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ABSTRACT 

Dense protein systems are ubiquitous in biopharmaceutical processing but, 

while their microstructure plays a major role in the understanding of their structure-

function relationships in biotherapeutic applications, microstructural characterization 

of these crowded, solid-like systems can be challenging. Here, we develop new 

methodologies and techniques to characterize the multiscale structure of dense protein 

systems, which are then used to understand fundamental problems in three general 

areas of the biopharmaceutical industry: separations, formulation, and drug delivery.  

In separations, we characterize the effect of the architecture of cellulose-based 

and traditional and dextran-modified agarose-based ion-exchange resins on the 

nanoscale distribution of a relatively small protein (lysozyme) and two larger proteins 

(lactoferrin and a monoclonal antibody) at different protein loadings. We show that 

different resins lead to distinct protein distributions on protein-size length scales which 

are smaller than those previously observed in situ. Based on the data we propose that 

entropic partitioning effects such as depletion forces may drive the observed protein 

crowding. Our observations of the nano-scale structure are fundamental in 

understanding the mechanism of protein partitioning in different classes of 

chromatographic materials, providing necessary information for designing resins with 

improved performance. 

In formulation, we demonstrate the use of confocal fluorescence microscopy 

with fluorescently-labeled monoclonal antibodies (mAbs) and antibody fragments 

(Fabs) to directly visualize three-dimensional particle morphologies and protein 
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distributions in dried biopharmaceutical formulations, without restrictions on 

processing conditions or the need for extensive data analysis. Moreover, small-angle 

neutron scattering with a humidity control environment was used to characterize 

protein-scale microstructural changes in such solid-state formulations as they were 

humidified and dried in situ. The findings indicate that irreversible protein aggregates 

of stressed formulations do not form within the solid-state, but do emerge upon 

reconstitution of the formulation. After plasticization of the solid-state matrix by 

exposure to humidity, the formation of reversibly self-associating aggregates can be 

detected in situ. The characterization of the protein-scale microstructure in these solid-

state formulations facilitates further efforts to understand the underlying mechanisms 

that promote long-term protein stability. 

In drug delivery, we developed a methodology to evaluate mathematical 

models for the prediction of sustained release from poly(lactic-co-glycolic acid)-based 

(PLGA) drug delivery systems. We show that a recently-developed, efficient 

stochastic optimization algorithm can be used not only to find global minima of such 

complex models robustly, but also to generate meta-data that allow quantitative 

evaluation of parameter sensitivity and correlation, which can be used for further 

model refinement and development. Furthermore, a predictive mathematical model 

was validated by (1) its use to design a desirable, zeroth-order release profile in 

injectable solvent depot release systems, and (2) the comparison between model 

predictions and experimental release data and microstructural observations for 

implantable solid rods. The novel observations for both experimental systems are 

essential for adequately describing the underlying drug-release mechanisms when 

designing predictive models such as the one evaluated here, and we directly illustrate 
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how such a predictive model facilitates the development of sustained drug-release 

systems. 

In general, this dissertation highlights the broad range of phenomena that can 

influence dense protein systems, and emphasizes the value in bringing soft matter 

expertise to this field to better understand these systems. The tools and methods 

developed in this dissertation, including small-angle neutron scattering, confocal 

fluorescence microscopy, and mathematical modeling, will be invaluable in the study 

of the structure-function relationship of these and other dense protein systems 

throughout the biopharmaceutical field. 
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Chapter 1 

BACKGROUND AND INTRODUCTION 

 

Here, in the humid momentary 

heat of summer's solstice 

I find my shadow self, and passion; 

throw off old cancer's green claim, 

dream, begin to be whole again. 

Yes, night moves inside me,  

and I can set the stars in place. 

In my tremor’s pulse 

my hands know of themselves 

what they are doing. 

Here, pink flowers speak to me 

by name. They open a valve 

in their soft-petalled mouths, 

whisper secrets of abandon, 

and singing, and 

yes, even in my fingers and toes 

a new feeling is rising, an insistent urging 

sharply infused from below, 

a dark stem-colored flow. 

 

Charles Entrekin - The Art of Healing (2016) 

 

1.1 Rise of the Biopharmaceutical Industry 

“Shalom,” read the sign on a delicatessen in Honolulu’s Waikiki Beach where, 

after a late-night walk in November 1972, medical professor Stanley Cohen and 

biochemist Herbert Boyer sketched out the experimental plan for an impromptu 

collaboration on some napkins from a dispenser [1,2]. A few months later, they 
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succeeded in inserting hybrid DNA fragments into a living organism, while retaining 

their biological functionality [3,4], and subsequently in producing eukaryotic DNA in 

bacteria [5], fundamental discoveries in genetic engineering. These achievements 

heralded the birth of modern biotechnology. In 1976, Herbert Boyer teamed up with 

venture-capitalist Robert Swanson to found a company focused on implementing 

recombinant DNA technology, Genentech Inc. (South San Francisco, CA), considered 

the first biopharmaceutical company in the traditional sense [2,6].  

Soon, the production of hormones such as insulin and growth hormone 

launched biopharmaceuticals into the commercial market. Biopharmaceuticals have 

since grown into a major component of the pharmaceutical industry. In 2012, they 

represented 71% of the worldwide revenue generated by the ten top-selling 

pharmaceuticals, and total biopharmaceutical sales exceeded US$ 125 billion 

worldwide [7,8]. By 2016 sales totaled US$ 228 billion and by 2020 more than 50% 

of the 20 top-selling pharmaceuticals are expected to be biologics [9,10]. This growth 

has been fueled by the potential of these biotherapeutics to address previously unmet 

medical needs, resulting in the approval of several first-in-class, advance-in-class, and 

breakthrough designated therapeutics in the past few decades. Consequently, virtually 

all major pharmaceutical companies have picked up biotherapeutics as part of their 

product pipeline, with more than 200 approved biopharmaceuticals marketed in the 

United States (US) and/or European Union (EU) and more than 900 biopharmaceutical 

products currently in development [8,9]. These new products are expected to lead to a 

diversification of the biopharmaceutical marketplace, with a large number of product 

types on a reduced scale [11]. Rapid and adaptive change in several key areas of the 

biopharmaceutical industry will be necessary to accommodate this growth and 
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diversification, with accompanying challenges in expression, formulation, and 

delivery [6,11]. 

1.2 Monoclonal Antibody Products 

 Initially, biotherapeutics were limited to products such as peptides and smaller 

recombinant therapeutic proteins. In 1986, the first therapeutic monoclonal antibody, 

Orthoclone OKT3, was approved for prevention of kidney transplant rejection [12]. 

Although sales growth was initially slow, development of monoclonal antibodies and 

their derivatives such as Fc-fusion proteins, antibody fragments, and antibody-drug 

conjugates continued and they subsequently became the fastest growing product class 

of biotherapeutics by the end of the 1990s [12,13]. Currently, antibody products 

dominate the biopharmaceutical industry, generating more than US$ 90 billion in 

global sales from more than 80 approved products, with ten new antibody products 

approved in the US and EU in 2017 alone [12,14].  

The prevalence of antibody products stems from their ability to target hard-to-

treat conditions such as cancer, inflammatory disease, organ transplantation, 

cardiovascular disease, infection, respiratory disease, and ophthalmologic disease [15]. 

This efficacy of therapeutic antibodies is engineered during biopharmaceutical 

development based on the various natural functions of antibodies like neutralization, 

antibody-dependent cell-mediated cytotoxic (ADCC) activity, or complement-

dependent cytotoxic (CDC) activity [15]. These natural functions are enabled by the 

macromolecular nature of antibodies, which gives them the structural complexity 

required to achieve high specificity and potency as compared to other proteins or small 

molecules.  
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However, this structural complexity also leads to several challenges in the 

development and production of antibody products and other biotherapeutics. In 

particular, monoclonal antibodies are prone to chemical and physical degradation, 

such as oxidation, deamidation, fragmentation, and aggregation, especially in response 

to environmental triggers such as moisture, temperature, or chemical composition 

[13]. This degradation can lead to loss of drug potency, formulation instability, and 

potential immunogenic side effects, which can threaten patient safety. Moreover, as 

antibodies must generally be administered in stoichiometric rather than catalytic 

quantities, large dosages of the drug are necessary [13]. The combination of high 

dosage and degradation mitigation makes the production, formulation, and delivery of 

biotherapeutics challenging [16]. 

The manufacturing process of monoclonal antibody products in the 

biopharmaceutical industry is generally divided in two main steps: upstream and 

downstream processing. Upstream processing refers to the step in which the 

biotherapeutics are produced in and harvested from bioreactors, after which they are 

transferred to downstream processing for recovery and purification. During 

downstream processing, the proteins are generally formulated in conditions suitable 

for storage and administration. However, to prevent degradation and reach sufficiently 

high dosages, formulations might have to be further modified after the purification 

process [17]. For example, monoclonal antibody products are sometimes dried to 

reach longer shelf-lives or incorporated in drug-delivery devices for sustained release. 

1.3 Dense Protein Systems 

Throughout production, purification, formulation, and drug-delivery, antibody 

products can be present in highly concentrated, crowded morphologies that are 
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generally characterized as dense protein systems. Such systems include typical dense 

protein phases such as highly concentrated protein solutions, protein gels, and protein 

aggregates, but can also include more unconventional crowded protein morphologies 

such as frozen proteins, dried proteins, and protein-loaded particles. These dense 

systems typically arise from protein-protein interactions in solution, but can also be 

influenced by other factors such as physical processes (e.g., drying and freezing) and 

protein-substrate interactions (e.g., binding to a chromatographic column) [18,19]. 

Due to their inherently crowded nature, dense systems often exhibit solid or solid-like 

morphologies. Consequently, the microstructure of dense protein phases generally 

plays a major factor in their behavior in biopharmaceutical applications. 

Depending on this behavior, dense systems can be either desirable or unwanted 

in biopharmaceutical processes. Examples of desirable dense protein systems include 

certain types of protein precipitates, which are used as an alternative to 

chromatography in mAb purification [20,21]; lyophilized mAbs, which can replace the 

typical liquid mAb formulations to extend shelf-life [22]; and mAb-loaded polymer 

particles, which can be used for sustained release for drug delivery [7]. However, 

relatively small changes in a dense system’s structure or nature can make a large 

difference in its desirability. For example, during protein purification, crowded 

morphologies are beneficial to reach high loading volumes of proteins in 

chromatographic columns, but dense protein phases have also been implicated in 

reduced rates of elution from certain resins [23]. In other purification processes like 

crystallization and precipitation, it is important that the protein remains in its native 

state or that the process is reversible so that the biotherapeutic can be easily recovered 

[20,21]. In general, dense protein systems are problematic if they are induced by or 
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lead to the degradation of the biotherapeutic, such as in the formation of irreversible 

protein aggregates [16,24]. Because of the high concentrations and harsh 

environmental conditions, dense protein systems are often prone to such degradation 

events and, consequently, formulation and process conditions have to be tightly 

controlled, for example by adding certain excipients that stabilize the protein [16]. 

In all of these cases, microstructural characterization of these systems can help 

elucidate the mechanisms that lead to their properties and formation, ultimately 

allowing guided design of biopharmaceutical processes that lead to stable dense 

phases that are desirable while avoiding those that are unwanted. However, the 

characterization of dense, solid-like morphologies can be challenging. Many 

established techniques that are used to characterize typical biopharmaceutical 

formulations in solutions cannot be used on dense or solid systems. Moreover, dense 

phases can naturally arise within processing equipment or medical devices, where they 

are often in the presence of large amounts of other organic compounds, complicating 

in situ characterization. Consequently, a full, multiscale structural characterization of 

biopharmaceutical solid-state formulations, especially on molecular length scales, can 

help us understand fundamental mechanisms related to biopharmaceutical processes, 

but such a characterization is generally challenging to accomplish. 

1.4 Dissertation Objectives and Outline 

Three important, fundamental questions related to dense protein systems in the 

biopharmaceutical field have been identified:  

1. how can the performance of chromatographic resins for protein 

separation be improved; 

2. how can biopharmaceuticals be formulated to prevent drug degradation 

during handling, storage, and administration; and 
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3. how can biopharmaceuticals be delivered to the patient with optimal 

dosage while maintaining high patient compliance. 

These questions span three key areas of the biopharmaceutical industry: separations, 

formulation, and drug delivery. The goal of this dissertation is to better understand the 

mechanisms that define the dense protein systems in each of these areas, through the 

development of new methodologies and techniques to characterize their multiscale 

structure. In general, the dense systems are recognized as complex materials and are 

investigated from a soft matter perspective with methodologies such as neutron 

scattering and modeling approaches that originate from soft matter applications. The 

techniques employed here, such as various forms of microscopy and small-angle 

neutron scattering, are particularly well-suited to study the structure-function 

relationship of these systems as they probe length scales that range from the size of the 

dense systems to the size of the protein molecules. Through the novel findings that 

arise from this work, we aim to promote the use of some of these soft matter 

approaches to the wider biopharmaceutical field. 

Specific objectives can be found in each of the chapters of the dissertation, 

which are structured around the three investigated areas of biopharmaceutical 

processing. In general, with regard to separations, we aim to characterize the protein-

scale structure of chromatographic resins used for the purification of 

biopharmaceutical proteins with small-angle neutron scattering (SANS) in Chapter 2. 

We aim to understand whether architectural differences on protein-size length scales 

in these resins can be probed by SANS in situ, as opposed to other structural 

characterization techniques such as electron microscopy that generally probe larger 

length scales and require additional sample preparation, and whether these 
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architectural differences affect the protein distribution and subsequent 

chromatographic performance. 

With regard to formulation, Chapter 3 and Chapter 4 investigate the structure 

of solid-state protein formulations, which are often used to mitigate stability issues 

encountered by typical liquid formulations during storage and transport. However, 

underlying mechanisms and factors affecting the stability in these solid-state 

formulations are not yet fully understood [22]. We aim to understand how the stability 

is affected by the microstructure of the formulations. Specifically, in Chapter 3, we 

study the particle-scale structure of these formulations, particularly the relative 

distribution of protein and excipients, with a methodology developed around confocal 

fluorescence microscopy. The aim of this chapter is to determine if this particle-scale 

distribution is affected by the processing conditions of the drying method, and whether 

the distribution itself affects the long-term protein stability. Chapter 4, in contrast, 

documents a study of the protein-scale structure of these solid-state formulations using 

SANS, with the aim of understanding how proteins self-associate under changing 

environmental conditions in the solid state. 

Lastly, with regard to drug delivery, a description of how the informed design 

of predictive models can aid in the development of sustained drug release systems is 

presented in Chapter 5 and Chapter 6. Such drug release systems are promising in 

controlling the bioavailability of biopharmaceuticals while simplifying the drug 

administration process from the patient’s perspective, but are generally time- and 

resource-intensive to develop. We aim to ease the development of these systems by 

providing a methodology that can evaluate which predictive models are most suitable 

for specific applications. The methodology, which obtains quantitative information on 
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model performance based on a stochastic optimization algorithm, is described in 

Chapter 5, while a discussion of the results of this methodology when trying to predict 

the drug release from a couple of experimental model systems appears in Chapter 6. 
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Chapter 2 

EFFECTS OF RESIN ARCHITECTURE AND PROTEIN SIZE ON 

NANOSCALE PROTEIN DISTRIBUTION IN ION-EXCHANGE MEDIA 

After biopharmaceutical proteins are produced, they generally must be purified 

in an intensive downstream process in which they are separated from impurities such 

as debris from the cells in which they were produced, different proteins, and other side 

products. Protein chromatography remains the main separation technique in this 

process, with advances in the performance of chromatography often relying on 

improvements to the chromatographic resins used for protein capture and recovery. 

This chapter elucidates the architecture and points to the mechanism of protein 

partitioning in different classes of chromatographic materials, providing guidance for 

optimizing their performance. This chapter is adapted from a publication in Langmuir 

with permission (Appendix E) [25]. 

2.1 Introduction 

The distribution of sorbed proteins within chromatographic resins is thought to 

affect separation performance by affecting uptake rate and capacity. Current design 

strategies to improve chromatographic resins include influencing the protein 

distribution through manipulation of the resin architecture, including the use of highly 

porous resin matrices and polymer modification [26–29]. As opposed to traditional 

resins, in which proteins adsorb as monolayers directly on the surface of the base 

matrix, polymer-modified materials contain functionalized polymers that allow 

volumetric protein partitioning into the polymer-occupied space [30,31]. Although 



 11 

such advances have led to resins with improved performance, especially in terms of 

binding capacities, mechanistic understanding of the underlying structural interactions 

between proteins and the architecture of these resins is currently incomplete. For 

example, polymer extenders can decrease the effective mesh size and lead to size-

exclusion effects that are not present in traditional materials. Consequently, detailed 

measurements of resin architecture and sorbed protein distribution can improve our 

understanding of resin performance and aid in the design of superior materials. 

Nanoscale characterization of protein adsorption within the resin architecture is 

challenging with conventional techniques. While imaging techniques such as optical, 

fluorescence or electron microscopy can visualize the micro- and macrostructure of 

the resins, they lack the resolution required to study the structure on the length scale of 

the protein [32–36]. In addition, microscopy techniques often require drying, chemical 

fixation, or fluorescence labelling of the protein, which raises concerns about whether 

the observed structural information is an accurate representation of the structure under 

normal operating conditions [35–37]. Conversely, characterization techniques such as 

gas adsorption or inverse size-exclusion chromatography (ISEC) can measure general 

structural parameters such as the total surface area and pore size distribution of the 

resins, but they do not allow detailed visualization of the resin architecture and are 

challenging to use after protein sorption [31,35,38–41]. Hence, a true nanoscale 

characterization of protein distribution in chromatographic resins requires a technique 

with protein-scale resolution that allows in situ characterization without modification 

of the protein. 

In prior research, we developed the method of small-angle neutron scattering 

(SANS) to characterize resin architecture and protein distribution within 
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chromatographic resins [42]. SANS is particularly well-suited to study these systems 

as it is capable of capturing structural features from the nanometer to the micrometer 

length scale, can probe relatively large sample volumes, can penetrate opaque 

materials to determine internal structure, and is minimally disruptive [43–47]. The 

adsorption of lysozyme on a cellulose-based chromatographic material, S HyperCel™, 

was studied to validate the method and create a framework to support further 

investigation of chromatographic materials [42,48]. Importantly, we demonstrated that 

SANS is capable of quantifying the nano- and microscale fractal architecture of S 

HyperCel™ and the nanoscale distribution of lysozyme in this material, which 

manifests as a densification of the sorbent’s fractal network. Furthermore, quantitative 

analysis of SANS measurements determined the amount of sorbed protein under 

relevant physicochemical conditions. These findings support the view that adsorption 

in this resin shows similarities to volumetric partitioning in polymer-modified resins 

because of the high crosslink density and consequent fractal nature of the cellulose 

base matrix, explaining the material’s high static and dynamic binding capacities for 

small proteins [35,36]. 

In this chapter we study the nano-to-mesoscale architectures of three 

fundamentally different resins: a traditional agarose-based resin (SP Sepharose Fast 

Flow™) and two dextran-modified agarose-based resins (SP Sepharose XL™ and Capto 

S™), in addition to the previously studied S HyperCel™. The four resins are referred to 

in this chapter simply as FF, XL, Capto, and HyperCel, respectively. These materials 

have been extensively studied before, in terms of both performance as well as 

structural characterization using conventional techniques such as ISEC and 

microscopy methods [31–36,38,49]. As a hypothesis, we propose that the size of 
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proteins will affect their sorbed distribution at the nanoscale in these different 

chromatographic media. To test this, we use SANS to quantify the nanostructural 

changes in these resins after adsorption of lysozyme, lactoferrin, and a monoclonal 

antibody (mAb) under varying loadings.  

2.2 Experimental Section 

2.2.1 Materials 

2.2.1.1 Buffers 

Monobasic sodium phosphate (NaH2PO4) and sodium chloride (NaCl) were 

purchased from Fisher Scientific (Waltham, MA), deuterium oxide (D2O) at 

99.8 atom % D was purchased from Cambridge Isotope Laboratories, Inc. 

(Tewksbury, MA), and acetic acid was purchased from Sigma-Aldrich (St. Louis, 

MO). They were used to prepare 10 mM sodium phosphate buffer solutions at pH 7 

and 10 mM acetic acid buffer solutions at pH 5 in both deionized (DI) water (H2O) 

and D2O. The total ionic strength (TIS) in the solutions was adjusted using NaCl to 

20 mM, 50 mM, 100 mM, and 200 mM TIS. 

2.2.1.2 Protein Solutions 

Hen egg white lysozyme (molecular weight [MW] 14.3 kDa) was purchased 

from Sigma-Aldrich, recombinant human lactoferrin (MW 78 kDa) was purchased 

from Lee BioSolutions (Maryland Heights, MO), and an IgG2 monoclonal antibody 

(mAb, MW 144 kDa, pI 7.9) was provided by Amgen, Inc. (Thousand Oaks, CA). 

The lysozyme and lactoferrin were prepared by dissolving the lyophilized proteins in 

each of the four TIS-controlled, sodium phosphate pH 7 buffers in H2O, while the 
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mAb was provided in a concentrated solution and diluted with each of the four TIS-

controlled, acetic acid pH 5 buffers in H2O before buffer exchange. Protein solutions 

were subsequently buffer-exchanged three times with the appropriate pH 7 (lysozyme 

and lactoferrin) or pH 5 (mAb) H2O-based buffer, using either 3 or 50 kDa Amicon 

Ultra-15 centrifugal filters from Millipore (Billerica, MA). Concentrated protein 

solutions were filtered at 0.22 μm and concentrations were determined using UV 

spectrophotometry (Thermo Scientific NanoDrop 2000, Waltham, MA).  

2.2.1.3 Chromatographic Media 

S HyperCel™ (lot AU31072012-4) was provided by Pall Corporation 

(Northborough, MA). SP Sepharose Fast Flow™ (lot 10224983), SP Sepharose XL™ 

(lot 311563), and Capto S™ (lot 10061582) were obtained from GE Healthcare 

(Piscataway, NJ). All four resins are functionalized for cation exchange (CEX) with a 

sulfonate ligand; other key properties of these resins have been reported before [32–

36]. FF and XL have the same agarose base matrix, but 40 kDa dextran is grafted onto 

XL, which can result in the attachment of each dextran molecule at more than one 

point. Both resins are functionalized with the same sulfonate group on a six-carbon 

spacer arm. Conversely, Capto uses the same 40 kDa dextran extenders as XL, but it 

has a more highly crosslinked agarose base matrix and is functionalized with a 

sulfonate group on a two-carbon spacer arm. HyperCel is synthesized from a highly 

crosslinked cellulosic base matrix and functionalized with a sulfonate ligand without a 

spacer arm. The relatively narrow pore structure of HyperCel has been compared to 

that of the dextran-modified resins [36]. Consequently, these resins are suitable for 

making direct structural comparisons. The average particle diameter is reported to be 

90 μm for the agarose-based resins [32] and 75 − 80 μm for HyperCel [35].  
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The chromatographic particles were washed three times by suspending in DI 

H2O and then centrifuging and decanting. This was followed by solvent exchange with 

D2O by repeating this procedure twice by suspending in D2O and letting the solution 

equilibrate for a twelve-hour interval. 

2.2.1.4 Sample Preparation 

Each of the four resins was investigated ‘neat’ without adsorbed protein as 

well as after adsorption of each of the three proteins, leading to 16 resin-protein 

combinations. Each of these combinations was investigated at four TIS conditions – 

20 mM, 50 mM, 100 mM, and 200 mM TIS – to influence the protein loading, 

leading to a total of 64 resin-protein samples, which include neat samples with no 

protein.  

To measure the structure of the neat chromatographic media, the 16 samples 

were prepared by equilibrating 0.5 mL hydrated particle volume (hpv) of 

chromatographic particles with 9.5 mL of the appropriate TIS-controlled sodium 

phosphate buffer in D2O. After equilibration by gentle end-over-end rotation over a 

48-hour period, the settled chromatographic particle slurry was separated from the 

supernatant to use in the neutron scattering experiment. 

To measure protein uptake, each of the 48 protein-laden samples was prepared 

with (1) 0.5 mL hydrated particle volume (hpv) of chromatographic media 

equilibrated with pure D2O, (2) a certain volume of concentrated protein solution in 

the appropriate TIS-controlled H2O buffer, determined by the desired final protein 

concentration, and (3) the appropriate pH 5 or pH 7 TIS-controlled D2O buffer 

solution to bring the total sample volume to 10 mL. Samples were equilibrated by 

gentle rotation over a 48-hour period, after which protein concentrations in the 
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supernatant solutions were measured using UV spectrophotometry (Thermo Scientific 

NanoDrop 2000). The settled particle suspension, consisting of approximately 

10 vol % protein, 20 vol % particles, and 70 vol % water, depending on the sample, 

was separated from the supernatant to use in the neutron scattering experiment. 

2.2.1.5 Sample Compositions 

For each resin-protein combination, the added amount of concentrated protein 

solution at each of the four TISs was specifically selected such that sorbed protein 

concentrations would vary within the resin-protein combination, while keeping the 

supernatant protein concentration after adsorption around 1 mg/mL. The added 

amounts of protein were based on previous adsorption isotherm data for these resin-

protein combinations [32,36]. The supernatant protein concentration of 1 mg/mL was 

chosen such that the protein loading would lie well within the plateau region of the 

adsorption isotherms and the static binding capacity of the resins for the specific 

protein and TIS conditions was approached. 

The adsorbed amount 𝑞 (mg ⁄ mL hpv) was determined by mass balance 

 

2.1) 𝑞 =
𝑉

𝑉𝑚
(𝐶0 − 𝐶), (2.1) 

 

where 𝑉 (mL) is the total solution volume, 𝑉𝑚 (mL hpv) is the hydrated particle 

volume (hpv), 𝐶0 (mg/mL) is the initial protein concentration, and 𝐶 (mg/mL) is the 

final protein concentration in the supernatant. Figure 2.1 shows the protein loadings 

obtained for each resin-protein combination. Each point in this figure is a single point 
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Figure 2.1:  Adsorbed protein concentrations in the chromatographic media as a 

function of supernatant concentration. The labels indicate the 

approximate total ionic strength (TIS) of each sample. 

of the protein adsorption isotherm, typically lying in the plateau region of the 

isotherm. The observed trends in protein loading generally correspond well to protein 

adsorption isotherm data measured previously, with decreased protein loading at 

higher TISs. However, for a few samples at 20 mM the protein loading is significantly 

lower than expected from previous isotherm data, e.g., mAb in agarose-based resins. 
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Additionally, previous data show higher adsorbed amounts than measured here 

[32,36], which is also reflected in the fact that the supernatant protein concentrations 

are generally slightly higher than the intended 1 mg/mL. The lower adsorption might 

be due to several factors, including slow protein uptake at very low TIS [50] and D2O 

being a major component of the solvent instead of just H2O. However, these 

observations do not compromise further structural analysis from the SANS patterns. 

Small amounts of H2O are introduced into the samples via the concentrated 

protein solutions, leading to varying D2O:H2O fractions in the solvent of the samples. 

As the amount of H2O in the sample has an important effect on the background 

scattering, scattering length density, and overall scattering intensity, these variations in 

D2O:H2O fraction were taken into consideration during analysis of the scattering 

patterns. 

2.2.2 Methods 

2.2.2.1 Small-Angle Neutron Scattering 

An extensive overview of the theoretical background on small-angle neutron 

scattering (SANS), with particular regard to its use for solid-state protein systems, has 

been provided in prior work [42,51]. Concisely, SANS can probe structural 

heterogeneity within the sample by measuring the intensity 𝐼(𝑄) of deflected neutrons 

at a certain angle from the incident beam, 𝜃, which for simple systems can be 

described as [45–47] 

 

2.2) 𝐼(𝑄) ∝ (Δ𝜌)2 ⋅ 𝑃(𝑄) ⋅ 𝑆(𝑄) + 𝐵,  (2.2) 
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in which 

 

2.3) 𝑄 =
4𝜋

𝜆
sin

𝜃

2
,  (2.3) 

 

where 𝑄 is the magnitude of the momentum transfer vector, 𝜆 is the wavelength of the 

neutrons, and 𝜌 is the scattering length density (SLD), which is material-dependent 

and determines the scattering contrast in the sample. As 𝑄 is related to the length scale 

being probed, 𝑑, by Bragg’s law [45]  

 

2.4) 𝑑 =
2𝜋

𝑄
, (2.4) 

 

features observed in SANS patterns contain structural information on the sample on 

these real-space length scales. This structural information is represented in Equation 

2.2 by the form factor 𝑃(𝑄), which represents the contribution of the shape of the 

particles or building blocks in the system to the scattering intensity, and the effective 

structure factor 𝑆(𝑄), which represents the contribution of the interactions among 

these components. The background scattering 𝐵 is typically observed in the high-𝑄 

region of the pattern and depends on sample composition but provides no structural 

information. Note that the magnitude of the momentum transfer vector is denoted in 

this chapter by 𝑄, as opposed to 𝑞 in subsequent chapters, to distinguish it from the 

adsorbed amount of protein (Equation 2.1). 

The experiments were carried out on the 30 m NG7 SANS instrument at the 

NIST Center for Neutron Research (NCNR), National Institute of Standards and 
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Technology (NIST), Gaithersburg, MD [52]. The instrument settings for the tests 

were: 

 high 𝑄: 1 m sample-to-detector distance (SDD) with 6 Å neutrons 

for a 360 s count time, 

 intermediate 𝑄: 4 m SDD with 6 Å neutrons for a 600 s count time, 

and 

 low 𝑄: 13 m SDD with lenses with 8 Å neutrons for a 900 𝑠 count 

time. 

