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Abstract 
Silk has demonstrated utility across a range of biomedical applications as it can be processed 
into several different material formats, such as films and nanoparticles. The translation of silk 
nanoparticle production to industrial scales can be aided through insight into the property drifts 
incited by nanoprecipitation scale-up and the identification of critical process parameters to 
maintain throughout scaling. Therefore, the principle hypothesis of this thesis is that silk 
processing methods can have improved scalability, specifically the manufacture of silk 
nanoparticles which are suitable for anticancer nanomedicine applications.  

To validate this hypothesis, nanoprecipitation conditions for the manufacture of native 
silk nanoparticles are established using a simple semi-batch method at the lab scale that 
reduced special-cause variation and improved mixing efficiency (Matthew, S. A. L. et al., ACS 
Biomater. Sci. Eng. 2020, 6, 6748−6759) (Chapter 2). The stirring rate was an important 
parameter affecting nanoparticle size and yield, while the initial dropping height directly 
affected nanoparticle yield. Varying the nanoparticle standing time in the mother liquor 
between 0 and 24 h did not significantly affect nanoparticle physicochemical properties. 

 Next, the impact of key process and formulation parameters on the flow and mixing 
properties of native silk nanoprecipitation, as well as the resulting nanoparticle performance 
characteristics, are assessed in semi-batch and microfluidic format (Matthew, S. A. L. et al., 
RSC Adv. 2022, 12, 7357−7373) (Chapter 3). At flow rates where the shear rate was below 
the critical shear rate for silk, increasing the concentration of silk in both bulk and micro-mixing 
processes resulted in particle populations of increased sphericity, lower size, and lower 
polydispersity index. At high flow rates, where the critical shear rate was exceeded, the 
increased supersaturation with increasing concentration was counteracted by increased rates 
of shear-induced assembly. 

Then, the reproducibility of silk nanoprecipitation on volumetric scale-up in low-shear, 
semi-batch systems is reported and the reproducibility of chip parallelization for volumetric 
scale-up in a high shear, staggered herringbone micromixer is estimated (Matthew, S. A. L. et 
al., Molecules 2022, 27, 2368) (Chapter 4). Silk precursor feeds processed in an unstirred 
semi-batch system displayed significant changes in the nanoparticle physicochemical and 
crystalline properties following a 12-fold increase in volumetric scale between 1.8 and 21.9 
mL. Conversely, microfluidic manufacture showed high between-batch repeatability and 
between-chip reproducibility across four participants and microfluidic chips.  

Silk nanoparticle properties can be improved by heterogenous chemical modification 
of the surface. Silk nanomedicines can then be achieved using surface adsorption to load the 
preformed nanoparticles with antioxidants. Due to the impact of COVID-19 (SARS-CoV-2) our 
working practices were impacted, and a new project was devised. Semi-crystalline silk eco-
sensors were designed using scalable origami folding of silk films and manufacture optimized 
by investigating process parameters, including diazonium coupling chemistry and natural dye 
adsorption (Matthew, S. A. L. et al. ACS Appl. Bio Materials 2022, 5, 3658–3666) (Chapter 
5). Iron oxide spiking resulted in semi-autonomous movement in the presence of a magnetic 
field and azo-modification increased the film electromagnetic field strength. The optimized 
native and azo-silk, iron oxide spiked films could be loaded with natural dyes which indicated 
pH by eye and digital image colorimetry. A practical application was demonstrated—a battery-
free origami silk boat—as a colorimetric sensor for waterborne pollutants which was reusable 
at least five times. 

Overall, this thesis established key process and formulation parameters of silk 
nanoprecipitation in semi-batch and microfluidic formats and introduces silk eco-sensors by 
merging heterogeneous chemical modification, surface adsorption of natural dyes, responsive 
actuation, and origami techniques (Chapter 6). 
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This chapter introduces the topics of nanomedicine and silk processing by reviewing seminal 

and recent research within these fields. Firstly, the current successes and limitations of 

nanomedicine are explored. Second, the processes of, and barriers to, systemic delivery of 

nanomedicines to the tumor and endocytosis by cancer cells are described. Then, the 

optimization of nanomedicine properties to overcome these barriers and improve tumor 

targeting is examined. Silk fibroin structure and properties are then described and the 

advantages of using silk fibroin for biomedical and nanomedicine applications are highlighted. 

The processing methods of silk fibroin into nanoparticles are then evaluated and the 

bottlenecks of the engineering methods listed. Further processing of silk fibroin by chemical 

modification using homogeneous and heterogenous chemistries are described and compared 

within a biomedical context. Finally, the hypothesis, aims and, objectives of the thesis are 

defined.  
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1.1 Nanomedicine 

Nanotechnology encompasses the analysis or manipulation of matter at the nanoscale (1-

1000 nm) and can result in the production of nanomaterials with at least one nanoscale 

dimension.1 At this scale, the nanostructure size and shape influences the material’s 

physicochemical properties, widening the scope of new material functionality. The application 

of nanotechnology to medicine has produced the interdisciplinary field of nanomedicine, with 

the overall goal of improving patient quality of life.2-5 When administered to a stratified patient 

population, nanomedicines can: improve toxicological profiles; control and aid visualization of 

biodistribution; and, increase therapeutic efficacy of lipophilic, immunogenic or unstable 

agents.6, 7 Due to their unique properties, nanomedicines can stabilize and deliver a range of 

small molecules, proteins, nucleic acids and imaging agents to their target organ, tissue, cell 

or subcellular compartment. Nanomedicines designed for intracellular activation must be 

taken up and trafficked through sub-cellular compartments to the desired organelle (detailed 

below).  

The creation of nanoparticle tools has already aided medical diagnostics, via 

nanoimaging agents, and medical treatment, via nanomedicines.2-5, 8 To date, there are around 

90 clinically approved nanomedicines and nanoimaging agents.9 Over 60% of the 

commercially available products are accounted for by lipid-based and nanocrystal 

formulations,9 which achieve greater drug-loading capacities compared to polymeric, protein-

based, inorganic and composite nanocarriers.6, 7, 9, 10 Drug delivery remains the major 

application of clinical nanomedicine, providing treatment options for diseases ranging from 

cancer (e.g., liposomal doxorubicin Doxil®, liposomal cytarabine plus daunorubicin in a 

synergistic 5:1 molar ratio Vyxeos® and, recombinant fusion protein Denileukin diftitox 

Ontak®) to anemia (e.g., polymer-protein conjugate Mircera®).11-14 Inorganic metallic and 

metal oxide nanoparticles are being explored as both nanoimaging and therapeutic platforms, 

although the Food and Drug Administration (FDA) approval has so far been limited to iron and 

superparamagnetic iron oxide nanoparticles, (e.g., Feraheme®, NanoTherm™).6, 9 However, 
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the early research and development pipeline for inorganic nanoparticles remains active, for 

example: silica quantum dots and gold nanoparticles for imaging have reached clinical trials 

(phase I/II) to validate safety and efficacy before commercialisation.6, 9, 15, 16  

