forward15. Hence, relatively newer polymers such as PEG-b-

PLGA16-18, PEG-b-poly (aspartate) 19 and PEG-b-poly (propargyl l-glutamate) 20 have gained 

traction as materials for forming nanodrug delivery systems. 

 Nanoparticles prepared from plant proteins such as zein, animal proteins such as albumin 

and gelatin, and complex carbohydrates such as chitosan, sodium alginate, and hyaluronic acids 
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have been successfully used for designing drug nanocarriers21, 22. However, biopolymers are 

often complex, heterogeneous and present batch-to-batch variability in comparison to the 

structural regularity of synthetic polymers. Agricultural resources, such as plant oils and sugars, 

are attractive monomeric platforms to generate customizable libraries of biobased large 

molecules with the added advantages of affordability, inherent biodegradability, low toxicity, 

high abundance, and accessibility23-28. For example, poly (glycerol sebacate) and poly (ester 

anhydride) derived from vegetable oil has found applications in soft tissue engineering and 

localized antitumor agent delivery25, 29-34.  

Owing to their high hydroxyl functionality and biobased content, structural diversity, 

ease of production, low price, and commercial abundance, vegetable oils such as soybean-

derived polymers have been modified to prepare coating solutions, matrices for composites, and 

hybrid materials27, 28, 37-39. Additionally, soy-based products, i.e., hydrogenated soybean oil 

(NTIS accession no. PB266280) and soy protein isolate (NTIS accession no. PB300717), have 

long been classified as GRAS (generally regarded as safe by the FDA), rendering the material 

suitable for human use.40 

Here we report the capacity and performance of nanoscale assembly of a fully biobased 

large molecule, MSSP as nanocarriers for hydrophobic guest molecules. Originally, MSSP was 

synthesized through a facile synthetic process involving the alcoholysis of the epoxidized 

sucrose ester of soybean oil fatty acids. Through this process, it was possible to synthesize MSSP 

of a molecular weight of 3.4 kDa with a moderately high viscosity of 2.5 kPa and a high 

hydroxyl functionality of 10.37 MSSP like other sucrose Soyate derivatives were initially 

designed for coatings applications; however, MSSP has demonstrated self-assembling behavior, 

which opens fascinating new avenues for applications in biomedicine or pharmaceuticals. In this 
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report, we will discuss MSSP nanoparticles termed as “Soysomes” were prepared from MSSP 

using a nanoprecipitation method. These self-assembled nanoparticles were found to have the 

capacity to encapsulate and stabilize hydrophobic molecules in the aqueous phase and release 

them in a controlled pattern as well as increased bioavailability.  

Experimental 

Materials  

Methoxylated Sucrose Soyate Polyol (MSSP) Mn 3442 g/mol obtained from Nelson et al. 

PEG–PLGA, curcumin, 5(6)-carboxyfluorescein, ACN, THF ACT, DMF, trifluoroacetic acid 

(TFA) and 1-octanol were purchased from Millipore Sigma. Triton CF-10 was used as a 

nonionic surfactant (Dow Chemical Co.). PTX purchased from LC Laboratories. All reagents 

were used as received unless otherwise stated. Pancreatic cancer cell line BxPC-3 was purchased 

from American Type Culture Collection (Manassas, VA). The BxPC-3 cells were cultured in 

RPMI media (Hyclone) supplemented with 10% fetal bovine serum (Hyclone) and 1% 

antibiotics, penicillin–streptomycin (Hyclone). 

Preparation of Soysomes  

Nanoprecipitation method16, 17, 39, 40 was employed for the formation of soy-based 

nanoparticles. Briefly, MSSP (10mg/mL) was dissolved into organic solvent (DMF) which is 

miscible with water. The solution was allowed to stir for 30 min under ambient conditions. 

MSSP solution was added dropwise to water (1:3, organic solvent: water) using a syringe pump 

at a 0.2mL/min. The mixture was kept stirring under moderate speed through the addition 

procedure and maintained under same conditions for 15 h. To remove the organic solvent, the 

resulting colloidal suspension was dialyzed against water for 24 h using benzoylated dialysis 
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tubing MWCO 1200 (Sigma-Aldrich). The MSSP nanoparticles were purified by filtration using 

a 0.45 μm PES syringe filter (VWR).  

A set of model compounds, i.e., curcumin and carboxyfluorescein, as well as paclitaxel 

have been encapsulated within Soysomes as representative hydrophobic molecules. In general, 

all guest compounds were co-dissolved with MSSP in respective organic solvents at a 

concentration of 1 mg/mL, giving a feed weight ratio (fwr) of 10%, as determined by            

equation 3.1: 

                                              𝑓𝑤𝑟 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 𝑥 100                                       (3.1) 

Solution was stirred for 30 min prior to nanoprecipitation to achieve encapsulation within 

Soysomes. All samples were prepared in triplicate. For curcumin, the amount of drug loaded 

within Soysomes was varied from 2–40 fwr % (i.e., 0.2, 1, 2, and 4 mg/mL) with respect to 

MSSP (10 mg/mL) to find out the critical encapsulation content. 

To serve as a commercially relevant standard of comparison, PEG–PLGA nanoparticles 

(NPs) were prepared using a similar aforementioned nanoprecipitation method. In general, 

nanoparticles were formulated from a solution of PEG–PLGA (10 mg/mL) in DMF added 

dropwise to water at a 1:3 organic solvent–water ratio and a 0.2 mL/min infusion rate using a 

syringe pump. Curcumin-loaded PEG–PLGA NPs were prepared following same procedure after 

co-dissolving curcumin (1 mg/mL) and PEG–PLGA in DMF. 

Characterization of Soysomes  

Determination of Particle Size and Polydispersity by DLS 

The hydrodynamic diameter and particle size distribution of Soysomes were measured by 

dynamic light scattering (Malvern Zetasizer Nano-ZS90) at 25 °C at a scattering angle of 90° 
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using disposable polystyrene cuvettes. After an equilibration period of 60 s, the intensity-

weighted mean value was recorded as the average of three measurements. 

Evaluation of Soysomes Morphology by TEM 

A drop of the Soysomes suspension was placed on a 300 mesh Formvar-carbon-coated 

copper TEM grid (Electron Microscopy Sciences, Hatfield, Pennsylvania, USA) for 1 min and 

wicked off. Phosphotungstic acid (0.1%), pH adjusted to 7–8, was dropped onto the grid, 

allowed to stand for 2 min, and then wicked off. After the grids were dry, images were obtained 

using a JEOL JEM-2100 LaB6 transmission electron microscope (JEOL USA, Peabody, MA) 

running at 200 kV. 

Determination of Partitioning of MSSP between Phases 

Determination of MSSP Solubility in Octanol  

The solubility of MSSP in octanol was evaluated using a dissolution test. Various 

amounts of MSSP (i.e., 1, 10, 50, 100 mg) were dissolved in 1 mL of 1-octanol and placed on a 

VWR vortex mixer at a fast speed.  

Determination of the MSSP Concentration in Octanol 

To determine whether MSSP crosses the interface between water and 1-octanol during a 

simulated release in a biphasic hydrophilic/lipophilic environment, 4 mL of a Soysomes 

suspension equivalent to 3.3 mg/mL of MSSP was mixed with an equal volume of 1-octanol and 

stirred at moderate speed for 8 h (N = 3). After 1, 3, 5, and 8 h intervals, the two phases were 

allowed to separate. The solvents were removed by evaporation, and the amount of MSSP in 

each phase was estimated gravimetrically42. The fraction of MSSP transferred to the organic 

phase was calculated using the following equation (3.2):  

                                           x=  [
𝑀𝑆𝑆𝑃𝑜𝑟𝑔

𝑀𝑆𝑆𝑃𝑎𝑞
]0 =

𝑚(𝑀𝑆𝑆𝑃𝑜𝑟𝑔)

𝑚(𝑀𝑆𝑆𝑃𝑎𝑞)
                                      (3.2) 
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where [MSSPorg] is the final MSSP concentration (mg/mL) in the organic phase, [MSSPaq]0 is the 

initial MSSP concentration in the aqueous phase, m (MSSPorg) is the weight of the MSSP (g) in 

the organic phase after the experiment, and m0 (MSSPaq) is the weight of the MSSP in the initial 

aqueous solution. 

Evaluation of Content Stability 

To identify the mechanistic and content encapsulation stability of Soysomes in fully 

aqueous conditions, we adopted a dye leakage experiment in pH 7.4. To this end, we used a 

freshly prepared, carboxyfluorescein-loaded Soysomes (500 μL) solution, taken in a dialysis 

cassette, Float-A-Lyzer G2 with MWCO 100–500 and placed in 5.5 mL of PBS (10 mM, pH 

7.4). The dye leakage from Soysomes under such conditions was measured as a function of time, 

which was used as an indicator of structural instability of Soysomes at pH 7.4. In order to 

quantify the total carboxyfluorescein content in Soysomes, 20 μL of Triton CF-10, a nonionic 

surfactant, was added to a 500 μL Soysomes suspension at the end of the release experiment to 

degrade the particles and release all encapsulated dye43. For quantifying the amount of 

carboxyfluorescein released at an individual time point, the emission intensity of 

carboxyfluorescein at 515 nm was recorded in a Fluoromax-3 florescence spectrometer (Jobin 

Yvon Haribo) at an excitation wavelength of 480 nm. The percent release was determined using 

the following equation (3.3): 

                                    % 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑜𝑓 𝑑𝑦𝑒 =  
𝐹𝑖−𝐹0

𝐹−𝐹0
 𝑥 100                             (3.3) 

where Fi is the emission intensity after release, F0 is the emission intensity before release, and F 

is the emission intensity after Triton treatment. 
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Content Release Studies  

The biphasic release pattern of curcumin from Soysomes was evaluated in water against 

octanol. This arrangement of drug release was used to mimic the environment prevailing at the 

interface between interstitial space (plasma rich) and cell membrane (phospholipid rich) 41. A set 

of glass vials (4 mL) was charged with a certain volume of a curcumin-loaded MSSP 

nanoparticle suspension, and an equal volume of octanol was added to each vial; the release 

experiment was continued for 48 h with moderate stirring. The octanol phase was withdrawn and 

replaced with an equal volume of fresh octanol at an interval of 1 h for up to 8 h and then after 

24 and 48 h. The withdrawn octanol samples were analyzed using UV–vis spectroscopy (Varian 

Cary 5000 UV–vis-NIR spectrophotometer) at λmax = 426 nm. Percent release and cumulative 

percent release were calculated using the following equation (3.4): 

                                                   % 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑀𝑡

𝑀0
 𝑥 100 (3.4) 

where Mt is the amount of drug released at time t and M0 is the total amount of drug loaded 

within Soysomes. Cumulative percentage release, on the other hand, was calculated using the 

following equation (3.5) and plotted as a function of time: 

𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑛

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑐𝑡𝑎𝑛𝑜𝑙 𝑝ℎ𝑎𝑠𝑒
 𝑥 %𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑡 + ∑ %𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑡−1 (3.5) 

PTX loaded Soysomes were prepared at 0.5mg/mL PTX with 10mg/mL Soysomes. 

0.5mL PTX-Soysomes were charged into a dialysis cassette, Float-A-Lyzer G2 MWCO 3.5-

5kDa (Spectra-Por) and diluted to 1 mL with release media, PBS.  The Float-A-Lyzer was placed 

in a holder receptacle with 3 mL of release media, equipped with a magnetic stir bar, and set at 

room temperature. At a regular interval, 100 L aliquots were withdrawn from the bath volume 

and replenished with an equal volume of fresh media. The withdrawn samples were lyophilized 

and dissolved in ACN-water and concentrations determined by reverse-phase HPLC (LC 20AT, 
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Shimadzu). Reverse-phase HPLC was performed using isocratic flow 70:30 ACN: water with 

0.01% (v/v) TFA at 40C, with UV detection at 227nm. 

Enzymatic Degradation Studies  

The effect of enzymes esterase, lipase, and combination of the two on the Soysomes was 

evaluated by monitoring content stability of Soysomes. Curcumin loaded Soysomes were treated 

with the respective enzyme solution (3 mg/mL) at a 1:2 Soysomes to enzyme volumetric ratio. 

The enzyme treated Soysomes were incubated at 37 C for 3 h. A sample of the media was 

withdrawn every 10 min for the first hour followed by 30 min sampling for the next 2 h, each 

time replacing the withdrawn volume with an equivalent of fresh media. 

Cytotoxicity 

Cell Culture 

The pancreatic cancer cell line BxPC-3 was cultured in RPMI 1640 media (Hyclone) 

supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin–streptomycin 

(Hyclone). The cells were incubated in a chamber at 37 °C in 0.5 CO2 and 74% relative humidity 

for 24 h. L929 mouse fibroblast cells were maintained in Eagle’s minimum essential medium 

(EMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 μg/mL), and 

streptomycin (100μg/mL). 

Cell Viability Assessment 

The cytotoxicity of curcumin-loaded and drug-free Soysomes and MSSP was assessed on 

BxPC-3 cells using the MTS assay. The cells were plated in 96-well plates at a seeding density 

of 5000 cells per well and allowed to grow in RPMI 1640 media supplemented with 10% fetal 

bovine serum and 1% penicillin–streptomycin. The plates were incubated for 24 h before 

treatment with curcumin-encapsulated Soysomes, Soysomes alone at an equivalent 
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concentration, curcumin, and 0.5% DMSO in water serving as a control. The curcumin 

concentration was varied from 4.0 (10 μM) to 11.0 μg/mL (30 μM). The treated cells were 

incubated for up to 48 h, and the cell toxicity was recorded after 24 and 72 h using the Cell Titer 

96 cell proliferation assay kit (Promega) according to the supplier’s protocol. The reagent was 

added to all of the wells (20 μL) and incubated for 2 h. The absorbance at 490 nm was read using 

a microplate reader (BioTek Synergy H1) and used for cell viability calculations. Cytotoxic 

effects of pure MSSP (not assembled into nanoparticles) were also evaluated on noncancerous 

cell lines, such as L929 mouse fibroblasts. For this experiment, cells were trypsinized and re-

suspended into fresh supplemented EMEM media and seeded into 96-well cell culture treated 

plates at an inoculum density of 50 00 cells/mL. The plates were incubated for 24 h at 37 °C (5% 

CO2), and the EMEM was carefully removed using a multichannel pipet. Attached cells were 

rinsed once with Hank’s balanced salt solution (HBSS). Pure MSSP solutions prepared in HBSS 

(0.01–100 μM) were transferred in triplicate to the rinsed, pre-cultured cells and incubated for 24 

and 72 h at 37 °C (5% CO2).  