When spliced together, these regions result in a scattering range 0.001 Å−1 < 𝑄 < 

0.4 Å−1, corresponding to length scales ranging from ~600 Å to ~5 Å. Demountable 

quartz window sample cells with a path length (thickness) of 1 mm were used for all 

samples and a wavelength spread of 0.15 was used for all experiments. Standard data 

reduction procedures were followed using the program IGOR Pro to obtain corrected 

and radially averaged SANS scattering patterns [53]. Instrument corrections were 

applied to the models for comparison with data and the effects of instrumental 

smearing on the parameter values were determined to be negligible during model 

fitting using IGOR Pro. 

2.2.2.2 Structural Models 

The SANS patterns were modeled by standard expressions to obtain 

quantitative structural information, namely (1) the generalized Guinier-Porod model 

[54] for the cellulose-based resin and (2) the polydisperse cylinder model [55] for the 

agarose-based resins. These models were used to fit the scattering patterns of the 

resins regardless of the presence of adsorbed protein as they accurately fit the 

scattering data both before and after protein adsorption. 
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The generalized Guinier-Porod model is an empirical model that successfully 

describes the nano-to-mesoscale structure of HyperCel [42,48]. The model describes a 

material with a fractal nature and is given by [54] 

 

2.5 𝐼(𝑄) =
𝐺

Qs exp [
−𝑄2𝑅𝑔

2

3−𝑠
] + 𝐵   for   𝑄 ≤ 𝑄1   and (2.5) 

2.6) 𝐼(𝑄) =
𝐷

𝑄𝑚 + 𝐵   for   𝑄 > 𝑄1, (2.6) 

 

in which 

 

2.7 𝑄1 =
1

𝑅𝑔
√

(𝑚−𝑠)(3−𝑠)

2
   and (2.7) 

2.8) 𝐷 = 𝐺 exp [
−𝑄2𝑅𝐺

2

3−𝑠
] 𝑄1

𝑚−𝑠, (2.8) 

 

based on continuity constraints. In these expressions, 𝐵 is the background scattering, 

𝐺 is a scaling coefficient, 𝑅𝑔 is the radius of gyration, and 𝑚 and 𝑠 are the Porod 

exponent and the dimension variable, which are related to the fractal dimensions of the 

microstructure on short and long real-space length scales, respectively. The radius of 

gyration can be obtained from the 𝑄-value at the inflection point 𝑄1 between the two 

fractal regions. Hence, this radius of gyration is a characteristic average length scale 

within the particle structure, with length scales below the 𝑅𝑔 characterized by a fractal 

dimension related to the Porod exponent and length scales above the 𝑅𝑔 characterized 

by a fractal dimension related to the dimension variable.  
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The SANS patterns from the agarose-based resins were fit using a polydisperse 

cylinder model, which represents a collection of non-interacting cylinders with a mean 

radius 𝑅 and length 𝐿. Polydispersity of the cylinder radius is modelled using a 

normalized log-normal distribution 𝑛(𝑟). For this model, the scattering intensity as a 

function of 𝑄 is calculated as [55] 

 

2.9) 𝐼(𝑄) =
𝜙

𝑉
(𝜌𝑐𝑦𝑙 − 𝜌𝑠𝑜𝑙𝑣)

2
∬ 𝑛(𝑟)𝐹2(𝑄, 𝑟, 𝛼) sin 𝛼 𝑑𝛼 𝑑𝑟 + 𝐵, (2.9) 

 

in which 

 

2.10 𝑉 = 𝜋𝑅2𝐿, (2.10) 

2.11 𝑛(𝑟) =
exp[−

1

2
(

𝑙𝑛(𝑟 𝑅⁄ )

𝜎
)

2
]

√2𝜋𝜎𝑅
, and (2.11) 

2.12) 𝐹(𝑄, 𝑟, 𝛼) = 2𝑉𝑗0 (
𝑄𝐿 cos 𝛼

2
)

𝐽1(𝑄𝑟 sin 𝛼)

𝑄𝑟 sin 𝛼
 . (2.12) 

 

The seven fitting parameters are (1) the volume fraction 𝜙, (2) the mean radius 𝑅, (3) 

the length 𝐿, (4) the radial polydispersity 𝜎, which is equal to the standard deviation of 

the log-normal distribution, (5) the SLD of the cylinder 𝜌𝑐𝑦𝑙, (6) the SLD of the 

solvent 𝜌𝑠𝑜𝑙𝑣, and (7) the background 𝐵. The polydisperse cylinder model is a two-

phase model, one phase consisting of the cylinders and one phase consisting of the 

solvent. In such models, the SLD values of the two phases affect only the overall 

scaling of the scattering intensity, not the shape of the scattering pattern and 

consequently not the other structural parameters of the model except the volume 

fraction, which also scales directly with the scattering pattern. 
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2.2.2.3 Protein Form Factors 

Equation 2.2 can be applied directly to protein systems within a framework in 

which the form factor 𝑃(𝑄) is the protein monomers’ characteristic, rotationally 

averaged scattering pattern due to their shape, while the effective structure factor 𝑆(𝑄) 

is due to local interactions in solution, clustering, and aggregation. Both of these can 

have an effect on the total scattering pattern from protein solutions. However, in dilute 

protein solutions, the structure factor contribution becomes negligible and the protein 

form factor can be directly obtained from SANS measurements. The form factors of 

the three proteins were measured experimentally by SANS after dilution of the 

concentrated protein solutions to approximately 5 mg/mL in the pH 7 (lysozyme and 

lactoferrin) or pH 5 (mAb) buffer in D2O at 20 mM TIS, a concentration low enough 

to minimize contributions from the protein structure factor. The experimental form 

factors of the three proteins are shown in Figure 2.2. 

The scattering pattern contribution from the form factor was calculated directly 

from the atomic structure of the protein using the program CRYSON [56] as applied 

to structural data from the RCSB Protein Data Bank (PDB) [57]. These calculations 

can take effects such as the solvation shell (not applied here) and the solvent 

composition (100 mole % D2O) into account. The CRYSON output is the form factor 

of a single protein monomer in units of barn (1 b =  10−28 m2). The scattering 

pattern scales linearly with the protein concentration, so the concentration of the 

protein can be taken into account by multiplication of the calculated scattering pattern 

by the protein concentration. Thus the protein monomer contribution can be predicted 

from the protein concentration in the system, or conversely, the protein concentration 

can be determined from its contribution to the scattering intensity.  
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Figure 2.2:  Scattering patterns of protein solutions at low concentrations 

(approximately 5 mg/mL), showing the characteristic scattering pattern 

of protein monomers, i.e., the protein form factor. CRYSON scattering 

predictions from protein PDB files are shown by the dashed lines. 

Successive curves are offset by a factor of 4 for clarity. 

CRYSON was used to compare the experimentally measured form factors to 

the values calculated from the protein atomic structures. The PDB files used to model 

lysozyme, lactoferrin, and the mAb have the PDB IDs 6LYS [58], 2BJJ [59], and 

1IGT [60], respectively. The CRYSON predictions are shown by the dashed lines in 

Figure 2.2. They capture the experimentally determined form factors fairly well, 

although small deviations can be observed for each protein in specific regions. These 

deviations can be caused by the flexibility of the protein structure in solution, such as 

mAb hinge motions, as opposed to the crystalline protein structure obtained from the 

PDB files. Consequently, such small deviations can be expected and the CRYSON 
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predictions adequately confirm the experimentally determined form factors, which are 

used to characterize protein adsorption in the chromatographic resins.  

2.2.2.4 Model Fitting of Neat Resins 

For the neat resins with no adsorbed protein, structural models described the 

scattering patterns well over the whole 𝑄 range, and the models could consequently be 

directly fit to the experimental data using IGOR Pro’s NCNR Analysis Macros [53]. 

For the generalized Guinier-Porod model for HyperCel, no parameters were held fixed 

during the fitting process, generally resulting in five fitting parameters. For the 

polydisperse cylinder model for agarose-based resins, the cylinder length and the SLD 

values were held fixed during fitting. The model described the experimental data well 

for cylinders that were effectively infinitely long. Hence, the cylinder length was fixed 

at 10000 Å to simplify the model and reduce the number of fitting parameters to four.  

SLD values for the base matrix and the solvent were calculated using the 

NCNR SLD Calculator [61,62], for which the molecular densities were calculated 

from the displaced solvent volumes of the ensemble atomic groups [63]. The SLD of 

pure D2O and of the agarose base matrix in pure D2O were calculated to be 6.33 ×

 10−6 Å−2, and 2.22 × 10−6 Å−2, respectively. Note that the SLD of polymers such 

as agarose and proteins can change depending on the D2O content of the surrounding 

environment due to deuterium exchange. For these calculations, it was assumed that 

the fraction of exchanged hydrogens on the polymer was equal to the fraction of D2O 

in the solvent (100% for the neat resins). Contributions to the solvent SLD from 

buffer components and to the cylinder SLD from sulfonate ligands and dextran 

extenders were assumed to be negligible to simplify model calculations. Deviations 
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due to such contributions are effectively all included in the fitted volume fraction and 

polydispersity. 

2.2.2.5 Model Fitting of Protein-Laden Resins 

To first order, one might expect that the scattering patterns from protein-laden 

resins can be modeled by a summation of the scattering patterns from the neat resins 

and the protein monomer form factor. However, the sorption of the protein on the 

resin can introduce changes to both the apparent nanostructure of the resin as well as 

the proteins’ contribution to the scattering. Indeed, as the resin and protein have 

similar scattering length densities, the protein distribution into the available space 

within the resins will be perceived by SANS as an apparent change of the resin 

nanostructure. Furthermore, resin-protein and protein-protein interactions can lead to 

changes in the protein scattering contribution. Regardless of these changes, the same 

structural models with different parameters can be used for the protein-laden resins as 

the neat resins, with the exception of the high-𝑄 region, where explicit protein 

contributions are evident. This region was instead fit directly to the expected form 

factor scattering from the protein monomers. More detailed information on the 

modeling of protein-laden resins, including specific fitting ranges and fixed fitting 

parameters, is included in Appendix A. 

2.3 Results and Discussion 

SANS patterns were measured for four resins (HyperCel, FF, XL, and Capto) 

and three proteins (lysozyme, lactoferrin, and a mAb), in addition to the neat resin 

structures with no adsorbed protein, leading to 16 resin-protein configurations. Each 

configuration was studied at four different total ionic strengths (TISs), which affect the 
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total protein loading. This resulted in a total of 64 scattering patterns, of which only a 

select few are shown directly here for brevity. However, all scattering patterns and 

model parameters are included in Appendix A. 

2.3.1 Scattering Patterns of Neat Resins 

The reduced scattering patterns of the four resins at 50 mM TIS are shown in 

Figure 2.3; symbols represent the experimental data, while the dashed lines show the 

model fits. HyperCel is modeled by the generalized Guinier-Porod model, while the 

agarose-based resins are modeled by the polydisperse long-cylinder model. Fitting 

parameters are provided in Table 2.1 and Table 2.2. The HyperCel model parameters 

agree with those found previously [42]. The Porod exponent 𝑚 is related to the fractal 

dimension within individual resin strands, while the dimension variable 𝑠 is related to 

the fractal dimension of the larger resin strand network. The average radius of gyration 

in the model fits, which can be associated with the radius of gyration of the resin 

strands, is 34 Å. 

For the agarose-based resins, in FF and XL the mean cylinder radii are 14 and 

3 Å and the radial polydispersities 𝜎 are 0.9 and 1.3, respectively. In the more densely 

crosslinked Capto, the mean cylinder radius is 51 Å and the polydispersity is 0.6. The 

measured volume fractions of the cylinders range from 3 to 5%, which is consistent 

with the use of 4% agarose in Sepharose FF beads (Sepharose 4). For the neat resins, 

these parameters are not strongly affected by changing the TIS. 
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Figure 2.3: Scattering patterns of neat chromatographic media at 50 mM total ionic 

strength. Model fits are shown in the dashed lines. Successive curves are 

offset by a factor of 4 for clarity. 

Table 2.1:  Fitting parameters of the generalized Guinier-Porod model and fitting 

values for neat and protein-laden S HyperCel. 

 

Neat a Lysozyme a Lactoferrin a MAb a 

Scale 𝐺 [-] 0.040 0.005 0.019 0.012 

Radius of gyration 𝑅𝑔 [Å] 33.5 35.9 33.4 31.2 

Dimension variable 𝑠 [-] 1.79 2.17 1.80 b 1.80 b 

Porod exponent 𝑚 [-] 2.72 2.65 2.70 b 2.70 b 

background 𝐵 [cm−1] 0.13 0.21 0.21 0.24 
a Table values include only samples at 50 mM total ionic strength. Fitting 

values for all samples are included in Appendix A. 
b Values were held fixed during fitting. 
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Table 2.2:  Fitting parameters of the polydisperse cylinder model and fitting values 

for neat agarose-based resins. 

 

SP Sepharose FF a SP Sepharose XL a Capto S a 

Volume fraction 𝜙 [-] 0.034 0.025 0.049 

Mean cylinder radius 𝑅 [Å] 13.8 3.2 52.0 

Radial polydispersity 𝜎 [-] 0.92 1.26 0.57 

Cylinder length 𝐿 b [Å] 10000 10000 10000 

SLD cylinder 𝜌𝑐𝑦𝑙
 b [10−6 Å−2] 2.22 2.22 2.22 

SLD solvent 𝜌𝑠𝑜𝑙𝑣
 b [10−6 Å−2] 6.33 6.33 6.33 

Background 𝐵 [cm−1] 0.12 0.11 0.15 
a Table values include only samples at 50 mM total ionic strength. Fitting values 

for all samples are included in Appendix A. 
b Values were held fixed during fitting. 

 

2.3.2 Nano-to-Mesoscale Architecture of Neat Resins 

The cellulose-based HyperCel has an architecture that is fundamentally 

different from that of the agarose-based resins. HyperCel is well-described by the 

generalized Guinier-Porod model, which indicates fractal behavior on two distinct 

length scales: (1) a dense fractal network of cellulose within the resin fibrils, as 

indicated by the Porod exponent 𝑚, and (2) a more open fractal network of the resin 

fibrils themselves on longer length scales, as indicated by the dimension variable 𝑠. 

These observations correspond to previous SANS measurements on HyperCel and 

explain why this resin shows performance comparable to that of polymer-modified 

materials [42]. However, the generalized Guinier-Porod model is incapable of 

capturing the architecture of agarose-based resins, which indicates that these materials 

are inherently not fractal-like. Instead, these materials are better described by the 

polydisperse cylinder model, in which the cylinder length is very long compared to the 
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cylinder radius. Consequently, the resin strands of which these materials are composed 

are not intrinsically arranged in a fractal network.  

These observations agree well with previously-known information on the 

molecular structure of these materials. While cellulose gels are generally composed of 

a random polymer network, X-ray diffraction experiments have shown that agarose 

appears as rigid single or double helices of about 15 Å in diameter in the gel state [64–

67]. Comparison with electron microscopy imaging, which shows filaments on the 

order of 20 − 300 Å, has led to the hypothesis that these filaments are composed of up 

to hundreds of agarose helices in a side-by-side assembly [32,34,35,64,68]. 

SANS provides an independent measurement of the resin strand thickness on 

smaller length scales and averaged over a large sample volume. As other techniques 

that can access protein-scale structural information, such as ISEC, measure the pore 

size distribution, these two techniques can provide complementary information about 

the accessible space and the filled space in these resin materials. For HyperCel, the 

measured radius of gyration of the resin strands is about 34 Å, which corresponds well 

with mean pore radius measurements via ISEC of about 40 Å [35]. This makes 

physical sense, as in a random polymer network, one can expect that the pore sizes are 

of a similar length scale to the characteristic length scale of the polymer network [69]. 

For FF, the mean cylinder radius as measured by SANS is 14 Å. This 

corresponds fairly well to the diameter of the double helices that compose agarose 

gels. The fact that SANS can detect these thin strands implies that these helices are 

sufficiently far apart that they can be observed as distinct scattering objects. 

Consequently, the observation that these helices form a dense side-by-side assembly 

within the larger filaments in electron microscopy may be incorrect. Instead, the 
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scattering data suggest that within the filaments, the agarose helices are more loosely 

distributed. We suspect that these bundle features observed in electron microscopy 

images probably arise from polymer rearrangement due to resin drying during sample 

preparation and are not reflective of the media in its native state.  

As FF and XL have the same agarose base matrix, the measured difference in 

cylinder radius between the two materials is due to the dextran modifications in XL. 

The decrease in the mean cylinder radius from 14 Å in FF to 3 Å in XL and the 

increase in the polydispersity are consistent with the idea of dextran extending into the 

pore space, assuming that SANS resolves the individual dextran strands. 

In Capto, the significantly larger mean radius of the resin strands of 51 Å is 

probably caused by the more highly cross-linked base matrix, which makes it 

somewhat similar to HyperCel. Consequently, due to the higher degree of cross-

linking, agarose helices in Capto may arrange in the dense side-by-side assembly to 

form thicker strands as hypothesized before [64,68]. The fact that the dextran 

extenders are not directly observed in Capto may be due to the fact that larger 

scattering objects, such as the thicker strands, cause a significantly increased scattering 

intensity, which can overwhelm the scattering from the much smaller dextran 

polymers.  

Schematic representations of these interpretations, based on the structural 

models, are shown in the top panels of Figure 2.4. In this figure, the long strands in the 

agarose-based materials represent the helices. Random, single-strand connections 

between these helices are not explicitly shown, nor are the dextran extenders. 
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Figure 2.4:  Overview of the inferred sorption behavior as a function of resin 

architecture and protein size. In this work, lysozyme is considered a 

small protein and lactoferrin and mAbs are considered large proteins. 

2.3.3 Scattering Patterns of Protein-Laden Resins 

Lysozyme, lactoferrin, and a mAb were sorbed into the chromatographic resins 

under different protein loadings by changing the TIS of the solvent among 20, 50, 

100, and 200 mM. SANS patterns at 50 mM TIS, at which the protein loading is 

generally high (Figure 2.1), are shown in Figure 2.5. For each resin, the same models 

used to fit the neat resins were used to fit the protein-laden resins, and these are shown 

by the dashed lines in Figure 2.5. The high-𝑄 region was excluded from the model fits 
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because the contribution from protein monomers was accounted for instead by protein 

form and structure factors, as discussed in the Experimental Section (Section 2.2). 

 

Figure 2.5:  Scattering patterns of protein-sorbed chromatographic media at an 

approximate total ionic strength of 50 mM. Error bars are generally 

smaller than the symbol size. Successive curves are offset by a factor of 

4. Structural model fits are shown by the dashed lines, and were fit only 

to the background scattering and the low-𝑄 region, up to the 𝑄-value 

where the presence of the protein caused an inflection in the scattering 

pattern, typically around 0.03 Å−1. Specific fitting ranges are included in 

Appendix A. 
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The fitting parameters for the generalized Guinier-Porod model for protein-

laden HyperCel at 50 mM are included in Table 2.1. After protein adsorption, the 

Porod exponent and radius of gyration, which correspond to the fractal dimension 

inside and the size of the cellulose strands, do not vary significantly from the values 

for the neat resin, 2.7 and 34 Å, respectively. For the HyperCel-lysozyme system, the 

dimension variable, which corresponds to the fractal dimension of the larger-scale 

resin strand network, increases as a function of the amount of adsorbed protein, going 

up to 2.4 for the 20 mM lysozyme sample as compared to the 1.8 of the neat resin. 

However, for the larger proteins the dimension variable does not change after protein 

adsorption at any TIS value; only the scaling coefficient changes due to variation in 

the SLDs. Consequently, the HyperCel architecture does not change at all with 

adsorption of larger proteins, which is illustrated by fixing the Porod exponent and 

dimension variable for these protein-resin combinations. The only change in the 

scattering pattern is the contribution of the protein monomers at high 𝑄 and an upturn 

at very low 𝑄, which indicates the presence of larger objects outside the scattering 

limits. 

 The fitting parameters for the polydisperse cylinder model for the protein-

laden agarose-based resins are the radial polydispersity, the mean cylinder radius and 

the SLD of the solid cylinder phase. The radial polydispersity is generally around 

0.5 − 0.6 for the protein-laden resins. The mean cylinder radius for each sample and 

the SLDs of the cylinders as a function of the amount of adsorbed protein are shown in 

Figure 2.6 and Figure 2.7, respectively. The mean cylinder radius generally increases 

from the value for the neat resins (shown by the gray lines) as more protein is loaded 

on the resins (Figure 2.6). This increase in cylinder radius is accompanied by a shift of 
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the SLD from the value for agarose for neat resins to an SLD between the values for 

pure D2O and typical proteins (Figure 2.7). 

 

Figure 2.6:  Cylinder radii of protein-laden agarose-based resins obtained by fitting 

SANS data to the polydisperse cylinder model. The labels indicate the 

approximate total ionic strength of each sample. The gray lines indicate 

the cylinder radii obtained for the neat media, while the colored dashed 

lines indicate the expected core radius if a uniform layer of protein 

adsorbs. 

 

Figure 2.7:  Cylinder scattering length densities (SLDs) as obtained from fitting 

SANS data to the polydisperse cylinder model. The labels indicate the 

approximate total ionic strength of each sample. The gray lines indicate 

the SLD of pure D2O and the approximate SLD of protein and agarose in 

the sample solvent. Note that the core SLD for the neat media is the value 

for agarose, as indicated in the figures. 
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The high-𝑄 scattering contributions due to protein monomers are compared 

directly to the expected protein form factors in Figure 2.8. The symbols in this figure 

show the experimental scattering patterns after subtraction of the structural model fit, 

which corresponds to the difference between the experimental data (symbols) and 

model fits (dashed lines) in Figure 2.5. Such subtraction is technically valid only if the 

two contributions, the structural model and the protein monomer contribution, are 

strictly uncorrelated, which is not the case here. However, this subtraction is 

performed here only to highlight the protein contributions in the high-𝑄 region, and 

deviations due to protein-resin interactions are implicitly included in the effective 

protein structure factor. In the low-𝑄 region, where the structural model fit describes 

the experimental scattering well, the subtraction involves two large, almost equal 

numbers, which typically results in large inherent errors in the data. Consequently, this 

region of the scattering pattern can be ignored for 𝑄 values below those indicated by 

the black diamonds in Figure 2.8. 

The dashed lines in Figure 2.8 show the predicted contributions of the presence 

of proteins due solely to the protein form factors, based on the experimental form 

factors measured in dilute solution (Figure 2.2) but scaled to actual protein 

concentrations within the resins. Significant deviations between the experimental data 

and the dashed lines indicate the effect of a protein structure factor different from 

unity, indicating structuring in the distribution of sorbed protein. The dashed vertical 

lines in Figure 2.8 indicate the positions of peaks or shoulders in the experimental data 

and are positioned at the same 𝑄 values in each panel of the figure. These peak 

positions are summarized in Table 2.3. 
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Figure 2.8:  Scattering patterns of protein-sorbed chromatographic media after 

subtraction of the low-𝑄 model fit, at an approximate total ionic strength 

of 50 mM. The resulting scattering intensity is due to the presence of 

protein monomers. The predicted scattering intensity due purely to the 

protein form factor is shown by the dashed lines. The vertical lines show 

the position of peaks or shoulders in the scattering data, where the 

difference between the experimental data and the predicted form factor 

data is generally the highest. These lines are at the same 𝑄-values in each 

panel. The black diamonds indicate the 𝑄-value below which subtraction 

effects and artifacts become considerable. Error bars due to instrument 

error are generally smaller than the symbol size. Successive curves are 

offset by a factor of 4 for clarity. 
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Table 2.3:  Peak positions in the scattering patterns of the protein monomer 

contributions. 

 
Lysozyme Lactoferrin MAb 

Peak positiona [Å−1] 0.20 0.13 0.17 
Nearest neighbor distanceb [Å] 31.4 48.3 37.0 
𝑅𝑔 

c [Å] 15 30 55 
a Indicated by the vertical lines in Figure 2.8 for 50 mM total 

ionic strength. The same peak positions are observed at different 

ionic strengths (see Appendix A). 
b Calculated from the peak position using Equation 2.4 
c Calculated using CRYSON [56] 

 

2.3.4 Protein Distribution in S HyperCel 

The distribution of lysozyme in HyperCel is found to agree with that observed 

previously [42], namely that lysozyme adsorption increases the fractal dimension of 

the resin network (Table 2.1), which corresponds to a densification of this fractal 

network. This indicates that lysozyme is capable of infiltrating into and adsorbing in 

the smallest pore spaces within the resin. Moreover, the scattering from the lysozyme 

monomers at high 𝑄-values corresponds very well to the predicted form factor 

scattering (Figure 2.8a). Consequently, contributions from the structure factor are 

negligible, which means that there are no significant structural protein-protein or 

protein-resin interactions. A schematic representation of the inferred distribution of 

lysozyme in HyperCel, where protein monomers lead to a densification of the fractal 

network, is shown in the first panel of the second row of Figure 2.4. 

Larger proteins, such as lactoferrin and the mAb, show very different 

nanoscale distributions in HyperCel. The adsorption of these proteins has no 

significant effect on either the Porod exponent or the dimensional variable. Hence, 

larger proteins seem to be excluded from the smallest pore spaces in the fractal resin 
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matrix, but can presumably still attach to the resin at the surface of larger pores. This 

size-exclusion effect can potentially explain the significantly decreased binding 

capacity of HyperCel for larger proteins, especially at high TIS. Under these 

conditions, the cellulose strands that make up the smaller fractal regions within the 

resin matrix could condense, restricting the available interstitial space for large 

proteins even more [41].  

Alternatively, our data suggest that large proteins may accumulate locally in 

specific regions of the pore space, where they partition from the neighboring resin 

network due to entropic partitioning. Such entropic effects have been demonstrated 

previously to lead to specific ordering of colloid-polymer systems, including protein 

systems [70–72]. However, they have not been associated with the partitioning of 

proteins in materials such as these chromatographic resins. We argue that instead of 

solely size-exclusion effects, protein crowding in chromatographic resins may be 

entropically favored due to depletion or excluded-volume forces. 

For these larger proteins, the scattering from the protein monomers at high 𝑄-

values is no longer well-described by the form factor alone (Figure 2.8a). A significant 

structure factor is present, indicating the presence of protein-protein or protein-resin 

interactions indicative of local crowding. Such structuring is observed for all other 

resin-protein combinations investigated in this chapter (Figure 2.8). Indeed, all high-𝑄 

scattering patterns have a significant deviation from the predicted form factor 

scattering. In particular, all scattering patterns show a scattering peak or shoulder in 

the same position for a specific protein. The approximate positions are indicated by 

the vertical lines in Figure 2.8 and are summarized in Table 2.3. Note that the vertical 

line for a given protein is at the same 𝑄 value in each panel of Figure 2.8. 
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Interestingly, these peaks and their positions are similar to those observed in 

SANS patterns of frozen protein solutions [73,74] and dried protein phases as 

discussed in Chapter 4. In frozen solutions, proteins are concentrated in dense phases 

due to the formation of ice crystals. Consequently, the scattering patterns show a 

protein-protein interaction peak, also termed the nearest-neighbor peak, as the position 

of the peak is related to the average distance between neighboring protein molecules in 

the dense phase through Equation 2.4. The average protein-protein distance as 

obtained from the approximate peak positions in this work are included in Table 2.3, 

where they are compared to the radii of gyration of the proteins as obtained from 

CRYSON [56]. For lysozyme, the inter-protein distance corresponds to twice the 

protein radius, indicating that the protein molecules are in close contact. For 

lactoferrin, the inter-protein distance is slightly smaller than twice the radius of 

gyration. This is possible as lactoferrin has a two-lobed, dumbbell-like shape (Figure 

2.9) and the protein molecules can stack side by side. This side-by-side configuration 

is expected to be facilitated by the highly-charged patch on one of lactoferrin’s lobes, 

which can allow it to adsorb end-on on the functionalized resin. For mAbs, the inter-

protein distance is significantly smaller than twice the radius of gyration. Again, this is 

expected as mAbs are known to interdigitate due to their Y-like shape and flexibility, 

and the inter-protein distance is governed by the size of the Fab domains [74]. 

These observations support the idea that in HyperCel, lysozyme can infiltrate 

the fractal resin network, densifying the network but minimizing protein-protein 

contact. However, larger proteins are excluded from the network and instead form 

dense phases on the surfaces of the larger pores in the material due to size-exclusion or 

entropic effects. 
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2.3.5 Protein Distribution in Sepharose FF and XL 

Protein adsorption in FF and XL leads to an increase in the cylinder radius 

obtained from the polydisperse cylinder model. Generally, the cylinder radius 

increases with increased amounts of adsorbed protein (Figure 2.6). This increase in the 

radius is presumably caused by adsorption of the protein on the resin strands. Indeed, 

the increases in fitted cylinder radii in FF correspond well to the expected values for a 

monolayer of protein positioned around the strands, as shown by the dashed lines in 

Figure 2.6a. These values were estimated from the neat resin thickness and the radii of 

gyration of the proteins as obtained from CRYSON [56], as shown in Figure 2.9. In 

addition, the SLD of the cylinders shifts from the value for agarose for the neat resins 

to the value for proteins after protein adsorption (Figure 2.7). The SLD values for the 

FF-mAb samples are slightly higher, but this is to be expected as the Y-like shape of 

the mAbs will lead to significant presence of D2O in the cylinder volume. 