Further advancement of nanomedicine coalesces in situ diagnosis and treatment via 

nanotheranostics. This concept requires multi-functional therapeutic nanocarriers which can 

accumulate in the organ of interest and exhibit responsiveness to the disease-state: emitting 

a monitorable signal alongside payload release.2-5, 8, 17-19 In cancer therapy, this offers a 

method for patient stratification as tumor uptake of the nanocarrier can be screened: ensuring 

each patient receives an appropriate treatment plan. 2-5, 8, 13, 17-19  Yet, with no clinical approvals 

to date, nanotheranostic agents remain in their infancy, with 17 products currently in various 

stages of clinical trials listed in the World Health Organization’s International Clinical Trials 

Registry Platform (ICTRP).2, 17, 18  

For both diagnosis and treatment, clinical nanomedicine has provided advantages over 

traditional small-molecule therapies and conventional diagnostic modalities. The 

pharmacokinetic and pharmacodynamic properties of the nanomedicine are dictated by the 

carrier when the drug is bound to, or encapsulated by, the carrier. The physicochemical,  

geometrical and, mechanical properties of the carrier can then be tuned to reduce adverse 

systemic effects of small-molecule therapies and increase sensitivity of diagnostic 

modalities.15-17, 20, 21 Further improvements, particularly within the realms of multi-functionality 

and large-scale GMP manufacture, highlight the promise this field harbors. Regardless, there 

are still multiple hurdles to overcome, including: multi-drug cancer resistance; targeted 

delivery; quality control of lab-scale nanomedicine production; and, reproducible scale-up to 

GMP manufacture.13, 16, 20, 22 Consequently, this chapter will summarize the rationale for, and 

advantages of, therapeutic silk nanomedicines, specifically in the treatment of cancer. 

1.1.1 Therapeutic delivery to tumor environments 

The original promise of cancer nanomedicines was to provide a ‘magic bullet’ following 

systemic administration to target tumors passively through the circulatory system while 
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reducing off-target side effects from classic chemotherapy.23 This idea now utilizes the 

paradigm of the enhanced permeability and retention (EPR) effect discovered in 1986.24 The 

EPR effect proposed that nanoparticles extravasate through large inter-endothelial gaps into 

solid tumors and are retained there due to poor lymphatic drainage.25, 26 Some success has 

been achieved in cancer nanomedicine using passive targeting,11, 12, 27 with fourteen 

systemically administered nanomedicine anticancer agents approved for clinical use. The 

majority are liposomal nanoformulations of off-patent, small-molecule cytotoxic agents which 

display improved pharmacokinetics and reduced toxicity compared to the free form drugs.13, 

26, 28 For example, patients treated with PEGylated liposomal doxorubicin (Doxil®) exhibit less 

cardiotoxicity, less hair loss, a five-fold greater tumor exposure half-life and, a three orders of 

magnitude prolonged clearance compared to patients treated with free doxorubicin.28, 29 The 

improved tolerance to liposomal doxorubicin and longer drug dosing that can be achieved 

compared to free doxorubicin also make Doxil® suitable for incorporation into combination 

therapy regimens.28 However, the clinical efficacy of many cancer nanomedicines and survival 

rates compared to the free form drugs have not lived up to initial expectations.26 The poor 

improvement to efficacy is in part due to the reformulation of clinically approved cytotoxic 

agents, which means the mechanism of action and vulnerability to drug resistance remains 

the same as the free drugs already on the market.29 Another barrier to improved efficacy is 

provided by the EPR effect having been scarcely observed in human patients, with active 

endothelial transcytosis being observed to play a more major role in nanoparticle extravasation 

in human tumours.26  

The capacity of passively targeted nanomedicines for accumulation in human tumors 

is still unclear.14 For example, Wilhelm et al. reported in 2016 that only around 0.7% of the 

injected doses of various nanomedicines accumulates in the tumor following systemic 

administration.30-32 However, this result conflicts with the outcome of a 2001 clinical trial in 

which ≥ 0.7% of the injected dose of radiolabeled liposomes accumulated in the solid tumor 

for 83% of patients.14, 33 Indeed, Lammers et al. argue that the proportion of the injected dose 
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which accumulates in the tumor as opposed to off-target sites has a larger influence on the 

benefit to patients, whereby normalizing the tumor accumulated dose by unit weight of tissue 

would provide a more useful measure of tumor accumulation.28 Lammers also reasons that 

the absolute number of nanoparticles administered influences the tumor delivery and 

treatment efficacy based on in vivo results reported by Ouyang and colleagues.34, 35 The 

authors demonstrated a threshold dose of 1012 nanoparticles per injection per mouse to 

overwhelm the uptake rate of phagocytic Kupffer cells in the liver, which results in lower 

hepatic clearance rates, longer circulation times and greater tumor accumulation.34, 35 Applying 

an extrapolated dosing threshold of 1.5 × 1015 nanoparticles per injection per human patient 

is supported by the success of nanomedicines administered above this threshold compared 

to those administered at lower doses.35  

Other hurdles for nanoparticle tumor accumulation and penetration result from the 

physiological features of the tumor microenvironment, including low interstitial pH and 

hypoxia,36, 37 dense interstitial matrix, higher interstitial fluid pressure and irregular tumor 

vascularization due to cancer cell hyperplasia.38 The leaky tumor blood vessels may cause 

reduced opportunities for nanomedicines to enter the tumor, whereas the higher interstitial 

fluid pressure lowers diffusion between the interstitium and intravascular space by lowering 

the fluid pressure gradient.30 In addition, the concentration of tumor associated macrophages 

can be highest near the tumor blood vessel, as reported by Wilhelm et al. for SKOV-3 

xenograft mouse models bearing solid tumours.32 The authors demonstrated that 70.4% of 

tumor blood vessels were associated with perivascular tumor associated macrophages using 

2-dimensional immunofluorescent histopathology analysis.32 The localization of tumor 

associated macrophages near the tumor vasculature can result in a high likelihood of 

premature nanoparticle phagocytosis upon extravasation.32 For example, using intravital 

imaging, flow cytometry and histology studies in a HT-1080 xenograft mouse model 24 h after 

intravenous administration of a 100 nm poly(lactic-co-glycolic acid)-polyethylene glycol-

BODIPY™ carrier encapsulating a platinum(IV)-BODIPY™ payload, Miller et al. reported that 
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even though tumor associated macrophages only comprised roughly 4% of the tumor cell 

population, they internalized more than 30% of the systemically administered nanoparticle 

dose.39 Relative to tumor cells, this equated to tumor associated macrophages internalizing 

40% of the total nanoparticle dose.39 The authors also reported that, per cell of the bulk tumor, 

tumor associated macrophages took up the greatest number of nanoparticles and 

accumulated the most payload.39 Increased uptake into leukocytes near the tumor vasculature 

was corroborated by imaging uptake of the carrier in tumor-bearing fractalkine Cx3cr1GFP/ þ 

reporter mice.39 

Nanoparticle uptake by tumor associated macrophages may also play a role in tumor 

shrinkage, due to their role in significantly increasing nanoparticle delivery to the tumor, 

releasing payload to neighboring cancer cells39 and, migrating to metastatic tumor sites.40 