Bright field microscopy images were acquired on an inverted microscope prior to the 

removal of MSSP-containing media for cell viability assessments. After the removal of spent 

media, cells were rinsed 3 times with HBSS. A 0.5 g/L solution of MTT in HBSS (0.2 mL) was 

added to each well and incubated for 4 h at 37 °C. After the stipulated period, the MTT solution 

was removed from each well and 0.15 mL of DMSO was added. The plates were placed on an 

orbital shaker (150 rpm; ambient temperature) for 15 min to solubilize the MTT dye. Absorbance 

values were measured at 570 nm using a multi-well plate spectrophotometer (Tecan, Safire2). 
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Results and Discussion 

Nanoparticle Synthesis  

A facile solvent shifting technique, known as nanoprecipitation, was used for the 

preparation of Methoxylated Sucrose Soyate Polyol (MSSP) nanoparticles, “Soysomes”. 16-18, 43-

45 In this method, miscible solvent pair is utilized, in which the polymer is completely soluble in 

the one but insoluble in the other46. In this work, water was used as the nonsolvent (aqueous 

phase) and DMF was selected as the organic solvent based on water miscibility, good 

performance determined during investigation of factors that influence self-assembly behavior 

and properties of MSSP and capacity to solubilize a broad spectrum of compounds. We observed 

that MSSP dissolved in a water-miscible organic solvent formed an off-white suspension upon 

the addition of water. When the solution was subjected to dynamic light scattering, we observed 

the resulting suspension to have a tightly controlled particle size distribution with a low PDI (< 

0.1).  

Typical average particle size and polydispersity index (PDI) obtained from MSSP 

nanoparticles, termed Soysomes, are summarized in Table 3.1. The mean hydrodynamic 

diameter of Soysomes prepared from DMF ranged from 72.07 ± 2.86 nm to 147.00 ± 4.75 nm 

with marked increase in size as MSSP concentration was increased. All Soysomes had a very 

low PDI (<0.1) and narrow PDI width regardless of concentration of MSSP. The very low PDI 

observed indicated excellent homogeneity in preparation of Soysomes. 

Table 3.1. Particle Size and Polydispersity Distribution of Soysomes Determined by DLS  

MSSP concentration 

(mg/mL) 

Average Size (nm) PDI PDI Width (nm) 

1 72.07 ± 2.86 0.06 ± 0.04 13.84 ± 4.97 

5 75.87 ± 1.40 0.05 ± 0.04 15.23 ± 5.74 

10 100.06 ± 2.30 0.04 ± 0.03 18.07 ± 7.70 

30 147.00 ± 4.75 0.07 ± 0.06 33.56 ± 16.86 
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TEM micrographs of the synthesized Soysomes are shown in Figure 3.1. The Soysomes 

were observed to be spherical in shape and exhibited a monomodal particle size distribution. The 

average particle size of the dehydrated particles measured from TEM ranged between 30-40nm. 

 

Figure 3.1. TEM micrograms of MSSP Soysomes with a scale bar of 50 nm. Insert: TEM 

histogram showing particle size distribution of Soysomes 

Encapsulation and Release of Hydrophobic Guest Molecules 

We observed that Soysomes were able to encapsulate a set of hydrophobic model 

compounds, as represented by curcumin. Encapsulation of the hydrophobic guest molecule was 

achieved by dissolving the compound and the MSSP in the respective organic phase, followed by 

slow precipitation of the mixed solution into the aqueous phase. Curcumin is a naturally 

occurring, hydrophobic compound with antioxidant, anti-coagulation, anti-inflammatory, and 

antitumor properties22, 47-49. Curcumin reportedly inhibits cell proliferation and induces apoptosis 

in several cancer cell lines including pancreatic, breast, lung, and prostate cancer50-52; however, 

its poor water solubility, stability, and low bioavailability restricts its antitumor efficacy and 

clinical use53. As with curcumin, the solubility and stability issue limit the therapeutic value of 

many potential hydrophobic drugs. Hence, we set out to investigate the property of Soysomes to 

encapsulate hydrophobic compounds. 
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 Figure 3.2. shows the solubilization of curcumin (1mg/mL) by Soysomes compared to 

same concentration of free curcumin precipitating out in water. Using UV-Visible spectroscopy, 

we determined the critical point at which the Soysomes start encapsulating and transporting a 

substantial amount of hydrophobic drug, such as curcumin. 

 

Figure 3.2. Photographic image representative of capacity of Soysomes to solubilize curcumin in 

comparison to water 

A minimum loading 7.15 mol of curcumin/mol of MSSP in water was found as 

represented in Figure 3.3. For a nanocarrier system to be effective in a biological milieu, it has to 

release the encapsulated guest. Hence, we explored the pattern and rate of curcumin release from 

Soysomes microstructures. For these studies, Soysomes were first prepared with a fixed 

concentration of drug (1 mg/mL) and polymer (10 mg/mL) and loading efficiency determined as 

shown in Table 3.2. Loading efficiency was calculated according to equation 3.6: 

      𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑑𝑟𝑢𝑔

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛−𝑙𝑜𝑠𝑠
 𝑥 100 (3.6) 

In the case of curcumin as the encapsulated ingredient, Soysomes exhibited a 15.52% 

loading efficiency, which was 5% higher than the loading efficiency achieved with PEG–PLGA 

NPs. 
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Figure 3.3. Determination of the minimum drug loading capacity of MSSP Soysomes 

Table 3.2. Characterization of Loading Capacity of Soysomes in Comparison to PEG–PLGA 

NPs 

Polymer in 

formulation 

Payload Fwr  

(wt. %) 

Loading 

content  

(wt. %) 

Loading 

efficiency 

(wt. %) 

Size (nm) 

MSSP Curcumin 10 2.01 15.52 134.80 ± 3.02 

Carboxyfluorescein 10 2.68 35.19 111.90 ± 4.86 

PEG–PLGA curcumin 10 1.24 10.07 157.93 ± 3.74 

 

To understand the mechanistic and content stability within the Soysomes structure, we 

conducted a dye-leaching experiment in aqueous conditions of pH 7.4 (to mimic systemic 

circulation). Soysomes were loaded with carboxyfluorescein in a similar manner as that for 

curcumin to yield carboxyfluorescein-loaded Soysomes. The loaded Soysomes were dialyzed 

against PBS pH 7.4 to ensure similar pH conditions prior to quantifying dye leaching that may 

result from water-mediated structural instability. Carboxyfluorescein encapsulation features are 

also presented in Table 3.2. We observed that Soysomes heavily suppressed nonspecific dye 

leaching in an aqueous environment for an extended period. We found that an almost 

insignificant amount (<1%) of the dye was liberated in PBS at pH 7.4 after 6 h (Figure 3.4.), 
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indicating an excellent aqueous stability of Soysomes and tight regulation over content leaching 

from nanoparticles that can be induced as they circulate in the bloodstream.  

 

Figure 3.4. Release of encapsulated carboxyfluorescein from Soysomes under aqueous 

conditions.  

Carboxyfluorescein was excited at 490nm and had maximum emission at 520nm. The 

fluorescent spectra obtained from the released samples gave the characteristic signal of 

carboxyfluorescein (Figure 3.5.). Encapsulation within Soysomes maintained the stability of the 

dye.  
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Figure 3.5. Evolution of fluorescence spectra of the released carboxyfluorescein over time 

Contrary to the all aqueous environment set up for content stability studies, biphasic 

water–octanol system (Figure 3.6.) was used evaluate release at the interface of two phases 

which mimics drug release at the interfacial situation that exists between interstitial space 

(plasma-rich) and cell membrane (phospholipid-rich). The release of curcumin was studied as a 

function of temperature and pH using an octanol extraction method. 

 

Figure 3.6. Schematic illustration of bi-phasic interfacial release between water and octanol in 

mimicking release from blood to cells 
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First, we observed that Soysomes mediated regulated release of the encapsulated drug in 

water for up to 8 h, after which 100% of the encapsulated content of curcumin was released at 25 

°C. Elevating the temperature of the release media from 25 to 37 °C had no apparent effect on 

the rate of release of curcumin from Soysomes within a similar period (Figure 3.7.). The pH of 

the aqueous environment affected the release of curcumin from Soysomes significantly.  

 

Figure 3.7. Curcumin release profile from Soysomes as a function of temperature 

At pH 4.5, Soysomes released the encapsulated content almost quantitatively after 3 h 

(Figure 3.8.), compared to those at pH 7.4 where the release of the active drug was considerably 

sustained. Such release kinetics is valid in conditions where Soysomes are in close contact to 

lipid-rich media, i.e., a cell membrane or in a tissue microenvironment.  
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Figure 3.8. Curcumin release profile from Soysomes as a function of pH 

We observed that during the release studies, some amount of Soysomes were also 

transferred to the octanol phase, accounting for 15.96 ± 0.76% of the mass of MSSP used for 

preparation of Soysomes. In comparison to amount of curcumin transported to octanol during 

biphasic release, a very small amount of MSSP is carried over into the octanol phase, up to five 

times less than the curcumin. Figure 3.9 shows the comparative percentage transfer of MSSP and 

Curcumin over 8 h; only 15.96 ± 0.76% of MSSP was transferred while an almost complete 

release of the encapsulated curcumin (100 ± 3.23%) occurred over that same time frame. This 

indicated that both diffusion of free curcumin out of Soysomes and Soysomes-mediated transfer 

of curcumin across the phases are occurring simultaneously during the release process.  
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Figure 3.9. Comparison percent transfer of MSSP against release of curcumin into the octanol 

phase during drug release study 

The release profile of curcumin from Soysomes was also compared to that from standard 

nanoparticle systems prepared with PEG–PLGA (Figure 3.10.).  

 

Figure 3.10. Comparative release profile of curcumin from Soysomes and PEG-PLGA NPs 
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PEG-PLGA based biomaterials have been previously studied for controlled release 

system because of the already established safety in clinical use17, 54-57. PEG-functionalization has 

been shown to increase pharmacokinetic properties of liposomes as well as improve systemic 

clearance of biomaterials58-61. We found out that under similar conditions, PEG–PLGA 

nanoparticles exhibited suppressed release in comparison to Soysomes; releasing only 60% of 

the encapsulated curcumin versus 100% from the Soysomes. Release profile of PTX was also 

evaluated. 

 To evaluate capacity to encapsulate a clinically relevant drug, PTX was loaded within 

Soysomes. PTX is highly toxic and hydrophobic anti-cancer drug that works as a microtubule 

inhibitor. It shows action against breast cancer, AIDS-related Kaposi sarcoma, non-small cell 

lung cancer and ovarian cancer. Due to its extremely poor water-solubility, efficient use of PTX 

is limited. Currently excipients used improve solubility for administration cause toxicity to cells 

upon repeated exposure. Encapsulation of PTX has the potential to increase solubility of the drug 

as well as reduce system toxicity. PTX was loaded into Soysomes, achieving stable nano-

dispersion reaching up to 1mg/mL PTX. PTX was released under aqueous condition in PBS at 

room temperature. The released samples were quantified using reverse-phase HPLC. The amount 

of drug released in each aliquot was calculated from the calibration built from free drug (Figure 

3.11.) 
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Figure 3.11. Paclitaxel reverse-phase HPLC calibration curve. Insert: HPLC chromatogram of 

Paclitaxel showing retention time at 2.19 min 

 The release profile of PTX from the Soysomes exhibited sustained release reaching only 

20% after 96 h (Figure 3.12.). However, optimization of the formulation is required in order to 

give comparable results with the control, Cremophor EL, castor oil derivative excipient used as a 

surfactant.  
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Figure 3.12. Paclitaxel release profile from Soysomes 

Enzymatic Degradation   

To evaluate the stability of Soysomes in physiologically relevant microenvironment, we 

treated curcumin-loaded Soysomes with three different enzyme solutions, i.e. lipase, esterase and 

a combination of the two enzymes. Lipase and esterase are two type of enzyme classified as 

hydrolase. The two enzymes effected different behavior with the Soysomes demonstrated by the 

resulting release profiles upon each treatment.  Figure 3.13. shows that lipase facilitated the 

release of curcumin from Soysomes while esterase appears to slightly slowdown release in 

comparison to untreated curcumin-loaded Soysomes. Treatment with lipase lead to cumulative 

release of curcumin up to 85 % of encapsulated dosage within 3 h.  
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Figure 3.13. Effect of enzyme activity on the release of encapsulated guest molecules from 

Soysomes 

On the other hand, curcumin-loaded Soysomes, when treated with esterase, released only 

45% of the encapsulated content within the same period. In a release media spiked with a 

cocktail of the two enzymes, esterase and lipase at 1:1 ratio caused the highest amount of 

curcumin release with burst after first hour of treatment. The difference between the release 

profiles upon treatment with the enzymes was attributed to the distinct substrate specificity of the 

enzymes. 

 Esterase activity targets substrate of higher water-solubility and tend to hydrolyze ester 

linkages via the addition of a water molecule. On the other hand, lipase displays activity towards 

insoluble or poorly water-soluble substrate such as long-chain fatty acids and aggregated 

substrates62. Lipase-mediated faster release of curcumin from Soysomes likely due to 

hydrophobicity of the Soysomes core providing an optimal microenvironment for lipase activity.  

Furthermore, though, MSSP has several ester linkages within the core of the structure, they are 

sterically shielded and are relatively inaccessible to enzyme activity.   
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The enzyme treated Soysomes were analyzed post-treatment to evaluate changes in 

particle size and morphology. A general decrease in the Soysomes particle size in the presence of 

lipase or the combination of both lipase and esterase was observed (Figure 3.14.).  This 

shrinkage in particle size over time supports that lipase-mediated digestion of the MSSP 

Soysomes. However, in the presence of esterase, an increase in Soysomes size was observed. 