In comparison, the cylinder radii measured for XL are significantly larger than 

those for FF (Figure 2.6b). This indicates that proteins partition in XL throughout the 

dextran extenders around the base resin strands. The highest values of the observed 

cylinder radii in XL are about 170 Å for lysozyme and 250 Å for the mAb, which 

translates to a thickness of the polymer-filled dextran layer of about 160 − 240 Å, 

assuming that the base matrix resin strands are equally thick to those in FF. These 

values correspond fairly well to the thickness of the neat dextran layer as measured by 

ISEC, which is about 120 − 190 Å [32,76]. The cylinder SLD values for protein-laden 

XL are also generally higher than in FF, which is expected as the volumetric 

partitioning of proteins will lead to increased presence of D2O in the cylinder volume. 

Consequently, proteins form relatively dense phases around the resin strands – as 
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monolayers in the case of FF and by volumetric partitioning in the case of XL, with 

the dextran included, as is illustrated in the central panels of Figure 2.4. 

 

Figure 2.9:  Illustration of the effect of protein sorption on the measured radius of an 

effective cylinder as a function of protein size, assuming that proteins 

distribute in a monolayer around the resin strands (Figure 2.4, center 

left). Protein structures were drawn merely for illustration using PyMOL 

[75] from the same PDB files used for the CRYSON form factor 

calculations. 

This interpretation of the data is further supported by the presence of scattering 

peaks at high 𝑄 from the sorbed proteins, which are indicative of protein packing. For 

FF in particular, the peaks are fairly well-defined, indicating that the range of inter-

protein distances is fairly narrow. For XL, the peaks are slightly broader, indicating 
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that the proteins are more heterogeneously distributed. Such behavior is expected as 

inter-protein distances will be more strictly defined in monolayer adsorption as 

compared to volumetric partitioning, not least because of the presence of the dextran. 

Electron microscopy typically shows clusters or lumps of protein on larger 

length scales than observed here [34,36]. Again, this may be due to insufficient 

resolution of the technique and/or to significant structural changes of the resin during 

sample processing. SANS measurements show that protein molecules distribute within 

the resins on characteristic length scales on the order of nanometers, which is smaller 

than what has been observed in electron microscopy. 

2.3.6 Protein Distribution in Capto S 

Protein adsorption in Capto shows similarities to that in both XL and 

HyperCel. Lysozyme adsorption in Capto S shows the same behavior as that in XL, 

with similar cylinder radii, SLDs, and interaction peaks. Consequently, the 

interpretation is the same as for that resin. However, lactoferrin and mAb adsorption in 

Capto is characterized by almost no change in the measured cylinder radius (Figure 

2.6c). Similarly to the case for HyperCel, these larger proteins seem to be excluded 

from at least the smallest pores in the resin matrix or within the dextran layer, making 

them unable to bind close to the base resin strands. However, they can presumably still 

attach to dextran extenders at the surface of larger pores, as is shown in the bottom 

right panel of Figure 2.4. Alternatively, similar to the behavior in HyperCel, these 

larger proteins in Capto may crowd due to entropic partitioning. Such partitioning 

would help to explain the differences in protein transport observed between traditional 

and dextran-modified resins. For dextran-modified resins, it has been proposed that 

protein uptake occurs with a sharp uptake front with incomplete saturation [33]. The 
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reason for the incomplete saturation was hypothesized to be the inefficient packing of 

the protein, which can rearrange over time to accommodate more protein. Entropic 

partitioning is a possible mechanistic explanation for this protein rearrangement. 

2.4 Conclusions 

Small-angle neutron scattering allows in situ characterization of resin 

architectures and the protein distributions within, with protein-scale resolution. The 

results obtained here show that protein molecules arrange in chromatographic resins 

on nanometer length scales, smaller than what has previously been observed with 

conventional characterization techniques, and the results reflect the variability of these 

arrangements that would be expected as a function of resin architecture and protein 

size. Dextran-modification or the fractal architectures of cellulose-based materials can 

increase protein loading due to the possibility of volumetric partitioning. However, 

highly cross-linked chromatographic materials can exhibit crowding behavior of larger 

proteins such as lactoferrin and mAbs due to size-exclusion or entropic partitioning 

effects. While these observations confirm the structural origins of the increased 

binding capacities in the resins investigated, they could also explain the higher salt 

sensitivity of larger proteins in these materials and their distinct transport behavior. 

Consequently, these observations can be used to guide design of chromatographic 

resins. Moreover, the techniques presented here allow characterization of novel and 

future resin materials, and the mechanisms inferred to contribute to the observed 

behavior can certainly be applicable in other systems. 
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Chapter 3 

CHARACTERIZATION OF PROTEIN-EXCIPIENT 

MICROHETEROGENEITY IN BIOPHARMACEUTICAL SOLID-STATE 

FORMULATIONS BY CONFOCAL FLUORESCENCE MICROSCOPY 

 

We shall not cease from exploration 

And the end of all our exploring 

Will be to arrive where we started 

And know the place for the first time. 

 

T. S. Eliot – excerpt from Little Gidding (1942) 

 

Once biopharmaceuticals are purified, they are formulated in buffer and 

excipients under conditions that facilitate storage and administration to the patient. 

The next two chapters explore novel experimental techniques to characterize the 

structure of solid-state biopharmaceutical formulations. This chapter documents the 

use of confocal fluorescence microscopy to study structural features on particle-size 

length scales, and is adapted from a publication in Molecular Pharmaceutics with 

permission (Appendix E) [77]. The next chapter studies protein-size structural features 

using small-angle neutron scattering. 

3.1 Introduction 

Although most macromolecular biotherapeutics are administered as aqueous 

solutions by subcutaneous injection or intravenous infusion, sometimes there is a need 

to develop a solid-state formulation. Solid-state formulations help mitigate major 
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protein stability challenges, including chemical and physical degradation mechanisms, 

and enable long-term stability during storage and transport. Current research focuses 

on optimizing the drying processes and conditions and the resulting long-term stability 

of the biopharmaceuticals [22,78–80]. Even though dried formulations are typically 

reconstituted before administration, their physical characteristics, such as the solid-

state particle morphology and particularly the protein distribution within, contain 

important information that could potentially impact long-term stability [22]. Although 

characterization of these physical properties is an active area of research, the technical 

issues can often be challenging due to the large range of length scales involved and the 

sensitivity of the formulations to external stimuli such as humidity and temperature.  

 Typical drying methods are lyophilization or freeze-drying and spray-drying, 

while less common alternatives include foam-drying, spray-freeze-drying, and spray-

coating [78,81]. Irrespective of the drying method, a stabilizer such as a sugar is 

usually added, resulting in an amorphous dry formulation composed predominantly of 

the protein and the sugar. The microscopic morphology of solid-state formulations is 

known to depend strongly on the drying method. For example, lyophilization produces 

a macroscopic cake that can be readily broken down to thin flakes that are up to 

several hundred micrometers long, while spray-drying directly produces relatively 

smaller and more homogeneous spherical particulates that are a few micrometers in 

diameter [78]. Depending on the formulation components and process conditions, the 

spray-dried particles can be hollow, as opposed to dense spheres, due to fast drying 

kinetics and resulting shell formation of the solid components.  

Although the ultrastructure of the dried powders is well-known and easily 

investigated through techniques such as scanning electron microscopy (SEM), the 



 47 

internal protein distribution is less well-understood. However, understanding of the 

protein distribution throughout the solid phase and of effects such as protein-excipient 

segregation as a function of processing conditions is of particular interest to solid-state 

stability research. Protein-excipient segregation does not necessarily imply phase 

separation between the protein and the stabilizer, but rather indicates the presence of 

compositional heterogeneity throughout the dried particle volume, with certain regions 

enriched in protein while others are enriched in stabilizer.  

Long-term stability of proteins depends on the local stabilizer-to-protein ratio 

and, consequently, variations due to compositional microheterogeneity may lead to 

inferior protein stability relative to that expected from the overall protein-to-stabilizer 

ratio. For example, several reports have shown a relationship between overall protein 

instability and protein surface accumulation in dried formulations [22,78,82,83]. 

Protein degradation rates are generally higher at interfaces [84], and both lyophilized 

and spray-dried particles have been shown to exhibit protein accumulation at the 

surface. In a lyophilized formulation, protein may adsorb to the interface between the 

ice crystals and the freeze-concentrated liquid during the freezing step and stay 

trapped there during the sublimation step. In a spray-dried formulation, the 

microheterogeneity can be much higher due to the fast nature of the drying kinetics, 

which can preferentially entrap the protein in certain regions of the final particle 

morphology due to diffusion limitations [85,86]. In both cases, the addition of 

surfactants has been shown to reduce the interfacial protein accumulation, but it is not 

known how surfactant addition affects the protein distribution in the particle interior 

[78,87,88]. Moreover, interest has grown in the use of alternative delivery routes that 

directly use solid-state biopharmaceutical powders, such as in oral and pulmonary 
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delivery and incorporation of the protein powders in controlled drug-release systems 

such as polymer implants and injectable microcapsules [89–91]. In these instances, the 

distribution of active ingredient throughout the solid phase is fundamental to the 

understanding and design of optimal drug-release characteristics. 

Despite the importance of the protein distribution in solid-state formulations, it 

has not been investigated extensively, mainly because of the lack of an experimental 

technique that allows its direct measurement. Electron spectroscopy for chemical 

analysis (ESCA) is capable of measuring protein concentration by probing the 

elemental composition, but it has an analysis depth of only about 50 Å, which is 

insufficient to penetrate into the particle interior [78,83,87,88]. Conversely, confocal 

Raman microscopy (CRM) has been used to obtain three-dimensional chemical maps 

with high spatial resolution of frozen protein formulations, but is more challenging to 

use for dry formulations as samples suffer local heating due to laser power and longer 

acquisition times [92,93]. Differential scanning calorimetry (DSC) and solid-state 

nuclear magnetic resonance (ssNMR) can accurately detect protein-excipient phase 

separation, but cannot resolve the protein distribution throughout the sample volume 

[94]. Consequently, there is a need for a robust, accurate, and cost-effective method 

for mapping protein distribution within solid-state formulations with sufficient 

resolution to detect phase separation and microheterogeneity. 

Here we have developed a straightforward and simple technique to visualize 

protein distribution in solid-state formulations by fluorescent labeling of the protein 

and the use of confocal fluorescence microscopy (CFM) after regular drying 

procedures. The use of CFM allows direct, three-dimensional imaging of dried 

biopharmaceutical formulations without additional sample preparation (beyond 



 49 

standard fluorescent labeling) or extensive data analysis. This chapter describes the 

investigation of microheterogeneity in monoclonal antibody (mAb) and antibody 

fragment (Fab) formulations, all containing polysorbate 20 (PS20) as a surfactant. The 

effects of drying method, sugar type, and sugar content on the microheterogeneity 

were investigated: (1) lyophilization vs. spray-drying, (2) trehalose vs. sucrose as the 

sugar stabilizer, and (3) different sugar-to-protein ratios (S/P). This chapter shows that 

while the presence of surfactant limits protein accumulation at the solid-air interface, 

significant protein-sugar segregation is present in spray-dried samples, especially 

those with a low S/P. In contrast, lyophilized samples show uniform protein 

distribution throughout the bulk of the dried solid under all process conditions 

investigated. 

3.2 Materials and Methods 

Sample preparation and initial characterization were done at Genentech Inc. 

(South San Francisco, CA), while we completed electron and confocal fluorescence 

microscopy studies at the University of Delaware. 

3.2.1 Materials 

A recombinant humanized mAb of the IgG1 sub-class (mAb1) and a model 

antibody fragment (Fab1) [91] were manufactured by Genentech. Alexa Fluor 488 was 

purchased from Thermo Fisher (Eugene, OR), polysorbate 20 from Pattern Chemical 

Mfg. Corp. (Gardena, CA), trehalose dehydrate from Ferro Pfanstiehl Laboratories 

(Cleveland, OH), and sucrose from Sigma (St. Louis, MO). 

All formulations contained 10 mg/mL protein prior to drying and 0.01% (w/

w) PS20, and either trehalose or sucrose in different sugar-to-protein ratios (S/P), 
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ranging from 0 (0 mg/mL sugar) to 10 (100 mg/mL sugar). MAb1 formulations were 

prepared in 4 mM histidine-HCl buffer, pH 6, while Fab1 formulations were prepared 

in 10 mM histidine-HCl buffer, pH 5.5. An overview of the composition and process 

conditions of each sample is provided in Table 3.1. 

Table 3.1:  Overview of the composition and process conditions of the samples 

investigated. 

Sample 

number 

Protein Drying Process Sugar S/P Ratio 

(mass) 

Moisture 

Content (%) 

1 mAb Spray-dried Trehalose 1 0.59 

2 mAb Lyophilized Sucrose 10 / 

3 mAb Spray-dried Trehalose 10 0.56 

4 mAb Lyophilized No Sugar 0 0.91 

5 Fab Lyophilized Sucrose 1 0.42 

6 mAb Lyophilized Trehalose 1 0.84 

7 mAb Lyophilized Trehalose 10 0.52 

 

3.2.2 Conjugation with Fluorescent Dye  

N-hydroxysuccinimide (NHS ester) activated Alexa Fluor 488 [95] (6 mg) was 

dissolved in 0.6 mL dimethylsulfoxide (DMSO) and slowly added to 8 mL of mAb or 

Fab (103 mg/mL) in 100 mM sodium bicarbonate solution at pH 8.3 for the 

conjugation reaction to take place. The contents were mixed at room temperature 

under dark for 60 min and loaded onto PD-10 desalting columns to reduce the free 

dye in the mixture. The eluate from the PD-10 column was transferred to a dialysis 

cassette (MWCO 10 kDa) and dialyzed extensively against pH 6.0 buffer containing 

4 mM histidine-HCl. Alexa Fluor conjugated mAb or Fab was recovered from the 

cassette and further passed through a HiPrep 26/10 desalting column (Amersham 
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Biosciences, Little Chalfont, United Kingdom) using an ÄKTA Avant (GE Healthcare 

Life Sciences, Pittsburgh, PA) purification system to remove the excess unconjugated 

free dye in the sample. The mole ratio of conjugated dye to protein was 0.706. The 

purified sample from the ÄKTA run was mixed with unlabeled protein in a 1/100 

ratio to reduce the fraction of labeled protein in the samples to less than 1% before 

spray-drying or lyophilization.  

3.2.3 Spray-Drying 

mAb1 was formulated at 10 mg/mL in pH 6.0 buffer containing 4 mM 

histidine-hydrochloride (histidine-HCl) with 0.01% (w/w)  PS20, and a calculated 

amount of trehalose dihydrate or sucrose was added to achieve the desired sugar-to-

protein ratio on a weight basis. The aqueous protein formulation was spray-dried using 

a B-191 Mini Spray Dryer (Buchi, New Castle, DE) equipped with a 1 L cyclone 

particle separator to prepare micron-sized particles. The inlet temperature was set at 

89 ±  2 ℃, with 100% aspirator capacity at 9.11 L/s gas flow rate. The atomizing air 

flow rate was set at 19.66 L/min and liquid feed rate at 3.4 mL/min. This resulted in 

an outlet temperature of 59 ±  2 ℃. The spray-dried powder was collected in a clean 

dry glass vial and stored under vacuum till further use. 

3.2.4 Lyophilization 

The samples were taken in 2 mL glass vials and lyophilized in a SP Scientific 

Advantage Pro lyophilizer (Gardiner, NY). The volume of solution in each vial was 

0.5 mL. The lyophilization cycle was run with conservative drying settings known 

from experience to produce acceptable lyophilized material. The freezing shelf 

temperature and freezing rate were set at −35 ℃ and 0.3 ℃/min respectively. The 
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primary drying temperature and chamber pressure were −20 ℃ and 100 μm Hg 

respectively. The primary drying time was determined from the differential 

pirani/capacitance measurement. The secondary drying temperature, chamber pressure 

and drying time were 25 ℃, 100 μm Hg and 10 h respectively. The ramp rates 

between drying steps were 0.2 ℃/min and the headspace pressure was 760 mm Hg. 

This lyophilization process typically produces solid cakes with moisture content of 

less than 1%. 

3.2.5 Moisture Content Determination 

The moisture content of the spray-dried and lyophilized formulations was 

determined by a Coulometric Karl Fischer (KF) titration (Mettler-Toledo C30, 

Columbus, OH) equipped with a diaphragm-less electrode and solvent manager. 

Approximately 30 mg of spray-dried/lyophilized sample was weighed into vials to 

which 0.5 − 1 mL methanol was added in order to extract the moisture from the 

samples. The samples were kept for 10 min before starting the potentiometric 

titration. To start the analysis the samples were injected into the titration cell with 

Hydranal Coulomat® Water Standard (Sigma-Aldrich, St. Louis, MO). The sample 

injection was done manually using a Hamilton Syringe (Sigma-Aldrich) with a 20 G 

needle. The analysis was done using Mettler-Toledo-Software LabX 2014. The results 

of this analysis are included in Table 3.1. 

3.2.6 Size-Exclusion Chromatography 

Size-exclusion chromatography (SEC) was performed on a TOSOH TSK-Gel 

Super SW3000 (7.8 mm ×  300 mm) column using an Agilent 1200 series HPLC 

system equipped with a diode array detector (DAD). Samples were eluted at 30 ℃ in 
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isocratic mode with 0.20 M K3PO4, 0.25 M KCl, pH 6.2 as the mobile phase at a flow 

rate of 0.5 mL/min. Prior to analysis, samples were diluted to approximately 1.0 mg/

mL in water and 100 μL sample was injected. The total run time was 30 min and 

absorbance at 280 nm and 495 nm was used for detection of the dye-conjugated 

mAb1 as well as confirmation of removal of all free dye. The SEC peaks were divided 

into monomer, high molecular weight species (HMWS), and fragments. The percent 

peak area at 280 nm was calculated by dividing the peak area of each group at each 

time point by the total peak area. 

3.2.7 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to characterize the morphology 

of the dried powders resulting from different process conditions. The powder 

morphologies were studied for samples as received and through particle cross-

sections. For the former, the powder was mounted on double-sided carbon tape on an 

aluminum SEM stub and sputter-coated with Au-Pd in a Denton Bench Top Turbo III 

(Denton Vacuum, Moorestown, NJ) for 180 s at 25 mA. For the latter, the powders 

were embedded in LR White acrylic resin and UV-polymerized, then cut with a glass 

knife to expose cross-sections of the particles. The cut surface of the block was 

exposed to osmium tetroxide crystals for 6 h to induce contrast between the particles 

and the resin. All samples were imaged on a Hitachi S4700 field-emission scanning 

electron microscope (Tokyo, Japan). 

3.2.8 Confocal Fluorescence Microscopy 

Dried powders containing labeled proteins, prepared as described above, were 

imaged both as received and after suspension in immersion oil (Zeiss Immersol 518F, 
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refractive index 1.52) on a Zeiss LSM 710 laser scanning confocal microscope (Jena, 

Germany). The use of immersion oil allowed higher resolution and transparency of the 

confocal image without influencing the powder morphology within the time span of 

the experiment. The optical resolution of the instrument was approximately 0.15 μm, 

while the pixel size was below 0.14 μm in the focal plane (x/y-direction) and below 

0.4 μm out of the focal plane (z-direction) for all images. 

3.3 Results  

The solid-state formulation particle morphologies for both the spray-dried and 

lyophilized samples were imaged using SEM (Figure 3.1). While spray-drying directly 

yields micron-sized particles that are nearly spherical in shape, lyophilization and 

subsequent mechanical breakdown of the cake yields thin flakes that can be several 

hundred micrometers long. 

Although the three-dimensional images obtained by CFM are not shown here 

(available online as Supplemental Information [77]), the same morphologies as 

observed in SEM are apparent in the maximum-intensity projections of the CFM 

image stacks, which are basically top-down views of the three-dimensional images. 

Figures 3.2a, e, and g show the maximum-intensity projections for mAb1 in a 

trehalose formulation that was spray-dried with S/P =  1, spray-dried with S/P =

 10, and lyophilized with S/P =  10, respectively. The maximum-intensity 

projections illustrate how CFM can make particles virtually transparent and highlight 

the protein distribution through the fluorescence signal. Spray-dried particles with low 

S/P form hollow and often collapsed particles that resemble deflated balls or 
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Figure 3.1:  Typical scanning electron microscopy (SEM) images for spray-dried and 

lyophilized biotherapeutics. The top row shows SEM images of (a) a 

spray-dried powder and (b) a lyophilized powder as received, while the 

bottom row shows cross-sections of the same formulations after 

embedding in an acrylic resin. While formulations with Fab1 and a 

trehalose-to-protein ratio of 1 were used in all the images shown, mAb1 

formulations showed similar morphologies. 

doughnut-like particles (Figure 3.2a), but at higher S/P the particles are dense and 

more spherical (Figure 3.2e). In both cases, the protein distribution is heterogeneous to 

some degree, such that protein-sugar heterogeneity is clearly observable via the 

relative fluorescence intensities. A decrease in protein concentration does not 

necessarily imply a change in local protein-sugar ratio. Instead, it is conceivable that 
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the protein-sugar ratio remains the same but that the overall mass density of the solids 

changes throughout the particle microstructure. However, if this is the case, a change 

of internal particle morphology and, specifically, an increase in porosity would be 

expected where the mass density is lower. SEM imaging does not reveal any 

significant morphological changes throughout the particles in any of the samples 

investigated (Figure 3.1). This indicates that overall mass density fluctuations of the 

solids, although potentially present to a lesser degree, are not a significant cause of the 

observed heterogeneity in protein distribution. Hence, even though this method does 

not directly detect the distribution of the sugar, the assumption of constant mass 

density leads to the conclusion that the outside of the particles is generally enriched in 

protein and, consequently, the interior is richer in sugar, creating a radial gradient 

through the particle wall. Conversely, the flake-like lyophilized particles appear 

homogeneous in the maximum-intensity projection (Figure 3.2g). 

The microheterogeneity, or lack thereof, is more clearly observable by 

investigating cross-sections of individual particles, as illustrated in Figure 3.2b, which 

shows a cluster of spray-dried particles at low S/P, and Figures 3.2c, d, f, and h, which 

show magnified regions of individual spray-dried and lyophilized particles. Intensity 

line profiles across the particles are indicated in red dashed lines in Figure 3.2 and are 

plotted in Figure 3.3. Note that these cross-sections are obtained as a ‘layer’ centered 

on the focal plane of the focused CFM that is approximately 0.4 μm in depth. The 

figure compares the intensity profiles for a spray-dried particle at low S/P and at high 

S/P (Figure 3.3a and b), as well as the intensity profiles for a lyophilized particle 

perpendicular (through the flake) and parallel (along the flake) to the plane of the flake 

(Figure 3.3c). 
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Figure 3.2:  Confocal fluorescence microscopy (CFM) images of two spray-dried (top 

and middle) mAb1 formulations and a lyophilized (bottom) mAb1 

formulation with trehalose-to-protein ratios (S/P) of 1 (top) and 10 

(middle and bottom). The mAb1 protein in each formulation was 

conjugated to Alexa Fluor 488 dye with a labeling ration of 1%. The 

images on the left (a, e, and g) contain maximum-intensity projections of 

the full three-dimensional image stacks, while the images towards the 

right (b, c, d, f, and h) contain single cross-sections. The red dashed lines 

delineate the intensity profiles shown in the corresponding panels in 

Figure 3.3.  



 58 

 

Figure 3.3:  CFM intensity line profiles for the cross-section of two spray-dried mAb-

trehalose particles with varying S/P (top) and for a lyophilized, flake-like 

mAb-trehalose particle parallel and perpendicular to the flake (bottom). 

The profile lines are shown in Figure 3.2 as red dashed lines, which show 

the cross-sections of the particles at the approximate particle center 

(corresponding to a depth of 0 μm). All distances are reported as 

measured from the approximate particle center. For the spray-dried 

particles, the profile at different particle depths is shown, representing the 

three-dimensional particle structure. 
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For the spray-dried particles, profiles are shown along the same scan line but at 

different depths within the particles, thus providing a direct view of the three-

dimensional distribution of protein within the particles. Note that the intensities shown 

here are not absolute. The strongest heterogeneity is observed in the spray-dried 

particle at low S/P, which has a hollow core and a distinct gradient throughout the 

shell. At higher S/P, the spray-dried particles still display heterogeneity in the radial 

direction but to a lesser degree. Lyophilized particles indeed show homogeneous 

intensity profiles, as indicated by the intensity profile along the length of the flake-like 

particle. When viewed through the thickness of the particle, the intensity inside the 

particle is also homogeneous. Note that the intensity profile through the thickness of 

the flake includes the particle edge, while the profile along the length of the profile 

does not contain the particle edge (Figure 3.2h). These profiles for lyophilized 

formulations were observed for mAb1 and Fab1 formulations regardless of sugar type 

(sucrose or trehalose) or S/P (0, 1, and 10) (additional images included in Appendix 

B). 

3.4 Discussion 

The spray-dried and lyophilized particle morphologies, as depicted in the SEM 

and CFM images, agree well with those reported in the literature (Figure 3.1 and 3.2) 

[78,89]. The formation of hollow particles during spray-drying is an effect of kinetic 

limitations during the very fast drying and subsequent protein crowding near the 

rapidly shrinking liquid-air interface, a well-known phenomenon in the drying of 

colloidal solutions [96–98]. When the local protein concentration increases to high 

values at the droplet periphery, the viscosity also increases sharply and a rigid shell is 

formed at the air-water interface. While water continues to evaporate from the particle 
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interior, a hollow particle is formed that may collapse upon further drying [98]. When 

the sugar-to-protein ratio increases, the total solids concentration in the solution 

increases and the effective protein concentration in the dried solid decreases, such that 

shell formation occurs at greater shell thicknesses, which reduces the chance of 

collapse. Intuitively, the same mechanism is potentially responsible for the protein-

sugar heterogeneity observed in the spray-dried formulations (Figure 3.3a and b).  

For spray-dried formulations, protein crowding at the interface can be caused 

by two non-exclusive effects: (1) protein adsorption at the liquid-air interface, and (2) 

protein crowding at the particle periphery due to the receding interface and peripheral 

water flow from the center of the particle outward, as described above. Both of these 

effects are enhanced by the high molecular weight and hence low mobility of mAbs. 

For example, a study of desiccated sessile droplets of a lysozyme and trehalose 

formulation showed clear accumulation of both trehalose and lysozyme at the particle 

periphery, with the lysozyme-to-trehalose ratio increasing sharply at the particle 

interface [85]. Proteins are known to have a high affinity for adsorption at interfaces, 

which will lead to a high protein concentration near the particle surface when the 

droplet diameter decreases quickly during drying [86,99]. Such protein accumulation 

at the surface can negatively affect long-term stability due to low local protein-to-

stabilizer ratios [22,78,82,83]. However, addition of surfactants significantly reduces 

protein adsorption at the interface, as has been shown by electron spectroscopy for 

chemical analysis (ESCA) measurements [78,87,88]. Hence, in this work, in which 

PS20 was included as a surfactant in all formulations, protein-sugar heterogeneity was 

presumably caused mainly by the second mechanism.  
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For lyophilized formulations, where the second mechanism is not present, all 

formulations investigated showed homogeneous protein distributions. Although 

proteins tend to accumulate at the ice crystal and freeze-concentrated liquid interface 

during the freezing step [86], here, too, the addition of surfactant has been shown to 

reduce protein accumulation at the surface. This seems to be confirmed in the 

perpendicular profiles through the lyophilized flakes in Figure 3.3c, which do not 

show an increase in protein concentration at the particle interface. However, small 

increases in protein concentration at the particle surface might not be detected by CFM 

due to resolution limits. CFM has an optical resolution of approximately 0.15 μm. For 

comparison, ESCA can determine the protein concentration at the surface up to a 

depth of approximately 50 Å, which is well below the resolution of CFM. Hence, 

while CFM can obtain the bulk protein distribution, ESCA can give complementary 

information about the protein concentration at the surface. Interestingly, frozen protein 

solutions have also been shown to have a homogeneous distribution in the freeze-

concentrated phase of lysozyme and trehalose formulations, using confocal Raman 

microscopy (CRM) [92]. This indicates that during the sublimation step of 

lyophilization the protein distribution in the freeze-concentrated liquid does not 

change significantly. 

In general, confocal fluorescence microscopy is a straightforward and reliable 

technique for imaging protein distribution in solid-state formulations. It allows 

sufficient transparency to create full three-dimensional images of particles in these 

size ranges and has the resolution required to observe microheterogeneity of protein 

and stabilizer. One of the greatest advantages of CFM is that once a small amount of 

protein is labeled, all drying processes can be executed without changes in regular 
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protocols and samples can be viewed directly without further sample preparation. As 

such, it is suited for the further investigation of protein-stabilizer heterogeneity, both 

for understanding its effects on long-term stability as well as in the design of the 

controlled drug-release profiles. The possibility of acquiring intensity profiles 

throughout the particle, as illustrated in Figure 3.3a and b, allows for future 

characterization and modeling of the drying processes. 