Using intravital imaging and flow cytometry, Miller et al. reported that following administration 

to the HT-1080 xenograft mouse model, the platinum(IV)-BODIPY™ payload was shown by 

to have better distribution throughout the tumor tissue compared to the 100 nm poly(lactic-co-

glycolic acid)-polyethylene glycol-BODIPY™ carrier.39 Flow cytometry also indicated that the 

payload transferred from tumor associated macrophages to tumor cells, as more than double 

the amount of payload compared to the carrier accumulated in the tumor cells.39 Histology and 

intravital imaging also indicated that payload concentrations were higher by over threefold 

within roughly one cell-length of tumor associated macrophages while the vehicle 

concentration was not elevated.39 As a consequence, DNA damage of tumor cells was 

greatest within the phagocyte-neighboring region.39 Another study in an orthotopic murine 

glioma model studying the delivery efficiency of cyclodextrin-based nanoparticles using 

fluorescent microscopy and flow cytometry showed that macrophages took up roughly 60-80% 

of the total nanoparticle cell uptake using intracranial and intravenous administration. 40 

Strikingly, the macrophages that took up nanoparticles migrated into circulation and settled in 

metastatic tumours.40  
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Consequently, the physiological features of the tumor microenvironment, in tandem 

with cellular features like plasma membrane pumps, can cause multidrug resistance, by 

causing the nanomedicine to accumulate at the periphery of the tumor and being unable to 

penetrate deeper.30 The physiological barriers to payload delivery to the tumor cells are further 

exacerbated by the chemical features of the tumor microenvironment, including faulty 

apoptotic mechanisms and the over-expression of efflux transporters, which lower the drug 

efficacy following delivery to the target cells.30, 38, 41, 42 Hence, understanding the endocytosis 

pathways by which nanomedicines are trafficked in both the cancer and healthy cells is a 

precondition to improving the nanomedicine uptake by cancer cells and the delivery of the 

payload to the target intracellular organelle or receptor. 

1.1.2 Endocytosis: gateway of a nanomedicine  

Endocytosis classifies the cellular pathways used for the uptake of extracellular material and 

the maintenance of cell homeostasis, namely macropinocytosis, phagocytosis, and receptor-

mediated endocytosis.3, 7, 43, 44 This is accomplished through internalization of the cellular 

membrane and incorporated components, such as surface signaling receptors and bound 

ligands which are internalized during receptor-mediated endocytosis.45, 46 The process begins 

with absorption of matter bound to the plasma membrane in endocytic vesicles, formed by the 

‘pinching off’ of membrane invaginations (Figure 1.1).7 Cargo is then trafficked to the early 

endosome, which acts as the cell ‘sorting station’. From here, intracellular transport is 

dependent on the endosome cargo, with recycling routes available via exosome biogenesis.7 

From the late endosome, escape routes are accessible through retrieval of cargo to the 

cytoplasm.7 Transport to the lysosomes can offer a further breakdown route through lysosomal 

enzyme degradation,47 as these membrane-bound organelles have an acidic pH environment 

and contain degradative hydrolase enzymes.45, 47-50 In polarized cells, cargo transport across 

the poles can also occur in a process termed ‘transcytosis’.7   
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Figure 1.1. Endocytic and membrane recycling pathways in mammalian cells from in 
vitro studies. The typical organelle pH,44, 47, 50, 51 main organelle marker proteins,44, 51 and 
residence times44 of nanoparticles within each organelle are shown on the bottom of the 
diagram. (i) Macropinocytosis has been demonstrated to be upregulated in cancer cell lines 
expressing oncogenic Ras51, 52; macrophages, endothelial cells, and epithelial cells in the 
presence of growth factors; epithelial cells in the presence of pathogens; and, has been 
implicated in neuronal axon growth and the immune protection mechanisms of microglia. (ii) 
Non-professional phagocytic cells may not be able to utilize their phagocytic machinery as 
they do not express the phagocytic receptors required to bind extracellular cargo.51 Phagocytic 
receptor gene knock-in human epithelial cells were capable of phagocytosis, as confirmed in 
vitro by cytometry and confocal microscopy.53 (iii) Some studies have shown these pathways 
can be utilized for particles as small as 50 nm in diameter.44, 51 (iv) The vesicle diameters 
formed by the clathrin-independent/dynamin-independent pathway utilizing clathrin-
independent carriers, glycosylphosphatidylinositol-anchored proteins-enriched early 
endosomal compartments are generally reported to be similar to vesicle diameters of the 
clathrin-mediated and fast endophilin-mediated endocytosis pathways.44, 52, 54 
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Nanoparticle internalization may occur via membrane fusion with fusogenic carriers or 

through multiple trafficking pathways, notably: macropinocytic; clathrin-independent/dynamin-

independent-mediated; caveolin-mediated; fast endophilin-mediated; clathrin-mediated; and, 

phagocytic endocytosis.44, 51 Macropinocytosis involves the endocytosis of fluids and particles 

up to roughly 1 µm in diameter in the bulk phase by actin polymerization, which mediates 

membrane ruffling macropinosome fission.44, 51 Due to the similarity of macropinocytosis to 

phagocytosis44 and clathrin-independent/dynamin-independent-mediated endocytosis,51 it is 

unclear if nanoparticles can be internalized by macropinocytosis in vivo.51 The process is 

constitutively present in macrophages and dendritic cells to readily identify pathogens,54 and 

is upregulated in some cancer cell lines51, 52 to facilitate the transport of nutrients, growth 

factors, and inorganic salts required for cell metabolism.55, 56 This pathway provides a drug 

delivery target for cells expressing oncogenic Ras in which it is upregulated compared to their 

healthy counterparts.52 Clathrin-independent/dynamin-independent-mediated endocytosis is 

constitutive in mammalian cultured cells and is associated with nanoparticles less than 200 

nm in diameter due to the small tubule opening.44, 51 The mechanism begins with adsorption 

of extracellular Galectin 3 to membrane glycoproteins and glycolipids, polymerization of 

Galectin 3 and, finally, actin and other proteins control tubule fission.51 Caveolin-mediated 

endocytosis has been proposed for fatty acid transport in adipocytes, endothelial cells, muscle 

cells, and some cancer cells which bear the required cytosolic caveolin, extracellular cavin 

proteins and, Eps15-homology domain containing protein 2 to form the flask-like caveolae.7, 

44, 49, 51, 57, 58  Due to the small 50 nm opening of the caveolae, and poor specificity of inhibitors 

for this pathway it is unclear if nanoparticles can be internalized by caveolae.7, 44, 51, 59-63 Fast 

endophilin-mediated endocytosis has been proposed for cargo below 200 nm in diameter in 

some healthy and cancer cells.51, 52 The dynamin-dependent process driven by a number of 

ligand-receptor interactions, such as endophilin A2 with membrane receptors.51 Actin 

polymerization enables the formation of tubules several hundred nanometers long and 

membrane scission is dependent on dynamin.51 Clathrin-mediated endocytosis is also a 

dynamin and adrenaline-dependent process that contributes to fluid phase endocytosis for all 
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cells,46, 51, 55, 57, 64-66  and has been implicated in multiparticle endocytosis of nanoparticles 

ranging in size from 30–550 nm.44 The clathrin-coated pits can stretch to diameters of roughly 