Enzyme-induced nanoparticle aggregation results from destabilization of the nanoparticles 

leading flocculation of nanoparticles into large clusters, which tends to influence release profile 

of encapsulated cargo from the nanoparticles. 64-66 

 

Figure 3.14. Effect of enzyme activity on the Soysomes particle size as a function of treatment 

time 

Destabilization of nanoparticles is likely the reason for release mediated by combination 

of esterase and lipase shows a faster rate of diffusion of curcumin in the first hour of the 

experiment, which eventually slows down. This could be attributed to the synergistic effect of 

esterase-induced nanoparticle destabilization coupled with digestive action of lipase on the 

loaded Soysomes.  TEM micrograms of the Soysomes after treatment with enzyme lipase (Figure 
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3.15. (a)) and enzyme esterase (Figure 3.15 (b)) reflect the difference in morphology induced by 

the enzyme treatment. Enzyme-induced aggregation is evident in the esterase treated Soysomes. 

 

Figure 3.15. TEM micrograph of Soysomes after treatment with enzymes (a) lipase and (b) 

esterase 

Cytotoxicity Assessment  

We evaluated the cytotoxicity of MSSP (in resin form) with two different cell lines: L929 

mouse fibroblasts and BxPC-3 pancreatic cancer cells. These cells were treated with increasing 

concentrations of MSSP for 24–72 h at 37 °C, and the cell viability was measured at the end of 

the treatment. MSSP was found to be nontoxic (>90% cell viability) to both cell lines; L929 

mouse fibroblasts (Figure 3.16. (a)) and BxPC-3 pancreatic cancer cells (Figure 3.16. (b)) even at 

concentrations as high as 10 μM (34 μg/mL). We observed more than 80% survivability of cell 

which were treated with a very high concentration, i.e., 100 μM (344 μg/mL) MSSP for 72 h. 

 

Figure 3.16. Cytotoxicity assessment of MSSP in (a). L929 mouse fibroblast cells and (b). 

BxPC-3 pancreatic cancer cells 
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The morphology of L929 fibroblast cells was monitored under bright field microscopy, 

showing no significant phenotypic changes (Figure 3.17.) were observed compared to the 

control, upon 24 or 72 h treatment of cell lines with MSSP at concentrations up to 34 μg/mL (10 

μM). This result reflects an excellent biocompatibility of the structural component of Soysomes, 

i.e., MSSP, toward mammalian cells. Although, at high MSSP concentrations (i.e., 344 μg/mL 

(100 μM) image resolution was obscured), the cell morphology remained intact. 

 

Figure 3.17. Bright field microscopy images depicting morphology of mouse L929 fibroblasts 

after 24 and 72 h treatment with increasing concentrations of MSSP 

Upon demonstrating that MSSP was biologically safe, we treated pancreatic cancer cell 

lines, BxPC-3, with curcumin-loaded Soysomes at increasing curcumin concentrations (4–11 

μg/mL (10–30 μM) for 24 and 72 h). The aim of this study was to demonstrate that Soysomes are 

capable of transporting their therapeutic payload to intracellular drug targets. For comparisons of 

drug efficiency, we treated the cells with similar concentrations of free curcumin. Curcumin is a 

hydrophobic molecule with a reduced aqueous solubility, hydrolytic instability, and low 

bioavailability66, 67. However, when curcumin was encapsulated in Soysomes, we observed an 

increment of solubility and cellular uptake of curcumin reminiscent of the functional trait of a 

lipid-based formulation12, 68. After short-term (24 h) treatment of BxPC-3 cells with Soysomes 

containing 4 μg/mL (10 μM) of curcumin, cell viability was reduced to 60%, while free 
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curcumin (at the same concentration) could not suppress cellular proliferation by more than 10% 

(Figure 3.18). 

 

Figure 3.18. Cell viability of the BxPC-3 cells after treatment with curcumin-loaded Soysomes 

or with curcumin alone for 24 h (N= 3) 

A similar trend of differential effectiveness of treatment was observed across all 

concentration ranges of curcumin either administered as a free drug or encapsulated within 

Soysomes. Curcumin loaded Soysomes exhibited more prominently enhanced capacity to 

suppress cellular proliferation after 72 h compared to free curcumin (Figure 3.19). 

 

Figure 3.19. Cell viability of the BxPC-3 cells after treatment with curcumin-loaded Soysomes 

or with curcumin alone for 72 h (N = 3) 
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There is a 1.5- to 2-fold reduction of cellular viability on the cancer cell when treated 

with curcumin encapsulated within soysomes compared to the free drug, across different 

concentrations. Curcumin is reported to rapidly hydrolyze and degrade in an aqueous 

environment. Therefore, the increase in bioavailability of the drug to the cell can be attributed to 

reduction of hydrolytic conversion of curcumin when encapsulated within the Soysomes interior. 

The Soysomes confer stabilization of the drug molecule by shielding it and providing a local 

hydrophobic environment possibly delaying hydrolysis. As a result, enhanced cytotoxic efficacy 

of curcumin was observed from the Soysomes mediated treatment compared to the free drug. 

Such performance and properties put forward Soysomes nanocarriers of translational importance 

toward formulation development of hydrophobic and hydrolytically unstable drug molecules. 

Conclusions  

Nanoparticulate Soysomes have been prepared from methoxylated sucrose soyate polyol 

(MSSP), a soybean oil and sugar-derived polyester polyol. We showed that these sucrose soyates 

can be used as low-cost biomaterials for facile preparation of pharmaceutical nanocarriers. We 

also demonstrated that, by varying formulation parameters such as solvent type, solvent to water 

ratio, and polymer concentration, we could effectively control the size and polydispersity of the 

resulting nanoparticles. Interestingly, Soysomes were found to be stable at a range of pH and 

temperature conditions without the inclusion of any surfactants or stabilizers. Soy-derived 

nanoparticles were able to encapsulate and release hydrophobic molecules. Soysomes were 

nontoxic in vitro and, when encapsulated with a hydrophobic drug such as curcumin, showed a 

cytotoxic efficacy in pancreatic cancer cell lines. This work clearly showed that MSSP could be 

used as a sustainable biomaterial platform for synthesizing nanocarriers with an enhanced 

stability and potential controlled-release performance. 
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CHAPTER 4. EXPLORATION OF FREE-STANDING FILMS PREPARED 

FROM BLENDS OF METHOXYLATED SUCROSE SOYATE POLYOL 

Abstract  

Biobased, flexible, drug-eluting composite free-standing films were prepared. 

Specifically, free-standing films were fabricated from blending methoxylated sucrose soyate 

polyol (MSSP) and polycaprolactone (PCL) at different composition ratios (w/w %) using a 

solvent displacement method. Blending PCL with sucrose soyate, reduces reliance on costly 

polymers such as PCL, introduces potential for post-fabrication functionalization while 

imparting biobased component. The resulting blended films exhibited porous microstructure with 

pore size varying with increasing amount of MSSP.  Incorporation of up to 50% MSSP in the 

formulations rendered films more susceptible to biodegradation, using enzyme lipase, while 

maintaining the thermal properties and integrity of the film compared to those fabricated from 

PCL alone. The blended films were loaded with doxorubicin, a potent active anticancer drug, via 

layer-by-layer assembly with poly (lysine) and hyaluronic acid. Multi-layered drug-eluting films 

exhibited a controlled, sustained release, achieving only 20% cumulative release over a 24 h 

period. 

Introduction 

Biomaterials employed for highly specific application have to meet certain criteria such 

as biocompatibility, non-cytotoxic, drug eluting, i.e. have the ability to entrap and release loaded 

cargo, flexibility to accommodate interaction with soft tissues, which are often irregular, shaped 

after surgery. For example, drug-eluting films are used for slow release of therapeutic in 

surgically removed breast tissue to stop recurrence and propagation of cancer.1-4 PCL has been 

extensively investigated as an ideal polymer for applications in tissue engineering wound 
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dressing and delivery technology due to its biocompatibility, biodegradability and versatile 

nature. However, PCL has limitation; degradation of PCL is slow and dependent on molecular 

weight, degree of crystallinity, and degradation conditions of the polymer.5, 6 Furthermore, the 

hydrophobic surface properties and mechanical behavior of PCL result in poor interactions with 

cells. Success of biomaterials hinges on cell-biomaterials interaction.6-8 Several strategies have 

been reported to modify surface properties of PCL; impart micro-topography which determines 

adsorption of biological molecules, or alter surface chemistry to enhance biocompatibility.9-12 

Often, surface modification is achieved by a simple technique –chemical etching; i.e. PCL 

materials undergo alkaline treatment which hydrolyzes esters in the polymer backbone rendering 

the substrate more hydrophilic and increases necessary micro-roughness.  

Another way to alter properties of biomaterials is application of coating with the desired 

characteristics. An interesting technique gaining traction is layer-by-layer (LbL) or charge-by-

charge layered deposition of charged polymer solutions.13-18 This approach can be used to 

introduce micro-scale or nano-scale features on the surface with bioactive properties to serves as 

biological cues toward cells.19-21  LbL has been reported to promote patterned growth or co-

cultures of cells within the thin stacked layers created by the alternating polyanion and 

polycation.22 

Finally, polymer blending is used to alter the surface as well as bulk properties of 

biomaterials. Mixing two or more polymers is common method used to develop new forms or 

functions via the combination of properties from the individual polymers. Combination of PCL 

with other polymer can be an important strategy to adjust the surface characteristics, mechanical 

behavior or even degradation kinetics to achieve the desired properties. Although, several FDA 

approved polymer candidates such as collagen, chitosan, poly (lactide-co-glycolide) and poly 
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(ethylene glycol) have found application in generating biomaterials for wound healing, surgical 

treatment and tissue-engineering applications, certain considerations need to be accounted for. 

Issues such as polymer compatibility, cost, poor degradation profile, toxicity, batch-to-batch 

variations render most of these polymers unsuitable candidates. 

As a solution, biobased large molecules are emerging as new, promising platform to 

generate functional materials with tunable properties suitable for biomedical and pharmaceutical 

applications. These are synthesized from plant-derived building blocks; and easily 

functionalized, hence, can be customized to produce new target properties or serve as substitute 

to petrochemical derived alternate.23-25 Particularly, plant-oil derived polymers offer the benefit 

of multivalence, biodegradability, and biocompatibility, versatile and unique physical, chemical, 

and mechanical properties. Sucrose Soyates, i.e. sucrose esters of soybean oil, have been 

reported to produce high performance coating with excellent characteristics.26-28 

In this work, MSSP, a sucrose octa ester of soybean oil, was blended with PCL to 

generate soy-based drug-eluting blended free films using solvent displacement method. Blending 

MSSP with PCL resulting in highly flexible films that biodegrade in the presence of enzyme 

lipase. MSSP-PCL blended films were loaded with doxorubicin, an anthracycline chemotherapy 

drug, via surface modification by LbL technique. The mechanical properties and performance of 

the films was evaluated to determine their suitability as candidate for biomaterial applicable in 

wound healing, general surgery or tissue engineering.  

Experimental 

Materials  

MSSP, Mn 3442 previously synthesized by Nelson et al.26 ESS, with an epoxy equivalent 

weight of 243.4g/eq, synthesized earlier by Pan et al.29 PCL, average Mn 80,000 by GPC, DMF, 
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and Poly-L-lysine hydrochloride (PLys), Mn 15,000-30,000 were purchased from Millipore 

Sigma. Doxorubicin hydrochloride (dox) purchased from Cayman Chemical. Sodium 

hyaluronate (HA), research grade was purchased from Lifecore Biomedical, LLC. All reagents 

were used as received unless otherwise stated. 

Preparation of MSSP-PCL Blended Films 

MSSP-PCL films was prepared by using diffusion-induced phase-separation process. A 

homogenous solution of MSSP-PCL was prepared by dissolving PCL (20 w/v%) in DMF at 

60°C and incorporating MSSP 1, 10 and 50 wt.%. Solutions were allowed to cool to ambient 

temperature and degas. Using the draw-down method, the polymer solution was cast on a glass 

plate to yield a wet-film-thickness of 15mil (381μm). The glass plate was immersed in deionized 

water at room temperature for 24h after which films were thoroughly rinsed and dried at ambient 

conditions. MSSP-PCL films were treated with NaOH in order to modify film surfaces for cell 

adhesion. Films were incubated in 3N NaOH for periods of 0, 1.5 and 3 h, rinsed in PBS pH 7.4 

and placed in DI water for 24h then air dried at ambient temperature. 

Thin Film Deposition and Loading of Doxorubicin  

Thin nano-coating was applied on the MSSP-PCL blended films as a substrate via LbL 

assembly polyelectrolytes, HA (5mg/mL) and PLys (2.5mg/mL). Fabricated films comprised N= 

0, 10, 20 and 40 bilayers. These film samples will from hereon be referred to as MSSP 50% -0-

LbL, MSSP 50% -10-LbL, MSSP 50% -20-LbL and MSSP 50% -40-LbL. Loading of MSSP-

PCL blended films (d=12mm) was accomplished by alternating deposition of dox solution 

(2mg/mL) and solutions of PLys (5mg/mL) and HA(5mg/mL) resulting in a LbL assembly. 

Several layers were deposited on the films followed by washing with DI water to remove any 

unbound Dox.  
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Characterization of MSSP-PCL Blended Films 

Attenuated Total Reflectance-Infrared (ATR-IR) Spectroscopy 

ATR-IR of the MSSP-PCL films was performed using a Nicolet 8700 FT-IR with a 

Smart iTR diamond tip accessory (Thermo Scientific, Grand Island, NY, USA). Spectra 

representative of the film surface before and after NaOH treatment and before and after coating 

with HA and PLys were collected. 

Thermal Analysis 

Differential Scanning Calorimetry (DSC) 

DSC Q2000 (TA Instruments, New Castle Delaware, USA) was used to thermal studies. 

Films of approximately 6mg sample size were placed in hematic pans and analyzed using 

conventional DSC under a temperature ramp method from -80 to 80°C at 10°C/min heating and 

cooling rate. 

Thermogravimetric analysis (TGA)  

All TGA was performed using a TA Instruments Q500 instrument to study the 

degradation of free films. Films were placed in a platinum pan and heated from 20 to 700°C 

under N2 using a heating rate of 20°C/min. The instrument recorded the mass loss during the 

temperature ramp. 