Two potential concerns regarding the use of CFM are (1) that protein-sugar 

phase separation, with domains consisting entirely of sugar, are not detected and (2) 

that the 1% labeled protein interacts differently in solution or with the sugar as 

compared to the unlabeled protein, misrepresenting the actual unlabeled protein 

distribution. The first issue is easily solved by taking simultaneous confocal and 

regular optical microscopy images. In this work, no formulations showed regions by 

optical microscopy that did not overlap with the fluorescence signal, indicating there 

was no protein-sugar phase separation at these length scales. Regarding the second 

issue, labeling a monoclonal antibody with a fluorescent tag increases the molecular 

weight by less than 1%. Hence, the mobility of the molecules is not significantly 

altered. In addition, the Alexa Fluor fluorescent labels are, by design, net negatively 

charged to increase hydrophilicity and generally reduce self-association [95]. In a few 

cases, however, this net negative charge has been shown to lead to electrostatic 

interactions with positively charged interfaces or structures. For this work, a 

comparison of SEC data of formulations with and without labeled protein showed no 

significant change in the presence of protein aggregates, indicating that protein-protein 

interactions are not significantly altered by the presence of the label. 
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3.5 Conclusions 

Confocal fluorescence microscopy is capable of detecting microscale 

segregation of monoclonal antibodies (mAbs) and excipients in solid-state 

biopharmaceutical formulations. While lyophilization procedures for a model IgG1 

mAb generally lead to a uniform protein-excipient distribution, specific spray-drying 

conditions can lead to distinct protein-excipient microheterogeneity. 

Microheterogeneity is observed in spray-dried particles as a radial increase in protein 

concentration towards the periphery, and is hypothesized to be caused by proteins 

being kinetically trapped at the quickly receding water-air interface, a well-known 

phenomenon in the drying of colloidal solutions. Due to addition of polysorbate 20, 

protein surface adsorption was limited and not a direct cause of protein heterogeneity 

in this study. 
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Chapter 4 

IN SITU CHARACTERIZATION OF THE MICROSTRUCTURAL 

EVOLUTION OF BIOPHARMACEUTICAL SOLID-STATE 

FORMULATIONS WITH IMPLICATIONS FOR PROTEIN STABILITY 

The results presented in the previous chapter showed that while 

microheterogeneity on a particle scale can be detected in certain spray-dried 

formulations, it does not lead to an observable increase in irreversible aggregation in 

these formulations. Instead, we would expect that the structure on the molecular scale 

is the more critical factor in determining formulation stability. Consequently, the 

characterization of the protein-scale microstructure of solid-state formulations, 

particularly under the effect of changing environmental conditions, is the focus of this 

chapter, which is adapted from a submission to Molecular Pharmaceutics [100]. 

4.1 Introduction 

Solid-state formulations of biopharmaceuticals, such as lyophilized or spray-

dried proteins, are developed to provide protein stability during transport and long-

term storage as discussed in the previous chapter. Solid-state formulations are also 

used in drug-delivery systems as alternatives to the usual intravenous infusion or 

subcutaneous injection, like pulmonary delivery of powders or sustained drug-release 

devices such as polymer implants, microspheres, or solvent-depots [78,81,89–91]. 

However, the formation of protein clusters as irreversible aggregates is a prevalent 

form of instability in biopharmaceutical formulations, and the presence of such 
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aggregates can have a negative impact on the drug’s efficacy as well as lead to 

undesired immunogenicity or toxicity of the drug [22].  

To delay or prevent aggregation in the solid state, lyophilization and spray-

drying are performed with stabilizers (such as sugars) and other additives (such as 

surfactants). While it is generally accepted that these stabilizers protect the protein 

from degradation in the solid state, the precise mechanism of stabilization is still an 

active topic of current research [22,78–80,101,102]. Though there has been significant 

work on the role of stabilizing sugars as a replacement for water molecules and on the 

molecular physics of the sugar, water, and amino acid interactions [22,101], less is 

known about the protein-scale microstructure in these solid-state formations. This is 

especially relevant given that the protein molecules are in a highly crowded local 

environment due to the high protein concentration in the solid state, which can easily 

reach 50 − 80% by mass in typical formulations. In the previous chapter, we 

elucidated the micron-scale protein heterogeneity of these formulations using confocal 

fluorescence microscopy (CFM) [77], where differences in protein heterogeneity 

suggested that a protein-scale microstructural investigation is warranted. To address 

these challenges, we demonstrate how protein-scale structure can be resolved in these 

formulations in situ by small-angle neutron scattering, where contrast between protein 

and excipients can be achieved by deuteration. 

Protein stability can be informed by the multiscale structural characterization 

of solid-state formulations, which encompasses knowledge of (1) the morphology and 

size of the solid-state particles, (2) the protein-stabilizer microheterogeneity, and (3) 

the presence of protein clusters or aggregates. Protein degradation has been shown to 

be more likely at the particle surface, and is determined by the particle morphology, 
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size, and protein distribution within the solid-state particles [22,78,82–84]. These 

factors also influence the reconstitution efficiency and the release rate during sustained 

drug-release applications [81,91]. Chapter 3 demonstrated that, while particle-scale 

microheterogeneity is significant in spray-dried formulations, it is generally not 

observed in lyophilized formulations. Importantly, the observed microheterogeneity 

itself did not lead to an increase in irreversible aggregation in the formulations 

investigated, indicating that particle-scale microheterogeneity is not a sufficient 

condition for formulation instability. This is consistent with the expectation that the 

microheterogeneity on protein (nanometer) length scales, and not on particle length 

scales, is the most critical structural issue affecting protein stability. However, 

measuring molecular structural features on molecular length scales in situ in these 

solid-state formulations is extremely challenging. There is insufficient contrast 

between the protein and excipients for direct electron microscopy or X-ray scattering 

methods. However, the ability to selectively deuterate the sugars, or as is shown here, 

to introduce a controlled amount of deuterated water, provides a method to determine 

the average local protein environment via neutron scattering methods.  

Just as in the case of determining the protein distribution in chromatographic 

resins in Chapter 2, small-angle neutron scattering (SANS) is well-suited to capture 

protein-scale structural information from these solid-state formulations as it (1) can 

probe features on nano- to micrometer length scales, (2) is minimally disruptive (as 

opposed to X-rays), (3) can penetrate opaque materials to determine internal structure, 

and (4) can sample relatively large volumes [44–47,51]. Recently, SANS has been 

used to characterize the protein microstructure in solid-state formulations, mainly in 

the frozen state but also in lyophilized formulations of model proteins [51,73,74]. 
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Scattering patterns show a single protein-protein interaction peak, which indicates a 

crowded amorphous morphology with average separation distances on the order of the 

protein molecular dimensions. Consequently, SANS has the potential to probe the 

protein aggregation and protein-excipient distribution in these systems. A distinct 

advantage of SANS over other methods is the ability to create scattering contrast 

between the proteins and excipients by isotopic labeling, uniquely enabling SANS to 

measure excipient and protein molecular distributions [51]. 

Related but distinctly different techniques have recently been suggested as 

methods to predict the long-term stability of proteins in the solid-state, such as solid-

state hydrogen-deuterium exchange with mass spectrometry (ssHDX-MS) and neutron 

backscattering (NB) [22,102–106]. Similar to SANS, ssHDX-MS uses isotopic 

labeling to determine the amino acids that more readily exchange hydrogens upon 

exposure of the solid-state formulation to deuterated water vapor. These measurements 

have been shown to correlate with long-term stability, providing a potential route to 

predict formulation stability [102–104]. Similarly, NB probes molecular dynamics of 

hydrogens in the formulation on fast time scales, and consistent with the prevailing 

thinking, faster molecular dynamics are implicated in limiting protein stability in the 

solid state [22]. While both of these methods show promise in predicting long-term 

stability by informing about the molecular-scale dynamics, important questions remain 

about the protein-scale microenvironment in these solid-state formulations as well as 

about whether any small aggregates may be present in such formulations in the solid 

state.  

Here we report a new method that exploits contrast variation and SANS to 

measure the protein-scale microstructure of several biotherapeutic monoclonal 
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antibody (mAb) and antibody fragment (Fab) formulations in situ in the lyophilized or 

spray-dried state. In addition to identifying differences in structure of initially stable 

formulations, we have also investigated the effects of exposure to humidity and 

elevated temperature. An enhanced vapor cell SANS sample environment (VC-SANS) 

[107] was constructed that enables the measurement of the effects of cycling humidity 

on the protein-scale structure in situ. The resulting findings contribute to our 

fundamental understanding of protein behavior in solid-state formulations and 

highlight the potential of (vapor cell) SANS to further explore this behavior for 

different formulations and conditions. 

4.2 Experimental Section 

4.2.1 Materials and Sample Preparation 

A recombinant humanized mAb of the IgG1 sub-class (mAb1) and a model 

antibody fragment (Fab1) were manufactured by Genentech Inc. (South San 

Francisco, CA). Polysorbate 20 (PS20) was purchased from Pattern Chemical Mfg. 

Corp. (Gardena, CA), trehalose dehydrate from Ferro Pfanstiehl Laboratories 

(Cleveland, OH), and fully deuterated sucrose (C12 H14 
2 H8O11) from Omicron 

Biochemicals Inc. (South Bend, IN). 

All formulations contained 10 mg/mL protein prior to drying, 0.01% (w/w) 

PS20, and 10 mg/mL of either trehalose or sucrose, which corresponds to a sugar-to-

protein ratio (S/P) of 1. MAb1 formulations were prepared in 4 mM histidine-HCl 

buffer, pH 6, while Fab1 formulations were prepared in 10 mM histidine-HCl buffer, 

pH 5.5. An overview of the composition and process conditions of each sample is 

provided in Table 4.1. A heat-stressed formulation (F3) was obtained by maintaining a 
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regular lyophilized mAb1 formulation (F1) at 110 ℃ for 5 hours. The spray-drying, 

lyophilization, moisture content determination, and size-exclusion chromatography 

(SEC) was completed at Genentech and followed the procedures outlined in Chapter 3. 

The results of the moisture content determination and SEC analysis are included in 

Table 4.1. The lyophilized, solid cakes were manually broken up to allow loading in 

the SANS sample cell, so that the particle-scale morphologies and protein distributions 

in the loaded lyophilized and spray-dried formulations correspond to those described 

in Chapter 3 (Figure 3.2) [77]. 

Table 4.1:  Overview of the composition and process conditions of the formulations 

investigated. 

Formu-

lation 

Basic composition Sugar S/P 

ratio 

Moisture 

content [%] 

Drying 

process 

Aggregate 

content [%] 

F1 
10 mg/mL mAb1; 

4 mM L-His/HisHCl 
pH 6.0; 0.01% (w/v) 

polysorbate 20 

Trehalose 1 <2 
Lyo-

philized 
3.7-6.5 

F2 
Deuterated 

sucrose 
1 <2 

Lyo-

philized 
/ 

F3 Trehalose 1 <2 
Lyo-

philized 

15.3 (heat-

stressed) 

F4 
10 mg/mL Fab1; 

10 mM L-His/HisHCl 
pH 5.5; 0.01% (w/v) 

polysorbate 20 

Trehalose 1 3 
Lyo-

philized 
1 

F5 Trehalose 1 7 
Spray-

dried 
1 

 

4.2.2 Small-Angle Neutron Scattering 

The basic background of small-angle neutron scattering (SANS) is discussed in 

Section 2.2.2.1. Note that the magnitude of the momentum transfer vector is denoted 

in this chapter by 𝑞, as opposed to 𝑄 in Chapter 2. Because the SLD of a typical 

protein and sugar are similar, structural features of proteins within a sugar matrix are 
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generally not observed by SANS (Figure 4.1). However, as proteins and sugars 

contain exchangeable hydrogens, the SLD is a function of the extent of deuterium 

exchange. Figure 4.1 illustrates that there are two straightforward methods to increase 

the contrast for a specific formulation: (1) use deuterated sugars (or proteins) and (2) 

introduce deuterium oxide (D2O) into the system. Both methods are used in this 

chapter and provide complementary information. 

 

Figure 4.1:  Schematic of the neutron scattering length densities (SLDs) of a typical 

mAb, sucrose, fully deuterated sucrose, and water as a function of the 

amount of deuterium exchange of exchangeable hydrogens of each 

molecule.  

The experiments were carried out on the 10 m NGB (nSoft) SANS instrument 

at the NIST Center for Neutron Research (NCNR), National Institute of Standards and 

Technology (NIST), Gaithersburg, MD. The instrument settings for the tests were: 
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 high 𝑞: 1.2 m sample-to-detector distance (SDD) with 5 Å neutrons 

for a 600 s count time, 

 intermediate 𝑞: 4.5 m SDD with 5 Å neutrons for a 1200 s count 

time, and 

 low 𝑞: 4.5 m SDD with lenses with 10 Å neutrons for a 1500 s 

count time. 

When spliced together, these regions result in a scattering range 0.004 Å−1 < 𝑞 <

0.6 Å−1, corresponding to length scales ranging from approximately 1600 Å to 10 Å. 

The wavelength spread was 0.15 for all samples.  

For time-resolved vapor cell studies, data were collected in time bins of 360 s 

at the high-𝑞 instrument setting, with intermittent full-range scans approximately 

every 4.5 h to probe the structural integrity of the samples. Sample cells with 

demountable quartz windows and a path length (thickness) of 1 mm were used for 

static experiments, while the NIST vapor cell described below was used for all time-

resolved experiments. Standard data reduction procedures were followed to reduce the 

data to radially-averaged patterns [53]. 

4.2.3 Vapor Cell 

 

The vapor cell used at NIST consists of a titanium cell with quartz windows, as 

shown schematically by Shelton et al. [107]. The setup of the vapor cell SANS 

experiment is depicted in Figure 4.2. The cell has a vapor inlet at the top and a vapor 

outlet at the bottom, allowing vertical vapor flow throughout the sample chamber, and 

it can be temperature-controlled from approximately 5 to 90 ℃. The cell is connected 

to a nitrogen source via a flow path that can be toggled to allow flow through or to 

bypass a bubbler filled with water. The bubbler was held at 20 ℃ while the vapor cell 

was at 25 ℃ to prevent vapor condensation in the connecting lines and vapor cell. The 
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sample powders were mounted into the sample chamber within an aluminum foil 

pocket, which was open at the top to allow vapor exchange with the sample chamber. 

Samples were exposed to either a continuous pure nitrogen (N2) gas flow or a mixed 

D2O-N2 or H2O-N2 vapor flow for periods of several hours, while the SANS patterns 

were collected in time bins of several minutes. 

 

Figure 4.2: Schematic of the vapor cell set-up employed at the NCNR. 

4.3 Results and Discussion 

The nano-scale microstructure of five different solid-state monoclonal 

antibody (mAb) and antibody fragment (Fab) formulations, listed in Table 4.1 was 

investigated using small-angle neutron scattering (SANS). The static microstructure of 

the formulation was first probed using regular SANS, then microstructural changes 

under the influence of water uptake were investigated using SANS in a vapor cell 



 73 

environment (VC-SANS). Quantitative agreement was observed between the initial 

structures measured in the standard demountable cells and the VC-SANS cell. 

4.3.1 Static Microstructure 

A typical SANS pattern of a solid-state biopharmaceutical formulation, 

represented by Formulation F1, is shown in Figure 4.3 (blue). The pattern shows flat 

background scattering at high 𝑞-values (small length scales), and power-law behavior, 

with a slope of −4, at small 𝑞 values. This Porod slope indicates scattering from the 

sharp surface of the micron-sized particles that comprise the solid formulation. In the 

case of a lyophilized formulation, these are the thin platelet-like particles resulting 

from the crushing of the lyophilized cake, while for a spray-dried formulation these 

are the hollow spherical particles as observed by confocal fluorescence microscopy 

(Figure 3.2) [77]. The background evident at high 𝑞 is due to incoherent scattering that 

arises mainly from hydrogen atoms.  

The scattering pattern of the typical formulation without deuteration lacks any 

features that correspond to the internal structure of the dried powders – the structure of 

protein molecules distributed in the excipient – because of the lack of contrast between 

the excipient and the protein (Figure 4.1). Figure 4.3 shows that using fully deuterated 

sucrose as an excipient in Formulation F2 enhances the contrast between the protein 

and the sugar phase sufficiently to obtain protein-scale structural information from 

SANS. Here this structural information appears in the form of a single broad peak at 

intermediate 𝑞 values.  
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Figure 4.3:  Comparison of SANS patterns of a lyophilized mAb1 sample in regular 

(F1) and deuterated (F2) sugar (a) and overview of prominent scattering 

metrics reported in the time-resolved experiments (b). Open symbols 

show the scattering patterns before subtraction of the incoherent 

scattering background, while filled symbols show the patterns after 

subtraction. The dashed box indicates the area of the pattern highlighted 

in the time-resolved vapor cell experiments (Figure 4.4). 

Such a peak has been observed before in lyophilized formulations of model 

proteins such as lysozyme as well as in frozen mAb formulations, and is characterized 

as a nearest-neighbor peak or a protein-protein interaction peak because the peak 

position corresponds to the average protein-protein distance in the amorphous 

formulation [51,73,74]. In Figure 4.3 the observed peak position of 0.15 Å−1 

corresponds to an average protein-protein center-to-center separation distance of 𝑑 =

 42 Å (Equation 2). As the radius of gyration (𝑅𝑔) of a mAb is approximately 50 Å and 

mAbs are highly anisotropic, mAbs must orient favorably and interdigitate to pack 

with the observed separation distance in these solid formulations [74,108]. However, 
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comparison to SANS measurements of frozen mAb formulations without sugars [51], 

where 𝑑 =  31 Å, indicates that the mAbs are separated by the stabilizers. These 

measurements show that the presence of sugar in this formulation leads to an increase 

in the average protein-protein surface separation distance of ~11 Å, which is 

comparable to the molecular size of trehalose ~9 Å [109]. Thus, our measurement 

confirms the assumption of the sugar forming a protective adsorbed layer surrounding 

the protein in these solid formulations. 

Although the use of deuterated sucrose in the formulation clearly increases 

contrast sufficiently to show structural features of the protein in the sugar matrix, it 

does not alter the power-law scattering in the low-𝑞 regime. Consequently, there are 

no significant microstructural features in the corresponding range of 300 to 1600 Å, 

such as distinct protein-rich clusters or other microheterogeneities. The longest length 

scales probed by SANS are comparable to the limit of resolution of the confocal 

fluorescence microscopy imaging performed previously for similar formulations 

(Chapter 3) [77], which is approximately 1500 Å or 0.15 μm. Hence, we conclude 

that mAbs in these lyophilized formulations are distributed uniformly on length scales 

from that of the protein to that of the particle, and that there are no 

microheterogeneities or evidence of any significant population of aggregated protein. 

Still, it is possible that there are larger areas of protein-rich or protein-free domains 

within the solid formulations, as long as they are randomly distributed, for example in 

a fractal manner.  

4.3.2 Microstructural Changes under Cyclic Humidification 

These results show that SANS is a promising method to study the 

microstructure of therapeutic proteins in a variety of formulations with different 
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process conditions, compositions, and protein stability. However, the use of deuterated 

excipients requires modifications to the standard formulations, and may lead to 

changes in protein-excipient interactions. Another way to introduce contrast in solid-

state formulations is by introducing D2O into the formulation through uptake from the 

vapor phase. The D2O will diffuse through the hygroscopic powder, mainly in the 

sugar phase, and increase the SLD contrast. In addition, it will lead to deuterium 

exchange with exchangeable hydrogens on both the protein and sugar, which will 

occur as a function of time and exposure. For example, hydrogens in the core of the 

protein will not exchange as rapidly as those readily accessible on the sugar 

molecules, an effect that has recently been exploited to study protein formulation 

stability [102–104,110]. In the following, we exploit this method to further study the 

protein-excipient distribution in these solid-state formulations.  

The advantage of using the vapor cell in this manner is twofold. First, the 

uptake of D2O within the sample greatly enhances the contrast, allowing the 

observation of the microstructure, i.e., the protein-protein interaction peak, in typical 

solid-state samples without the use of deuterated sugar. Second, the vapor cell allows 

in situ characterization of microstructural changes under stressed environmental 

conditions such as heat or water uptake. Formulations in the vapor cell were initially 

exposed to pure nitrogen flow for a period of about one hour to assure the removal of 

excess water. Subsequently, formulations were exposed to cycles of alternating 

nitrogen and water vapor flow, while their microstructural changes were monitored 

using SANS.  

The evolution of the SANS patterns with time for the deuterated sucrose 

formulation (F2) for three successive water vapor – nitrogen cycles is shown in Figure 
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4.4. As the use of deuterated sugar provides sufficient contrast to distinguish the 

nearest-neighbor peak, the effects of moisture uptake and contrast changes due to the 

introduction of deuterium can be decoupled. Specifically, H2O vapor can be used to 

investigate the effect of humidity and moisture uptake on the formulation, while D2O 

vapor can be used to investigate the changes in contrast. In general, exposure to water 

leads to distinct changes in the scattering patterns over time that can be characterized 

by three main metrics: the peak height, the peak position, and the background 

scattering (Figure 4.3b). Changes in peak height can be attributed to the number of 

available scattering objects (protein molecules) and the contrast between the protein 

and excipient components. Changes in peak position can be attributed to changes in 

the inter-protein distance or protein distribution. Lastly, changes in background 

scattering can be attributed to the amount of hydrogen present in the formulation, and 

hence the uptake of hydrogenated water. 

The evolution of these three structural metrics throughout the progress of the 

vapor cell experiment is shown in Figure 4.5a-c. The exposure to H2O is expected to 

lead to an increase in the background scattering as additional water is taken up by the 

hygroscopic powder. In addition, uptake of H2O is expected to decrease the contrast in 

the sample if H2O distributes throughout the sugar phase. This can be understood from 

Figure 4.1, where, in the case of 0% deuterium exchange, mixing of water (SLD 

below that of the protein) with the deuterated sugar (SLD above that of the protein) 

will effectively reduce the SLD of the sugar component and decrease the SLD 

difference between the sugar and protein. Indeed, Figure 4.4a and Figure 4.5a and c 

show that the peak height decreases and the background increases with H2O uptake 

over a period of 10 h. Subsequent drying of the samples with N2 reverses this effect.  
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Figure 4.4:  Evolution of the SANS pattern of lyophilized mAb1 in deuterated 

sucrose (F2) as a function of time under cycles of alternating nitrogen 

and water vapor flows. The arrows on the scattering patterns indicate the 

general trend of the scattering pattern with time. A video of the evolution 

of the SANS pattern with time can be found online [100]. 

The uptake of H2O also has a significant effect on the peak position, and hence 

on the average protein-protein distance within the formulation. Upon the introduction 

of water, the nearest-neighbor peak gradually moves to smaller 𝑞-values, 

corresponding to an increase in the average inter-protein distance (Figure 4.4a). Thus, 

the sample swells upon humidification at the level of interprotein separation. Upon 

subsequent drying with nitrogen, this distance is observed to recover, but it recovers to 

an average separation distance slightly smaller than in the original formulation. The 

corresponding scattering patterns at the two distinct peak positions are shown in 

Figure 4.6a-b, with approximate peak positions and average protein-protein distances 

listed in Table 4.2. This shows that the drying rate and conditions, i.e. processing, 

influence the formulation at the nanometer scale. 
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Figure 4.5:  Evolution of prominent scattering features of three formulations as a 

function of time under cycles of alternating nitrogen and water vapor 

flows. 

The uptake of water in solid-state formulations is known to decrease the glass 

transition temperature (𝑇𝑔) [101]. Here, the formulations were subjected to very high 

humidity levels, which plasticized the sugar-protein matrix. Indeed, the formulation 

powders were visibly collapsed after the vapor cell experiment, leading to 

densification of the powder. Regardless, regular full scans of the scattering patterns 

throughout the course of the vapor cell experiment show the same scattering from 

larger particles at low q values, indicating that the powders retained their solid 

morphology (data included in Appendix C). However, as shown, water uptake led to 
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sufficient plasticization to ‘swell’ the matrix between protein molecules, while drying 

led to an average separation distance that is slightly smaller than in the original 

formulation (bottom panels of Figure 4.6a and b). The fact that the peak shifted 

gradually over several hours suggests that these microstructural changes occurred 

throughout the whole sample volume to approximately the same degree. Importantly, 

repeating this H2O-N2 cycle led to identical changes in the scattering patterns, 

indicating that the process is reversible (Figure 4.4b and Figure 4.5a-c). 

 

Figure 4.6:  Overview of observed peak positions of lyophilized mAb in deuterated 

sugar (F2) with schematics of the corresponding hypothesized 

microstructures. The green line indicates the original peak position, while 

the blue line indicates the original background value.  
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Table 4.2:  Overview of SANS peak positions for mAb and Fab formulations. The 

characteristic distance is estimated from the 𝑞-value using Bragg’s law 

(Equation 2.4). 

 F2: Lyophilized 

mAb1 

F4: Lyophilized 

Fab1 

F5: Spray-dried 

Fab1 

Initial peak 
0.15 Å-1 

42 Å 

0.17 Å-1 

37 Å 

0.17 Å-1 

37 Å 

Hydrated peak 
0.13 Å-1 

48 Å 

0.16 Å-1 

39 Å 

0.17 Å-1 

37 Å 

Dry peak 
0.16 Å-1 

39 Å 

0.18 Å-1 

35 Å 

0.19 Å-1 

33 Å 

Cluster peak 
0.10 Å-1 

63 Å 

/ / 

 

Using D2O instead of H2O vapor is expected to lead to similar morphological 

changes, but with a significant change in the scattering intensity due to the increase in 

contrast. Moreover, the background scattering is expected to decrease as hydrogen is 

removed from the system due to deuterium exchange. This is indeed observed, where 

upon D2O uptake the peak height increased substantially while the background 

scattering decreased (4.4c). Initially, the peak position moved to smaller q values just 

as during H2O uptake. However, after a few hours of exposure, a separate, second 

peak emerged at even smaller 𝑞 values (4.5a-c). 

This second peak is hypothesized to be the result of scattering from protein 

clusters or (reversible) aggregates in the formulation. Hence the position of this cluster 

peak represents the average distance between protein clusters or a protein cluster and a 

monomer, and not individual molecules (Figure 4.6c, bottom). There are several 

factors that support this hypothesis. First, the fact that the second peak emerges 

independently of the first peak, and does not involve a shift of the first peak, indicates 

that the peak is caused by a distinct fraction of protein molecules in the formulation, 
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which grows over time, and not a general change in the protein microstructure as seen 

during water uptake and release. Second, the rapid growth of the second peak, without 

a similar decrease in the first peak, supports the viewpoint that the protein indeed 

forms correlated clusters. This idea is based on neutron scattering theory, which shows 

that, neglecting changes to particle structure and interactions, the total scattering 

intensity increases twofold if two smaller particles merge [46]. Third, the position of 

the peak, which at 0.10 Å−1 corresponds to an average separation distance of 63 Å, is 

consistent with the radius of gyration of a mAb dimer, assuming that the dimers 

interdigitate similarly to the mAb monomers. The radius of gyration of mAb dimers in 

concentrated solutions has been measured by SANS as 69 Å [108].  

Interestingly, some mAbs have been shown to form reversible dimers in 

solution that coexist with the dispersed monomers, even at relatively low 

concentrations [108]. In the solid state, the formation of such dimers could occur as a 

function of time in the plasticized state, or could be triggered specifically due to the 

presence of D2O, which can alter interactions among protein, water, and excipients. In 

either case, these findings show that such dimers form even in the solid state when 

sufficient mobility of the mAb is possible due to plasticization of the matrix. 

4.3.3 Comparison between mAbs and Fabs 

The VC-SANS patterns of a lyophilized formulation containing a Fab and 

regular, non-deuterated sugar (Formulation F4) were used to assess whether the 

increase in scattering contrast due to D2O exposure is sufficient to reveal the protein 

microstructure in such non-deuterated formulations, as well as to characterize potential 

differences between the microstructures of mAbs and Fabs. The evolution of key 

metrics of the SANS patterns of Formulation F4 is shown in Figure 4.5d-f, and a video 
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of the evolution of the patterns with time can be found online [100]. Initially, the 

patterns of this non-deuterated formulation are similar to that of Formulation 1 in 

Figure 4.3, with no indication of the nearest-neighbor peak. However, exposure to 

D2O vapor increases the contrast sufficiently to reveal a single scattering peak. 

Consequently, VC-SANS is a promising technique to investigate the protein-scale 

microstructure of pristine biopharmaceutical formulations. 

The exposure to water vapor can modify the microstructure, as evidenced by 

the changes in peak position and visible densification of the powder, which can 

compromise the ability of VC-SANS to reveal the true, native particle microstructure. 

However, the plasticization of the matrix is primarily the result of the high relative 

humidity in the vapor cell. Previous work on hydrogen-deuterium exchange in solid-

state biopharmaceutical formulations (ssHDX) has shown that a lower relative 

humidity, below approximately 11%, can lead to deuterium exchange while keeping 

the powder density intact [102]. While we did not pursue such low levels of 

humidification here, continued studies along the lines of those presented here but at 

low relative humidity could aid in investigating the native microstructure of non-

deuterated biopharmaceutical formulations. 

While the nearest-neighbor peak of the lyophilized Fab formulation follows 

similar trends to those of the mAb formulation during water uptake and release, the 

peak positions naturally correspond to smaller protein-protein distances (Table 4.2), 

consistent with the smaller size of Fabs (𝑅𝑔 of 28 Å). Moreover, unlike the packing in 

the highly anisotropic mAbs, the globular Fabs do not interdigitate and the Fab 𝑅𝑔 is 

smaller than the average protein-protein distance in all cases, which corresponds to the 

behavior of globular proteins more generally [74]. Although this Fab1 has a similar 
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microstructure to the Fab of mAb1, a second peak does not appear in the scattering 

patterns and so we can conclude that they do not form dimers or other aggregates 

within the time scale of the experiment. 