600 nm around particle aggregates and are formed by binding of cytosolic adaptins, cytosolic 

clathrin, and extracellular transferrin to transferrin membrane receptors.44, 51 Phagocytosis is 

similarly a receptor-driven process, but is limited to specialized phagocytes that express the 

phagocytic membrane receptors to tightly bind opsonized, extracellular substances and is not 

typical to cancer cells.44, 51, 52 As for micropinocytosis, actin polymerization and membrane 

ruffling then mediates phagosome fission.44, 51 A range of nanoparticle sizes, from roughly 3 

µm to 50 nm in diameter, have been argued to be internalized through phagocytosis.44, 51, 52  

Ultimately, hybrid pathways may also be present which operate by using parts of the classical 

pathways and the endocytic pathway observed for one cell type in vitro may differ from in vivo 

analysis.51  

The selective trafficking of nanocarriers and their low molecular weight, weakly basic 

payloads to the lysosome was first discovered in 1972 by Trouet et al. for a DNA-daunorubicin 

complex.67, 68 Trafficking to the lysosome was subsequently coined as ‘lysosomotropic 

delivery’ by De Duve et al. and is characteristic of successful drug delivery systems as this 

route evades drug efflux.45, 49, 69, 70 The discovery led to De Duve proposing piggyback 

endocytosis in 1974 as a rationale for targeting specific intracellular trafficking pathways, using 

the property of a specific nanomedicine rather than the payload (Figure 1.2).49, 69, 71 Piggyback 

endocytosis has remained a focus of drug delivery, and has resulted in clinically-approved 

lysosomotropic anticancer nanomedicines, such as Doxil®11, 72 and Abraxane®12, 72 which are 

used as second-line therapies for chemotherapy resistant breast tumours.46, 49, 69, 73  

An understanding of the relationship between each nanomedicine and the endocytic 

route observed in the relevant cell models in vitro and in vivo is vital to increase clinical 

applicability.46 For instance, the success of lysosome-targeted delivery hinges on many 

nanomedicine physicochemical and biological properties, including carrier biocompatibility, 

preferential internalization by the target cells, stability of the payload to acidic pH and 



11 

lysosomal enzyme action and, pH-responsive release of the payload from the carrier.69 Poor 

nanomedicine properties can limit efficacy and increase systemic toxicity due to biological 

effects such as low cytoplasmic release of the cargo from the endosome, and cargo efflux to 

the extracellular medium by membrane-bound pumps respectively.69, 74 For example, live cell 

microscopy studies conducted using murine B16BL6 melanoma cells and human BLM 

melanoma cells demonstrated uptake and lysosomal sequestration of Doxil®, which was 

linked with lower in vitro cytotoxicity and intracellular bioavailability compared to free 

doxorubicin.75 Lysosomotropic delivery of Doxil® was also observed in vivo using high 

resolution intravital imaging of mice bearing a B16BL6 or BLM dorsal skinfold chamber 

tumours.75 In the absence of the liposomal carrier, doxorubicin diffused rapidly through the 

cytoplasm to the nucleus while entrapment within the stable liposomal carrier prevented 

extracellular doxorubicin release and predominantly resulted in trafficking to the lysosomes.75 

The authors hypothesized that the membrane permeability of doxorubicin is reduced by 

protonation within the lysosomes. The consequent slow intracellular release into the 

cytoplasm contributes to the lower therapeutic potency of Doxil® compared to free 

doxorubicin.75 As nanomedicines hold a therapeutic advantage over the free drug when 

efficacy is increased at the maximal tolerated dose without increased off-target toxicity, the 

primary argument in support of an enhanced therapeutic index of doxorubicin when 

encapsulated as Doxil® arises from reduced cardiotoxicity.76, 77 

By careful molecular design of nanomedicines, cargo half-life and cytosol 

accumulation can be increased by the incorporation of endosomal escape units which weaken 

the endosomal membrane: facilitating payload escape from degradation by hydrolytic 

enzymes or acidic pH and allowing the payload to travel through the cytoplasm to the target 

cell compartment.69, 78-80 There are multiple endosomal escape mechanisms, namely: the 

proton sponge effect whereby the carrier molecules become protonated in the endosome, 

causing an influx of chloride ions, osmotic swelling and membrane rupture; membrane fusion 

of liposomal carriers with the endosome, mediated by ion pairing between cationic carrier lipids 
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with anionic endosomal lipids; pore formation in the endosomal membrane by self-assembling 

peptides; and, membrane disruption by polymers or peptides which interact with the 

endosomal membrane.79 Lipid nanoparticle endosomal escape units for liposomal and lipid 

carriers have included lipid dioleoylphosphatidylethanolamine for membrane fusion-based 

escape and pH-responsive or cationic lipids for proton sponge-based escape.80 Polymer and 

peptide nanoparticle endosomal escape units have also incorporated pH-responsiveness and 

multiple cationic charged sequences such as poly-histidine peptides.78, 80   
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Figure 1.2. Lysosomotropic delivery via endocytosis, piggyback endocytosis and 
permeation cell entry routes, adapted from De Duve et al..69 

 

Although targeting receptor-mediated endocytosis can result in enhanced uptake, the 

protein corona and nanoparticle physicochemical properties can interfere with ligand-receptor 

binding. For example, due to the size-limit of 50-60 nm for caveolae-based vesicles, this route 

is inherently favored by smaller nanoparticles, as reported by Cheng et al. for the uptake of 
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gold nanoparticles in HepG2 cells and by Ho et al. for polystyrene nanoparticle uptake in 

HUVEC cells.57 In addition, understanding of the endocytic uptake for both native and 

therapeutically-loaded nanoparticles is crucial to ensure payload delivery to the desired 

organelle, as transport mechanisms and rates can differ upon therapeutic loading. This was 

exemplified by variants of recombinant, spider silk nanoparticles, including polyanionic 

eADF4(C16).62 Following loading of polycationic species by electrostatic adsorption, cellular 

uptake increased almost two-fold compared to the native nanoparticles, due to changes in 

physicochemical properties such as surface charge and hydrophilicity.62  

 