Surface Analysis  

Scanning Electron Microscopy (SEM)  

3D polymer films were attached to cylindrical aluminum mounts with carbon adhesive 

tabs (Electron Microscopy Sciences, Hatfield, Pennsylvania, USA), and then sputter coated 

(Cressington 108auto, Ted Pella, Redding, California USA) with a conductive layer of 

gold.  Images were obtained with a JEOL JSM-6490LV scanning electron microscope (JEOL 

USA, Inc., Peabody, Massachusetts USA) at an accelerating voltage of 15 kV. 
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Atomic Force Microscopy (AFM) /Nano indentation 

All surface analysis and indentation measurements were performed out at room 

temperature on Veeco DI-3100 AFM and Veeco Nanoscope IIIa MultiMode SPM USA). A 

RTESPA-300 silicone probe with a rotated (symmetric) tip (Bruker, USA), 8 nm nominal radius 

of curvature at the tip apex, 20° tip half angle and 40N/m spring constant was used for all 

analysis. The deflection sensitivity of the indenter was determined by calibration on a pre-

mounted sapphire disc, Sapphire 12M (Bruker, USA). 

Films were mounted on specimen discs, d=12mm (Ted Pella Inc., Redding CA USA). 

Images were acquired over 20μm scan area. Indentations were carried out in force mode with a 

minimum of nine indentations obtained per 3μm grid on each sample. The Z scan rate was set to 

1.99 Hz; hence, each indentation took 0.50 s to execute. The relationship between force and 

distance was determined from measurement of cantilever deflection against the z-position during 

advancement and retraction of the probe. All AFM data including stiffness of films was analyzed 

using the NanoScope Analysis V1.50 software (Bruker). 

Water Contact Angle 

To assess the hydrophobicity of the MSSP-PCL blended films, the water contact angle  

was measured using FTA 200 dynamic contact angle/surface tension analyzer and FTA 32 video 

(First Ten Ångstroms, Portsmouth, VA, USA). Water contact angle measurements (n= 10) were 

taken on surfaces of the films of different formulations before and after NaOH treatment and 

before and after coating with HA and PLys. 

Tensile Testing 

The blended films of different formulations were cut using ASTM D683 Type V tensile 

specimen cutter (Qualitest) and thickness measured at least five different locations using digital 
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micrometer. Tensile testing was performed using Instron 5542 at strain rate 2.5mm/min under 

ambient conditions. The yield strength, the percent elongation at break, and modulus were 

extracted from the tensile data. Reported data are an average of at least five tensile experiments. 

Water Absorption 

PCL films were cut into discs (d=5mm), weighed (w0) and incubated in PBS at 37 °C. At 

regular interval, the films were weighed (w1) after removing surface water via wicking with filter 

paper. Three replicates were analyzed for each sample group. Water absorption was calculated 

using equation (4.1): 

                    𝑤𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =
𝑤1−𝑤0

𝑤0
 𝑥 100                                         (4.1) 

Biodegradation  

To assess the in vitro enzymatic degradation profile of the films, samples were cut into 

discs (d=5mm), weighed (w0) and incubated in 2 mL of PBS containing 2mg/mL lipase solution 

(Sigma Aldrich) at 37 °C. The enzyme solution was changed every 3 days and the samples rinsed 

three times with deionized water, dried, and then weighed (w1). Three replicates were used for 

each film formulation at each time point. The mass remaining was calculated using            

equation 4.2: 

                                𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 (%)
𝑤1

𝑤0
 𝑥 100                                         (4.2) 

Release Studies 

Standard release experiment was performed to evaluate the release profiles of the films. 

Dox loaded films (d=1.2cm) were immersed in 2 mL of release medium (PBS pH 7.4, 10 mM 

ionic strength). The release sample were subjected to low agitation by means of an oscillating 

shaker at low setting. At a specified time, interval 100μL aliquots of release medium were 

withdrawn from each sample and replaced with an equal volume of fresh media. Dox loaded 
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MSSP 50% films and PCL-0 films were analyzed over a 24 h period. PCL-0 served as a control 

to determine effect of blending film formulation. All release studies were carried out under 

ambient conditions. Three sample replicates were analyzed for each film formulation. The 

absorbance spectra of the withdrawn sample were analyzed using Nanodrop One Microvolume 

UV-Vis Spectrophotometer (Thermo Scientific, USA). Cumulative percent release was 

determined using the following equation (4.3): 

𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑛

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑎𝑡ℎ
 𝑥 %𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 +  𝛴 %𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑎𝑡 𝑡 − 1     (4.3) 

Results and Discussion 

Fabrication and Characterization of MSSP-PCL Blended Films 

MSSP-PCL blended films were prepared from co-dissolving PCL and varying amounts 

of MSSP (1, 10 and 50 wt. %) and wet casting followed by solvent displacement (Figure 4.1.). 

Film formed immediately upon contacting the aqueous phase. Repeated subsequent washing with 

DI water facilitated diffusion of organic solvent from the films. The films were air-dried prior to 

any further modification or testing. An increasing amount of MSSP was added to the formulation 

reaching up to 50% reduction in amount PCL; however, beyond 50%, any additional MSSP in 

the formulation resulted in tacky films (MSSP 60%) suck to the to the glass substrate or no 

curing at all was achieved (>70%). These samples phase separated with MSSP forming oil 

droplets on the surface of the water.  
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Figure 4.1. Illustrative diagram depicting the MSSP blended film formation process and 

subsequent chemical etching in NaOH to modify the surface properties of the films 

The incorporation of MSSP into the film was verified by ATR spectroscopy. Generally, 

there were no major changes in the spectra, with an almost complete overlap in all regions for the 

different film formulations. However, as the MSSP concentration increased in the film 

formulation, the O-H stretch (3200-3500cm-1) became more prominent (Figure 4.2.). 

 

Figure 4.2. ATR spectra of MSSP blended films of various concentrations 1%, 10% and 50% in 

comparison to control film, PCL-0 (without any MSSP) 
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 In order to demonstrate the compatibility between the sucrose soyate derivatives and 

PCL, a set of blended films was prepared from ESS following similar procedure. For up to 50% 

ESS added to the formulation blend with PCL, films were successfully formed upon water 

immersion. The incorporation of ESS into the blended film was confirmed by ATR 

spectroscopy. Figure 4.3. shows the presence of an epoxy band (820cm-1) in an ESS 50% 

composite film which was absent in PCL alone (PCL-0) or any of the films formed from MSSP 

and PCL blend. Form all three film formulations, MSSP blends have more surface hydroxyls 

exposed than the other two (ESS and PCL).  

 

Figure 4.3. ATR spectra of MSSP and ESS composite films in comparison to control PCL film 

demonstrating compatibility of PCL with sucrose soyate derivatives 

Both MSSP and PCL are rich in ester groups; therefore, treatment with NaOH aided in 

surface modification via ester hydrolysis. Hydrolyzing the esters exposes the hydroxyl and 

carboxylic acid groups rending the film surface more hydrophilic.10, 30, 31 Effectiveness of the 
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chemical etching to reduce the hydrophobicity (impart some hydrophilicity) of the film surface 

was time-dependent as demonstrated by the change in water contact angle  (Figure 4.4.). 

Generally, hydrophilicity increases as the treatment time increase regardless of film composition. 

For instance, water contact angle reduces from 97.0°±3.3° to 70.5°±6.6° over a 3 h treatment 

period of MSSP-1% films; or up 20° drop in water contact angle observed with the MSSP-50% 

films. Films without no MSSP at all (PCL film) were hydrolyzed at a slower rate (7° drop in 

water contact angle over same 3 h treatment period). MSSP is highly susceptible to alkaline 

hydrolysis28; therefore, NaOH treatment beyond 3 h resulted in the complete degradation of the 

blended films. 

 

Figure 4.4. Measurement of water contact angle of MSSP blended film monitored for different 

concentrations of MSSP over time 

Thermal Analysis 

The thermal properties and crystallinity of MSSP-PCL blended of the films were 

evaluated using DSC and TGA.  Melting temperatures (Tm) and enthalpy of fusion (∆Hf) were 

determined from the second heating cycle of the DSC endotherms (Figure 4.5.). The glass 
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transition temperature, Tg was not discernible; however, due to the semi-crystalline nature of 

PCL, the blended films exhibit a distinct melting temperature (Tm).  

 

Figure 4.5. DSC endotherms of MSSP blended films at various concentrations of MSSP 

The DSC endotherms of the MSSP-PCL films demonstrate that Tm was independent of 

concentration of MSSP in the blended films. However, incorporation of MSSP in the film 

composition influenced the thermal stability of the films. 

 Degradation temperature (TD) determine by TGA indicated a decreasing trend, with up 

to 30°C decline in degradation temperature corresponding to 10% weight loss.  Overall, the films 

have excellent thermal stability (Table 4.1.) at 90 wt. % remaining mass, TD was above 340°C. 

Therefore, adding up to 50% Biobased content in the film formulation generates potentially 

viable biomaterials reducing reliance of petrochemical feedstock and reducing cost by 

substituting costly polymer with an affordable option. 
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Table 4.1. Thermal Properties of MSSP Blended Films 

 

The crystallinity (Xc, %) was calculated using Universal Analysis 2000 v4.5A (TA 

Instruments-Waters LLC) software according to the following equation 4.4: 

                                                                𝑋𝑐 =
𝛥𝐻𝑓

𝑜𝑏𝑠

𝛥𝐻𝑓
°  𝑥 100                                                   (4.4) 

where  𝛥𝐻𝑓
𝑜𝑏𝑠 is the observed enthalpy of fusion and 𝛥𝐻𝑓

° is the enthalpy of fusion of a 100% 

crystalline PCL sample (139.0 J/g). As presented in Table 4.1., incorporating MSSP in the blend 

impacted crystallinity of the composite film. For instance, crystallinity in the MSSP-50% films 

reduced by over 50% in comparison to film composed of PCL only (35.87% and 61.84% 

crystallized, respectively). This can be attributed to increase in amorphous region in the blend 

from MSSP as well as reduced regularity in the PCL segments. 

Tensile and Mechanical Properties 

Elongation at break, tensile strain and modulus of the films were determined. MSSP 

blended films were found to be highly flexible. The films stretchability doubled when 50% of the 

formulation was MSSP in comparison to films formulated from PCL alone (Figure 4.6.), with 

films withstanding up to 180% tensile strain versus 90%, respectively. 

Sample 

Name 

MSSP wt. % 

incorporated 

Tm 

(°C)  

TD at 90%wt 

 (°C) 

ΔHf (J/g) Crystallinity, 

 Xc % 

PCL-0 0 54.6 373.8 93.0 68.9 

MSSP 1% 1 55.3 370.3 107.9 79.9 

MSSP 10% 10 55.0 362.9 101.1 74.9 

MSSP 50% 50 53.9 343.9 48.4 35.9 
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Figure 4.6. Stress-strain curves demonstrating the tensile behavior of MSSP blended films 

 A similar trend was observed with respect to elongation at break (Figure 4.7.); higher 

concentration of MSSP in the films increased the flexibility of the films, MSSP-50 % stretch an 

additional 59.7 ± 7.3mm. The modulus of the films showed a marked decrease with an increase 

in MSSP content incorporated in the films; 9.63 ± 5.38MPa for MSSP-50% composition from 

26.54 ± 5.94 MPa achieved by films without any MSSP (PCL alone). This is supported by the 

decrease in crystallinity when a higher content of MSSP is blended in the films. The degree 

of crystallinity in thermoplastics is reported to influence mechanical properties of the 

materials.32-34   

 

Figure 4.7. Modulus and elongation at break of MSSP blended films at various MSSP content as 

determined from tensile testing 
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Materials properties of biomaterials such as the modulus and stiffness (rigidity) of the 

material are important in regulating the fate of cells including adhesion, differentiation and 

phenotype.35, 36 Hence stiffness of the MSSP blended films was determined using AFM 

nanoindentation and calculated using NanoScope Analysis v1.5 software (Bruker, USA) from 

the relationship between the product of Young’s modulus (E) and sample area as a function of 

sample area. Figure 4.8. shows that stiffness of the films can be modulated by the amount of 

MSSP incorporated into the films. Incorporation of low amounts of MSSP (< 10 wt. %) has 

minimal to negligible effect on the stiffness.  

 

Figure 4.8. Stiffness of the MSSP blended films as a function of MSSP concentration 

Similar observation was drawn with respect to Young’s modulus of the films, which 

showed slight decrease when up to 10%MSSP was added to the film formulations (Figure 4.9.); 

from 1.10 ± 0.08 GPa given by PCL alone to 0.90 ± 0.11 GPa corresponding to MSSP 1%,    

0.88 ± 0.09 GPa given by MSSP 10% and 0.90 ± 0.05 GPa from MSSP 50%. These values are 

within range of previously report data of PCL based films; hence it follows that, up to 50 wt.% 

MSSP can be successfully blended with PCL, increasing biobased content without compromising 

mechanical properties. 
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Figure 4.9. Young's modulus (E) determined for MSSP blended films from AFM 

nanoindentation 

Surface Analysis  

MSSP blended films exhibited porous microstructure evidenced by the cross-sectional 

SEM micrographs (Figure 4.10. (a)-(c)) obtained from the films. Pore size gradually increased 

toward the surface with air-water interface as well as increased with amount of MSSP in film. 

MSSP 50% had largest pore sizes (10.4 ± 6.0μm) while MSSP 10% and PCL-0 had almost 

similar pore sizes (6.8 ± 3.6μm and 5.4 ± 1.0μm, respectively). 

 

Figure 4.10. SEM micrograms showing porous microstructure of (a) PCL-0, (b). MSSP 10% and 

(c). MSSP 50% films. Scalebar: 10μm 

The surface morphology of the MSSP blended films was analyzed by AFM. Figure 4.11 

shows three-dimensional AFM images of MSSP blended films, of varying MSSP concentrations, 

over a scan area 20 μm x 20 μm. PCL-0 and MSSP 10% have similar topography and surface 
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roughness (Figure 4.11 (a) and (b), respectively) which implies MSSP and PCL blend 

homogenously without forming separate phases. While MSSP 50% films, on the other hand, 

exhibit a unique surface morphology, less surface roughness in comparison to the other 

formulations. 