4.3.4 Comparison between Lyophilization and Spray-Drying 

Lyophilization and spray-drying are vastly different drying processes, which 

lead to very different particle morphologies as well as differences in protein-excipient 

microheterogeneity on the particle scale (Chapter 3) [77]. For example, certain spray-

dried formulations show an increase in protein concentration towards the exterior of 

the particles, while proteins in lyophilized formulations are generally homogeneously 

distributed on the particle scale (Figure 3.2). To investigate the effects of the drying 

method on the protein-scale microstructure, the VC-SANS patterns of a lyophilized 

(Formulation F4) and a spray-dried (Formulation F5) Fab formulation in a non-

deuterated sugar are compared, where both have the same nominal sugar-to-protein 

ratio of 1. 

Despite the different drying mechanisms, the protein-scale microstructure of 

lyophilized and spray-dried formulations is similar, as shown by the evolution of key 

metrics of the SANS patterns of Formulation F4 and F5 in Figure 4.5d-i. While the 

average protein-protein distance is slightly smaller in the spray-dried formulation 

(Table 4.2), overall trends in the scattering patterns are maintained. In a solid-state 

formulation containing microheterogeneity, with certain areas enriched in protein and 

others depleted, it is expected that the local, average protein-protein distance will be 

smaller than for the situation where the same amount of protein is homogeneously 

distributed. Hence, the smaller average protein-protein distance in the spray-dried 

formulation is consistent with the particle-scale microheterogeneity observed in CFM 
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(Figure 3.2). Moreover, the full q-range SANS patterns (included in Appendix C) 

show that this microheterogeneity in the spray-dried formulation does not originate 

from major changes in protein-scale microstructure, but rather can occur by a 

redistribution of the excipient and the protein molecules. 

This observation raises a question about how the microstructure is affected 

when insufficient sugar is present to stabilize the protein, either throughout the whole 

formulation or locally due to microheterogeneity. Below a certain sugar-to-protein 

ratio, which depends on the specific sugar, protein, and overall formulation conditions, 

formulations can exhibit a loss of protein stability [101]. As all of the formulations in 

this study were initially stable, with sugar-to-protein ratios of 1, it is expected that 

adequate sugar was present and that the effects of low sugar-to-protein ratios were not 

probed with these formulations. However, the methodology developed here can be 

applied to study such formulations with low sugar-to-protein ratios, as well as other 

solid-state formulations. 

4.3.5 Relation between Microstructural Changes and Aggregation 

The VC-SANS results can be used to assess the effects of the protein-scale 

microstructural changes in the solid-state formulations on the aggregation behavior 

and stability of the protein. As SANS probes the ensemble microstructure over the 

whole sample volume, it is better suited to studying the mechanisms and structure of 

bulk aggregation events than to detecting small degrees of protein aggregation. While 

this study focuses on initially stable formulations, where aggregate formation over the 

lifetime of the formulation is expected to be limited, interesting aspects of the 

aggregation mechanisms are revealed by observation of the microstructural changes in 

stressed conditions, such as through exposure to humidity and high temperature.  
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Figure 4.7:  Comparison of peak height evolution during exposure to vapor cell D2O 

flow for a regular (F1) and a heat-stressed lyophilized mAb sample (F3). 

The open symbols show the height of the monomer peak (𝑞 =
 0.16 Å−1), while the filled symbols show the height of the cluster peak 

(𝑞 =  0.10 Å−1). These peak positions are indicated in the inset, which 

shows the evolution of the SANS patterns of Formulation F1 with time 

(compare to Figure 4.4). 

The evolution of the nearest-neighbor peak height in the VC-SANS patterns of 

both an unstressed (F1) and a heat-stressed (F3) formulation under D2O flow is 

included in Figure 4.7. To obtain the heat-stressed sample (F3), the regular lyophilized 

mAb formulation (F1) was held at 110 ℃ for 5 hours to generate about 15% 

aggregates after reconstitution, compared to about 6% aggregates in the regular 

formulation (Table 4.1), as detected by size-exclusion chromatography (SEC). Figure 

4.7 is similar to that for the mAb in the deuterated sugar (F2, Figure 4.5a), but records 

the peak heights of the monomer (open symbols, at 𝑞 =  0.16 Å−1) and cluster (filled 

symbols, at 𝑞 =  0.10 Å−1) peaks separately. Peak heights are scaled by the heights of 
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the monomer peaks of the two formulations to account for small differences in sample 

mass. Note that the peak positions correspond to those observed for F2 (Table 4.2) and 

that the cluster peak overtakes the monomer peak about 10 hours after the start of the 

D2O-rich vapor flow, indicating the presence of aggregates in both formulations after 

exposure to humidity. 

If the aggregates detected by SEC were already present in the solid-state 

formulation before reconstitution, the cluster peak would be present in the VC-SANS 

patterns from the onset of the experiment or at least at short time scales. However, the 

fact that the cluster peak does not appear at the onset, especially for the heat-stressed 

formulation, and the fact that the peak heights align at early times for both 

formulations, shows that the irreversible aggregates detected by SEC are not present 

initially in the solid-state formulation. Specifically, the fact that the two formulations 

have the same peak heights even though they have significantly different aggregate 

content after reconstitution indicates that the formation of these reversible aggregates 

in the solid state is not directly related to the formulation’s tendency to form 

aggregates in solution. However, the small increase in peak height of the stressed 

formulation as compared to the unstressed formulation towards the end of D2O 

exposure could reflect its higher tendency to aggregate. These observations suggest 

that while modifications to the protein that make it prone to aggregation, such as 

partial unfolding or chemical modification, occur in the solid state, the proteins in 

stressed formulations are not aggregated in the solid state, where diffusion is 

quenched, but rather aggregate only after reconstitution.  

If the formation of the clusters observed by VC-SANS is not directly linked to 

the aggregates detected by SEC, what is the nature of these clusters in the solid state? 
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If the aggregates detected by VC-SANS are irreversible, which would indicate a 

permanent loss of stability, they are expected to persist through reconstitution and also 

be detected by SEC. However, if SEC does not detect the aggregates formed during 

VC-SANS, they are reversible and presumably disassociate during the reconstitution 

process. Since the aggregate content of the reconstituted formulations before and after 

VC-SANS is the same (Figure 4.8), most clusters detected by VC-SANS appear to be 

reversibly self-associating aggregates (reversible clusters). The fact that both 

formulations have the same peak height indicates that such aggregates are reversible. 

Although these aggregates disassociate upon reconstitution within a period of days 

after the VC-SANS experiment, their behavior when kept in the solid state over a 

longer span of time is an interesting topic for future study. For example, one could 

hypothesize that these reversible aggregates are precursors for irreversible aggregation 

during long-term storage, and that formulations that exhibit such reversible aggregates 

after drying, e.g., due to low excipient concentrations, are more prone to long-term 

stability issues. 

While these results demonstrate that VC-SANS is a useful tool for 

understanding protein-scale microstructural changes in solid-state formulations, it 

remains challenging to determine a formulation’s long-term stability. However, recent 

reports have shown that measurements of molecular dynamics in these formulations 

are capable of predicting stability. For example, both solid-state hydrogen-deuterium 

exchange with mass spectrometry (ssHDX-MS) and neutron backscattering (NB), 

techniques that probe different but potentially related fast protein dynamics, have been 

shown to reveal characteristics that correlate with long-term stability measurements 

[22,102–106]. However, the fundamental mechanisms of why these characteristics are 
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good predictors are not yet fully understood. As VC-SANS combines aspects of both 

ssHDX-MS and NB by combining hydrogen-deuterium exchange with protein-scale 

characterization, it is a promising technique to help elucidate the basis for the 

correlations between long-term formulation stability and molecular dynamics. 

 

Figure 4.8:  Comparison of aggregate content before and after exposure to vapor cell 

conditions for a regular (F1) and heat-stressed lyophilized mAb sample 

(F3), as measured by size-exclusion chromatography after reconstitution 

of the solid-state powders.  

4.4 Conclusions 

 

VC-SANS with contrast variation is shown as a new method for characterizing 

changes to the molecular arrangement in situ on protein length scales in solid-state 

biopharmaceutical formulations. Investigation of lyophilized and spray-dried 

formulations shows crowded morphologies similar to those in frozen protein solutions, 

in which protein molecules are separated sufficiently to be stabilized by a protective 

sugar layer, independent of the drying method. Plasticization of the solid matrix 
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through exposure to humidity leads to the formation of reversibly self-associated 

aggregates, possibly in the form of protein dimers, which dissociate after 

reconstitution. In addition, heat-stressed formulations do not show an increase in 

protein clustering in the solid state as compared to unstressed formulations, although 

the aggregate content of heat-stressed formulations after reconstitution is significantly 

higher. These results suggest that irreversible protein aggregation occurs upon 

reconstitution of the solid-state formulations, but that the formation of these 

aggregates is not directly caused by the presence of reversible aggregates in the solid 

state. 
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Chapter 5 

DATA-DRIVEN DEVELOPMENT OF PREDICTIVE MODELS FOR 

SUSTAINED DRUG RELEASE 

 

“Alle Dinge sind Gift, und nichts ist ohne Gift, allein die Dosis macht 

dass ein Ding kein Gift ist.” 

 

Paracelsus – Septem Defensiones (1538) 

 

Solid-state biopharmaceutical formulations are often used in alternative drug 

delivery pathways such as pulmonary delivery or sustained drug delivery devices, 

which can increase the efficacy of the drug and patient compliance. This chapter 

describes a new methodology for parameter estimation of predictive mathematical 

models for such sustained drug delivery systems. The next chapter will use this 

methodology to make model predictions for a couple of experimental model systems. 

5.1 Introduction 

The potential of sustained drug-delivery systems to enhance the long-term 

bioavailability of pharmaceuticals has motivated their application for 

biopharmaceutical formulations, where they can improve efficacy and reduce tissue 

damage due to frequent subcutaneous injections or intravenous infusions, ultimately 

improving patient compliance [7,111,112]. However, their inherent extended release 

times complicate their design and can delay and increase the cost of development, due 

to the need for multiple long-term experimental studies. The use of mathematical 
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models to simulate these drug-delivery systems and predict the expected behavior in 

vitro or in vivo for a wide range of system parameters can guide design and 

significantly reduce the required number of experimental trials. While the main 

advantage of these predictive models lies in their capability to make predictions 

outside of the known, experimentally-verified system behavior, making such 

predictions is intrinsically challenging and requires that the model can perform 

accurately when the parameter space is extended. 

 Accurate model predictions can be guaranteed if the model correctly describes 

the fundamental mechanisms behind the physical processes involved. However, 

because of the complexity of drug-delivery systems, the relevant underlying 

mechanisms are not always fully understood, especially for in vivo release. For 

example, drug release from poly(lactic-co-glycolic acid)-based (PLGA) drug delivery 

systems involves more than a dozen physico-chemical processes with more than 40 

interactions among these processes, all affecting drug release [113]. Consequently, 

mechanistic models that faithfully capture the drug-delivery processes will necessarily 

be complicated and contain a large parameter set that is subject to overfitting of 

available data. Alternatively, models can be simplified by abstracting certain processes 

or by using empirical correlations to capture experimental data. Such empirical models 

are computationally more tractable and have a limited set of parameters that are often 

specifically chosen because they can be determined from experimental data, but the 

performance of these models outside of the conventional parameter space is suspect at 

best. To balance these issues, predictive models typically contain simplified 

mechanistic representations or combine both empirical and mechanistic components. 

Thus, the challenge in developing predictive models lies in balancing empiricism for 
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simplicity with rigorous, but more complex representation of fundamental processes, 

which again is subject to overfitting of available data.  

A model’s performance is often based purely on its capacity to predict specific 

test data sets from parameter values estimated from a training data set [114–117]. 

However, it is important to understand which parameters in a given model are critical, 

as well as how many parameters can be estimated unambiguously from the available 

experimental data or, conversely, how many and which experimental data are 

necessary to support model training. Consequently, model selection, confidence, and 

design can be greatly improved by quantitative measures of the quality of parameter 

estimation. 

Here we provide a practical approach to obtain quantitative information on 

model and parameter quality and performance, with the goal of stimulating rational 

decision-making in the design and implementation of predictive models. We 

demonstrate the methodology through a model for sustained drug release from PLGA, 

one of the most commonly used biodegradable polymers for sustained drug release 

[111]. A wide variety of different PLGA-based drug delivery systems have been 

developed, including microspheres, gels, rods, and solvent depots. The complexity of 

the interconnected PLGA degradation, erosion, and drug release in these systems has 

made predictions of drug release challenging [113,118,119]. Consequently, a broad 

spectrum of models are available in the literature with varying levels of complexity 

and empiricism [117]. Our goal here is not to develop a new model but rather to 

illustrate a new methodology that can help select the best model for a specific 

application, as well as aid in the development of new models, by using published 

models and experimental data.  
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The methodology is based on the results of a recently-developed optimization 

algorithm [120] that, due to its stochastic nature, generates meta-data concerning the 

optimal fit parameters and their error estimates. These meta-data are further analyzed 

using statistical methods to determine factors related to model confidence and 

parameter sensitivity, accuracy, and correlation. While we focus on the predictive 

modeling of sustained drug release from PLGA systems, the approach is readily 

applied to a broad range of drug delivery modeling.  

5.2 Methodology 

5.2.1 Mathematical Model 

A model of controlled release was adapted from Little et al. for which the 

rationale and details regarding the model design as well as comparisons between 

model predictions and experimental data have been presented [121–123]. This model 

was specifically chosen because it was developed for predicting drug release from 

biodegradable polymer systems, particularly PLGA. To achieve this, the model 

combines both empirical and mechanistic elements to capture the release processes 

sufficiently accurately while limiting the number of model parameters. Several model 

extensions have been proposed that can include additional processes such as 

dissolution effects and those relevant for in vivo release [122,123]. Here we have 

adopted a relatively simple version of the model to use as an illustrative case study. 

This version, described briefly below, can capture zeroth- and first-order release 

profiles, as well as the characteristic tri-phasic, sigmoidal release profile consisting of 

first-phase “burst” release, a lag phase, and second-phase release.  
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The model incorporates three fundamental mechanisms implicated in drug 

release from biodegradable polymers in the form of partial differential equations 

(PDEs): drug diffusion, characterized by the diffusivity 𝐷𝐷, water uptake, 

characterized by the local water concentration 𝐶𝐻2𝑂, and polymer degradation, 

characterized by the average molecular weight 𝑀𝑊: 

 

5.1) 
𝜕𝐶𝐷

𝜕𝑡
=

1

𝑟𝑚

𝜕

𝜕𝑟
(𝑟𝑚 𝜕

𝜕𝑟
 𝐷𝐷𝐶𝐷), (5.1) 

5.2) 
𝜕𝐶𝐻2𝑂

𝜕𝑡
=

1

𝑟𝑚

𝜕

𝜕𝑟
(𝑟𝑚 𝜕

𝜕𝑟
 𝐷𝐻2𝑂𝐶𝐻2𝑂) − 𝑘𝑑𝑒𝑔 𝑀𝑊 𝐶𝐻2𝑂, and (5.2) 

5.3) 
𝜕𝑀𝑊

𝜕𝑡
= −𝑘𝑑𝑒𝑔 𝑀𝑊 𝐶𝐻2𝑂. (5.3) 

 

 

In these equations, 𝑚 is a parameter that defines the geometry of the system (0 for a 

slab, 1 for a cylinder, and 2 for a sphere), 𝑡 is the time, and 𝑟 is the spatial coordinate 

in the simplified one-dimensional geometry, which follows from the assumption of 

symmetry. Other parameters are listed in Table 5.1. Drug diffusion out of the system 

and water uptake are described by Fick’s second law. As water diffuses into the 

system, it reacts in a second-order hydrolysis reaction with the biodegradable polymer, 

which decreases the polymer’s average molecular weight (MW). Note that the MW in 

the model can be either the weight-averaged or number-averaged MW. 

Diffusion and erosion of the low-MW polymer degradation products are not 

explicitly described. Instead, the porosity (𝜖) of the system depends on the MW of the 

polymer through an empirical, sigmoidal relationship in which porosity rapidly 

increases when the average polymer MW has decreased sufficiently to reach a specific 

MW at which release occurs (𝑀𝑊𝑟): 
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5.4) 𝜖(𝑀𝑊(𝑟, 𝑡)) = 1 −
1

2
[1 + erf (

𝑀𝑊(𝑟,𝑡)−𝑀𝑊𝑟

√2𝜎𝑟
2

)]. (5.4) 

 

 

Here erf is the error function and 𝜎 represents the standard deviation (SD) of the 

polymer MW at the moment of release. As the polymer molecular weight decreases 

and the porosity increases, the effective diffusivity of the drug encapsulated within the 

matrix (𝐷𝐷) increases, asymptotically approaching the maximum diffusivity of the 

drug within the system (𝐷𝐷,0). However, drug within a certain occlusion radius (𝑅𝑜𝑐𝑐) 

of the outer surface of the system is assumed to be directly accessible by infiltrating 

water and experiences unhindered diffusion at the maximum diffusivity, representing 

the first-phase burst release: 

 

5.5) 𝐷𝐷(𝑟, 𝑡) = {
𝐷𝐷,0                            if  𝑟 > (𝑅 − 𝑅𝑜𝑐𝑐)

𝐷𝐷,0 𝜖(𝑀𝑊(𝑟, 𝑡))   if  𝑟 ≤ (𝑅 − 𝑅𝑜𝑐𝑐)
. (5.5) 

 

The initial conditions specify the initial drug and water concentration and initial 

polymer MW (𝑀𝑊0) in the system: 

 

5.6) 𝐶𝐷(𝑟, 0) = 𝐶𝐷,0, (5.6) 

5.7) 𝐶𝐻2𝑂(𝑟, 0) = 0, and (5.7) 

5.8) 𝑀𝑊(𝑟, 0) = 𝑀𝑊0. (5.8) 
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while the boundary conditions are defined based on symmetry conditions at the system 

center and perfect sink conditions at the surface:  

 

5.9) 
𝜕𝐶𝐷

𝜕𝑟
(0, 𝑡) = 0, (5.9) 

5.10) 
𝜕𝐶𝐻2𝑂

𝜕𝑟
(0, 𝑡) = 0, (5.10) 

5.11) 𝐶𝐷(𝑅, 𝑡) = 0, and (5.11) 

5.12) 𝐶𝐻2𝑂(𝑅, 𝑡) = 𝐶𝐻2𝑂,0. (5.12) 

 

Table 5.1:  Mathematical model parameters and initial fitting values for the 

microsphere data set. Parameters in grey are held constant during fitting 

of the parallel tempering algorithm (PTA). 

 
Parameter Symbol Initial Value Units 

1. Maximum drug diffusivity 𝐷𝐷,0 7.27 x 10
-17

 [m2

s⁄ ] 

2. Initial drug concentration 𝐶𝐷,0 117 [
kg

m3⁄ ] 

3. Water diffusivity 𝐷𝐻2𝑂 10
-12

 [m2

s⁄ ] 

4. Maximum water concentration 𝐶𝐻2𝑂,0 50 [mass% ] 

5. Drug occlusion size (radius) 𝑅𝑜𝑐𝑐 1 [μm] 

6. System size (radius) 𝑅 13.15 [μm] 

7. 
Polymer initial molecular 

weight 
𝑀𝑊0 7831 [Da] 

8. 
Polymer molecular weight at 

drug release 
𝑀𝑊𝑟 1000 [Da] 

9. 
Polymer molecular weight 

degradation rate constant 
𝑘𝑑𝑒𝑔 6.00 x 10

-10
 [1

s(kg m3⁄ )⁄ ] 

10. 
Polymer molecular weight 

standard deviation at release 
𝜎𝑟 1000 [Da] 
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5.2.2 Experimental Data 

Two experimental data sets from the literature served as example problem sets. 

One data set, describing the release of lysozyme from PLGA microspheres in an 

acetate buffer [124], is limited in that it contains only drug release data. These data 

show a sigmoidal release profile accompanied by an initial burst release. Conversely, 

the second data set, involving the release of fragment antibodies (Fabs) from PLGA 

solvent depots, contains data on drug release, polymer degradation, polymer erosion, 

and water uptake [91]. Moreover, it contains data for three different initial polymer 

MWs (10, 41, and 56 kDa), enabling a more thorough exploration of model behavior. 

5.2.3 Parallel Tempering Algorithm 

The adaptive parallel tempering algorithm (PTA) [120] was used to determine 

the optimal model parameters based on the available experimental data. The design 

and attributes of the algorithm, as well as its superior performance when evaluating 

several standard test problems, are discussed in the literature [120]. The PTA is 

particularly effective at robustly and efficiently finding estimates for global optima for 

complex problems, and the method generates meta-data that enable evaluation of the 

model. 

Conceptually, the objective function that describes the goodness-of-fit between 

a model and experimental data can be imagined to constitute a landscape within 

parameter space, where minima in the landscape correspond to parameter solutions 

that describe the experimental data well. The PTA is a stochastic method that 

identifies parameter sets that minimize an objective function by directing a biased 

“random” walk through the allowed parameter space. This biased random walk is 

generated similarly to the more familiar Monte Carlo stochastic simulations in 
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statistical physics, where the objective function here plays the role of microstate 

energy and the parameter space that of the physical microstate space. Due to the 

stochastic nature of the PTA, multiple runs of the algorithm will lead to different 

optimal parameter solutions. Comparing solutions can identify if, for example, the 

solution landscape includes multiple basins of comparable fit quality, or the relative 

breadth of the solution basin. Consequently, the PTA can be used to explore the 

objective function landscape and understand parameter set uniqueness and uncertainty.  

While assessment of the objective function landscape can be achieved by 

evaluating the objective function for each parameter combination, for complex 

problems this is often impractical due to the high computational requirements. Instead, 

the PTA focuses, due to its design, on the regions of parameter space where the effects 

of parameter sensitivity and correlation are most critical. Within one run, the PTA 

evaluates the objective function many times, generally guided towards the minima. 

Hence, even within one run, the PTA generates a large amount of meta-data that can 

be used to understand critical aspects of the objective function through statistical 

analysis, without having to evaluate it for the whole parameter space. When the PTA 

is run multiple times, additional meta-data on the objective function landscape around 

the global minimum can be obtained. 

5.2.4 Implementation 

The PTA and the mathematical model were coded in Matlab® (Mathworks, 

R2017b). The objective function used by the PTA to optimize the model parameters 

was based on a sum-squared error (SSE) between the model results and experimental 

data sets. In the case of multiple data sets, such as the solvent depot data, the SSE was 

weighted equally for each data set, though changing the weighting factors did not have 
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a significant effect on the optimization results. The set of model partial differential 

equations was solved using the finite-difference method through the pdepe function in 

Matlab®. Default values for the PTA-specific parameters were used [120]. 

Initial values of the model parameters, the starting point of the PTA, were 

based on literature values. Initial parameter values for the microsphere data fitting are 

included in Table 5.1. For the more comprehensive solvent depot data, the PTA 

solutions were shown to be fairly insensitive to the initial parameter values (data not 

included). The initial drug concentration, maximum water uptake, and microsphere 

radius were considered known and were held constant during model fitting, reducing 

the number of parameters that were initially fitted to seven. The initial drug 

concentration was estimated from common values in the literature. However, the 

initial drug concentration does not affect the shape of the cumulative drug release 

curve; it determines only the absolute amount of drug released per period of time. The 

maximum water uptake is also mostly a scaling factor, and was estimated to be 

roughly 50% by system mass, based on water uptake data in PLGA systems [91,125]. 

The mean system diameters and the PLGA initial MWs were reported by the authors 

[91,124]. The polymer MW variance at release was estimated based on the reported 

polymer polydispersity indices (PDIs) of approximately 2 [91,124]. The polymer 

degradation rate was estimated based on reported PLGA degradation half-lives of 

approximately 3 weeks for a 50: 50 L/G ratio [126,127]. The occlusion radius was 

estimated based on the expected particle size of the encapsulated drug [91]. The initial 

values for the maximum drug diffusivity, water diffusivity, and polymer MW at 

release were based on empirical correlations [121,122].  
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Meta-data on the parameters were obtained by multiple runs using the same 

initial values and these sets of parameter solutions were used for statistical analysis, 

including parameter variation and Pearson correlation coefficients (corrcoef function 

in Matlab® [128]). The correlation coefficients yield probability values (p-values) for 

the hypothesis that there are no correlations among different parameters. A p-value 

smaller than 0.05 was considered a significant parameter correlation. 

5.3 Results and Discussion 

The combined mathematical model and PTA were first used to analyze the 

limited microsphere data set and then to analyze the more extensive solvent depot data 

set for the 41 kDa MW PLGA. These optimal model parameters were used to make 

predictions regarding the 10 and 56 kDa MW PLGA solvent depot data, which are 

compared against the experimental data.  

5.3.1 Detecting Overfitting 

Drug release data of lysozyme-loaded PLGA microspheres are shown in 

Figure 5.1 [124]. The drug release model, adapted from Little et al. [121–123], was 

used in conjunction with the parallel tempering algorithm (PTA) [120] to find optimal 

parameter solutions. The initial estimates of the model parameters, based on literature 

values, are included in Table 5.1, with the model prediction for these values shown in 

Figure 5.1 (dashed line). Without any parameter fitting, the model already describes 

the experimental data fairly well, which is an asset that this systems-focused model 

was specifically designed for by its authors. 

Results of the PTA fitting are shown in Figure 5.1 (solid line). The optimized 

parameter set fits the experimental data well and improves on the literature values. 
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However, fitting such limited data can be suspect as a highly-parametrized model 

often leads to overfitting of the available data. Meta-data on the fit parameters was 

obtained from six independent fitting runs from the same initial values. Seven 

parameters were fit while three were held constant (Table 5.1). The results (Table 5.2) 

include the optimal parameters for each of the independent runs, the corresponding 

objective value, and the average parameter values and coefficients of variation (CV) 

across the six runs. The fits overlap with the fitted curve shown in Figure 5.1 and yield 

comparable objective values. Although most solutions are located in the same general 

area of parameter space, there is significant variation in parameter values. In 

particular, the optimal parameters found in Run 4 are quite different from those 

identified in the other runs, indicating that the PTA located multiple minima in the 

objective function. 

 

Figure 5.1:  Model fitting of the drug release model to experimental, cumulative 

release data of lysozyme-loaded PLGA microspheres [124]. 
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Table 5.2:  Optimal parameter values and corresponding objective functions for the 

mathematical model fit to the microsphere data set, as obtained from six 

different runs of the PTA. Red and green highlights indicate the range of 

the objective function values. 

 

Drug 

diffusivity 

Water 

diffusivity 

Occlu-

sion 

radius 

Initial 

polymer 

MW 

Polymer 

MW at 

release 

Polymer 

degradation 

rate constant 

Polymer 

MW SD 

at release 

Objec-

tive 

Value 

 

[10−16
m2

s
] [10−12

m2

s
] [10−6 m] [Da] [Da] [ 

10−10

s(kg m3⁄ )
] [Da] [−] 

Initial 0.73 1.00 1.00 7831 1000 6.00 1000 0.526 

Run 1 1.02 0.99 0.96 9784 1101 6.01 1403 0.237 

Run 2 0.89 1.21 0.95 8050 1024 6.25 1052 0.240 

Run 3 1.19 0.84 0.87 4902 636 5.43 719 0.233 

Run 4 2.35 0.09 0.81 6902 1182 3.69 1200 0.223 

Run 5 1.26 1.22 0.87 6849 923 5.24 1021 0.232 

Run 6 1.53 0.92 0.88 6389 852 4.86 1004 0.231 

Average 1.37 0.88 0.89 7146 953 5.25 1067 
 

CV (σ/μ) 38% 47% 6% 23% 21% 17% 21% 
 

 

Strong parameter correlations are evident in the statistical analysis of these 

meta-data. Probability values (p-values, Table 5.3) below 0.05 are considered 

significant (bold values in red in Table 5.3). Many parameter correlations exist in this 

model fit; this is expected, as the model is highly-parametrized relative to the amount 

of experimental data. For example, the polymer degradation rate constant and the drug 

diffusivity parameterize two opposing effects that, when varied in a balanced manner, 

can lead to similar predictions of drug release behavior. Note that there are especially 

many correlations among parameters involving the polymer degradation process, 

which helps identify refinement of the experimental methods. Here, the fitting 

methodology clearly indicates that additional experimental data are required to 
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identify parameters uniquely, for example by obtaining additional information on the 

polymer degradation, such as polymer MW. This is illustrated in the next example. 

Table 5.3:  P-values for the hypothesis that there is no correlation between the 

different pairs of model parameters for the microsphere data, based on six 

PTA runs (Table 5.1). For the bold values in red, the corresponding 

parameter correlation is considered significant. 

P-values  

(< 0.05) 

Drug 

diffusivity 

Water 

diffusivity 

Occlusion 

radius 

Initial 

polymer 

MW 

Polymer 

MW at 

release 

Polymer 

degradation 

rate constant 

Polymer 

MW SD 

at release 

Drug 

diffusivity  
1.000 0.012 0.029 0.568 0.489 0.000 0.861 

Water 

diffusivity  
0.012 1.000 0.118 0.680 0.495 0.032 0.752 

Occlusion 

radius 
0.029 0.118 1.000 0.133 0.868 0.008 0.500 

Initial 

polymer 

MW 

0.568 0.680 0.133 1.000 0.090 0.402 0.014 

Polymer 

MW at 

release 

0.489 0.495 0.868 0.090 1.000 0.687 0.033 

Polymer 

degradation 

rate constant 
0.000 0.032 0.008 0.402 0.687 1.000 0.950 

Polymer 

MW SD at 

release 

0.861 0.752 0.500 0.014 0.033 0.950 1.000 
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5.3.2 Critical Parameters and Model Sensitivity 

In addition to parameter correlations, estimation of unique parameter values 

can be compromised when the model results are relatively insensitive to changes in the 

values of certain parameters. As with correlations, model sensitivity can be inherent to 

the model itself, but is also influenced by the nature of the available experimental data. 