1.2 Cancer-targeted nanomedicine 

Two of the primary obstacles to the clinical translation of current cancer nanomedicines arise 

from the heterogeneous biology of tumors between patients and the complexity of the 

physiological response to nanomedicines.20 Consequently, patient stratification has been 

proposed as a method to match nanoformulations with tumor heterogeneity.20, 26, 73 For 

example, as the EPR effect and tumor microenvironment vary significantly between patients 

and tumor types. Therefore, several preliminary clinical studies proposed stratifying the 

subpopulations of cancer patients for which nanoparticle accumulation via the EPR effect is 

likely using non-invasive imaging.81-83 This type of work would provide predictive markers for 

patients who would benefit from passively targeted nanoparticles and expedite targeted 

treatment to the patients who require it.20, 82  

Further objectives include the identification of mechanisms by which tumor size can be 

reduced, so that cellular or acellular targets can be identified and targeted.32 Pertinent 

examples include tumor associated macrophage depletion and extra-cellular matrix 

degradation as co-injection or sequential injection schemes to increase nanoparticle targeting 

to cancer cells.32 The chemoattraction of macrophages and other immune cells to tumor sites 

is useful for targeted delivery of nanoparticles, especially to hypoxic regions distant from blood 

vessels, which does not rely on passive accumulation. This has been used in numerous 
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studies, for example using macrophages loaded with gold nanoshells to infiltrate tumor 

spheroids in vitro84 and murine metastatic breast cancer in vivo.85 Alternative pre-treatment 

strategies to increase nanoparticle delivery efficiency to cancer cells by using external stimuli 

include hyperthermia and radiation, vascular normalization, extra-cellular matrix modification, 

photodynamic therapy, and chemotherapy priming.81  

Overchuk and Zheng suggest that nanoparticle delivery and intra-tumoral behaviour 

should also be thoroughly investigated in the pre-clinical stages.81 Quantifying targeting 

efficiency and correlating it with therapeutic efficacy would enable a standardization between 

modalities for comparison.32 Currently, most preclinical studies analyze the gross 

accumulation and sub-tumoral localization of the active pharmaceutical ingredient using 

analytical techniques like mass spectrometry, high-performance liquid chromatography, 

gamma counting and, fluorescent microscopy with histology.81 Intracellular uptake analysis 

with optical tissue clearing techniques is beneficial over flow cytometry for parsing nanoparticle 

spatial distribution with respect to cancer cells and vascular structures at single-cell 

resolution.81 Intravital microscopy can also enable in situ evaluation of tumor 

microenvironmental changes with time in the same animal.81  

1.2.1 Physicochemical properties of nanoparticles 

The size and surface charge of nanomedicines can manipulate their stealth properties in the 

circulatory system and alter their cellular interactions at the tumor site.30 For example, cationic 

nanomedicines with zeta potentials above +10 mV are cytotoxic, induce hemolysis, interact 

with serum constituents, undergo rapid clearance by the mononuclear phagocytic system in 

the bloodstream and, undergo rapid hepatic clearance, resulting in systemic cytotoxicity and 

a short circulation half-life.30, 86 Anionic nanomedicines with zeta potentials below –10 mV have 

lower cellular uptake than cationic nanomedicines but also cause rapid mononuclear 

phagocytic system clearance, while rapid hepatic clearance occurs at zeta potentials below -

40 mV.30, 86 As a result, neutral nanomedicines with zeta potentials around ±10 mV have the 

longest circulation but have lower colloidal stability without the adsorption of an electrostatic 
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or steric stabiliser.30, 86 Within the tumor, nanomedicines with low zeta potential magnitude can 

diffuse through the interstitial fluid more easily than those with high charges as they avoid 

being trapped by the electrostatic band pass formed by the extracellular matrix.30 Although 

cationic nanomedicines exhibit non-specific cytotoxicity in the systemic circulation, within the 

tumor they prove advantageous as they can act as an adjuvant, trigger adsorption-mediated 

endocytosis and, lysosomal escape at the target cell.30, 78-80, 86 

The nanomedicine size has been shown to significantly impact biodistribution, tumor 

accumulation and circulation time.30, 87 For example, an increase in nanoparticle diameter, 

especially above 100 nm, has generally been associated with increased clearance by Kupffer 

cells in the liver, reduced hepatobiliary clearance and, insignificant renal clearance.30, 87 

Additionally, as the EPR effect is size-dependent, nanomedicines with diameters around 100 

nm have been observed to accumulate in solid tumors, although smaller nanoparticles can 

have enhanced tumor penetration.30, 87  

Increased tumor penetration can be achieved by tuning the nanomedicine 

physicochemical properties to overcome the barriers to diffusion in the interstitial matrix.30 For 

example, smaller nanoparticles more readily diffuse through the tumor tissue, although 

nanoparticles with diameters less than 20 nm can be more quickly cleared by renal excretion.30 

Smaller nanoparticles have reduced drug carrying capacity both by entrapment and surface 

adsorption.20 Additionally, the surface area of nanoparticles increases as the diameter 

decreases, lowering the controlled-release capacity.20, 88-92 Further optimization of 

nanoparticle properties for tumor penetration may be accelerated by visualization of the nano-

bio interactions occurring in the tumor microenvironment through real-time intravital 

microscopy and 3D in vitro tumor models.20 

For example, Wilhelm et al. used in vitro co-cultures of SKOV-3 cancer cells and 

Raw264.7 murine macrophages in a 3D Matrigel-microchannel system to mimic the intra-

tumoral microenvironment.32 After a 24 h incubation, the cell interaction with 15, 55 and 100 

nm trastuzumab-coated gold nanoparticles was measured with fluorescence microscopy.32 
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Less than 14 per 1 million of 55 nm Trastuzumab-coated nanoparticles were estimated to have 

reached the cancer cells due to intratumoral cellular (tumor associated macrophages) and 

acellular (extra-cellular matrix) barriers.32 This meant that the nanoparticles interacted with 2 

out of 100 cancer cells while the remainder were trapped in the extracellular matrix or 

phagocytosed by the perivascular tumor associated macrophages.32 The smaller nanoparticle 

size of 15 nm was able to penetrate these model tumors deeper but these particles may need 

to be present in a high enough concentration to aggregate before uptake can occur.32 The 

authors suggested that the 100 nm particles were too large to diffuse through the extra-cellular 

matrix.32 For all nanoparticle sizes, the extra-cellular matrix and tumor associated 

macrophages sequestered more than 88% of extravasated nanoparticles.32 The impact of the 

extracellular matrix on the diffusion characteristics of nanoparticles with different mechanical 

properties was assessed using 100 nm nanoparticles composed from different carrier 

materials (e.g., gold, silver, liposome and, poly(lactic-co-glycolic acid)).32 Additionally, 55 nm 

gold nanoparticles were incubated with mouse serum to investigate the impact of the matrix 

on the diffusion of nanoparticles with and without a protein corona.32 Importantly, across the 

range of nanoparticles with different mechanical properties and protein coronas, the matrix 

reduced the diffusion rate of all nanoparticles and resulted in <8% of the cancer cells being 

accessed: reinforcing extra-cellular matrix degradation as a treatment strategy.32  