 

Figure 4.11. AFM height micrographs of MSSP blended films over a 20-μm scan; (a) PCL-0 

film, (b) MSSP 10% film and (c) MSSP 50% film 

Water Absorption 

Low concentrations of MSSP in the composite films showed good water resistance 

similar to films prepared from PCL alone. Good water resistance is characteristic property of 

PCL films.37 However, water absorption is observed to increase with the increasing amount of 

MSSP in the blended films as depicted in Figure 4.12. resulting in reduction in water resistance. 

Adding 10% MSSP into film formulations, reduced water resistance up to 54% in comparison 

the control formulation. MSSP 50% films had the highest water absorption, reaching 100% after 

7 days, which continued to increase reaching 130% absorption after 21days. Higher water 

absorption in the MSSP-PCL 50% films was attributed to multiple hydroxyl groups in MSSP as 

well as the high porosity and large pore sizes. MSSP 10% films exhibited a swelling capacity (up 

to 65% water absorption) still higher than PCL-0 (25%), which performed similarly to MSSP 1% 

films. Swelling capacity of the composite films can influence the encapsulation or loading 

efficiency of desired payload. 
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Figure 4.12. Water absorption profile of MSSP blended films over an extended period 

Biodegradation  

Biodegradation profile of the MSSP blended films was evaluated via enzymatic 

degradation. Films were incubated in lipase solution (2mg/mL). Lipase is in a class of enzymes 

known as hydrolases. These enzymes exhibit activity towards poorly water-soluble substrate 

such as triglycerides or long-chain fatty acids38. MSSP is composed of derivatized soybean oil 

fatty acid chains making it an ideal candidate for lipase activity. Although, PCL is biodegradable 

by microorganisms such as fungi and bacteria due to hydrolysis of ester linkages, it is not a 

suitable substrate for degradation by enzymes within human bodies5, 39. Figure 4.13. illustrates 

that the higher content of MSSP in the film formulation facilitated enzymatic degradation of the 

composites. Film containing 50% MSSP exhibited up four times more degradation (40%) 

compared to pure PCL film (10%). Up to 40% of the film degraded in comparison to only 10% 

over 24 days. 
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Figure 4.13. Biodegradation profile of MSSP blended films evaluated under treatment with 

enzyme Lipase over a prolonged period 

Release of Doxorubicin 

Dox loaded MSSP blended films were prepared using LbL deposition of dox dissolved in 

polyelectrolytes, and hyaluronic acid (Figure 4.14.).   

 

Figure 4.14. (a). Illustration of layer-by-layer coating of MSSP blended films with poly (Lysine)  

and hyaluronic acid including the doxorubicin loading, (b). Chemical structure of doxorubicin 

and (c). Photographic imaged of doxorubicin-loaded MSSP-PCL film. 

Dox is a chemotherapeutic agent in the anthracycline family and has been reported to 

highly effective toward breast cancer treatment as well as several other cancers.40-42 Despite this, 

dox has short residence time, is cumulative dose-dependent, and highly toxic which limits its 
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application. Therefore, we designed a depot-type drug-eluting film amenable for localized 

delivery of dox. Drug-loaded films were prepared using LbL technology. LbL complexation of 

hyaluronic acid and has been shown to form thin nano-scale multilayered films.22 Resultant dox-

loaded films took on the red color of dox.  

Repeated alternation in the assembly of the polyanion and polycation onto the MSSP 

blended films facilitated higher drug loading. Additionally, film composition played a role in 

influencing loading, MSSP-50% films exhibited up to 13% higher loading capacity per square 

centimeter area than PCL-0 films (45.0 ± 10.6 μg/cm2 and 39.8 ± 9.1 μg/cm2, respectively). 

MSSP imparted surface properties with a higher affinity for the drug in polyelectrolyte solutions.  

In vitro release profiles of dox from the MSSP blended films is shown in Figure 4.15. 

Both films exhibited slow releasing rate, achieving close to 20% dox release over a 24 h period. 

Although, MSSP 50% films had an overall slightly more sustained release than films PCL-0 

films. Therefore, not only does incorporating up to 50% Biobased content into PCL films 

increase the loading capacity, it maintains the functional performance of the PCL films without 

any negative compromise.  

 

Figure 4.15. Comparative cumulative release of doxorubicin from MSSP 50% films and PCL-0 

films 
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Figure 4.16 shows the effect of LbL coating on the surface properties of the composite 

films. The higher the number of complexed bilayers, the more hydrophobic the surface became; 

films with 40 bilayers had a water contact angle 10° higher than film without any surface 

coating. It was observed that 20 bilayers, or less, had no significant effect on the water contact 

angle. 

 

Figure 4.16. Water contact angle determine on the MSSP 50% composite films after LbL coating 

as a function of number of bilayers 

AFM micrographs (Figure 4.16.) show the height and phase images of the representative 

MSSP -50% film before LbL and after layering with 40 bilayers. The films were scanned over a 

20μm x 20μm area. Deposition of multiple layers resulted in fewer micro features and introduced 

more uniform submicron roughness. The AFM height micrographs, representative of the entire 

film, show larger distinction between the surface features of either films, MSSP 50%-0LbL 

(Figure 4.17 (a)) and MSSP-40LbL (Figure 4.17 (b)). 
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Figure 4.17. AFM micrograms showing height images of (a). MSSP 50 %-0LbL film without 

any alternating hyaluronic acid or poly (lysine) bilayers compared to (b). MSSP 50% after 

coating with 40 LbL bilayers over 20μm scan area 

On the other hand, the color map of the phase images shows the dominance of mostly one 

phase which implies the components of composite films are compatible with each other. The 

neat MSSP 50%-0LbL has spotted areas, which appear out of phase with the majority of the film 

(Figure 4.18 (a)), while 40 bilayers result in more uniformity in the distribution of film 

composition (Figure 4.18 (b)).     

 

Figure 4.18. AFM micrograms showing the phase images of (a). MSSP 50 % film without any 

LbL bilayers, and (b). MSSP 50% after coating with 40 LbL bilayers 

Conclusions 

Biobased flexible drug-eluting films were successfully from a blend of MSSP and PCL. 

Blending MSSP and PCL reduced the modulus and increased film flexibility; as well as 

enhanced the biodegradation profile of the films. Multi-layer drug loaded on the films obtained 
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via layer-by-layer assembly of dox dissolved polyelectrolytes, and hyaluronic acid. MSSP 

imparted surface properties favorable for the adhesion of the polyelectrolyte, hence achieving 

higher drug loading. Incorporation of MSSP not only enhanced the performance of PCL films 

but introduce biobased content rendering the films more sustainable and affordable to 

manufacture. We envision that such soy-based flexible films present new potential biomaterials 

for applications in drug delivery, tissue engineering and general surgery. 
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CHAPTER 5. EVALUATION OF EPOXIDIZED SUCROSE SOYATE FOR 

THREE-DIMENSIONAL MATRIX FOR BIOMATERIAL 

APPLICATIONS12 

Abstract 

A new controlled-release platform for hydrophilic compounds has been developed, 

utilizing citric acid-cured ESS as the matrix forming material. By cross-linking epoxy groups of 

ESS with citric acid (CA) in the presence of a hydrophilic model molecule, sodium salt of 

fluorescein (Sod-FS), we were able to entrap the latter homogenously within the ESS matrix. No 

chemical change of the entrapped active agent was evident during the fabrication process. 

Hydrophobicity of the matrix was found to be the rate-limiting factor for sustaining the release of 

the hydrophilic model compound, while inclusion of release-modifiers such as PEG within the 

matrix system modulated the rate and extent of guest release. Using 5 kDa PEG at 5 % (w/w) of 

the total formulation made it possible to extend the release of the active ingredient for more than 

a month. In addition, the amount of modifiers in formulations also influenced the mechanical 

properties of the matrices, including loss and storage modulus. Mechanism of active release from 

ESS matrices was also evaluated using established kinetic models. Formulations composed 

                                                 
1 This chapter contains material reprinted from Chitemere, R.;  Stafslien, S.;  Jiang, L.;  Webster, 

D.; Quadir, M., Soy-Based Soft Matrices for Encapsulation and Delivery of Hydrophilic 

Compounds. Polymers 2018, 10 (6), 583. 

2 Material in this chapter was co-authored by Ruvimbo Chitemere (Wright), Shane Stafslien; 

Long Jiang; Dean Webster and Mohiuddin Quadir. Ruvimbo Chitemere (Wright) had primary 

responsibility for sample formulation, conducting experiments, materials characterization and 

data interpretation. Ruvimbo Chitemere (Wright) was the primary developer of the conclusions 

that are advanced here. Ruvimbo Chitemere (Wright) also drafted and revised all versions of this 

chapter. Dean Webster and Mohiuddin Quadir conceived and designed the experiments. 

Mohiuddin Quadir served as proofreader and corresponding author. Long Jiang designed and 

supervised the mechanical studies. Shane Stafslien conducted the cell studies. 
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entirely of ESS showed a non-Fickian (anomalous) release behavior while Fickian (Case I) 

transport was the predominant mechanism of active release from ESS systems containing 

varying amount of PEGs. The mean dissolution time (MDT) of the hydrophilic guest molecule 

from within the ESS matrix was found to be a function of the molecular weight and the amount 

of PEG included. At the molecular level, we observed no cellular toxicities associated with ESS 

up to a concentration level of 10 µM. We envision that such fully bio-based matrices can find 

applications in compounding point-of-care, extended-release formulations of highly water-

soluble active agents. 

Introduction 

Extended-release formulations have been an attractive product platform for therapeutic 

and diagnostic applications.1 Extending the release of water-soluble guest molecules is an unmet 

challenge in this area, since many therapeutically active drugs, diagnostic agents, biocides, and 

fungicides are formulated as the salt of the active molecule to impart maximum engagement with 

their substrate targets. A set of existing technologies for fabricating extended-release 

formulations for hydrophilic drugs and bioactive chemical moieties include direct-compression 

of the active compound into matrices using excipients, micro- and/or nano-encapsulation, or 

reversible chemical conjugation of the active species with a polymer. Among these fabrication 

processes, polymer-based matrix systems are commonly used for manufacturing extended- and 

controlled release delivery systems because it makes such manufacturing easy.2 Using 

mechanically compressed or chemically cross-linked polymeric network to form a matrix, which 

is capable of suppressing the rate of diffusion of an entrapped molecule to the surrounding 

milieu, has been the basis of such controlled-release formulations. 
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Ideally, a matrix-forming polymer, intended for designing extended release formulations 

of hydrophilic active ingredients, needs to release the entrapped species at a controlled-rate to 

maintain a constant dosage range over an extended period. At the same time, the matrix forming 

candidates need to be bio- and environmentally compatible and should be commercially viable. 

Current limitations in controlled- and extended-release technology involves difficulties in 

attaining extended temporal control, premature (burst) release of the active agent, manufacturing 

and materials cost, and unwanted interactions of the matrix-forming materials with biotic 

components resulting in non-specific side-effects.  

A large cohort of polymers and biomaterials has been employed as release retarding 

materials each of which presents a different approach to the matrix concept. For example, poly 

(hydroxyethyl methacrylate), poly(vinyl alcohol), poly(vinyl pyrrolidone), poly(ethylene oxide), 

sodium alginate3, poly(ethylene glycol) (PEG)4, 5, hydroxypropyl methylcellulose 6-8, and 

hydroxyethyl cellulose have been extensively used which impart control over active release 

through the formation of insoluble or hydrogel networks.9, 10 Polymers forming insoluble or 

skeleton matrices, such as biodegradable polyanhydrides11, polyhydroxyalkanoate12, polyesters 

of poly(glycolic acid) (PGA), poly(lactic acid) (PLA), polylactide-co-glycolide (PLGA)10, 

polyurethanes; or non-degradable poly(dimethyl siloxane) (PDMS), poly(ethylene vinyl acetate) 

(PVA), and polyvinyl chloride (PVC); poly(vinyl pyrrolidone) or poly(vinyl acetate) are 

extensively used to generate controlled-release delivery systems for drugs and biologically active 

macromolecules such as large peptides and proteins.  

Natural materials, of a hydrophobic and water-insoluble nature, such as lipids, waxes, or 

fatty acids such as Carnauba wax, beeswax13, micro crystalline wax14, candelilla wax15, ozokerite 

wax, and paraffin waxes, which are potentially erodible, have also been used as the more 
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economically-viable and environmentally-friendly material candidates to generate controlled-

release platforms. Such lipid-based systems have drawn particular attraction due to the 

advantageous properties they offer in comparison to most synthetic polymers. These properties 

include an ability to load and release both hydrophilic and hydrophobic compounds, the superior 

biocompatibility profile of the matrix-forming agents, non-specific interactions with biological 

components, lower immunogenicity16, 17 and degradation to biocompatible end products unlike 

many synthetic polymers18. Although lipid-based matrices show a lot of promise in designing 

extended release formulations, owing to high hydrophobicity, these systems also result in 

unreliable release kinetics, oftentimes resulting in incomplete or sub-optimal diffusion of the 

active agent from within the matrix interior. In addition, many of the FDA-approved 

hydrophobic matrix-formers, such as beeswax, carnauba wax, glyco- and phospholipids, possess 

complex chemical structures and exhibit significant variability in physical properties depending 

on the source and method of extraction.  

Semi-synthetic and synthetic bio-based lipid-like materials are viable options to bypass 

these limitations of natural lipids and wax-based matrix-forming agents and can offer the benefit 

of batch-to-batch uniformity, affordability, biodegradability, low toxicity, accessibility, and 

straightforward synthesis of drug delivery systems19-21. For example, soybean oil derived fatty 

acids and synthetically modified products thereof have gained popularity due to facile 

preparative methods, tunable properties, versatility, low cost, biodegradability, and high bio- 

content22, 23. Epoxidation of triglycerides of soybean oils yields multi-functional lipid-like 

molecules amenable to application-guided post-synthetic modifications24. 

Oxirane ring opening reaction of epoxidized triglycerides derived from soy has been used 

for crosslinking modified triglycerides with a variety of acids and alcohols for facile preparation 
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of coatings and film formulations22, 23, 25. ESS, a sucrose ester derivative of soybean oil fatty 

acids, which has been studied for its capability to form cross-linked networks with excellent 

mechanical properties25, 26. Soybean oil and its derivatives have also been studied extensively for 

their applications in polyurethane production, polyesters, and potential application in 

biomaterials21, 23, 27, 28.  