Understanding which parameters influence model results, as well as to which 

parameters the model is insensitive, is important when designing experiments, 

interpreting the statistical analysis or, at a higher level, developing suitable models. 

Moreover, keeping non-critical parameters constant through parameter estimation can 

greatly reduce model complexity and hence computational requirements. Model 

insensitivities will manifest in the objective function landscape as a shallow trough 

contained within the specific parameter dimension. Consequently, they can be 

explored with the PTA similarly to parameter correlations.  

The solvent depot data contain information on the polymer MW degradation 

and water uptake, in addition to the cumulative drug release, for initial polymer MWs 

of 10, 41, and 56 kDa [91]. The experimental data for the 41 kDa initial polymer MW 

are shown in Figure 5.2, along with model fits by the PTA from initial values that 

were estimated from the literature. The model describes each of the data sets well. 

Moreover, the parameter values are much more uniquely defined, with coefficients of 

variation (CVs) for most parameters below 10%, as obtained from twenty independent 

optimization runs of the PTA (data included in Appendix D, Table D.1). However, the 

water diffusivity and occlusion radius have CVs of 217 and 51%, respectively, 

providing clear indications of model insensitivity to these parameters, as can be easily 

understood from Figure 5.2. Burst release is so low (Figure 5.2a) that the occlusion 

radius is negligibly small and can easily be reduced by an order of magnitude without 
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significantly affecting the model fit. Similarly, water uptake is very rapid (Figure 5.2c) 

in this system, such that the model results are not affected by changes to the water 

diffusivity. As the model is insensitive to these parameters, they can be considered 

constants and can be removed from the PTA optimization, redrawing the objective 

function and reducing computational time. 

 

Figure 5.2:  Model fitting of the drug release model to experimental data of PLGA 

solvent depots with initial molecular weight (MW) of 41 kDa [91]: (a) 

cumulative drug release, (b) polymer degradation, and (c) water uptake. 

The PTA parameter estimation can consequently be rerun with the optimized 

set of parameters to probe the quality of parameter estimation. With the removal of 

two additional fitting parameters, five parameters are estimated by the PTA for the 

solvent depot data. The results of twelve PTA runs are included in Appendix D (Table 

D.2). The CVs of the five parameters in these runs are all below 10%, and the p-

values to test for correlations between the parameters are shown in Table 5.4. It is 

clear that even though this experimental data set contains additional information, 

including on the polymer degradation process, significant parameter correlations 
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between the (1) polymer MW at release and drug diffusivity and (2) polymer 

degradation rate constant and initial polymer MW persist. For the former, neither of 

these parameters is clearly defined by the experimental data. Rather, both are 

estimated from the reported rate of drug release. Hence, to guarantee that the model 

parameters are uniquely defined, one of these parameters should be determined 

through additional data. For example, the authors of the model have done this through 

empirical correlations extracted from comprehensive data in the literature [121]. For 

the latter parameter pair, the correlation is caused mainly by the fact that the model’s 

predicted polymer degradation profile does not agree perfectly with the experimental 

data, particularly in the early time points, where the model overpredicts the polymer 

degradation rate of the experimental system (Figure 5.2b). Observations like these 

indicate that further refinements of the model might be necessary. 

5.3.3 Model Predictions 

The model predictive capability is assessed by comparing against additional 

data with variations in initial polymer MW. Using the optimal parameters from the 

41 kDa dataset, predictions of the model are compared against the 10 kDa and 56 kDa 

initial polymer MW data sets, where the initial MW is the only parameter modified. 

The model predictions and experimental data are compared in Figure 5.3, which 

shows the excellent model predictions for the 56 kDa PLGA, providing confidence in 

model validity. However, while the model qualitatively captures the dramatic change 

in release pattern for the 10 kDa PLGA, it does not quantitatively predict the 10 kDa 

drug release and polymer degradation profiles. 
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Table 5.4:  P-values for the hypothesis that there is no correlation between the 

different model parameters for the solvent depot data, based on twelve 

PTA runs with five fitted parameters (Table D.2 in Appendix D). For the 

bold values in red, the corresponding parameter correlations are 

considered significant. 

P-values  

(< 0.05) 

Drug 

diffusivity 

Initial 

polymer 

MW 

Polymer 

MW at 

release 

Polymer 

degradation 

rate constant 

Polymer 

MW SD at 

release 

Drug 

diffusivity  
1.000 0.808 0.000 0.460 0.349 

Initial polymer 

MW 
0.808 1.000 0.924 0.042 0.524 

Polymer MW 

at release 
0.000 0.924 1.000 0.222 0.820 

Polymer 

degradation 

rate constant 

0.460 0.042 0.222 1.000 0.771 

Polymer MW 

SD at release 
0.349 0.524 0.820 0.771 1.000 

 

This discrepancy points to an underlying problem with applying the model to 

systems with fundamentally different physical states. The poor quantitative accuracy 

can be attributed to the very different physicochemical properties of the 10 kDa 

PLGA, which remains a viscous fluid when injected into the release medium, while 

the higher molecular weight formulations quickly form a solid depot [91]. Model 

parameters such as diffusivities and degradation rate constants can be expected to be 

different in a liquid versus a solid phase.  
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Figure 5.3:  Predictions (dashed blue) and simultaneous fits (solid red) of the drug 

release model to experimental data of PLGA solvent depots with initial 

MW of 10 kDa (panel a and c) and 56 kDa (panel b and d) [91]: (a-b) 

cumulative drug release and (c-d) polymer degradation. 

In an alternative application of the PTA, the data sets for all three initial 

polymer MWs can be used to train the model simultaneously. Table 5.5 shows the 

results of a simultaneous parameter fit where parameter values are required to be same 
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across the different data sets, with the exceptions of the initial polymer MWs and the 

drug diffusivity and polymer degradation rate constant for the 10 kDa PLGA. The 

optimized model results are included in Figure 5.3 (results for the 41 kDa PLGA are 

similar to those shown in Figure 5.2). Indeed, as anticipated by physical 

considerations, varying the drug diffusivity and polymer degradation rate enables 

accurately modeling the experimental results for the 10 kDa PLGA. Furthermore, the 

parameter changes make physical sense for when the depot is a viscous liquid instead 

of a solid. Naturally, when additional information is fed to the PTA, it can provide 

more useful insights, as shown here by the detection of significant deviations of 

expected parameter values for multiple data sets. 

Although only the final optimized parameter values for each run are used here 

for ease of concept and display, the PTA generates thousands of objective function 

evaluations during each run. This meta-data can be used in combination with 

analytical tools to create a better understanding of the relevant parameter space in 

complex models and large experimental data sets. The advantages of the PTA lie in its 

ability to identify parameter correlations and model sensitivities, not just inherent to 

the mathematical model, but with practical relation to specific experimental training 

sets in those areas of parameter space that are most critical for parameter estimation. 
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Table 5.5:  Optimized parameter values as obtained by simultaneous fitting of the 

solvent depot data by the PTA. Parameter values in grey are held 

constant during fitting, bold parameter values in red are fitted 

independently, and italicized parameter values in green are fitted 

simultaneously across the different initial PLGA MWs. 

Parameter Units 10 kDa 41 kDa 56 kDa 

Drug diffusivity  [10−13
m2

s
] 5.57 1.28 1.28 

Initial drug 

concentration 
[kg m3⁄ ] 195 195 195 

Water diffusivity  [10−12
m2

s
] 1.00 1.00 1.00 

Maximum water 

concentration 
[kg m3⁄ ] 988 988 988 

Occlusion radius [10−8 m] 1.00 1.00 1.00 

System radius [10−3 m] 1.00 1.00 1.00 

Initial polymer MW [Da] 11540 46693 54866 

Polymer MW at release [Da] 1864 1864 1864 

Polymer degradation 

rate constant 
[ 

10−10

s(kg m3⁄ )
] 2.18 3.89 3.89 

Polymer MW SD at 

release 
[Da] 10583 10583 10583 

 

5.4 Conclusions 

Rational decision-making on (1) the selection and development of predictive 

models and (2) experiment and formulation design for sustained drug release is 

enabled by meta-data obtained from a stochastic parallel tempering method (PTA) for 

parameter estimation. We describe a practical methodology to use the PTA to access 

and analyze these meta-data with the help of a mathematical model and experimental 
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data from the literature. In particular, the PTA method in combination with a simple 

model allows (1) robust generation of near-optimum model solutions while 

simultaneously fitting different experimental data sets, (2) determination of parameter 

correlations and model sensitivity based on available data, and (3) guidance in the 

experimental design of desired release profiles. 
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Chapter 6  

DESIGN OF SUSTAINED RELEASE BIOPHARMACEUTICAL SYSTEMS 

THROUGH MODEL PREDICTIONS 

While the previous chapter focused on the methodology of using the parallel 

tempering algorithm (PTA) to estimate model parameters, the discussion in this 

chapter is on the validation of the model and the application of this methodology to 

investigate long-term, sustained release from experimental biopharmaceutical systems. 

6.1 Introduction 

The molecular size and complexity of biopharmaceuticals gives them the 

advantage of high potency and specificity, but makes them challenging to formulate – 

as discussed in previous chapters – as well as to deliver [7]. Their size leads to reduced 

permeation through biological barriers, while their complexity makes them prone to 

loss of activity due to environmental triggers. Long-term, sustained delivery systems 

are promising approaches to increase the bioavailability of biotherapeutics and reduce 

the need for frequent administration of the drug [111,112,129]. While such delivery 

systems have been relatively successful for small-molecule drugs, their design and 

application for large-molecule biopharmaceuticals is also challenged by the size and 

complexity of these drugs. Most patents, applications currently on the market, and 

experimental studies in the literature consequently relate to small-molecule drugs or 

small peptides [119,121,129–131]. Hence, further investigation of sustained delivery 

systems for large molecules is warranted to broaden their use in biotherapeutic 

applications, but detailed experimental studies on these systems can require excessive 
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amounts of time. The understanding and development of such systems can be 

accelerated with the aid of mathematical models, such as the one described in the 

previous chapter. Models that are sufficiently accurate can elucidate the important 

mechanisms and corresponding design parameters and predict the expected drug 

release profile a priori. However, guaranteeing the accuracy of these models is 

inherently difficult, and confidence in the predictive capabilities generally relies on 

some experimental validation of the model. A carefully selected experimental test 

system is consequently required to validate a model for future use in formulation 

development. 

The design of specific drug release profiles is a particularly important example 

of how the development of biotherapeutic sustained-release formulations can be 

informed by model predictions. The tight control of the release profile in vitro or in 

vivo is a major challenge in the design of sustained-release formulations. A minimum 

amount of release per day is generally required to keep the bioavailability of the drug 

at a sufficient level to maintain the biotherapeutic effect, but excessive release can be 

toxic or decrease the overall lifetime of the sustained-release system. Indeed, a 

common problem is burst release, in which a significant amount of drug is delivered 

during the first phase of release [7,132]. Although any of a number of different release 

profiles can be preferred, depending on the requirements of a specific application, a 

logical, desirable release profile based on the previous restrictions is a linear (zeroth-

order) one. Such a release profile is desired for biotherapeutic applications as it leads 

to a constant drug release per day over the lifetime of the system, but it is practically 

challenging to achieve. Poly(lactic-co-glycolic acid) (PLGA) is a common material 

used for sustained delivery systems as it is mechanically strong, hydrophobic, and 
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biocompatible [7,111,113,116,131,133]. Moreover, its speed of degradation can be 

manipulated by altering the polymer composition and its degradation products are 

toxicologically acceptable products that are naturally removed from the body. 

However, PLGA systems generally lead to either rapid first-phase release or exhibit a 

lag phase with tri-phasic release. 

Here, the model and methodology described in the previous chapter are used to 

predict the drug release from two different experimental systems, with the intention to 

(1) test the broad applicability of the model, (2) investigate the capacity of the model 

to aid in the design of such experimental systems, and (3) gain key insight into these 

systems to inform future developments. While a wide variety of drug release models 

are available in the literature [114–119,134,135], the model introduced in the previous 

chapter was specifically chosen and adapted from Little et al. to provide predictive 

capabilities for typical sustained drug release systems [121–123]. The two 

experimental systems are (1) injectable solvent depots and (2) implantable solid rods, 

systems that have been reported on extensively in the literature but that are relatively 

unexplored for large-molecule drugs [91,129,136]. The main goal of the solvent depot 

system is to create an experimental PLGA formulation with a linear (zeroth-order) 

release profile. Here, we have used design principles obtained from mathematical 

model fits to an ideal release profile to inform the development of an experimental 

solvent depot system with such a release profile.  

The main goal of studying the experimental rod system is to validate the 

mathematical model while obtaining fundamental understanding of important drug 

release mechanisms. Although many experimental systems for studying drug release 

kinetics have been described in the literature [119,121,129–131], they often focus on a 
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particular drug or application, and insufficient information is available to study the 

degradation and drug release processes and understand their effects on the model 

parameters. Here, we have created a model experimental system consisting of nine 

different PLGA-based formulations with varying properties that directly correspond to 

model parameters, allowing direct observation of the effects of changing model 

parameters on drug release in vitro. During the degradation and drug release of the 

rods, critical system characteristics incorporated in the model, such as polymer 

molecular weight, polymer polydispersity, rod erosion, drug release, and water uptake 

are monitored over a period of fifteen weeks to validate model mechanics. Moreover, 

a surrogate drug in the form of fluorescently labeled dextran is used to generalize the 

release of large-molecule drugs and to allow direct imaging of the microstructure and 

drug distribution within the rods. 

6.2 Materials and Methods 

6.2.1 Materials 

Amber glass vials of volume 4 mL and tetrahydrofuran (THF) Optima™ were 

obtained from Fisher Scientific (Hampton, NH). Phosphate-buffered saline (PBS) 

packets and stock solution containing Tween 20 (polysorbate 20, PS20) and azide 

were purchased from Millipore-Sigma (Burlington, MA) and were used to prepare 

PBS with 0.01% PS20 and 0.02% azide (PBS TN). Fluorescein isothiocyanate 

(FITC), dextran (from Leuconostoc spp. with MW 6 and 40 kDa), and dibutyltin 

dilaurate were obtained from Sigma–Aldrich (St. Louis, Missouri). Poly(lactic-co-

glycolic acid) (PLGA) polymers (RG 505S, RG 752H, RG 755S, RG 756S, 7525 

DLG 4A, and 8515 DLG 5A) were obtained from Evonik Industries AG (Essen, 
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Germany). A fragment antibody (Fab1) was supplied by Genentech, Inc. (South San 

Francisco, CA). 

6.2.2 Mixed Solvent Depot Preparation 

Solvent depots were prepared in triplicate and subjected to in vitro release 

studies at Genentech as described previously [91], with spray-dried Fab1 particles 

obtained by the procedure in Section 3.2.3. In contrast with this prior work, which was 

the basis for the solvent depot studies in the previous chapter, three PLGA polymers, 

RG 752H, RG 755S, and RG 756S, labeled Polymer I (7 kDa), Polymer II (36 kDa), 

and Polymer III (55 kDa), respectively, were mixed here in three formulations to 

obtain polymer blends with varying polydispersity but with similar weight-averaged 

molecular weights (𝑀𝑊𝑤), listed in Table 6.1. These polymers correspond to those 

used in the previous chapter, to guarantee transferability of the model parameters, 

except for the lowest MW polymer, which was not available for this study. However, 

the 7 kDa PLGA is expected to exhibit similar characteristics as the 10 kDa PLGA of 

Chapter 5. As a control, the pure PLGAs were also prepared in three additional 

formulations (Table 6.1). The number-averaged and weight-averaged MWs (𝑀𝑊𝑛 and 

𝑀𝑊𝑤) are related to the polydispersity index (PDI = 𝑀𝑊𝑤/𝑀𝑊𝑛) and the polymer 

number-averaged MW standard deviation (𝜎𝑛) through [137] 

 

6.1) 
𝜎𝑛

2

𝑀𝑛
2 =  PDI − 1. (6.1) 
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Table 6.1:  Solvent depot formulation compositions, weight- and number-averaged 

molecular weights (𝑀𝑊𝑤 and 𝑀𝑊𝑛), polydispersity indices (𝑀𝑊𝑤/𝑀𝑊𝑛, 

PDI), and glass transition temperatures (𝑇𝑔). MW and PDI values were 

determined at Genentech using gel permeation chromatography. 

 
Polymer Formulation  

[Mass Fraction] 
    

Formulation 
Polymer I 

(7 kDa) 

Polymer II 

(36 kDa) 

Polymer III 

(55 kDa) 
𝑀𝑊𝑤 
[kDa] 

𝑀𝑊𝑛 
[kDa] 

PDI 

[-] 

𝑇𝑔 

[°C] 

1 0.1 0.8 0.1 60.9 19.1 3.2 - 

2 0.2 0.6 0.2 61.8 18.3 3.4 - 

3 0.4 0.2 0.4 63.4 12.6 5.0 - 

4 1 0 0 13.1 7.2 1.8 41 

5 0 1 0 64.3 35.7 1.8 47 

6 0 0 1 117.7 55.2 2.1 46 

 

6.2.3 Rod Design 

A set of nine PLGA rod formulations was designed with the aim of studying 

the effect of important rod properties that are directly related to parameters in the 

mathematical model (Table 6.2). The experiment was set up around one reference 

formulation (A), with other formulations varying a specific design parameter to either 

a lower (−) or higher (+) value. Five parameters were explored, and formulations are 

identified by the parameter varied and its value relative to that of the reference sample 

(Table 6.2). Due to lack of practical relevance and to material constraints, the lower 

rod radius and higher drug molecular weight were not considered. Instead of a 

biopharmaceutical drug, dextran labeled with fluorescein isothiocyanate (FITC-

dextran) was used as a surrogate model drug, which allowed control of the MW, 

detection of the drug release through fluorescence intensity of the release buffer, and 

imaging of the drug particle distribution within the PLGA rods.  
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Specific PLGA grades used for each formulation are listed in Table 6.3, where 

the first four digits indicate the L/G ratio, the number after DLG corresponds to the 

ratio of the intrinsic viscosity to the molecular weight (IV/MW, higher value 

corresponds to larger MW), and the last letter stands for the end group (A for acid and 

S for ester). Polymers with higher L/G ratios will degrade more slowly. In addition, 

PLGAs with ester end groups will generally degrade more slowly than those with acid 

end groups. Although the same end group should have been used for direct, fair 

comparisons of the formulations, two PLGAs with acid end groups were used here due 

to the limited availability of the polymers. 

Table 6.2:  PLGA rod design parameters for nine different formulations. Bold values 

in red indicate variations from the reference formulation A. 

Parameter Symbol Units 

Formulation 

A. 

Ref 

B.  

R+ 

C. 

MW0- 

D. 

MW0+ 

E. 

CD,0- 

F. 

CD,0+ 

G. 

MWD- 

H. 

L/G- 

I. 

L/G+ 

Rod radius 𝑅 [mm] 0.25 0.5 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

Polymer 

initial 

molecular 

weight 

𝑀𝑊0 [kDa] 60 60 50 110 60 60 60 60 60 

Initial drug 

concentra-

tion 

𝐶𝐷,0 [w %] 15 15 15 15 5 25 15 15 15 

Drug 

molecular 

weight 
𝑀𝑊𝐷 [kDa] 40 40 40 40 40 40 6 40 40 

L/G ratio 𝐿/𝐺 [%L: %G] 75:25 75:25 75:25 75:25 75:25 75:25 75:25 50:50 85:15 
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Table 6.3:  PLGA grades used for each of the nine different formulations. Grades in 

red italics indicate variations from the reference formulation A. 

Formulation PLGA grade 

A. Ref 7525 DLG 5S (RG 755S) 

B. R+ 7525 DLG 5S (RG 755S) 

C. MW0- 7525 DLG 4A 

D. MW0+ 7525 DLG 6S (RG 756S) 

E. CD,0- 7525 DLG 5S (RG 755S) 

F. CD,0+ 7525 DLG 5S (RG 755S) 

G. MWD- 7525 DLG 5S (RG 755S) 

H. L/G- 5050 DLG 5S (RG 505S) 

I. L/G+ 8515 DLG 5A 

 

6.2.4 Spray-Drying and Characterization of FITC-Dextran  

Spray-dried FITC-dextran was prepared and characterized at Genentech. To 

prepare FITC-dextran, 1 g dextran was dissolved in 10 mL dimethyl sulfoxide 

(DMSO) containing a few drops of pyridine. Consecutively, 0.1 g fluorescein 

isothiocyanate and 20 mg dibutyltin dilaurate were added, and the mixture was heated 

for 2 h at 95 ℃ to perform conjugation. This procedure was scaled up linearly for 

larger batches. The FITC-dextran was lyophilized after several precipitations in 

ethanol to remove the free dye.  

Lyophilized FITC-dextran was formulated at 20 mg/mL in 10 mM histidine-

HCl buffer with 0.02% (w/v) polysorbate 20 at pH 5.5 for spray drying. The 

formulated FITC-dextran solution was spray-dried using a Buchi laboratory-scale 

spray-dryer model 191 (Buchi Labortechnik AG, Flawil, Switzerland) with inlet and 

outlet temperatures of 90 ℃ and 60 ℃, respectively. The collected spray-dried powder 

was secondary-dried overnight and stored at 4 ℃ until further use. 
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The particle size distributions of spray-dried FITC-dextran formulations were 

measured using a Horiba Partica LA-950V2 laser diffraction particle size distribution 

analyzer (Horiba Ltd., Kyoto, Japan). Approximately 1 mg of spray-dried powder was 

dispersed in 1 mL of isopropanol and the dispersion was added drop-wise to 50 mL 

isopropanol until a target light obscuration level was achieved. The refractive index of 

isopropanol (1.3776) was used to calculate the size distribution using the particle-

sizing program. The mean particle size for the 6 and 40 kDa FITC-dextran spray-dried 

particles was 6.6 and 5.9 μm, respectively. 

The glass transition temperature (𝑇𝑔) of the spray-dried FITC-dextran particles 

was measured by modulated differential scanning calorimetry (MDSC, TA 

Instruments Q2000, New Castle, DE). Approximately 1 − 3 mg of sample and an 

empty reference pan were sealed in a TA hermetical aluminum pan. The MDSC 

experiments were performed by equilibrating the samples and reference pan to 5 ℃ for 

10 minutes, modulating ±1 ℃ every 60 seconds, and then heating to 200 ℃ at a rate 

of 2 ℃/min. The 𝑇𝑔 was determined as the glass transition midpoint in the reversing 

signal and was found to be 92.6 and 104.7 ℃ for the 6 and 40 kDa dextran-FITC, 

respectively. 

6.2.5 Extrusion of Rods 

Hot-melt extrusion was performed at Genentech using a Haake Minilab conical 

counter-rotating twin-screw extruder (Thermo Scientific, Karlsruhe, Germany). The 

extruder barrel was pre-heated to 90 ℃ and the screw speed was set to 30 rpm. The 

pre-weighted solid PLGA and spray-dried FITC-dextran were starve-fed slowly into 

the extruder and re-circulated back to the barrel for micro-compounding. The melt-

phase blending was continued for 30 min after complete feeding and then extruded 
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through a 0.5 mm or 1.0 mm circular die. The extrudate was cooled to room 

temperature, cut to cylinders of desired length using a razor blade and stored in glass 

vials until further use. 

6.2.6 Experimental Setup of Rods 

All rod studies were performed in triplicate for each of the nine formulations. 

One sample set of 27 samples was prepared for drug release studies, while separate, 

sacrificial sample sets were prepared for water uptake, rod erosion, and polymer 

degradation studies, which required one sample set every two weeks. For each sample, 

the polymer rods were cut into five 1 mg segments and placed in a labeled 4 mL 

amber glass vial. The exact weight of the empty vials and rods was recorded so that 

the drug release, water uptake, and rod erosion could later be normalized to the exact 

rod mass. Before the vials were capped, 1 mL of the release buffer (PBS TN) was 

added. For the drug release studies, the capped vials were sealed with plastic film to 

minimize evaporation. Vials were then incubated at 37 °C. The release buffer was 

replenished on day 1 and then every 7 days. At each of these time points, the release 

buffer (PBS TN) was completely pipetted out, 1 mL of fresh PBS TN was pipetted 

into the vials containing rods, and the vials were returned to 37 ℃. 

6.2.7 Measurement of Drug Release from Rods  

For the in vitro drug release studies, the release buffer was collected in 2 mL 

low-bind Eppendorf tubes each week for twelve weeks and at week 15. The drug 

concentration in the collected buffer was measured by fluorescence intensity with a 

Synergy™ 2 multi-mode microplate reader (BioTek, Winooski, VT). The fluorescence 

intensity was calibrated using standards created from the spray-dried FITC-dextran 
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with a range from 0.001 mg/mL to 1 mg/mL. Samples with a measured 

concentration above 0.06 mg/mL were diluted to avoid the non-linear regime, which 

occurred above this concentration due to the inner filter effect.  

6.2.8 Water Uptake and Rod Erosion Measurements 

Water uptake, rod erosion, and polymer degradation studies were performed in 

triplicate on sacrificial sample sets on day 1 and week 1 and then every 14 days for 

eleven weeks. At each of these time points, the release buffer (PBS TN) was 

completely pipetted out of a sacrificial sample set and the contents of the vials were 

rinsed with 1 mL of deionized water to remove any excess degradation products or 

excipients. To measure water uptake (WU) and rod erosion (RE), any remaining water 

on the vial and rod surface was removed by placing the vials in a vacuum desiccator 

for 30 minutes. Subsequently, the mass of the rods was recorded as wet mass (𝑀𝑟,𝑤). 

The rods were then placed in a vacuum desiccator for two weeks. The rod mass was 

measured every other day and drying was continued until the rod mass remained 

constant for at least four consecutive days. This mass was recorded as dry mass (𝑀𝑟,𝑑). 

Water uptake was defined as 

 

6.2) 𝑊𝑈 =  
𝑀𝑟,𝑤 −𝑀𝑟,𝑑

𝑀𝑟,𝑑
. (6.2) 

 

Rod erosion, characterized by the remaining rod mass (𝑀𝑟,𝑟), was calculated from the 

initial mass of the rod before hydration for release (𝑀𝑟,𝑖) and the dry mass of the rod at 

time 𝑡 as 
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6.3) 𝑀𝑟,𝑟 [%] =
𝑀𝑟,𝑑

𝑀𝑟,𝑖
× 100. (6.3) 

6.2.9 Polymer Degradation by Gel Permeation Chromatography 

After dry mass measurements, the sacrificial samples sets were dissolved in 

THF and filtered through a 0.22 μm PVC syringe filter as preparation for molecular 

weight (MW) determination of the PLGA. Gel permeation chromatography (GPC) 

analysis was performed using a Waters Alliance 2695 HPLC system (Waters 

Corporation, Milford, MA) equipped with a Waters 2414 refractive index (RI) detector 

and Phenogel™ 5 μm 10E4A (300 ×  7.8 mm) and Phenogel™ 5 μm 100A (300 ×

 7.8 mm) columns in series (Phenomenex, Torrance, CA). THF was used as the 

mobile phase at a flow rate of 1.0 mL/min. The GPC columns were calibrated with 

polystyrene standards with a range of 1.78 kDa to 205 kDa. A 100 μL injection 

volume was used with a target PLGA concentration of 2 mg/mL. The PLGA number- 

and weight-averaged MWs (𝑀𝑊𝑛 and 𝑀𝑊𝑤) and the polydispersity index (PDI) were 

estimated from the GPC chromatograms and polystyrene standard calibration data. 

6.2.10 Confocal Fluorescence Microscopy 

The dextran was labeled with FITC using the methods described above. Dry 

rods were imaged using confocal fluorescence microscopy (CFM) both as received 

(Day 0) and after 7 weeks of in vitro release. The rods were immersed in freezing 

medium (Electron Microscopy Sciences Tissue Freezing Medium 72592, Hatfield, 

PA) and immediately frozen in liquid nitrogen. The rods in the frozen blocks were 

cross-sectioned into 10 μm slices using a Leica CM3050 S Cryostat (Wetzlar, 

Germany) in combination with Surgipath Adhesive Coated Slides from the Leica 

CryoJane™ Tape-Transfer System. After transfer of the slices onto the slides, they 
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were directly exposed to nitrogen gas to sublimate water from the freezing medium. 

Slices on the slides were then suspended in immersion oil (Zeiss Immersol 518F, 

refractive index 1.52) and imaged on a Zeiss LSM 710 laser scanning confocal 

microscope (Jena, Germany). The optical resolution of the instrument was 

approximately 0.15 μm, while the pixel size was below 0.14 μm in the focal plane 

(x/y-direction) and below 0.4 μm out of the focal plane (z-direction) for all images. 

Zen Blue Edition software was used to reconstruct detailed images of the rod cross-

sections from 25 individual tile images and to obtain maximum-intensity projections 

from image stacks in the z-direction. The particle fraction in the cross-sectional 

images was determined by using the default Binary function in combination with the 

Analyze Particle function in Fiji (ImageJ 1.52c) [138]. 

6.3 Results and Discussion 

The two experimental systems are discussed in the following order. First, 

model parameters obtained in the previous chapter for the solvent depot system were 

used in conjunction with the parallel tempering algorithm (PTA) to develop an 

experimental system that shows a specific release profile. The broad applicability and 

underlying mechanisms of the mathematical model were then tested using a model 

system of PLGA rods. 