1.2.2 Hierarchical structure of nanoparticles 

The impact of hierarchical structure and morphology are poorly understood as the effects have 

been observed to be highly dependent on the tumor model and cell line.20 Morphology can 

affect nanomedicine circulation time due to altered immune responses, endothelial cell 

adherence and flow behavior. 93 The morphology dictates the curvature of the particles and 

whether phagocytosis will occur, or cells will spread on the particle surface. Illustrating this 

concept, the circulation time of polymeric worm-like nanoparticles with aspect ratios greater 

than 20 were observed to be longer than for spherical polymeric nanoparticles due to their 

decreased internalization by macrophages.93 Further, cylindrical polymer micelles of lengths 
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between 2 to 8 µm and diameters between 22 to 60 nm have been shown in rodent models to 

have longer circulation times than spherical stealth polymersomes roughly 100 nm in 

diameter.94 Cell adherence of non-spherical nanoparticles is greater due to their higher 

specific surface area, while non-spherical nanoparticles also have complicated flow patterns 

in blood vessels compared to the sequestered flow of spherical particles between red blood 

cells and vessel walls.93 The increased opportunity for cell adherence combined with their 

greater surface area result in non-spherical nanomedicines having a greater affinity for 

endothelial cells than spherical nanomedicines. Consequently, non-spherical nanoparticles 

have a greater capacity for targeted delivery to endothelial cells20 and a higher capacity for 

margination to the target tumour.93 For example, polyethylene glycol coated inorganic 

nanorods (15 × 54 nm) were shown to have a higher rate of tumor penetration than their 

nanosphere counterparts (35 nm), although both had similar hydrodynamic diameters 

between 30 to 40 nm and similar aqueous diffusion rates.20 Finally, the internal crystal 

structure impacts the flexibility of the nanomedicine, which has been implicated in the particle 

stability,95 payload release rate,95 formation of the protein corona,57, 96, 97 clearance by the 

immune system93, 98 and uptake by the target cell.93, 98   

1.2.3 Surface functionalisation 

Some improvements to cancer nanomedicines can be provided by surface functionalization of 

nanomedicines to engineer ligands for active targeting to tumor-expressed receptors and 

stimulus-responsive stealth coatings which prevent undesired biological responses in 

circulation.26 Over recent decades, several nanoimaging agents and nanomedicines 

engineered with active targeting or stimulus-responsiveness have been clinically approved or 

entered clinical trials, resulting in improved tumor accumulation and reduced side effects.99-101 

Examples of actively targeted nanomedicines which have received clinical approval are 

antibody-drug conjugates, which consist of a monoclonal antibody designed to target a specific 

receptor overexpressed on the cancer cell surface and an antineoplastic agent conjugated 

through a non-cleavable (e.g., Trastuzumab emtansine Kadcyla®) or a stimulus-responsive 
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linker (e.g., Sacituzumab govitecan Trodelvy®, Trastuzumab deruxtecan Enhertu®).99  In 

addition, actively targeted nanoimaging agents which incorporate mannose to target the CD-

206 receptor on the surface of macrophages have progressed to the clinic for sentinel lymph 

node identification (e.g., 99mTechnetium-labelled, mannose-dextran conjugate 

Lymphoseek™).101-104 However, simple liposomal and micellar nanoformulations predominate 

over actively targeted or stimulus-responsive nanoformulations in the group of >50 anticancer 

nanomedicines in clinical trials currently.26, 99, 105 The high failure rate associated with the 

translation of surface functionalized nanomedicines from preclinical research to clinical 

approval is due to many unsolved biological and technological issues, particularly the 

considerable work required to understand the nano-bio interactions which interfere with 

nanomedicine stability and biodistribution.99 

1.2.3.1 Active targeting  

Tumor cell uptake can also be improved by active targeting, whereby nanomedicine surfaces 

are decorated with targeting ligands that bind specific, endocytosis-prone receptors which are 

overexpressed on the surface of tumor cells. Active targeting is important for tissue 

accumulation in patients and tumors in which the EPR effect is not the predominant 

mechanism of tumor accumulation. Improved drug delivery and efficacy compared to 

passively targeted controls has been achieved by targeting cell membrane receptors including 

the epidermal growth factor receptor (e.g., in mice bearing murine mammary carcinoma, mice 

bearing human cervical cancer and human colorectal cancer xenografts),106-108 the transferrin 

receptor (e.g., in mice bearing human prostate cancer and human colon adenocarcinoma 

xenografts),109, 110 integrins (e.g., in human glioblastoma and human mesenchymal stem cell 

lines),20, 60, 62 the folate receptor (e.g., in human breast adenocarcinoma cell lines)111, 112 and, 

the asialoglycoprotein receptor (e.g., in human hepatoma patients).113 

Dai et al. have suggested that the reduction in tumor size and increased survival rate 

of actively targeted cancer nanomedicines in mouse models may be due to indiscriminate 

macrophage cytotoxicity and cell death.32 Using pre-clinical in vivo and in vitro mouse tumor 
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models, the authors quantified the targeting efficiency of passively targeted trastuzumab-

coated and actively targeted folic acid-Trastuzumab coated gold nanoparticles.32 The actively 

and passively targeted 55 nm Trastuzumab-coated gold nanoparticles were administered 

intravenously to preclinical human ovarian SKOV-3 xenograft mouse models with solid 

tumours.32 Using flow cytometry with inductively coupled plasma-mass spectrometry, the 

average nanoparticle-to-tumor delivery efficiency for actively targeted particles after 24 h was 

0.59% of the injected nanoparticle dose and 0.25% for the passively targeted particles.32 

However, flow cytometry indicated that 0.0015 and 0.003% of the injected dose of active and 

passively targeted nanoparticles, respectively, interacted with SKOV-3 cells and that there 

was no significant delivery efficiency between actively and passively targeted nanoparticles.32  

Conversely, the tumor associated macrophages had accumulated 0.038% of the injected dose 

of active and 0.02% of passive targeting nanoparticles, which is about 7-38 times the delivery 

efficiency to cancer cells.32  The remainder of extravasated particles were in acellular 

regions.32  Nevertheless, active targeting was beneficial in reducing nanoparticle accumulation 

in the reticuloendothelial system organs.32 

The most common surface functionalization method involves targeting the tumor 

vasculature using the arginylglycylaspartic acid peptide which can bind to αvβ3 integrin 

receptors which are selectively overexpressed on the surface of tumor endothelial cells.20 

Targeting the tumor vasculature can enable delivery of therapeutics that inhibit angiogenesis, 

which reduces tumor growth, causes regression and suppresses metastasis in mice in vivo.20 

Additionally, surface modification with cyclic arginylglycylaspartic acid peptide has been 

shown to significantly increase the tumor parenchyma-penetrating depth.20 However, although 

the idea of active targeting was conceived over 30 years ago, only a few examples have 

reached clinical trial, such as HER2 targeted liposome (MM302)154), a targeted polymeric 

nanoparticle (BIND014), and targeted siRNA nanoparticle (CALAA-01).20  

The majority of understanding from nanomedicine cell interactions has been based on 

in vitro studies, which may not be an accurate model for heterogeneous tumors in vivo. 
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Additionally, the relationship between uptake mechanism and intracellular trafficking is not 

linear, with many biochemical checkpoints determining the final nanoparticle destination.57 