In this study, we report a readily compoundable fabrication process of a hydrophobic 

matrix system composed of ESS that can be used to fabricate extended release delivery 

formulations of hydrophilic substances in the form of matrices. To realize this goal, ESS was 

cross-linked with CA in the presence of the model water-soluble compound, Sod-FS, to entrap 

the latter in a fully bio-based 3D matrix26. Sod-FS is a salt of a free basic dye, fluorescein, and 

has been used in this study as a representative molecule of compounds and drugs which are 

highly hydrophilic in nature. CA makes a suitable biocompatible cross-linker as it possesses 

multiple functional groups and capable of fast gelling with epoxides29, 30.  

We evaluated the capacity of ESS-derived matrices to sustain the release of hydrophilic 

Sod-FS, investigated the kinetics of active release as a function of matrix formulations and 

mechanical properties, and finally evaluated the biocompatibility of the ESS as a matrix-forming 

material. We evaluated the capacity of ESS-derived matrices to sustain the release of hydrophilic 

Sod-FS, investigated the kinetics of active release as a function of matrix formulations and 

mechanical properties, and finally evaluated the biocompatibility of the ESS as a matrix-forming 

material. We envision that such bio-based matrices can provide easy access towards the 

preparation of controlled-release delivery systems of water-soluble active ingredients, intended 

for pharmaceutical, diagnostic, and theragnostic applications. 
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Experimental 

Materials 

Epoxidized sucrose soyate (ESS), with an epoxy equivalent weight of 243.4g/eq 

synthesized according to previously reported procedure26. Citric acid (CA), PEG methyl ether 

(PEG, Mn =750, 2000 and 5000) and Sod-FS were purchased from Sigma-Aldrich (St Louis, 

MO, USA). THF and DMSO were acquired from Millipore Sigma (Billerica, MA, USA). PBS 

tablets (10 mM) were purchased from VWR (Solon, OH, USA), which was used to prepare PBS 

solution of pH 7.4. All reagents were used as received. L929 mouse fibroblast cell line was 

purchased from American Type Culture Collection (Manassas, VA, USA). Eagles minimum 

essential medium (EMEM), Hank’s balanced salt solution (HBSS), fetal bovine serum (FBS), 

penicillin and streptomycin were acquired from HyClone Laboratories (GE Healthcare Life Sci., 

Logan, UT, USA). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

reagent was purchased from Promega (Madison, WI, USA) 

Preparation of ESS-CA Matrix 

Soy-derived hydrophobic ESS-CA matrices were prepared by crosslinking ESS with CA 

following the composition and curing conditions listed in Table 5.1. First, CA was dissolved in 

deionized water to achieve a 1:6 or 1:8 acid to water molar ratio. In the following step, ESS was 

added to the CA solution in a glass vial and manually stirred for 2 min followed by high speed 

mixing in a VWR standard vortex system (VWR, Radnor, PA, USA) until a homogenous 

mixture was achieved. The mixture was then heated at 80°C with magnetic stirring for up to 3 h 

and allowed to cool to room temperature. For the preparation of Sod-FS loaded matrices, the 

active agent was dissolved in deionized water prior to adding CA. ESS was added to the CA-

Sod-FS solution to form the matrix in a similar fashion as detailed above. The Sod-FS loading 
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was adjusted to achieve 0.026 wt. % (low [Sod-FS]) and 0.065 wt. % (high [Sod-FS]) by weight 

of ESS. For inclusion of release modifiers within the formulation, different molecular weight of 

PEGs was incorporated at 5 w/v % aqueous solution prior to adding CA and Sod-FS 

Table 5.1. Compositions and Curing Conditions for ESS-Citric Acid Cross-linked Matrices. 

Sample 
Molar ratio T 

°C/Time 
Matrix type 

ESS CA Di-H2O PEG Sod-FS 

EC-1 1 0.98 6   80/2 h High [H+] 

EC-2 1 0.98 8   80/2 h Low [H+] 

ECP-750 1 0.98 6 0.007  80/3 h 

PEGylated 

Matrices 

ECP-2k 1 0.98 6 0.007  80/3 h 

ECP-5k-5 1 0.98 6 0.007  80/3 h 

ECP-5k-1 1 0.98 6 0.003  80/2.5 h 

EC-Sod-FS-L 1 0.98 6  0.002 80/2.5 h Low [Sod-FS] 

EC-Sod-FS-H 1 0.98 6  0.005 80/2.5 h High [Sod-FS] 

 

Determination of Loading Content  

ESS-CA matrices loaded with Sod-FS were cut into cubes (v = 3.41 mm3) for each 

formulation. For estimation of active loading, the cubes were homogenized using a mortar and 

pestle and incubated in 10 mM PBS (10 mL) for 24 h at 37°C with moderate stirring. The 

samples were centrifuged at 5000 rpm for 1 h and then filtered through a 0.45 mm micro-filter. 

The absorbance spectra of the filtered supernatant were analyzed using a Varian Cary 5000 UV–

Vis-NIR spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) to quantify the Sod-

FS concentration. 

Materials Characterization 

ATR-IR Spectroscopy 

ATR-IR of the components used to fabricate the ESS-CA matrices was performed using a 

Nicolet 8700 FT-IR with a Smart iTR diamond tip accessory (Thermo Scientific, Grand Island, 
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NY, USA). Spectra representative of the top, bottom and internal surface of the matrices were 

collected. To analyze the internal surface, the matrices were sectioned along the transverse plane.  

GPC 

GPC was obtained using a TOSOH EcoSEC HLC-8320GPC system (TOSOH 

Bioscience, Japan) gel permeation chromatograph calibrated with polystyrene standards. ESS 

solution was prepared in THF at a concentration of 5 mg/mL. 

SEM 

To analyze the microstructures of ESS-CA matrices, SEM image analysis was performed. 

Samples were mounted on aluminum mounts using carbon adhesive tabs/ tape and then coated 

with a conductive layer of carbon in a high-vacuum evaporative coater (Cressington 208c, Ted 

Pella Inc., Redding, CA, USA). Images were obtained with a JEOL JSM-7600F scanning 

electron microscope (JEOL USA Inc., Peabody, MA, USA) operating at 2kV. 

Viscoelasticity Testing  

Viscoelasticity of the ESS-CA matrices was analyzed using an ARES-G2 Rheometer (TA 

Instruments, New Castle, DE, USA). Matrix samples were cut into 1–2 mm thick discs of 25 mm 

diameter using a 25 mm hollow steel punch. Samples were analyzed between two parallel plates 

at 37◦C using a frequency sweep method (0.02–628rad/s) under a constant 0.5% strain (within 

the linear viscoelastic region of the samples). The samples were equilibrated for 2 min prior to 

testing. 

Water Contact Angle Measurement 

Contact angle of the ESS-CA matrices of different formulations with and without PEGs 

was measured using FTA 200 dynamic contact angle/surface tension analyzer and FTA 32 video 

(First Ten Ångstroms, Portsmouth, VA, USA). Measurements were taken from both the top and 
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bottom surfaces of the matrices (n = 5). Three sample replicates were used for each formulation 

for each surface. 

Content Release Studies 

Different formulations of ESS-CA matrices containing Sod-FS (in the forms of cubes of 

3.41 mm3) were placed in 15 mL of PBS (10 mM, pH 7.4). The samples were incubated at 37 ◦C 

with moderate stirring. After every 24 h, 1.5 mL of sample solution was collected and replaced 

with an equal volume of fresh PBS (10 mM, pH 7.4). The absorbance spectra of the withdrawn 

sample were analyzed using a Varian Cary 5000 UV–VIS NIR spectrophotometer (Agilent 

Technologies, Santa Clara, CA, USA). Cumulative percent release was determined using the 

following equation 5.1.: 

𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑛

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑎𝑡ℎ
 𝑥 %𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 +  𝛴 %𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑎𝑡 𝑡 − 1     (5.1) 

 

Kinetic Analysis of the Release Data of SOD-FS from ESS-Matrices  

The dissolution data for Sod-FS from within the ESS-CA matrices of different 

formulations were fitted to Higuchi model, equation 5.2.: 

 
𝑀

𝑀𝛼
= 𝑘𝑡

1

2 (5.2) 

where M/Mα indicates fractional release of the linear segment of the release profile, t is the time 

of release, and k is a Higuchi constant. As Higuchi equation does not include the swelling and 

erosion component of diffusion, release data have also been fitted with well-known bi-

exponential model equation 5.3.: 

 
𝑀

𝑀𝛼
= 𝑘𝑡𝑛 (5.3) 

where M Mα is the fractional release of linear segment of the release profile, t is the release time, 

k is a constant incorporating the properties of the macromolecular polymeric systems and the 
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active ingredient, and n is the kinetic constant, which describes the mechanism of molecule 

transport. For matrices, an n value of 0.45 obtained from Equation (5.3) defines the profile to 

follow Fickian (Case I) release, 0.45 < n < 0.89 describes non-Fickian (Anomalous) release, 

n=0.89 represents Case II (Zero order) release and n>0.89 refers to super case II release31, 32.  

Fickian (or Case I) diffusion refers to the kinetic mechanism where the polymer 

relaxation time during molecular release is significantly longer than the characteristic solvent 

diffusion time33. While, in a non-Fickian diffusion mechanism, polymer relaxation time during 

molecule release and the characteristic solvent diffusion time are equal. Typically, matrix-type 

devices exhibit Fickian behavior, as it accounts for concentration gradient, diffusion distance, 

and the degree of swelling 34, 35.     

Case II diffusion, on the other hand, refers to the dissolution of the polymeric matrix due 

to the relaxation of the polymer chain, which is independent of the concentration. Mean 

dissolution time (MDT), which is a model independent parameter characterizing active release 

from a matrix system, was calculated from the Sod-FS dissolution data according to Mockel and 

Lippold36 using the following equation 5.4.: 

 𝑀𝐷𝑇 = ( 
𝑛

𝑛+1
) · 𝑘

−1

𝑛  (5.4) 

Cytotoxicity Studies of ESS 

The cytotoxic effect of the molecular form of ESS was tested on L929 mouse fibroblasts. 

L929 mouse fibroblast cells were maintained in EMEM supplemented with 10% fetal bovine 

serum (FBS), penicillin (100U/mL), and streptomycin (100 µg/mL). The cells were incubated for 

24h at 37°C (5% CO2), after which, cells were trypsinized, re-suspended into fresh supplemented 

EMEM, and seeded into 96-well cell culture treated plates at an inoculum density of 50,000 

cells/mL. The plates were incubated for 24h at 37°C (5% CO2) and EMEM was carefully 
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removed using a multichannel pipette and attached cells were rinsed once with HBSS. Pure ESS 

solutions prepared in HBSS (0.01–100 µM) were transferred in triplicate to the rinsed, pre-

cultured cells and incubated for 24 and 72h at 37°C (5% CO2). Bright field microscopy images 

were acquired on an inverted microscope prior to removal of ESS containing media for cell 

viability assessments. After removal of spent media, cells were rinsed 3 times with 

HBSS.A0.5g/L solution of MTT in HBSS (0.2mL) was added to each well and incubated for 4h 

at 37°C. The MTT solution was removed from each well and 0.15mL of DMSO was added. The 

plates were placed on an orbital shaker (150rpm; ambient temperature) for 15min to solubilize 

the MTT dye. Absorbance values were measured at 570nm using a multi-well plate 

spectrophotometer, Tecan Safire 2 microplate reader (Tecan, Switzerland). 

Results and Discussion  

Fabrication of the Matrices 

Epoxidized sucrose esters of fatty acids have been reported as platform materials for bio-

based epoxy resin technology due to the presence of a compact molecular structure, multivalent 

epoxy group functionality, high density25, 37. As represented in Figure 5.1. (a) ESS, which is 

composed of soybean oil fatty acid esters, has been shown to form excellent cross-linked 

materials where the rigid core of sucrose yields a desirable mechanical property, and the 

presence of multiple epoxy functionalities render the materials amenable to cross-linking 

induced by multi-functional carboxylic acid or anhydrides26.  
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Figure 5.1.  (a) Idealized structure of epoxidized sucrose soyate (ESS); (b) Gel permeation 

chromatograph (GPC) chromatogram of ESS 

With a fairly monodispersed molecular weight of 3000 g/mol (Figure 5.1. (b)), ESS has a 

high content of ester linkages within its structure and curing with bio-based or natural carboxylic 

acids that cross-link the 3D matrix provides a mechanism for biodegradation of the scaffold and 

the controlled release of any incorporated active molecules.  

We have utilized the CA mediated cross-linking methodology of ESS and developed a 

facile procedure to homogeneously disperse the hydrophilic active agent within the cross-linked 

matrix of ESS (Figure 5.2.). Ma et al.26 reported the cross-linking efficiency of CA with ESS for 

the first time, and found out that, depending on the proton concentration, a cross-linking time of 

at least 20 min is required to cross-link all the epoxy groups of the sucrose ester by the acid at an 

equivalent molar ratio, as indicated by the measurement of gel time of the mixture. In this case, 

ESS-CA matrices were cured at 80C for up to 3 h, after which the mixture formed solid, 3D, 

translucent thermoset matrices. The organoleptic properties of which are usually varied with the 

incorporation of the active ingredient and with different release modifiers (Figure 5.2.).  
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Figure 5.2. Schematic illustration of the preparation of cross-linked ESS matrix and images 

depicting typical ESS matrix sample with and without incorporation of guest molecules 

One of the reasons for selecting citric acid to cross-link ESS epoxy group was the 

moderate pKa value of the acid, so that the pH of the local environment post-degradation is not 

altered significantly. Acidification of local pH upon degradation is one of the major problems 

with matrices prepared from PLGA or PLA, due to production of lactic acid on hydrolysis.39, 40  

ATR-IR spectroscopy of a representative sample of the matrices (Figure 5.3.) 

demonstrates the presence of strong signals at 1750 cm−1, indicating the presence of ester bonds 

of ESS, which is a critical structural component for ensuring biodegradation and the controlled 

release mechanism of the matrices.  
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Figure 5.3. Attenuated Total Reflectance (ATR) spectra of EC-1 (control) matrix and ECP-750 

(PEG modified) matrix 

Surface, Micro-structural and Mechanical Property Analysis of ESS-CA Matrices 

Contact angle measurement of water droplets on ESS-CA matrices indicated that the 

matrices have a highly hydrophobic surface. Irrespective of formulation, contact angle of matrix 

surfaces, which were in contact with, air were found to be within the range of 75°–80° shown in 

Figure 5.4 (a). The representative drop shapes of water on ESS-CA matrices is depicted in          

Figure 5.4. (b). Inclusion of PEG, at least in the tested weight ratio, did not change the surface 

hydrophobicity of matrices.  