6.3.1 Designing a Linear Release Profile 

A hypothetical linear (zeroth-order) release profile with continuous release for 

100 days is shown in Figure 6.1. To obtain insight into how to create a PLGA-based 

solvent depot that releases drug according to this profile, the mathematical model 
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Figure 6.1:  Comparison between the desired release profile, which is linear (zeroth-

order) over a period of 100 days (black symbols and dashed line), and 

the optimized release profile obtained from a fit of the model and parallel 

tempering algorithm (red solid line). The actual experimental design 

(blue dotted line) is based on the design principles of the optimal fit but is 

limited by the PLGA polymers available for this study. 

(Section 5.2.1) is fit to the release profile with the PTA following the methodology 

described in Chapter 5, with initial values obtained from the model fits to the 

published solvent depot data for the 41 kDa PLGA (first column in Table 6.4) [91]. 

The PTA algorithm was run multiple times from the same initial values, with one of 

the results shown by the red solid line in Figure 6.1 and the corresponding optimal 

parameter values included in Table 6.4. In general, all optimized runs showed only 

small changes in the rod radius and the polymer molecular weight at release, and 

fluctuating but relatively minor variations in the drug diffusivity. However, all runs 
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showed a significant increase in the initial polymer molecular weight (𝑀𝑊0) and a 

decrease in the polymer degradation rate constant, which is consistent with the 

model’s attempt to reach the long 100-day release time. 

More interesting is that all optimization runs showed a large increase in the 

polymer standard deviation (SD) at release (𝜎𝑟), with the particular design feature that 

the ratio between the polymer SD at release and the average initial polymer MW 

(𝜎𝑟/𝑀𝑊0) is approximately 0.32. This observation points towards the requirements to 

obtain a linear release profile in the model. The polymer SD indicates the degree of 

polydispersity of the polymer within the solvent depot. As the rate of drug release in 

the model is directly related to rod erosion, and rod erosion is linked to the fraction of 

the polymer MW that has reached the MW of release (Equation 5.4), a large 

polydispersity will generally lead to increased drug release. If the SD is relatively high 

compared to the average initial polymer MW, a large fraction of the polymer will have 

sufficiently low MW to be eroded from the onset, and the drug will experience fast, 

first-phase burst release. Conversely, if the SD is relatively low, the polymer will have 

to degrade for a certain period of time before a significant fraction of the polymer will 

have reached the MW of release, leading to an initial lag and a sigmoidal release 

profile. The observation that all optimization runs show a 𝜎𝑟/𝑀𝑊0 of approximately 

0.32 indicates that to reach a linear release profile, the formulation needs to maintain a 

tight balance between a sufficiently high SD to allow drug release from the onset and a 

sufficiently low SD to prevent burst release. From a formulation development 

perspective, the formulation needs to have a high, but precise, polydispersity index 

(PDI). This insight reflects the ability to develop a constant rate of release by using a 

spectrum of polymer molecular weights sufficiently broad, so as to permit sufficient 
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short time release by the more rapid degradation of the smaller MW fraction while 

maintaining release throughout the time duration by the degradation of progressively 

higher MW fractions. However, how accurately this insight from the mathematical 

model applies to the real-life solvent depot systems must be evaluated experimentally. 

Table 6.4:  Model parameters to obtain linear release profiles in solvent depot 

systems. Bold values in green were fit with the parallel tempering 

algorithm, while italic values in blue were adjusted manually. 

    Predictions 

Parameter Units Fit Design 1:8:1 2:6:2 4:2:4 

Drug diffusivity  [10−13
m2

s
] 5.32 1.12 1.12 1.12 1.12 

Initial drug 

concentration 
[kg m3⁄ ] 195 195 195 195 195 

Water diffusivity  [10−12
m2

s
] 1.00 1.00 1.00 1.00 1.00 

Maximum water 

concentration 
[kg m3⁄ ] 988 988 988 988 988 

Occlusion radius [10−8m] 1.00 1.00 1.00 1.00 1.00 

System radius [10−3 m] 1.23 1.00 1.00 1.00 1.00 

Initial polymer MW [Da] 72795 20000 19100 18300 12600 

Polymer MW at 

release 
[Da] 2326 2879 4120 4120 4120 

Polymer degradation 

rate constant 
[ 

10−10

s(kg m3⁄ )
] 1.72 3.96 3.96 3.96 3.96 

Polymer MW SD at 

release 
[Da] 21989 6400 6112 10586 18336 

 



 129 

The accuracy of this design was validated by comparison with experimental 

measurements on release from Fab1-loaded solvent depots. High PDIs were achieved 

by mixing commercially-available PLGA polymers with broadly varying MWs. An 

advantage of this approach is the ability to directly control the degree of 

polydispersity, but a potential complication lies in the fact that the polymer MW 

distribution becomes multimodal, while the mathematical model assumes a 

continuous, monomodal distribution. Note that the mathematical model only uses the 

mean and polydispersity, and so mixing components can generally match these two 

design parameters and approximate the continuous distribution. The degradation rate 

constant of the PLGA can be controlled by changing the lactic/glycolic molar ratio 

(L/G). The degradation rate constant of 1.72 × 10−10 [s(kg m3⁄ )]−1, proposed by the 

model fitting (Table 6.4), is expected from an L/G of 85:15. However, due to 

limitations in the available materials, and to keep these experiments consistent with 

the solvent depot systems used to train the model in Chapter 5, the three PLGA grades 

used to create the mixed solvent depots are the same as those fit in Chapter 5 (with a 

small change to the lowest MW PLGA, see Section 6.2.2). As these PLGAs have an 

L/G of 75:25, they will degrade faster, and mixtures of these PLGAs will have 

average MW below those suggested by the model fit. Consequently, the overall 

lifetime of the experimental drug release system is expected to be lower than 100 

days. However, following the semi-empirical design rule 𝜎𝑟/𝑀𝑊0 = 0.32 should 

maintain the linear release profile. The model parameters for this system were directly 

adopted from the fits to the solvent depot system (Table 5.5), with an average initial 

number-averaged MW of 20 kDa to take mixing into account and a polymer MW SD 

at release of 6400 as obtained from the design rule (second column in Table 6.4). As 
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expected, following the rule leads to a fairly linear predicted release profile, but the 

duration of release is decreased to approximately 60 days (blue dotted line in Figure 

6.1).  

As the translation of the high polydispersity of the model to the experimental 

system is not straightforward, particularly due to the change in MW distribution, three 

formulations with different mixing ratios were created to probe the effect of the PDI. 

The three formulations contain mass ratios of 1:8:1, 2:6:2, and 4:2:4 of the low 

(7 kDa), medium (36 kDa), and high (55 kDa) number-averaged MW PLGA and are 

listed in Table 6.1, along with general properties. Note that the relative ratios of the 

polymer grades keep the weight-average MW fairly constant among the three 

formulations, so that the increase in PDI among the formulations is the main 

parameter investigated. Release profiles for the Fab1-loaded pure PLGAs were also 

obtained as controls. 

The experimental release profiles for the three mixed formulations (closed 

symbols) and the three pure PLGAs (open symbols) are shown in Figure 6.2. The 

1:8:1 formulation, with a PDI of 3.2, follows a nearly linear release profile for a 

period of about 60 days, as predicted by the model design. Clearly, the semi-empirical 

design principle obtained from the mathematical model is successful for creating the 

desired release profile in vivo. The other two formulations have higher PDIs that lead 

to an increasing amount of first-phase release, but they still show a reasonable 

monotonicity for the subsequent release. 
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Figure 6.2:  Comparison between model predictions (dashed lines) and experimental 

data (closed symbols) for the mixed PLGA solvent depot system with 

varying mass fraction compositions of the pure PLGAs (pure PLGA 

release shown in open symbols). The lines connecting the symbols are a 

guide to the eye. Error bars indicate the standard deviation. 

Actual formulation properties, listed in Table 6.1, were used to update the 

model parameters for these three formulations (last three columns in Table 6.4). For 

the 1:8:1 formulation, the initial polymer MW was used in conjunction with the 

𝜎𝑟/𝑀𝑊0 = 0.32 design rule to calculate the SD at release, which was then used to 

calculate the polymer MW at release from the PDI (Equation 6.1). With these accurate 

parameters, the model predicts the experimental release very well (black dashed line in 

Figure 6.2). Note that there are no fitted parameters of the model to the experimental 

mixed solvent depot data; all parameter values were obtained from the pure PLGAs, 

the mixing ratios, and the design rule. For the two other formulations, the polymer SD 
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was manually increased to simulate the effect of increasing PDI. The model results 

qualitatively capture the change of the release profiles to increased burst release, 

confirming the mechanical interpretation of the design rule (red and blue dashed lines 

in Figure 6.2). The procedure followed here does not only illustrate how insights from 

mathematical models can inform model development, leading to a desired release 

profile in a clinically relevant biotherapeutic system, it also validates the use of the 

specific model here as being capable of accurately describing the underlying 

mechanisms in these systems. 

6.3.2 Predicting the Release of PLGA Rods 

Based on the design of the nine PLGA rod formulations (Table 6.2), 

predictions of drug release, average polymer MW, and water uptake with time were 

obtained from the mathematical model. Model parameters, listed in Table 6.5, were 

either directly adapted from known information about the rod system or estimated 

based on model fits to the microsphere and solvent depot systems (Chapter 5). 

Specifically, the rod radius, occlusion radius, and initial polymer MW were obtained 

directly from the formulation specifications; the drug diffusivity and polymer MW at 

release were estimated based on published correlations [121]; and other parameter 

values were estimated based on model fits to the previous datasets. For the polymer 

degradation rate constant, only the differences in L/G ratio were initially taken into 

account, and not the effects of the acid end groups of some of the PLGA grades. While 

some of these estimates might not perfectly transpose to the polymer rod system, one 

goal of this study is to validate how well the model performs with incomplete 

information. 
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Table 6.5:  Initial model parameters to predict PLGA rod behavior for the nine 

formulations. Bold values in red indicate variations from the reference 

formulation A. 

Parameter Units 

Formulations 

A.  

Ref 

B.  

R+ 

C. 

MW0- 

D. 

MW0+ 

E. 

CD,0- 

F. 

CD,0+ 

G. 

MWD- 

H. 

L/G- 

I. 

L/G+ 

Drug 

diffusivity  
[10−13

m2

s
] 0.59 2.86 0.59 0.59 0.59 0.59 0.59 0.59 0.59 

Initial drug 

concentration 
[kg m3⁄ ] 195 195 195 195 65 325 195 195 195 

Water 

diffusivity  
[10−14

m2

s
] 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

Maximum 

water 

concentration 

[kg m3⁄ ] 650 650 650 650 650 650 650 650 650 

Occlusion 

radius 
[μm] 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

System radius [10−3 m] 0.25 0.50 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

Initial 

polymer MW 
[Da] 60000 60000 50000 110000 60000 60000 60000 60000 60000 

Polymer MW 

at release 
[Da] 5000 5000 5000 5000 5000 5000 10000 5000 5000 

Polymer 

degradation 

rate constant 
[ 

10−10

s(kg m3⁄ )
] 6.40 6.40 6.40 6.40 6.40 6.40 6.40 12.0 3.31 

Polymer MW 

SD at release 
[Da] 10000 10000 10000 10000 10000 10000 10000 10000 10000 

 

An overview of the predicted drug release profiles is shown in Figure 6.3. In 

general, all formulations show a sigmoidal release profile, with lifetimes between 

approximately 30 and 80 days. Certain parameter variations are expected to lead to 

faster release, while others lead to slower release as compared to the reference. Note 

that the drug loading only affects the absolute amount of release in the model, with no 

effect on the relative release. Similarly, the change in rod radius has a limited effect on 
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the release profile. This is due to the fact that water uptake is expected to be rapid, and 

hence polymer degradation will be fairly homogeneous throughout the rods. 

 

Figure 6.3:  Initial model predictions for the cumulative drug release of the nine 

formulations. 

6.3.3 Experimental Results for the PLGA Rods 

Experimental results for the nine PLGA rod formulations, including drug 

release, rod erosion, average polymer MW, polymer PDI, and water uptake over time, 

are shown in Figure 6.4. Several interesting observations can be made from these data. 

First, most formulations showed a significant amount of first-phase “burst” release and 

several formulations did not reach complete release within the time frame of the 
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higher L/G ratio (H) was expected be slower than that of the reference formulation 

(A), but it was similar if not faster (Figure 6.4c), indicating that the acid end groups 

affected the degradation rate sufficiently to counteract the effect of increasing L/G 

ratio. This also affected formulation C (MW0-), leading to faster degradation than 

expected. Third, formulations started to show significant decreases in rod mass when 

they reached low average MW, as expected due to rod erosion, while other 

formulations maintained most of their mass (Figure 6.4b). Fourth, the mass that was 

lost by most formulations correlates with the amount of drug released during the first 

phase (Figure 6.4a and b), as expected. For example, formulation F (CD,0+) lost 20% 

of its mass in the first couple of weeks, but this corresponds to the approximately 25% 

of loaded drug that was lost during that time. Fifth, water uptake of most rods 

happened quickly and the amount taken up remained fairly constant between 20 and 

60% of the original rod weight (Figure 6.4f). However, when rods started eroding 

(formulations C, H, and I), they showed significant increases in water uptake, up to 

several times their original weight (Figure 6.4e), which was enabled by swelling of the 

polymer rods (visual observations, data not shown). Note that the sudden decreases in 

water uptake for formulations C and H are artifacts due to loss of rod mass. Lastly, the 

PDI of all formulations remains constant around a value of 2 throughout the time 

frame of the experiment, even though the average MW decreased significantly. 
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Figure 6.4:  Experimental data for the PLGA rod system, including drug release, 

remaining rod mass, PLGA MW, PDI, and water uptake at two different 

scales. The lines connecting the symbols are a guide to the eye. Error 

bars indicate the standard deviation. 
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Comparisons of the drug release, average polymer MW, and water uptake for 

the formulations that appear to reach complete release and the initial model 

predictions are shown in Figure 6.5, while comparisons for the formulations that do 

not reach complete release are included in Figure 6.6. For the formulations that do 

reach complete release, the experimental release profiles are scaled to reach 100% 

release at week 15 to allow fair comparison with the model predictions. In addition, 

water uptake in these figures is shown as a fraction of maximum water uptake, and for 

the formulations that show significant water uptake due to erosion and swelling, only 

the first few data points, before swelling, are included in the water uptake profile. 

Although the model did not predict the first-phase release, it predicts the 

overall release and average MW profiles of the formulations that reach complete 

release quite well (Figure 6.5). Particularly impressive are the close predictions for 

formulations C, H (disregarding first-phase release), and I. The main reason that the 

model did not accurately predict the drug release of the other formulations appears to 

be the fact that the polymer degradation rate is much slower than anticipated (second 

column in Figure 6.6). This could be due to a difference in the apparent degradation 

rate of PLGA in solvent depots and rods. Consequently, the degradation rate constant 

for these formulations should be adjusted to follow the experimental average MW 

data. 
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Figure 6.5:  Comparison between model predictions (dashed blue lines) and 

experimental data (symbols) for the PLGA rods that exhibited apparent 

complete release. The experimental cumulative drug release was scaled 

to reach complete release (1.0) after 15 weeks. Model results with 

modified parameter values based on observed phenomena are shown by 

the red lines. 
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Figure 6.6:  Comparison between model predictions (dashed blue lines) and 

experimental data (symbols) for the PLGA rods that exhibited incomplete 

release. Model results with modified parameter values based on observed 

phenomena are shown by the red lines. 

6.3.4 Relation between Rod Microstructure and First-Phase Release 

A significant discrepancy between the model predictions and the experimental 

release profiles is the underprediction of the extent of the first-phase release observed 

experimentally. As mentioned in the solvent depot discussion, the model predicts fast, 

first-phase release when the polymer MW standard deviation is high compared to the 

initial MW, leading to rapid erosion and drug release. In this case, drug release is 

expected to reach 100% quickly, but this is not realized for any of the formulations 

showing first-phase release other than formulation F (CD,0+, Figure 6.5d). However, 

for this formulation the onset of erosion is clearly not reached, as there is no rod 

erosion, low MW, or significant water uptake. Another way the model incorporates 

first-phase release is burst release through the occlusion radius, which takes into 

account drug that is quickly released from a particle surface layer that is expected to 

have a thickness the size of the drug particle radius (approximately 5 μm here). 

Clearly this factor alone does not explain the degree of burst release observed here. 

Instead, we hypothesize that the more extensive first-phase release seen 

experimentally is caused by percolation of the drug particles within the rods. 

Percolation refers to the interconnectivity of clusters, pores, or particles in space. For a 

system of infinite size, the percolation threshold occurs at a volume fraction of 

percolating objects that depends on the geometry of the voids, but not on their size. 

For spherical particles forming a 3D continuous network, the percolation threshold is 

0.29 (allowing overlap) or 0.20 (without overlap, jammed) [139,140]. Consequently, 
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the drug particles within the rods are expected to form an interconnected network 

when the volume fraction of drug particles has a value close to 0.20 or above, 

presumably leading to fast water penetration and pore formation. When the volume 

fraction approaches this value, the probability of finding larger and larger networks 

within the rods increases. For comparison, FITC-dextran starts releasing from porous 

polylactic acid (PLA) microspheres when the matrix porosity reaches a value between 

0.26 and 0.34 [141]. 

The existence of a percolated network would explain why there is rapid burst 

release from formulation F (CD,0+), which has a particle mass fraction of 25%, while 

formulation E (CD,0-), with 5% mass fraction, shows no significant burst release 

besides that expected from its drug particle size. However, it is not clear why there 

would be significant differences in burst release among the other formulations that all 

have 15% particle loading. The stochastic nature of the percolation process for 

volume fractions below the percolation threshold is not a sufficient explanation, as the 

variations between samples within a formulation are extremely limited. 

To investigate this further, confocal fluorescence microscopy (CFM) images 

were taken of the rod cross-sections to probe the distribution of the spray-dried FITC-

dextran particles within the rods. Figure 6.7 shows a detail of a cross-section of the 

reference sample (A). The spray-dried particles appear fairly spherical, and many are 

clearly hollow, corresponding to observations made for spray-dried mAb and Fabs in 

Chapter 3 (Figure 3.2). The fact that the particles are hollow means that the volume 

fraction of the particles in the rods can be significantly higher than their mass fraction, 

even accounting for density differences. Consequently, formulations might be closer 

to the percolation threshold than expected from the reported mass fractions used for 
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drug loading. Overall, while particle loading is high, the particles are well-dispersed 

and no clear large clusters or network are evident, which can be more clearly seen 

from the binary image inset in Figure 6.7. 

 

Figure 6.7:  Detail of a CFM cross-section of the reference formulation (A), showing 

the distribution of spray-dried FITC-dextran particles. The inset shows a 

binary transformation of the whole cross-section used to determine the 

particle fraction, where black represents the particles. 

Cross-sectional images of all the formulations are compared in Figure 6.8. 

Note that the overall image intensities cannot be directly compared among the 

different images. While formulation E (CD,0-) shows the expected decrease in particle 

density and formulation F (CD,0+) an increase with particularly high densities at the 
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Figure 6.8:  Comparison between FITC-dextran particle distributions in the nine rod 

formulations at Day 0. For formulation B, the lower section of the rod is 

out of focus. 

rod edges, all other formulations are similar to the reference formulation, with 

homogeneous particle distributions. Note that areas that appear faded in Figure 6.8 are 

generally out of focus and are not areas with lower particle densities. Binary 
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transformations of the cross-sectional images, like the inset in Figure 6.7, were 

analyzed with Fiji to calculate the apparent volume fraction of particles in the rods for 

each of the formulations [138]. Note that these volume fractions do not take the 

hollow nature of the spray-dried particles into account, so that the actual volume 

fractions might be even higher than those reported here. The volume fractions are 

compared to the amount of first-phase release in Figure 6.9. Although all formulations 

besides E and F are designed to have 15% loading, there is some spread in the 

loadings determined from the cross-sectional images. Interestingly, the drug loading 

seems to be correlated to the amount of first-phase release, supporting the percolation 

hypothesis. However, the PLGA grade affects this relationship, with the formulations 

with acid end groups (C and I) showing no significant burst release and the 

formulation with higher initial molecular weight (D) showing relatively high burst 

release. Consequently, while the first-phase release might be explained to some extent 

by percolation within the rods, there are additional factors that affect this release. 

Additional cross-sectional images obtained after 7 weeks of release, when the 

release profiles had reached a plateau, are compared to the images from Day 0 for the 

three formulations with varying drug loading (A, E, and F) in Figure 6.10. While the 

absolute intensities among images cannot be directly compared, the images at Week 7 

show distinct differences in particle intensity within the image, indicating regions 

where the drug had been depleted. Formulation F (CD,0+) is particularly affected, as 

expected from the fact that it had released almost 100% at Week 7. It is remarkable 

that even faded particles seem to retain their shape, which implies that particles do not 

fully dissolve, and that the local polymer morphology remains fairly intact upon drug 

release. 
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Figure 6.9:  Relation between the particle volume fraction, as measured from the 

cross-sectional images, and the amount of first-phase release for the nine 

rod formulations. Note that the volume fraction here does not take into 

account the fact that most particles are hollow. The formulations using 

the same PLGA grade as the reference formulation are shown by blue 

circles, while formulations using other PLGA grades are shown by red 

squares.  

The rod radii show significant increases after seven weeks, which is 

hypothesized to be caused by swelling due to water uptake. Moreover, macroscopic 

pores are observed after seven weeks, as indicated by the blue dotted boxes in Figure 

6.10. These pores can be clearly observed in Figure 6.11, which shows maximum-

intensity projections of z-direction image stacks of 10 μm thick cross-sections of the 

reference formulation (A) at Day 0 and Week 7. Note the homogeneous intensity 

distribution at Day 0, while intensity differences and faded particles are apparent at 
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Figure 6.10:  Comparison among particle distributions in the formulations with 

different amounts of drug loading. The blue dotted boxes indicate the 

presence of macroscopic pores in the rods, while the red dashed boxes 

show the positions of the images in Figure 6.11. 
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Figure 6.11:  Comparison between the maximum-intensity projections of the particle 

distribution in the reference formulation (A) at Day 0 and Week 7. 

Week 7. The pores appear throughout the rods and are much more common in the 15 

and 25% formulations (A and F), indicating that their formation might be promoted 

by higher particle loadings. However, we hypothesize that these pores are formed 

mainly due to the uptake of water and the swelling of the rods. As water uptake occurs 

fairly rapidly in these rods, the formation of these pores will lead to a large amount of 

additional (internal) surface area within the particles from which drug can diffuse 

rapidly, particularly if limited particle percolation already exists within the rods. 

Different PLGA grades might not be as susceptible to this pore formation, limiting the 

amount of first-phase release. Additional images of the other formulations and at 

earlier times can support this alternate hypothesis. 
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6.3.5 Capturing First-Phase Release 

Based on the previous observations, the model parameters can be adapted to 

take these effects into account. Table 6.6 shows modified model parameters, including 

changes to the initial polymer MWs and polymer degradation rate constants to 

correspond to those experimentally determined. The first-phase release is simulated by 

the model through an increase in the occlusion radius, which can consequently be 

interpreted as a penetration length into the particle of a network that allows rapid drug 

release or, similarly, a normalized volume of the rod that is accessible by the 

formation of system-spanning water pores. For the formulations that show no 

significant burst release (C, E, and I), this parameter is around 5 μm, the size of the 

spray-dried particles, while for the percolated formulation F, the occlusion radius 

spans practically the entire cross-section of the rod. 

As elucidated from the PTA fits to the solvent depot data in the previous 

chapter, a strong correlation exists between the drug diffusivity and the polymer MW 

at release during parameter estimation (Table 5.4). By measuring the PDI of the 

polymer, the MW at release can be estimated from the polymer MW SD at release 

(Equation 6.1), allowing independent determination of the two parameters. The 

expected MW at release as determined from the SD is approximately 20 kDa, 

significantly higher than that first estimated from correlations in the literature (Table 

6.6) [121]. Consequently, new values for the drug diffusivity are determined to capture 

the drug release profiles, with separate values for the formulations that reached 

complete release (Figure 6.5) and the formulations that did not (Figure 6.6), to 

mitigate the lack of a porosity factor in the equation for burst release due to the 

occlusion radius (Equation 5.5). Note that the modified drug diffusivities are more 

than an order of magnitude lower than those initially determined (Table 6.5). 
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Table 6.6:  Modified model parameter values to capture first-phase release and 

differences in PLGA grade in the nine rod formulations. Bold values in 

red indicate variations from the initial values in Table 6.5. 

Parameter Units 

Formulations 

A. 

Ref 

B.  

R+ 

C. 

MW0- 

D. 

MW0+ 

E. 

CD,0- 

F. 

CD,0+ 

G. 

MWD- 

H. 

L/G- 

I. 

L/G+ 

Drug 

diffusivity  
[10−15

m2

s
] 2.36 2.36 5.91 2.36 2.36 5.91 2.36 5.91 5.91 

Initial drug 

concentration 
[kg m3⁄ ] 195 195 195 195 65 325 195 195 195 

Water 

diffusivity  
[10−14

m2

s
] 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

Maximum 

water 

concentration 

[kg m3⁄ ] 650 650 650 650 650 650 650 650 650 

Occlusion 

radius 
[μm] 71.9 51.4 5.26 91.5 4.97 201 56.3 80.9 4.44 

System 

radius 
[10−3 m] 0.25 0.50 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

Initial 

polymer MW 
[Da] 63000 63000 42000 100000 63000 63000 63000 67000 50000 

Polymer MW 

at release 
[Da] 20000 20000 20000 20000 20000 20000 20000 20000 20000 

Polymer 

degradation 

rate constant 
[ 

10−10

s(kg m3⁄ )
] 1.28 1.28 5.76 1.28 1.28 1.28 1.28 7.06 2.98 

Polymer MW 

SD at release 
[Da] 10000 10000 10000 10000 10000 10000 10000 10000 10000 

 

The model results with these modified parameters are shown in the red solid 

lines in Figures 6.5 and 6.6, and capture the experimental data well. With a shared set 

of model parameters, which are varied only to acknowledge physical differences 

among the formulations, the model is capable of describing most of the features of the 

drug release and average MW profiles of all the formulations, some of them quite 

intricate. Notice in particular how the model anticipates the double, early shoulder in 

formulation H (L/G-); follows the extended release profile of formulation I (L/G+) 
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exactly; and predicts the onset of second-phase release in formulations A (Ref) and B 

(R+).  

A few discrepancies between the model and the experimental results are still 

clear. For example, the model predicts the onset of second-phase release in 

formulation E but this is absent in the experimental system, indicating that certain 

effects related to drug loading are still not fully incorporated within the model. In 

addition to the fact that high loading leads to fast release due to pore formation and 

percolation, in the opposite limit of low loading, drug release is suppressed relative to 

what is predicted by the model. Nonetheless, the model performs remarkably well in 

predicting these complex release profiles observed for a totally independent 

experimental system a priori, and as such, is validated as a design tool.  Upon 

inclusion of certain unexpected factors, the refined model accurately captures the 

observed release behavior across a broad range of systems. Consequently, the 

underlying physical mechanisms that constitute the model appear to be sufficiently 

representative of the in vitro system and the model is validated to be used on similar 

systems, given incorporation of the lessons learned here. 

6.4 Conclusions 

A mathematical model for drug release from literature was used in conjunction 

with a parallel tempering algorithm (PTA) to predict the drug release behavior from 

two distinct model systems a priori: solvent depots composed of mixed PLGA 

polymers and solid PLGA rods. The former system highlights the potential of the 

mathematical model to aid in the development of novel formulations: a desirable 

linear release profile was obtained experimentally by creating solvent depots from 

mixtures of PLGA polymers with different molecular weights, a design inspired by 
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parameter estimates from model-and-PTA fits to the theoretical profile. For the latter 

system, model predictions were compared to experimental formulations of FITC-

labeled dextran, a model surrogate for biopharmaceutical drugs, in PLGA rods with a 

broad range of varying parameters. While the model was capable of predicting the 

release for several model formulations, it did not take into account effects related to 

significant first-phase drug release observed in other formulations. Supported by 

cross-sectional images of the drug distribution within the rods, this unexpected release 

was attributed to a combination of factors: (1) percolation of the drug particles, (2) 

swelling and pore formation due to water uptake, and (3) the specific chemistry of the 

PLGA polymer. These observations indicate the importance of careful selection of the 

PLGA polymer grade when designing drug release systems. Adapting model 

parameters, without modifying the model itself, enabled accurate fitting of the 

experimental data for all formulations, highlighting the wide applicability of the 

model. 
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Chapter 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

“A conclusion is the place where you got tired thinking.”  

 

Martin H. Fischer - Encore: A Continuing Anthology (March 1945) 

 

In this dissertation, novel methodologies were developed and used to enable 

the investigation of a range of biopharmaceutical dense protein systems in three key 

areas of biopharmaceutical processing: separations, formulation, and drug delivery. As 

a result, the dissertation has provided the first quantitative measurements of the 

multiscale structure in a variety of dense protein systems, resulting in new insights 

into the behavior of these systems in applications relevant for biopharmaceutical 

development. This chapter is structured similarly to the dissertation’s aims in Section 

1.4, with the conclusions and recommendations for each of the three key areas 

discussed consecutively, where the recommendations always follow the conclusions in 

a separate paragraph.  