Poor understanding of uptake and trafficking mechanisms in vivo, alongside patient-to-patient 

receptor expression heterogeneity, has contributed to the poorer clinical performance of active 

versus passive anti-cancer nanomedicines.114 High resolution in vivo imaging may increase 

understanding of the interactions occurring within the heterogeneous tumor 

microenvironment.20  

1.2.3.2 Stealth coatings 

Surface functionalization can also be used to engineer stealth nanoparticles by coating 

nanomedicines in hydrophilic, anti-fouling polymers like polyethylene glycol and protein 

polymers like XTEN™ and proline/alanine-rich sequences, which have the added benefit of 

greater biodegradability.106, 115-126 These stealth coatings limit immune clearance by reducing 

opsonization, although the coating also can lower cellular uptake by, and endosomal escape 

in, the target cells compared to native nanomedicines, notably those with positive charge.26 

Research has been accomplished to tether cleavable linkers to the surface which theoretically 

ensure the stealth coating remains during systemic circulation but is selectively removed in 

the tumour microenvironment due to the presence of low pH or enzyme activity.26 However, 

no self-adaptive nanomedicines have reached clinical trials to date.26 Hence, current progress 

in anticancer silk nanomedicine methodology will be next discussed, including rational  silk 

nanomedicine design to account for physiological features of the tumour environment. 

 

1.3 Silk structure 

Numerous insect species and Arachnida produce silk proteins which have species-dependent 

amino acid primary sequence.127 All silk fibroins and spidroins are characterized by the 

presence of a block copolymer-like heavy chain128 which dictates many of the protein’s 

properties (e.g., β-sheet crystallinity, high tensile strength, amphiphilicity, thermal stability).129  

Silk fibroin isolated from Bombyx mori (B. mori) cocoons is particularly beneficial for 
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nanomedicine applications as the species is well-characterized and is the only clinically 

approved silk.130, 131 

Mulberry silk from B. mori consists of a heavy (≈391 kDa) and a light (≈26 kDa) chain, 

linked by one disulfide bond at the heavy chain C-terminus (Figure 1.3).132 For B. mori silk, the 

heavy chain has a block co-polymer repeating amino acid sequence of 11 short hydrophilic 

regions and 12 hydrophobic blocks with nonrepetitive C- and N-termini while the light chain 

has a nonrepeating amino acid sequence.130 The hydrophobic blocks make up 94% of the 

heavy chain, and contain mostly glycine-X repeats, where X is alanine (A) (65%), serine (S) 

(23%), or tyrosine (Y) (9%).130, 132-134 The repetitive blocks can fold into anti-parallel β-sheet 

crystallites by forming hydrogen bonds, Van der Waals bonds and hydrophobic interactions. 

The strength of the intermolecular bonds, the high density and degree of order within the β-

sheet crystallites impart high mechanical strength.129  

In the natural world, as it leaves the spinneret of the silkworm, the hydrophobic silk 

fibroin thread is coated with sericin, which acts as a binding agent during cocoon spinning. 129, 

135 However, as the silk fibroin and sericin mixture has been observed to induce an 

inflammatory response in humans,136 the sericin must be removed by “degumming” the silk 

cocoons.134, 137 Indeed, isolation of the protein from the spun cocoon has become the standard 

technique due to the greater ease of extraction compared to silk gland dissection. Degumming 

methods include chemical, enzymatic, and physical processes to break down the sericin 

protein and break the intermolecular bonds holding the fibroin and sericin together. The most 

well-used method involves boiling chopped silk cocoon pieces in an aqueous alkaline 

solution.138 These processes invariably cause chain scission to the fibroin peptide backbone, 

resulting in a polydisperse mixture of silk fibroin polypetides.139, 140  

The silk fibroin extracted from degumming has a hydrophobic structure enriched with 

β-sheets, termed Silk II.129 The β-sheet crystallites and hierarchical structure of the silk fibers 

result in insolubility in water and most organic solvents,129, 130 which makes the silk obtained 

from degumming difficult to process into formats other than silk fabrics.129, 136 To dissolve the 
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β-sheet crystals, hexafluoroisopropanol141 or saturated solutions of aqueous chaotropic 

agents (e.g., lithium bromide) at 60°C are typically used in a process called regeneration.142 

The input of chemical and thermal energy acts to break hydrogen and Van der Waals bonds 

in the Silk II secondary structure to a metastable, water soluble Silk I partially ordered structure 

which has a higher percentage of α-helix and random coils, although the average molecular 

weight can also be reduced.129, 140, 143 The aqueous liquid silk is typically dialyzed against water 

to remove chaotropic salts before further processing.   
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Figure 1.3. Schematic representations and the reactive amino acid composition of 
Bombyx mori silk fibroin. The scale bar is 0.5 cm in length. The structural composition and 
reactive amino acid content of silk fibroin have been assembled from references.132, 144 Image 
adapted from145. 
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1.3.1 Silk as a biomedical material 

For thousands of years, we have processed silk fibers into textiles and clothing. The silk spun 

by B. mori silkworms during their fifth instar is the market leader for silk goods due to its good 

mechanical properties and the ease with which silkworm breeding and silk cocoon collection 

can be scaled-up and industrialized.136  

B. mori silk has been used clinically for several millennia in traditional healthcare.136 

Since the discovery of aseptic technique in the 1860s, sterile silk products have been used as 

a suture material,146-149 wound dressings150 and, reconstructive surgery support structures,151 

due to favorable biological properties, including biocompatibility, biodegradability and, 

handling.136, 146-148 The complete removal of sericin from the silk fiber is important for non-

immunogenicity of silk biomaterials, as residual sericin contamination has been reported to be 

a potential cause of immune rejection responses.136  Nevertheless, degummed B. mori silk 

has been approved as a biomaterial by the US Food and Drug Administration since 1993.136 

In 2019, the first regenerated silk product, Silk Voice®, a composite hyaluronic acid-silk 

nanoparticle hydrogel was clinically approved as a support structure to expedite vocal cord 

repair.131, 136  

There are many favorable clinical properties of degummed and regenerated silk,135 

namely the capacity to be processed into a variety of multi-scale, hierarchical structures 

including films, scaffolds, hydrogels, microparticles and nanoparticles.137 A variety of silk 

biomaterials have shown comparable in vitro cytocompatibility and in vivo biocompatibility with 

other biopolymers like collagen and polylactic acid.136 In addition, silk biomaterials have shown 

biodegradability,152 pH153 and temperature154 responsiveness, and stabilization of therapeutic 

payloads.155, 156 Due to the presence of reactive amino acids like tyrosine and serine,132, 157 silk 

surfaces can also be decorated to improve the physiological response. For example, silk films 

coupled to acidic aniline derivatives132, 158 showed greater cell attachment of human 

mesenchymal stem cells compared to native silk films in vitro. Conversely, evasion of the 

mononuclear phagocyte system can be achieved through bioconjugation of silk nanoparticles 
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to stealth polymers like polyethylene glycol.159, 160 For example, Totten et al. demonstrated that 