 

Figure 5.4. (a). Water contact angle on top surfaces of the cross-linked ESS matrices and (b). 

Image of typical water droplet on surface of the ESS matrix 
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Such surface hydrophobicity is significant for a matrix system, since an apolar surface 

will help to suppress the burst release of the active ingredient located on matrix surfaces when 

immersed in aqueous environment, thereby favoring more controlled release of the active 

substance. The internal microstructure of ESS-CA matrices was determined by capturing the 

SEM image of lateral cross section of matrices prepared with different formulations (Figure 

5.5.).  

 

Figure 5.5. SEM Scanning electron microscopy (SEM) image of ESS-citric acid matrix loaded 

with Sod-FS 

The SEM micrographs revealed that ESS-CA matrices alone possess a non-porous and 

uniform microstructure, indicating the formation of a monolithic matrix. No gross 

microstructural changes or defects were evident even after the addition of PEGs or Sod-FS 

within the matrix. SEM experiments indicated that ESS-CA matrices possess a homogenous 

microstructure, where the incorporated active agent is evenly distributed. Such monophasic 

distribution of the latter is critical for a highly controlled and monotonic release rate of the 

incorporated species from a macromolecular scaffold. 

We have also analyzed the viscoelastic properties of different formulations of EC 

matrices and evaluated their loss and storage modulus as a function of the release-modifiers (i.e., 
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PEGs of different molecular weights) being incorporated within the systems. We observed that 

the inclusion of high molecular weight PEGs (at 5% w/w of total formulation) increases both the 

loss and storage moduli of the matrices (Figure 5.6. (a)), compared to those prepared without 

PEG (EC-1). Inclusion of low molecular weight PEG (i.e. 750 g/mol), decreased both the loss 

and storage moduli. More crystalline structures and higher strength/modulus of the high 

molecular weight PEGs are most likely to be the contributing factors for such observations, 

indicating that the matrices were more visco-elastic in consistency than rubbery (Figure 5.6 (b)). 

 

Figure 5.6. (a) G’ storage modulus curves of control and PEG modified ESS citric acid matrices; 

(b) G” loss modulus curves of control and PEG modified ESS citric matrices 

Analysis of Content Release 

Active release from non-porous lipid matrices occurs through diffusion of molecules 

from the polymer matrix and in some cases through erosion of the polymer matrix. The ESS-CA 

based matrices designed in this study were intended for use as a molecular delivery platform, 

particularly for controlling the release of small, hydrophilic active molecules for an extended 

period. In clinical settings, such matrices are important for designing delivery systems for 

contraceptive agents, growth factors, enzymes, analgesics, and orthopedic medications, and 

antibacterial compounds. We have used Sod-FS as such a model small molecular agent for our 
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study. A tightly controlled diffusion of Sod-FS, spanning over a period of more than 20 days, 

was observed from all the ESS-CA derived lipid matrices.  

 We tested if the curing process alters the chemical functionality of the model compound. 

Figure 5.7. shows the UV–Vis spectral profiles of Sod-FS indicating the compatibility of the 

agent with matrix forming materials and processes. The signature absorption signal of Sod-FS is 

observed without distortions or shifting even after the 14-day release.  

 

Figure 5.7. Example of absorption spectra of Sod-FS released from a typical ESS-CA matrix 

The effect of acid concentration on the release profile of Sod-FS from EC matrix (EC-1 

vs EC-2) is displayed in Figure 5.8. Formulations cross-linked with higher acid concentration 

(EC-1), released up to 70% of the FSS within 21 days, while formulations cross-linked with 

lower acid concentration (EC-2) released 10% less Sod-FS cumulatively within the same period. 

The steep increase of Sod-FS release for the first 5 days could be attributed to the Sod-FS 

molecules accumulated at or near the surfaces of ESS-CA matrices. However, these PEG free 

cross-linked ESS matrices did not show any signs of scaffold disintegration within this period. 

This finding is in accordance with the work carried out by Dakkuri et al.41 with wax type 
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matrices. Cross-linked ESS matrices with no PEGs are extremely hydrophobic in nature with 

lower wettability.  

 

Figure 5.8. Effect of acid concentration in formulation on the release profile of Sod-FS from the 

ESS-CA matrices 

Complete release of Sod-FS from an EC-1 or EC-2 matrix system was not possible since 

a certain fraction of the active molecule is always coated with impermeable hydrophobic film. In 

addition, it has been reported earlier that in the absence of additives, active release is oftentimes 

prolonged and non-linear from hydrophobic matrix systems42. Since our formulations contain no 

channeling agents, formation of pores and cracks did not occur to facilitate Sod-FS release. As a 

result, the water-impervious hydrophobic EC matrices showed sustained Sod-FS release for 

almost over a month.  

A set of factors such as loading content of the active ingredient, amount, and molecular 

weight of PEGs that have been included as release modifiers were found to influence the release 

of Sod-FS from the ESS matrix. Figure 5.9. shows the amount of active loading on release rate. 

High drug loading led to a burst release of Sod-FS from matrices and close to 30% of the 

entrapped compound was released within the first 48 h from this formulation (EC-Sod-FS-H). 
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On the other hand, reducing drug loading helped formulation EC-Sod-FS-L to achieve almost a 

zero-order release profile liberating approximately 40% of the incorporated amount of Sod-FS 

over 20 days. 

 

Figure 5.9. Release profile of Sod-FS indicating the effect of loading concentration 

 Inclusion of PEG resulted in a more uniform release of Sod-FS over extended period 

(>60 days) and suppressed burst release (Figure 5.10.). Extent of Sod-FS release was also found 

to depend on the amount of PEG included in the formulations. Inclusion of 5% w/w of PEG       

(5 kDa) per matrix formulation resulted in a higher amount of Sod-FS release compared to that 

containing 1% w/w of PEG of the similar molecular weight. The rate of Sod-FS release, if not 

extent, was found to depend on the molecular weight of PEGs and amount (wt. %) of PEG 

incorporated most likely due to the differences of aqueous solubility of PEGs of different 

molecular weight. 
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Figure 5.10. Effect of amount of PEG in a modified matrix on the release profile of Sod-FS 

Release Kinetics  

Mathematical models were used to determine the mechanism of solute transport from the 

matrices, such as Higuchi and biexponential equations (Equation (5.2) and (5.3), respectively). 

Linearity of Higuchi-type release kinetics (fractional release vs. square root of time) is an 

indicator of diffusion of the active compound occurring from a typical matrix-based system, 

where the active ingredient is homogenously dispersed within a consolidated polymeric phase. 

As evident from Figure 5.11.  incorporation of high molecular weight PEGs, i.e. 2 kDa or 5 kDa, 

caused the release profile to follow Higuchi kinetics compared to those containing low molecular 

weight PEGs, or without PEGs.  
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Figure 5.11. Kinetic analysis of active release from ESS matrices using Higuchi model 

The fitting of the linear fraction of Sod-FS release in determined using the bi-exponential 

model (Equation (5.3)) are described in Figure 5.12.  

 

Figure 5.12. Kinetic analysis of active release from ESS matrices using bi-exponential model 

Values for release exponent (n), kinetic rate constant (k) obtained using Equation (5.3)     

(r2 > 0.96) is reported in Table 5.2. The n values obtained using the bi-exponential model also 
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showed that matrices composed of only ESS and CA (i.e., EC-1) exhibited non-Fickian 

(anomalous) diffusion mechanism. 

Table 5.2. Release Kinetics Values of The Release Exponent (n), Kinetic Constant (k) and 

Correlation Coefficient (r2) 

 

Earlier work with wax matrix systems also revealed that pure hydrophobic matrix-

forming agents oftentimes followed non-Fickian type of release behavior irrespective of physico-

chemical nature of the drug, making it difficult to draw any clear inference regarding the kinetics 

of active release from such matrices6, 42. In our cases, the mechanism of Sod-FS release could be 

attributed to the rate of fluid entry through the cracks and pores of the matrices, which initiates 

the diffusion of Sod-FS out of the matrix. However, due to high hydrophobicity of the matrix 

surface, such fluid entry through the matrices, was insignificant43, 44, resulting in significant 

deviation of n value from Fickian or diffusion controlled mechanisms for EC-1 formulations. 

The effect of PEGs on release kinetics of Sod-FS from the hydrophobic matrices is also 

evident when the release rate of the later is compared among different formulations. 

Incorporation of PEG within the matrix decreases the n value towards Fickian (Case I diffusion-

controlled) behavior. The presence of PEG in the formulations increases the wettability of the 

matrix surfaces, thereby contributing to diffusional component of release kinetics for a highly 

water soluble active compound such as Sod-FS. 

Using the intercept value (k) obtained from the bi-exponential model, mean dissolution 

time (MDT) was calculated from Equation (4). MDT value is used to characterize the release rate 

Sample n k r2 

EC-1 0.87±0.05 0.02±0.003 0.97±0.004 

ECP-750 0.71±0.01 0.05±0.003 0.96±0.004 

ECP-2K 0.72±0.02 0.04±0.004 0.97±0.004 

ECP-5K-5 0.68±0.01 0.05±0.002 0.98±0.003 

ECP-5K-1 0.80±0.05 0.03±0.004 0.97±0.002 
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of the active ingredient from a delivery system and the retarding efficacy of the polymer. A 

higher value of MDT indicates an efficient active retaining ability of the polymer and vice-versa. 

As represented in Figure 5.13., the highest MDT value was associated with EC-1 matrices, which 

does not contain any PEG (51 days), and the lowest MDT value of 30 days was found with ECP-

750 matrices containing PEG of an Mn value of 750 g/mol. Rapid diffusion of small molecular 

weight PEG out of the matrix skeleton might be an attributable factor for such an observation. 

Inclusion of PEGs of higher molecular weight, i.e. 2 or 5 kDa, increases the MDT value by 

approximately 10 days, most likely due to molecular entanglement and swelling associated with 

high molecular weight PEGs. 

 

Figure 5.13. Mean dissolution time (MDT) of entrapped Sod-FS from different formulations of 

ESS matrixes 

Cytotoxicity Assessment 

Upon evaluation of the materials and kinetic properties of the ESS matrices, we 

determined the biocompatibility profile of the major matrix forming agent, ESS, using L929 

mouse fibroblast cells. Cells were treated with an increasing concentration of ESS for 24–72 h at 
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37 °C, and the cell viability was quantified at the end of the treatments using an MTT 

colorimetric assay. Although epoxy functional groups were present in the ESS molecule, to our 

surprise, we did not observe any severe cytotoxic effects when compared to non-treated cells 

after 24 or 72 h of exposure. ESS was found to be non-toxic (>85% cell viability) at 

concentrations as high as 100 μM (Figure 5.14.).  

 

Figure 5.14. Cytotoxicity assessment of ESS in Mouse L929 fibroblast cells; after 24 and 72 h 

treatment with increasing concentration of ESS 

We have also evaluated the morphology of L929 fibroblast cells with bright field 

microscopy (Figure 5.15.). When compared to control, no severe phenotypic or morphological 

changes were evident in mouse L929 cells, indicating excellent biocompatibility of the matrix 

forming materials towards mammalian cell lines. Biocompatibility of ESS is most likely due to 

the very low cytotoxic potential of the molecular components of ESS, that is, soybean oil fatty 

acid and sugar, which are connected through ester bonds. Hence, cellular and metabolic 

degradation of ESS most likely generate non-toxic end products.  
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Figure 5.15. Cell morphology of mouse L929 fibroblasts as captured by Bright Field Microscopy 

after 24 and 72 h treatment with increasing concentration of ESS 

Soy-based products, that is, hydrogenated soybean oil (NTIS accession number, 

PB266280) and soy protein isolate (NTIS accession number, PB300717) have long been 

classified as GRAS (Generally Regarded as Safe by FDA) rendering the material suitable for 

human use (accessdata.fda.gov). 

Conclusions 

We have evaluated a new bio-based material, ESS, for fabrication of controlled- and 

extended release matrices for water-soluble small molecules. We observed that ESS provided 

dual benefits of having cross-linkable epoxy groups for imparting structural rigidity and 

hydrolysable ester bonds suitable for biodegradation within the same molecule. Hence, it was 

possible to readily generate a freestanding, biocompatible, and biodegradable 3D matrix that can 

entrap and extend the release of a hydrophilic model substance for over a month. The mechanical 

and physico-chemical properties of these new matrix-forming materials have been investigated 

and are correlated with their molecular loading and release capacity. ESS behaves like a wax-

type matrix forming material as evident from release kinetic analysis. By incorporation of release 

modifiers such as PEGs, it was possible to attain the diffusion-controlled release profile of the 

model active compound from these matrices without burst release. We envision that such 
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platform technology will find a multitude of applications, such as to design point-of-care 

extended release drug and cosmetic delivery systems, and to prepare biological scaffolds. 
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CHAPTER 6. OVERALL CONCLUSIONS 

The goal of this work was to develop and characterize a new set of biomaterials from 

sucrose soyates. Biomaterials serves as interventional tools in medicine to treat, improved or 

replace diseased tissues, organs or bodily functions. Biobased feedstock are an exciting new 

avenue to design and generate new value-added materials from renewable resources amenable 

for biomedical or pharmaceutical applications. Plant-oil derivatives such as sucrose soyates are 

very promising candidates to obtain biomaterials with a new form and enhanced function. In this 

work, three groups of biomaterials were fabricated from sucrose soyate derivatives: i). 

Soysomes, stable nanoparticles of MSSP, ii). Flexible, free-standing, MSSP blended films and 

iii). Three-dimensional cross-linked ESS matrix. All these soy-based materials were evaluated 

for application as platforms for molecule transport (delivery systems). 