In separations, the use of small-angle neutron scattering (SANS) to 

characterize chromatographic resins has provided a new perspective on the 

architecture of these resins and the protein distribution within, with the observation of 

characteristic length scales on the order of nanometers. Observed features are smaller 

than those observed previously by electron microscopy techniques [34,36], indicating 
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that these techniques suffer from insufficient resolution or significant structural 

changes during sample processing. Furthermore, based on our results, we hypothesize 

that crowding of large proteins in highly cross-linked chromatographic resins may be 

entropically favored due to depletion or excluded-volume forces, instead of solely 

size-exclusion effects. Such entropic effects have been demonstrated previously to 

lead to specific ordering of colloid-polymer systems [70–72], but have not been 

associated with the partitioning of proteins in materials such as these chromatographic 

resins. 

As compared to our previous work on a cellulose-based resin [42], the 

investigation of the agarose-based resins has provided critical new insights into their 

distinct architecture. Naturally, the extension of this methodology to other resins with 

different architectures, for example those with tentacular, grafted polymer 

modifications, ceramic base matrices, or protein A ligands could prove to be of 

particular interest [29,30,142]. Besides the study of commercially-available, 

established resins, the systematic study of specifically designed resins can further 

enrich our understanding of the influence of certain material parameters on the protein 

distribution, with the goal of engineering novel, high-performance resins. The SANS 

methodology can also be applied to alternative, exploratory purification processes like 

membrane chromatography, flocculation, and charged ultrafiltration [143]. As the 

architecture of the resins is expected to affect not only the protein distribution, but also 

the protein transport behavior, the use of dynamic neutron scattering techniques such 

as neutron spin echo (NSE) to characterize the nanoscale protein diffusion within 

these materials would also be an interesting topic of future investigation.  
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With regard to formulation, novel methodologies based on confocal 

fluorescence microscopy (CFM) and SANS were combined to characterize the 

distribution of biotherapeutics in solid-state formulations and to show that there is no 

direct connection between the static microstructure on either particle or protein length 

scales and the degree of protein degradation in the form of irreversible aggregation. 

While process conditions can have a significant effect on the particle-scale protein 

distribution, protein distributions are similar on the molecular scale. SANS is capable 

of detecting the formation of reversibly self-associated aggregates in solid-state 

formulations, possibly in the form of protein dimers. As these reversible aggregates 

dissociate after reconstitution, their presence in the solid state does not lead directly to 

the formation of irreversible aggregates in solution. Moreover, our findings suggest 

that irreversible protein aggregation does not occur in the solid state but occurs upon 

reconstitution of solid-state formulations. 

The characterization in this dissertation was limited to initially stable solid-

state formulations, which all included sufficient amounts of excipient. The 

characterization of formulations with low amounts of stabilizers would be of interest 

in future work, as it would allow verification of the presence of protein clusters and 

their effect on long-term protein stability. Due to limitations of the vapor cell, the 

solid-state formulations were exposed to humidity levels that led to plasticization of 

the solid-state material. The development of a more advanced vapor cell with 

controllable humidity would allow the study of the effect of humidity levels below the 

limit that leads to plasticization. In addition, a higher temperature range limit of the 

vapor cell would allow in situ characterization of microstructural changes during 

accelerated stability studies at high temperatures around and above the glass transition 
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temperature of the solid matrix. With a more advanced vapor cell, VC-SANS can aid 

in understanding the fundamental mechanisms of why fast protein dynamics are good 

predictors of long-term stability. This is possible because VC-SANS combines aspects 

of both solid-state hydrogen-deuterium exchange with mass spectrometry (ssHDX-

MS) and neutron backscattering (NB), two techniques that have demonstrated 

correlations between long-term formulation stability and molecular dynamics [22,102–

106]. 

In the area of drug delivery, meta-data obtained from the parallel tempering 

algorithm (PTA) for parameter estimation allow quantitative evaluation of a 

particular’s model suitability to describe a certain experimental data set. The practical 

methodology can support rational decision-making on (1) the selection and 

development of predictive models and (2) experiment and formulation design. The 

methodology was used to adapt and validate a predictive model for the release of 

biopharmaceuticals from PLGA sustained-release systems. A custom, desirable 

zeroth-order release profile was replicated in an experimental solvent depot system 

designed based on model calculations. Moreover, the model was capable of predicting 

the degradation kinetics and drug release of a specifically designed experimental 

PLGA solid rod system remarkably well. However, model predictions did not 

incorporate significant first-phase release, which was observed for certain 

experimental formulations. This release is hypothesized to be caused by structural 

changes in the rod morphology during water uptake, based on observations of rod 

swelling and macroscopic pore formation.  

Future investigation of these effects using the techniques presented in this 

dissertation, particularly during the first few days of drug release, when the first-phase 
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release occurs, is warranted. Depending on the validation of these effects, the model 

can be adapted to incorporate these processes as part of other suggested model 

improvements, such as (1) modifications to the concept of an inclusion radius to 

account for macroscopic pore formation and percolation, (2) the incorporation of an 

effective drug diffusivity during the first-phase release to account for the porosity, and 

(3) extension of the model to account for multicomponent PLGA blends. The latter is 

particularly important in the design of the linear drug release profiles, as the PLGA 

blends required to achieve such a linear profile are currently modeled as a single 

polymer with a large molecular weight polydispersity. PLGA rod studies in this work 

were limited to using a surrogate drug in the form of fluorescently labeled dextran. 

Future investigations should compare our findings with those for biotherapeutics such 

as monoclonal antibodies, for example a model drug such as the NISTmAb [144–146].  

In general, this dissertation highlights the broad range of phenomena that can 

influence dense protein systems, and emphasizes the value in bringing soft matter 

expertise to this field to better understand these systems. The tools and methods 

developed in this dissertation, including small-angle neutron scattering, confocal 

fluorescence microscopy, and mathematical modeling, will be invaluable in the study 

of the structure-function relationship of these and other dense protein systems 

throughout the biopharmaceutical field. 
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Appendix A 

SMALL-ANGLE NEUTRON SCATTERING DATA FOR PROTEIN 

ADSORPTION ON CHROMATOGRAPHIC RESINS 

This appendix contains the scattering patterns and fitting values for each of the 

64 investigated resin-protein combinations in Chapter 2, at each total ionic strength. 

Details of the sample preparation, small-angle neutron scattering (SANS) data 

collection, and fitting models are included in the main article, but some additional 

details are elaborated on here. Scattering patterns and model fits for each resin are 

shown in Figure A.1 through Figure A.2. Corresponding fitting values and ranges are 

included in Table A.1 through Table A.4. 

A.1 Selection of Structural Models 

The mathematical expressions used to fit the SANS patterns are of the same 

format as Equation 2.2, but are specifically derived based on certain assumptions 

about the sample structure, which allows mathematical formulation of the form factor 

𝑃(𝑄) and/or effective structure factor 𝑆(𝑄) as a function of the structural parameters. 

Fitting of the experimental scattering patterns to an appropriate model consequently 

allows determination of these structural parameters.  

A wide variety of both empirical and theoretical models was compared to the 

experimental data to determine which models best capture the architectural features of 

the resins. The simplest models that were still capable of describing the full scattering 

patterns were ultimately used for data analysis: (1) the generalized Guinier-Porod 
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model for the cellulose-based resin and (2) the polydisperse cylinder model for the 

agarose-based resins. 

A.2 Model Fitting Ranges in Protein-Laden Resins 

The same structural models used for the neat protein resins still provide good 

fits to the resins after protein adsorption, indicating that while some structural 

parameters might change due to protein adsorption, the underlying resin architecture 

remains the same. However, in the high-𝑄 region, an additional shoulder or peak 

appears in the scattering pattern due to the presence of protein monomers (Figure A.1 

through Figure A.4), similar to what has been observed before in HyperCel-lysozyme 

systems. Since this contribution is due mainly to the scattering from the inherent 

protein monomer structure, the structural models cannot capture this scattering feature.  

Instead, this region in the scattering pattern was excluded from the structural 

model fit but directly compared to the expected form factor scattering from the protein 

monomers. The structural models were still fit to the background scattering and the 

low-𝑄 region, up to the 𝑄-value where the protein presence caused an inflection in the 

scattering pattern, typically around 0.03 Å−1. Specific fitting ranges for each pattern 

are included in Table A.1 through Table A.4. 

A.3 Model Parameters in Protein-Laden Resins 

Values for the model parameters are included in Table A.1 through Table A.4. 

As for the neat HyperCel, no parameters of the generalized Guinier-Porod model were 

fixed during the fitting process for protein-laden HyperCel, unless otherwise specified. 

For the polydisperse cylinder model for agarose-based resins, the cylinder length, the 

volume fraction, and the solvent SLD value were fixed during fitting. As for the neat 
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agarose-based resins, the cylinder length was fixed at 10000 Å. As the volume 

fraction and the scattering length density difference are perfectly correlated (Equation 

2.9), either the volume fraction or the scattering length densities have to be held fixed 

during model fitting. As the adsorption of protein can significantly change the SLD of 

the solid cylinder phase, this parameter was fit to the experimental data. Instead, the 

cylinder volume fraction was calculated by adding the volume fraction of the neat 

resin cylinders, obtained from neat resin measurements, to the volume fraction of 

adsorbed protein, obtained from the amount of adsorbed protein, 𝑞 (Equation 2.1). For 

this calculation, the proteins were assumed to have an average, effective specific 

volume of 0.74 cm3/g (or density of 1.35 g/mL) that is independent of total ionic 

strength. This specific volume was based on SAXS measurements [147] and tabulated 

data [148] and was verified for each protein by calculating the aggregated atomic 

volumes from the respective PDB files listed in Chapter 2, as described by Svergun et 

al. [63]. The SLD of the solvent was calculated for each sample based on the 

D2O:H2O ratio in the sample. 

A.4 Protein Contribution in Protein-Laden Resins 

The contribution of protein monomers to the scattering pattern at high 𝑄 can be 

described by a form factor and a structure factor contribution (Equation 2.2). Although 

this formalism is well-studied in protein solutions, it is more complicated to apply to 

resin-protein systems. First, while several models exist to describe protein-protein 

interactions and the resulting structure factor in protein solutions, protein-protein 

interactions in condensed protein systems are far more challenging to model. 

Additionally, in the case of proteins adsorbed to resins at extremely high local 

concentrations, not only protein-protein interactions but also protein-resin interactions 
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can affect the structure factor. Second, the protein form factor can change from that 

measured in dilute solution, as the protein structure can change during protein 

adsorption to the resin. 

Consequently, in this work the scattering features at high 𝑄 were directly 

compared to the expected form factor scattering from the protein monomers, as if they 

were in dilute solution. All deviations from this behavior were attributed to an 

effective structure factor, which includes effects of (1) changes to the protein structure 

due to adsorption, (2) protein-protein interactions due to high local concentrations, and 

(3) protein-resin interactions. The protein form factor was obtained from the 

experimental measurements in dilute solution (Figure 2.2) and scaled to the actual 

protein concentration inside the resins, taking into account both adsorbed protein and 

protein in solution in the pore and inter-particle space. In addition, the change in SLD 

of the protein and solvent due to the addition of H2O was taken into account. 

 

A.5 Low-𝑸 Upturn in Protein-Laden Resins 

Adsorption of larger proteins in HyperCel and Capto shows one additional 

characteristic scattering feature: at the smallest accessed 𝑄-values, an upturn can be 

observed in the scattering pattern (Figure 2.5a). This upturn is indicative of the 

presence of larger scattering objects outside of the accessible length scales, i.e., they 

are larger than 1 μm. Hence, lactoferrin and mAb adsorption in HyperCel apparently 

also leads to a change of the structure on length scales much larger than those 

characteristic of the pore structure. One hypothesis is that this upturn is caused by the 

positioning of these proteins in the larger pores of the resin, leading to larger dense 

areas within the network that do not affect the fractal structure at smaller length scales. 
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However, as the nature of this change cannot be directly observed by SANS, such 

hypotheses are preliminary, but they might be verified with techniques such as ultra-

small-angle neutron scattering (USANS), which can access smaller 𝑄-ranges. 

 

 

Figure A.1:  Scattering patterns of neat and protein-laden S HyperCel. Error bars are 

generally smaller than the symbol size. Successive curves are offset by a 

factor of 4. Structural model fits are shown by the dashed lines, and were 

fit only to the background scattering and the low-𝑄 region, up to the 𝑄-

value where the presence of the protein caused an inflection in the 

scattering pattern. Specific fitting ranges are included in Table A.1. 
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Figure A.2:  Scattering patterns of neat and protein-laden SP Sepharose FF. Error bars 

are generally smaller than the symbol size. Successive curves are offset 

by a factor of 4. Structural model fits are shown by the dashed lines, and 

were fit only to the background scattering and the low-𝑄 region, up to the 

𝑄-value where the presence of the protein caused an inflection in the 

scattering pattern. Specific fitting ranges are included in Table A.2. 

 

 

‘ 
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Figure A.3:  Scattering patterns of neat and protein-laden SP Sepharose XL. Error 

bars are generally smaller than the symbol size. Successive curves are 

offset by a factor of 4. Structural model fits are shown by the dashed 

lines, and were fit only to the background scattering and the low-𝑄 

region, up to the 𝑄-value where the presence of the protein caused an 

inflection in the scattering pattern. Specific fitting ranges are included in 

Table A.3. 
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Figure A.4:  Scattering patterns of neat and protein-laden Capto S. Error bars are 

generally smaller than the symbol size. Successive curves are offset by a 

factor of 4. Structural model fits are shown by the dashed lines, and were 

fit only to the background scattering and the low-𝑄 region, up to the 𝑄-

value where the presence of the protein caused an inflection in the 

scattering pattern. Specific fitting ranges are included in Table A.4. 
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Table A.1:  Fitting parameters of the generalized Guinier-Porod model and fitting 

values for neat and protein-laden S HyperCel. Lower and upper limits of 

the fitting range are also included. Values that were held fixed during 

fitting are indicated by an asterisk. 

 Neat Lysozyme 

 20  
mM 

50  
mM 

100  
mM 

200  
mM 

20  
mM 

50  
mM 

100  
mM 

200  
mM 

Scale G [-] 0.041 0.040 0.040 0.040 0.001 0.005 0.011 0.027 

Radius of gyration Rg [Å] 33.9 33.5 32.2 34.3 15.9 35.9 45.4 42.6 

Dimension variable s [-] 1.79 1.79 1.81 1.82 2.42 2.17 2.03 1.88 

Porod exponent m [-] 2.72 2.72 2.73 2.69 2.65 2.65 2.68 2.78 

Background B [cm-1] 0.13 0.13 0.13 0.12 0.23 0.21 0.20 0.16 

Lower fitting range* [Å-1] 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 

Upper fitting range* [Å-1] 0.5 0.5 0.5 0.5 0.04 0.04 0.04 0.04 

 

 Lactoferrin mAb 
 20 

mM 
50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Scale G [-] 0.008 0.019 0.032 0.040 0.007 0.012 0.025 0.025 

Radius of gyration Rg [Å] 29.3 33.4 32.8 34.1 34.1 31.2 31.3 33.3 

Dimension variable s* [-] 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 

Porod exponent m* [-] 2.70 2.70 2.70 2.70 2.70 2.70 2.70 2.70 

Background B [cm-1] 0.33 0.21 0.14 0.14 0.30 0.24 0.13 0.13 
Lower fitting range* [Å-1] 0.003 0.002 0.002 0.002 0.003 0.003 0.002 0.002 
Upper fitting range* [Å-1] 0.03 0.03 0.06 0.5 0.03 0.03 0.5 0.5 
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Table A.2:  Fitting parameters of the polydisperse cylinder model and fitting values 

for neat and protein-laden SP Sepharose FF. Lower and upper limits of 

the fitting range are also included. Values that were held fixed during 

fitting are indicated by an asterisk. 

 Neat Lysozyme 

 20 
mM 

50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Volume fraction ϕ [-] 0.033 0.034 0.033 0.031 0.101* 0.099* 0.093* 0.082* 

Mean cylinder radius R [Å] 13.6 13.8 13.8 17.3 72.6 69.3 67.4 64.7 

Radial polydispersity σ [-] 0.93 0.92 0.93 0.87 0.60 0.61 0.62 0.62 

Cylinder length L* [Å] 10000 10000 10000 10000 10000 10000 10000 10000 

SLD cylinder ρcyl [10
-6

 Å
-2

] 2.22* 2.22* 2.22* 2.22* 3.51 3.46 3.43 3.60 

SLD solvent ρsolv* [10
-6

 Å
-2

] 6.33 6.33 6.33 6.33 5.72 5.74 5.77 5.87 

Background B [cm-1] 0.11 0.12 0.12 0.11 0.20 0.23 0.23 0.17 

Lower fitting range* [Å-1] 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Upper fitting range* [Å-1] 0.5 0.5 0.5 0.5 0.04 0.04 0.04 0.04 

 

 Lactoferrin mAb 

 20 
mM 

50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Volume fraction ϕ [-] 0.113* 0.113* 0.088* 0.077* 0.108* 0.124* 0.098* 0.053* 

Mean cylinder radius R [Å] 86.5 108.9 88.4 60.9 118.6 144.5 121.2 43.0 

Radial polydispersity σ [-] 0.63 0.57 0.62 0.69 0.52 0.48 0.54 0.76 

Cylinder length L* [Å] 10000 10000 10000 10000 10000 10000 10000 10000 

SLD cylinder ρcyl [10
-6

 Å
-2

] 3.49 3.66 3.66 3.64 3.90 4.19 4.38 3.46 

SLD solvent ρsolv* [10
-6

 Å
-2

] 4.57 4.98 5.46 5.65 5.61 5.74 5.94 5.96 

Background B [cm-1] 0.40 0.31 0.27 0.22 0.23 0.25 0.17 0.17 

Lower fitting range* [Å-1] 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Upper fitting range* [Å-1] 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 
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Table A.3:  Fitting parameters of the polydisperse cylinder model and fitting values 

for neat and protein-laden SP Sepharose XL. Lower and upper limits of 

the fitting range are also included. Values that were held fixed during 

fitting are indicated by an asterisk. 

 Neat Lysozyme 

 20 
mM 

50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Volume fraction ϕ [-] 0.027 0.025 0.024 0.025 0.129* 0.140* 0.128* 0.103* 

Mean cylinder radius R [Å] 3.9 3.2 3.0 2.8 167.4 169.8 161.9 121.9 

Radial polydispersity σ [-] 1.21 1.26 1.28 1.30 0.47 0.44 0.46 0.54 

Cylinder length L* [Å] 10000 10000 10000 10000 10000 10000 10000 10000 

SLD cylinder ρcyl [10
-6

 Å
-2

] 2.22* 2.22* 2.22* 2.22* 3.67 3.87 3.86 3.99 

SLD solvent ρsolv* [10
-6

 Å
-2

] 6.33 6.33 6.33 6.33 5.36 5.42 5.48 5.67 

Background B [cm-1] 0.11 0.11 0.11 0.11 0.35 0.32 0.30 0.21 

Lower fitting range* [Å-1] 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Upper fitting range* [Å-1] 0.5 0.5 0.5 0.5 0.03 0.03 0.03 0.03 

 

 Lactoferrin mAb 

 20 
mM 

50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Volume fraction ϕ [-] 0.144* 0.118* 0.082* 0.048* 0.067* 0.126* 0.068* 0.034* 

Mean cylinder radius R [Å] 115.2 97.2 83.8 58.1 112.0 251.1 109.5 70.5 

Radial polydispersity σ [-] 0.66 0.66 0.65 0.67 0.63 0.41 0.54 0.62 

Cylinder length L* [Å] 10000 10000 10000 10000 10000 10000 10000 10000 

SLD cylinder ρcyl [10
-6

 Å
-2

] 4.00 4.36 4.42 3.85 3.55 4.80 5.09 3.94 

SLD solvent ρsolv* [10
-6

 Å
-2

] 4.37 4.85 5.32 5.72 5.01 5.47 6.00 5.99 

Background B [cm-1] 0.45 0.35 0.27 0.21 0.34 0.24 0.15 0.14 

Lower fitting range* [Å-1] 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 

Upper fitting range* [Å-1] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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Table A.4:  Fitting parameters of the polydisperse cylinder model and fitting values 

for neat and protein-laden Capto S. Lower and upper limits of the fitting 

range are also included. Values that were held fixed during fitting are 

indicated by an asterisk. 

 Neat Lysozyme 

 20 
mM 

50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Volume fraction ϕ [-] 0.043 0.049 0.045 0.045 0.148* 0.177* 0.166* 0.150* 

Mean cylinder radius R [Å] 50.9 52.0 51.3 51.3 159.8 161.3 150.8 119.6 

Radial polydispersity σ [-] 0.58 0.57 0.58 0.58 0.33 0.33 0.37 0.45 

Cylinder length L* [Å] 10000 10000 10000 10000 10000 10000 10000 10000 

SLD cylinder ρcyl [10
-6

 Å
-2

] 2.22* 2.22* 2.22* 2.22* 3.77 3.95 3.92 3.90 

SLD solvent ρsolv* [10
-6

 Å
-2

] 6.33 6.33 6.33 6.33 5.36 5.42 5.41 5.54 

Background B [cm-1] 0.13 0.15 0.14 0.14 0.33 0.33 0.32 0.30 

Lower fitting range* [Å-1] 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Upper fitting range* [Å-1] 0.5 0.5 0.5 0.5 0.05 0.05 0.05 0.05 

 

 Lactoferrin mAb 

 20 
mM 

50 
mM 

100 
mM 

200 
mM 

20 
mM 

50 
mM 

100 
mM 

200 
mM 

Volume fraction ϕ [-] 0.178* 0.169* 0.116* 0.072* 0.107* 0.156* 0.116* 0.059* 

Mean cylinder radius R [Å] 44.4 46.2 49.8 50.5 48.9 12.1 42.9 42.0 

Radial polydispersity σ [-] 0.56 0.53 0.50 0.55 0.78 0.99 0.51 0.63 

Cylinder length L* [Å] 10000 10000 10000 10000 10000 10000 10000 10000 

SLD cylinder ρcyl [10
-6

 Å
-2

] 3.60 3.83 3.85 3.09 3.37 4.04 4.16 3.03 

SLD solvent ρsolv* [10
-6

 Å
-2

] 4.23 4.78 5.25 5.72 4.84 5.21 5.74 5.90 

Background B [cm-1] 0.42 0.42 0.29 0.24 0.38 0.33 0.21 0.19 

Lower fitting range* [Å-1] 0.003 0.002 0.002 0.001 0.001 0.002 0.002 0.001 

Upper fitting range* [Å-1] 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
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Appendix B 

CONFOCAL FLUORESCENSE MICROSCOPY IMAGES OF ADDITIONAL 

SAMPLES 

Figure B.1 shows a compilation of maximum-intensity projections of CFM 

image stacks for Fab1 and mAb1 formulations with different drying processes, sugar-

to-protein ratios (S/P) and sugar types (Chapter 3). Importantly, all freeze-dried 

formulations show a homogeneous protein distribution. As these are maximum-

intensity projections, which is virtually a summation of the whole image stack, areas 

where the particles are thicker in the z-direction do show up as slightly brighter. The 

bright speck in Figure B.1c is a drop of water that was probably absorbed from the 

atmosphere by the hygroscopic powder before submersion in immersion oil. 
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Figure B.1:  Maximum-intensity projections of the CFM image stacks for one Fab1 

and five mAb1 formulations. Spray-dried formulations show protein-

excipient microheterogeneity, while freeze-dried particles show 

homogeneous distribution. 
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Appendix C 

FULL-RANGE SMALL-ANGLE NEUTRON SCATTERING PATTERNS FOR 

SOLID-STATE FORMULATIONS IN A VAPOR CELL  

This appendix contains the small-angle neutron scattering (SANS) patterns 

over the full 𝑞-range for two formulations: a lyophilized monoclonal antibody (mAb) 

in deuterated sucrose (Formulation 2, Figure C.1) and a spray-dried fragment antibody 

(Fab) in trehalose (Formulation 5, Figure C.2). Figure C.1 illustrates that the scattering 

behavior at low 𝑞-values remains the same throughout the course of the experiment, 

indicating that the powders retain their solid morphology when exposed to water 

vapor. Changes in intensity can be attributed to contrast variation due to the uptake of 

H2O or D2O. Indeed, compared to the initial scattering intensity (red), the intensity 

decreases with H2O exposure (purple) and increases with D2O exposure (blue), as 

expected from the corresponding scattering length densities. In addition, Figure C.2 

highlights that for a spray-dried formulation, no significant microstructural features 

are observed in the range of 300 to 1600 Å, although spray-dried formulations exhibit 

microheterogeneity on the particle scale (Figure 3.2). Hence, this particle-scale 

microheterogeneity does not originate from major changes in protein-scale 

microstructure, but rather can occur by a redistribution of the excipient between the 

protein molecules. 

Videos of the evolution of the SANS patterns with time for each of the five 

formulations are available online [100]. In these videos, the dashed lines are guides to 

the eye. 
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Figure C.1:  Full 𝑞-range SANS patterns of a lyophilized mAb in deuterated sucrose 

(Formulation F2) as a function of time under cycles of alternating 

nitrogen and water vapor flows. 
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Figure C.2:  Full 𝑞-range SANS patterns of a spray-dried Fab in trehalose 

(Formulation F5) as a function of time under alternating nitrogen and 

water vapor flows. 
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Appendix D 

OPTIMAL PARAMETER VALUES FOR PARALLEL TEMPERING 

ALGORITHM 

This appendix contains additional tables with optimal parameter solutions as 

obtained from multiple runs of the parallel tempering algorithm (PTA). 

Table D.1:  Optimal parameter values and corresponding objective functions for the 

mathematical model fit to the solvent depot data set when seven 

parameters are fit, as obtained from twenty different runs of the PTA. 

Red and green highlights indicate the range of the objective function 

values. 

  
Drug 

diffusivity 

Water 

diffusivity 

Occlusion 

radius 

Initial 

polymer 

MW 

Polymer 

MW at 

release 

Polymer 

degradation 

rate constant 

Polymer 

MW SD 

at release 

Objective 

Value 

 

[10−16
m2

s
] [10−12

m2

s
] [10−6 m] [Da] [Da] [ 

10−10

s(kg m3⁄ )
] [Da] [−] 

Initial 5.00 1.00 1.00 41000 3000 6.00 10000 0.877 

Run 1 5.86 1.50 1.01 43630 3855 4.46 9676 0.513 

Run 2 6.53 1.52 0.65 43810 2682 4.50 10045 0.495 

Run 3 6.16 1.84 0.62 43990 3204 4.49 9981 0.493 

Run 4 6.02 2.31 1.25 44280 3496 4.47 10065 0.491 

Run 5 5.81 1.95 0.79 44300 3613 4.51 10100 0.492 

Run 6 5.67 1.45 2.45 43860 4133 4.50 9583 0.493 

Run 7 6.53 1.52 0.65 43810 2682 4.50 10045 0.495 

Run 8 6.02 2.31 1.25 44280 3496 4.47 10065 0.492 

Run 9 5.81 1.95 0.79 44300 3613 4.51 10100 0.492 

Run 10 5.90 2.69 1.24 44330 3555 4.47 10109 0.491 

Run 11 5.76 1.60 1.33 44110 3726 4.50 9997 0.493 

Run 12 4.84 38.75 0.30 45090 5753 4.47 9550 0.489 

Run 13 6.07 2.12 1.16 44230 3323 4.50 10050 0.492 

Run 14 6.21 1.90 1.04 44200 2965 4.49 10257 0.493 

Run 15 6.23 2.78 1.12 44450 3123 4.48 10178 0.492 

Run 16 5.72 1.67 2.21 44150 3894 4.52 9751 0.492 



 190 

Run 17 6.44 1.90 0.87 44190 2660 4.49 10262 0.493 

Run 18 6.79 1.97 0.48 44120 2392 4.48 10203 0.494 

Run 19 5.98 2.55 0.53 44320 3311 4.48 10257 0.492 

Run 20 5.98 1.64 1.11 44210 3186 4.52 10188 0.493 

Average 6.02 3.80 1.04 44200 3430 4.49 10050 
 

CV (σ/μ) 7% 217% 51% 1% 21% 0% 4% 
 

 

Table D.2:  Optimal parameter values and corresponding objective functions for the 

mathematical model fit to the solvent depot data set when five parameters 

are fit, as obtained from twelve different runs of the PTA. Red and green 

highlights indicate the range of the objective function values. 

 

Drug 

diffusivity 

Initial 

polymer 

MW 

Polymer 

MW at 

release 

Polymer 

degradation 

rate constant 

Polymer 

MW SD at 

release 

Objective 

Value 

 

[10−16
m2

s
] [Da] [Da] [ 

10−10

s(kg m3⁄ )
] [Da] [−] 

Initial 5.00 41000 3000 6.00 10000 0.877 

Run 1 9.24 42870 2676 4.39 8876 0.400 

Run 2 9.11 43090 2805 4.42 8767 0.400 

Run 3 9.21 42790 2741 4.38 8801 0.400 

Run 4 9.18 42960 2501 4.42 9035 0.401 

Run 5 8.92 42820 2954 4.38 8894 0.401 

Run 6 8.87 42940 2834 4.41 8933 0.401 

Run 7 9.07 43000 2677 4.38 9009 0.401 

Run 8 9.61 42780 2463 4.37 8849 0.400 

Run 9 10.00 42840 2067 4.41 8855 0.400 

Run 10 9.67 43120 2317 4.42 8913 0.400 

Run 11 8.87 42930 2970 4.36 9006 0.402 

Run 12 9.14 42880 2751 4.40 8862 0.401 

Average 9.24 42900 2650 4.40 8899 
 

CV (σ/μ) 4% 0% 10% 0% 2% 
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Appendix E 

PERMISSIONS 

E.1 Chapter 2 Reprint Permission 
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E.2 Chapter 3 Reprint Permission 

 

 