The first group, soy-based nano-constructs obtained from the self-assembly of MSSP. 

MSSP nanoparticles, termed Soysomes, were prepared using a facile nanoprecipitation (solvent-

shifting) method without the aid of surfactants. Soysomes were characterized and classified as 

stable, surfactant-free, lipid-based nanostructures with particle sizes suitable for use in a 

biological system. We demonstrated, both experimentally and computationally, that parameters 

such as solvent type, solvent to water ratio, polymer concentration and polymer-solvent 

interactions control the size and polydispersity of the resulting nanoparticles. Soysomes were 

found to be stable under different pH, temperature or simulated biological conditions as well 

exhibited long-term storage stability. These soy-based nano-dispersions were capable of 

encapsulating and releasing hydrophobic active pharmaceutical agents such as Paclitaxel and 

Curcumin. In vitro cell studies showed that Soysomes were nontoxic yet increased the 

bioavailability of encapsulated drugs demonstrated by the increased cytotoxic efficacy of 
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curcumin in pancreatic cancer cell lines. This work puts forward MSSP as a suitable candidate 

for a sustainable biomaterial platform for synthesizing nanocarriers with an enhanced stability 

and potential controlled-release performance.  

To demonstrate the versatility of sucrose soyate, free-standing flexible films were 

prepared from a blend with MSSP and PCL. Flexible free-standing films are attractive substrate 

for applications such as drug delivery, tissue engineering, and wound healing. The dimensions 

and mechanical properties of the films makes them ideal for use around soft tissues or irregular 

shaped organs. Incorporating MSSP into the PCL formulations resulted in films with enhanced 

flexibility, higher susceptibility to enzymatic degradation while maintaining the thermal stability. 

Layer-by-layer coating deposition technique was employed to load anti-cancer drug, 

doxorubicin, creating multi-layered drug-loaded MSSP composite films. MSSP increased the 

surface affinity of the composite film resulting in higher loading efficiency than standard PCL 

films. Drug release from the films was diffusion-controlled which is ideal for applications 

requiring localized delivery. MSSP is a promising sustainable candidate for preparing two-

dimensional valuable biomaterials.  

Finally, three-dimensional cross-linked soy-based matrices were formed by crosslinking 

Epoxidized sucrose Soyate and natural carboxylic acid, citric acid. This soy-based cross-linked 

matrix was fabricated for applications as a controlled- and extended release depot-type system 

for water-soluble small molecules. The matrix possesses the potential for application as an 

extended-release platform demonstrated by the retarded, multi-month, release of an entrapped 

hydrophilic model substance. Within the matrix, ESS plays a dual role; providing the benefits of 

having cross-linkable epoxy groups for imparting structural rigidity and hydrolysable ester bonds 

suitable for biodegradation. Mechanical and physico-chemical properties of these new matrix-
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forming materials were investigated and correlated to loading capacity and release profile. ESS 

matrix performs in a similar fashion as a wax-type or solid-lipid matrix evidenced by its release 

kinetics. Incorporation of release modifiers such as polyethylene glycol (PEG) modulated the 

diffusion-controlled mechanism for release, without inducing rapid ‘burst’ release. The ESS 

cross-linked matrix is a promising technology, which could have a multitude of applications, 

particularly in extending release and increasing the residence life of notorious water-soluble 

drugs, which are cleared too quickly from the biological system before achieving adequate 

therapeutic effect.  

Overall, sucrose soyates offer the promise of non-toxicity, biocompatibility, 

biodegradability, affordability, abundance and tenability of properties, which make them 

fascinating potential biomaterials to frontier new horizons in modern medicine. 
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CHAPTER 7. FUTURE DIRECTION 

PEGylation of Soysomes 

Hydrophobic and charged particles have been reported to be particularly more vulnerable 

to undergo opsonization, i.e. marked for destruction and elimination by phagocytes. MSSP 

nanoparticles, Soysomes have a negative zeta potential implying an overall negative surface 

charge. Therefore, the likelihood for lipid-based nanoparticles to be opsonized needs to be 

addressed. Researchers have investigated surface modification using hydrophilic polymers as a 

strategy to prolong the circulation half-life of the hydrophobic nanocarriers via rendering them 

“stealth”. The most frequently employed polymer to produce stealth nanoparticles is PEG. The 

neutral, flexible, and hydrophilic PEG chains coat the surface of the nanoparticles creating a 

barrier that reduces the adhesion of opsonins (antibodies or substances that bind to exogenous 

materials in the body making them more susceptible to phagocytosis).1-8  

Preparation of PEG-based Nanoparticles 

PEGylated Soysomes (MSSP nanoparticles) could achieved by chemical modification of 

MSSP macromolecule to achieve covalently attached PEG chains or using interactive forces to 

associate PEG fragments with the Soysomes. The latter is a facile approach and achievable with   

PEG-fatty acid (PEG-FA) conjugates. PEG-FA conjugates exhibit self-assembling behavior and 

expected to interact with Soysomes forming hybrid nanostructures.9, 10 The hydrophobic FA 

chains will orient towards the core of Soysomes with some interactions with the fatty acid chains 

of MSSP, while the PEG segments will form the outer shell (Figure 7.1.). 
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Figure 7.1. Schematic illustration of the idealized interaction between Soysomes and PEG-FA 

conjugates 

Synthesis of PEG-Fatty Acid Conjugates 

PEG-fatty acid conjugates will be prepared by conjugating fatty acids of butyric acid 

(BA), Decanoic acid (DA), palmitic acid (PA) and oleic acid (OA) with amine groups of  

mPEG-NH2. The fatty acids (FA) will be conjugated using DCC as a coupling agent (Figure 

7.2); FA (1.2 mmol), DCC (1.2 mmol), NHS (1.2 mmol) and mPEG-NH2 (1 mmol) will be 

dissolved separately in chloroform. The DCC-chloroform solution will be added to the FA-

chloroform solution and stirred for 30 min at room temperature to activate the FA carboxyl 

group. The NHS solution will be added to the activated FA solution, and the reaction allowed to 

stir for 12 h at room temperature. By-product, dicyclohexylurea (DCU) will be formed during the 

reaction and can be removed from the reaction mixture by filtration. The mPEG-NH2 solution 

will be added to the FA reaction mixture and stirred for 30 min to complete the conjugation of 

activated FA and mPEG-NH2. The resulting solution will be dialyzed against distilled water 

using benzoylated dialysis tubing MWCO 1200 (Sigma-Aldrich) for 3 days. The dialyzed 

solution will be lyophilized and purified by dissolving the product in THF and dialyzing against 

Soysome PEG-FA Soysome-PEG(FA)
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distilled water for 24 h then lyophilizing again. The final PEG-FA conjugate can be stored in at 

4°C. 

 

Figure 7.2. Reaction scheme for PEG-fatty acid conjugation via DCC coupling 

PEGylation of MSSP Nanoparticle using Dock and Lock Approach 

PEGylated Soysomes (Soysomes-PEG-FA) will be prepared via dock and lock approach. 

Respective PEG-FA will be dissolved separately in DMF to achieve a series of concentrations. 

Similarly, MSSP will be dissolved in DMF to achieve 10mg/mL solution. MSSP and PEG-fatty 

acid solutions will be mixed together and stirred for 30 min. The mixture will be added dropwise 

to water (1:3, organic solvent: water ratio) at a 0.2mL/min addition rate. The resulting 

suspension will be dialyzed against DI water for 24 h at room temperature and stored at 4°C for 

later use. 



 

176 

Preliminary Data 

PEGylated Soysomes were prepared from the conjugates of fatty acids of various chain 

lengths and mPEG-NH2.  Particles were characterized using DLS and TEM. 

TEM 

TEM micrographs shows a change in particle morphology in the PEGylated soysomes 

(Figure 7.3 (a)) in comparison to pure Soysomes, which was attributed to the presence to PEG in 

the hybrid system. Soysomes-PEGs (Figure 7.3. (b) and (c)) formed secondary aggregates 

(clusters) of particles; similar observation was made in PEG-PLGA particles (Figure 7.3. (d)). 

Additionally, the nanoparticle shape was altered from spherical in Soysomes, to irregular 

flattened disc shaped.   

 

Figure 7.3. TEM micrographs of (a). Soysomes, (b) Soysomes-PEG (PA), (c) Soysomes-PEG 

(OA) and PEG-PLGA nanoparticles. 
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DLS analysis shows monomodal distribution profile (Figure 7.4.) as well as narrow 

distribution as indicated by the low PDI (Table 7.1.) for both pure Soysomes and the  

PEGylated Soysomes.  

 

Figure 7.4. Particle size distribution profile of Soysomes and PEGylated Soysomes 

The particle size (Table 7.1.) of the hybrid nanoparticles remained within size range ideal 

for use in biological systems. A marked increase upward of 15 nm was observed from the pure 

Soysomes size at 75.61 nm ±1.16 nm, to the PEGylated Soysomes. However, particle size was 

found to be independent of chain length. The difference in size observed did not follow distinct 

trend.  

Table 7.1. Particle Sizes and Polydispersity Indices of Soysomes and PEGylated Soysomes 

Nanoparticles Sample 
No. Carbons in 

FA chain 
PDI Size, nm 

Soysomes  0.13 ± 0.02 75.6 ± 1.2 

Soysomes -PEG-BA 4 0.16 ± 0.02 99.5 ± 25.8 

Soysomes -PEG-DA 10 0.19 ± 0.01 94.7 ± 2.4 

Soysomes -PEG-PA 16 0.19 ± 0.01 96.2 ± 2.2 

Soysomes -PEG-OA 18 0.20 ± 0.01 90.8 ± 0.8 
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Electro Responsive Flexible MSSP Blended Films 

A new generation of Biobased biomaterials can be designed to render these platforms 

“smart” or stimuli-responsive targeted at medical and diagnostic applications. Incorporation of 

stimuli responsive components into implantable or reservoir type delivery systems is a new 

pathway for innovations in programmable or on-demand drug release (Figure 7.5).  

 

Figure 7.5. Conceptualized illustration of the design and fabrication of stimuli responsive 2D or 

3D soy-based delivery platform for on-demand drug delivery 

Stimuli responsive delivery systems can be designed to have better-controlled release, 

programmed dosing, allow repeatability, convenient for both patients and medical providers. 

Various external stimuli such pH gradient, temperature change, magnetic fields and electric 

gradient have been studied as means to modulated drug release.11-23 This is highly important 

particularly in treatment of complex conditions such as cancer where therapeutic candidates are 

potent and highly toxic even towards healthy cells in the patient. Modulated release can be 

programmed to release loaded cargo under specific microenvironment or stimulated conditions.  
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Fabrication of Electro Conductive MSSP-PCL Blended Films 

Electro conductive MSSP composite films incorporating polypyrrole (PPy) into the 

polymer matrix forming an interpenetrating network according to previously reported  

protocol.18, 24 Briefly, a solution of pyrrole (0.084 M) and p-toluene sulfonyl chloride (0.014 M) 

will be prepared in water. MSSP composite films will be incubated in solution for 1 h at room 

temperature followed by the addition of ferric chloride (0.228M). The resulting mixture will be 

incubated at 4 °C for 24 h, after which the MSSP-PPy films will be rinsed with DI water and 

allowed to air dry prior to subsequent testing. To generate drug-eluting stimuli responsive films, 

the MSSP-PPy films will be coated with drug-loaded polyelectrolyte solution via layer-by-layer 

(charge-by-charge) assembly.   

Evaluation of On-demand Drug Release 

Galvanostatic electrical stimulation will be used to release loaded cargo. An 

electrochemical analyzer will be set up with two platinum electrodes connected, one serving as 

both counter and reference electrode and the other as the working electrode. Drug-loaded films 

of specified dimension will be immersed in a determine volume of release medium (PBS pH 7.4, 

10 mM ionic strength); which will also serve as the electrolyte solution. When the electrodes are 

placed in the electrolyte solution a constant current will be applied for a noted period such as      

5 min at every 30 min interval. Aliquots of release medium will be withdrawn after each 

galvanostatic scan and replaced with fresh media. As a control, a typical diffusion-controlled 

release experiment will be performed in the absence of electric stimulation.  

Preliminary Data 

The incorporation of electro conductive polymer polypyrrole via the formation of an 

interpenetrating network with MSSP composite film was confirmed using XPS and TEM. The 
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binding energy curve obtained from XPS (Figure 7.6.) shows the presence of a peak 

corresponding to 1s nitrogen binding energy (~400eV) in the films containing polypyrrole which 

was absent in the neat MSSP composite films.  

 

Figure 7.6. Binding energy curve fits for MSSP composite films and MSSP-PPy composite films 

using nitrogen excitation 

The incorporation of polypyrrole in the films was confirmed by TEM. TEM micrographs 

show polypyrrole microstructures within the pores within the MSSP-PPY film (Figure 7.7.), 

which were previous absent in neat MSSP 50% composite films (Figure7.8). 

 

Figure 7.7. Cross-sectional TEM micrograms of incorporation of PPy in the pores of the MSSP-

blended films 
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Figure 7.8. Cross-sectional TEM micrograms neat MSSP 50% films without any PPY 

Conclusions 

Surface modification is a useful strategy to modify and introduce new functionality to a 

material. Soysomes like other hydrophobic and charged particles, are vulnerable to undergo 

opsonization. However, PEGylation can be applied to overcome this challenge. PEGylated 

Soysomes can be prepared via the interaction of PEG-fatty acid conjugates and Soysomes 

forming new self-assembled structures. . Preliminary results show that incorporation of PEG into 

the soysomes alters the morphological behavior of the nanoparticles; however, all new 

nanoassemblies have particles size still within the 70-150nm range.  Introducing hydrophilic 

component to the Soysomes could prolongs the circulation half-life of these hydrophobic 

nanocarriers. On the other hand, surface modification can be applied to yield new properties. 

Polymerization of pyrrole on the surface of MSSP-PCL blended films is a way to introduce an 

electro conductive component into the films. Electro conductivity will render the films ‘smart’ 

allowing for controlled ‘on-demand’ or stimuli-induced response. Preliminary data shows 

polypyrrole can be successfully incorporated into MSSP and PCL as confirmed by XPS and 

TEM.  
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