TNF-α production by murine macrophages in vitro was significantly lower after incubation with 

polyethylene glycol-bound silk nanoparticles as opposed to native silk nanoparticles.159  

The limitations of silk biomaterials arise due to the heterogeneity of silk molecular 

structure within and between degummed and regenerated silk batches. The molecular 

structure heterogeneity occurs due to the genetic heterogeneity between native silkworms161, 

162 and a polydisperse mixture of silk molecules occurs due to the kinetically controlled amide 

backbone scission during processing.139, 156, 162-165 With respect to the greenness of silk 

processing, silk sericulture and cocoon acquisition act as a carbon sink,166 although 

standardization and scale-up of newer regeneration processes are still required to reduce the 

use of energy, water and toxic chemicals.138, 167 For example, a recent improvement to reduce 

the volume of water required for regeneration in the absence of additional pH sensitive 

compounds has been to remove the dialysis step of the chaotropic salt-liquid silk mixture 

before processing the liquid silk into silk nanoparticles.168 

1.3.2 Silk as a nanomedicine  

Silk fibroin has generated considerable research interest as a carrier material for 

nanomedicines due to the controllable physicochemical properties of the resultant silk 

nanoparticles.169 For example, silk nanomedicines can be optimized for different modes of 

administration (e.g., intravitreal,170 intravenous,171 topical,172 inhalation173) by changing the silk 

nanoparticle manufacturing process to tune the nanoparticle size, which can vary between 40 

nm to microns in diameter for spherical carriers.153, 172, 174 To illustrate, using in vivo tumor 

models, silk nanoparticles between 100 nm and 200 nm were distributed to the tumor sites via 

intravenous administration.171, 175 Conversely, low polydispersity silk nanoparticles with an 

average size of 42 nm in diameter were capable of in vivo transdermal delivery in rabbits by 

paracellular uptake through the stratum corneum to the dermis, a route which was not 

available to larger particles which sequester in the stratum corneum.172 Furthermore, the 

morphology of silk nanomaterials can be controlled by varying the manufacturing process, with 
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examples ranging from spherical nanoparticles to rod shaped microparticles,155, 176 and nano- 

and microfibres.177, 178 Hence, adsorption to silk fibroin nanoparticle carriers with optimized 

critical quality attributes can improve the pharmacokinetic and pharmacodynamic properties 

of the payload. 

Surface potential is another key physicochemical property of silk nanoparticle carriers 

which dictates the surface adsorption capability towards acids and bases. Silk fibroin 

nanoparticles have a net negative surface charge at physiological pH,152, 160, 174, 179 due to the 

silk pI of 4 to 5.180 Molecular modelling experiments indicated that the negative charge of silk 

fibroin at physiological pH is caused by the presence of ionizable groups, such as glutamic 

and aspartic acids,181 which also makes the silk nanoparticles pH-responsive. The surface 

electronegativity at physiological pH has been implicated in the lysosomatropic drug 

delivery182 of silk nanoparticles verified by live cell confocal microscopy of MCF-7 cells183 and 

monocytes.184 Upon trafficking to the acidic lysosomes (roughly pH 4.5), and to a lesser extent 

in the acidic tumor microenvironment (pH 6.5 to 6.9), the pH-responsiveness of the ionizable 

groups can trigger the release of surface adsorbed drugs, an observation corroborated by in 

vitro drug release experiments with the weakly basic drug doxorubicin.160, 185 Doxorubicin 

release was  further increased during carrier degradation, with significantly increased release 

of doxorubicin in the presence of papain at pH 4.5, which served as a model for lysosomal 

enzymes.152 However, the surface electronegativity limits the loading of negatively charged 

small molecules and biologics (i.e., nucleic acids) and can cause repulsion between the silk 

nanoparticle and the target cell membrane.186, 187 

To improve uptake by the target tissue, silk nanoparticles can be functionalized by 

targeting and stealth ligands. The conjugation of biologically active ligands improves silk 

nanomedicine efficacy by enabling receptor-mediated endocytosis and reducing 

reticuloendothelial system clearance.129 Due to the presence of chemically reactive amino acid 

groups within the silk fibroin peptide sequence, active targeting and stealth coating can be 

achieved by chemical modification of the silk amino acid side chains (Table 1.1).129 For 
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example, bioconjugation of the arginylglycylaspartic acid sequence, folate and H2.1 Her2-

binding peptide (Table 1.1) to silk fibroin particles improves their adhesive properties to cancer 

cells that overexpress integrins, folate receptors and Her2 receptors, respectively.129 The 

conjugation of folate has also been shown to aid the cellular uptake by folate responsive 

cancer cells.129,185 Alternatively, stealth coating nanoparticles by post-synthetic conjugation of 

polyethylene glycol has been shown to stabilize colloidal silk drug carriers in physiological 

model solutions,160 improve the in vitro drug release of doxorubicin at pH 4.5,160 reduce in vitro 

coagulation and platelet activation in human whole blood,184 and alter the macrophage 

response.159 Consequently, it is clear that the progress of silk nanomedicines to the clinic 

requires leverage of conjugation techniques.   
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Table 1.1. Post-synthetic chemical modification of silk fibroin nanoparticles for active 
targeting.  

Nanoparticle 
carrier 

material 
Chemical 

modification 
Therapeutic 

payload Cancer cell line Reference 

Gold Silk fibroin 
nanoparticles Doxorubicin Hela 188 

Silk 

SP5-52 peptide Gemcitabine LL-2 189 
Technetium-99 and 

tween 80 Doxorubicin C-6, LN-229 190 

Cellulose acetate Au-Ag MCF-7 191 
Lyp-1 Quercetin 4 T1 192 

Chondroitin sulfate Curcumin 264.7 macrophages 193 
Calcium chloride Doxorubicin 4 T1 194 

Cylic- 
arginylglycylaspartic 

acid 
Curcumin CACO-2, HeLa 195 

Molecularly 
imprinted polymer - LDH, NIH 3T3 196 

Folic acid Doxorubicin HeLa 197 
Her2 peptide Doxorubicin D2F2E2/LUC 198 

Genipin Cisplatin A549 199 

 

1.4 Silk nanoparticle manufacture 

Processing liquid silk feeds for clinical development requires development of manufacturing 

methodologies that are scalable, safe, lower cost, sustainable and reproducible between 

batches.130 In conjunction, the chemistry, manufacturing and controls and good manufacturing 

practice requirements for nanomedicines increase in complexity as the technology moves 

from preclinical development to clinical development and then to commercialization so as to 

ensure a standardized quality.20 The manufacture of simple nanoparticle systems, such as 

liposomes and polymeric nanoparticles, have been successfully scaled-up using batch and 

continuous manufacturing unit operations which are readily available or custom designed in 

the pharmaceutical industry.20 However, complex nanoparticle systems that have biological 

targeting ligands, biological components, carry a combination of therapeutics, use layer-by-

layer assembly, or are composite materials, can pose challenges to reproducible scale-up as 

they require multiple steps or sensitive components, and can require the modification of 
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existing technology and the development of novel manufacturing processes.20 This is pertinent 

to silk fibroin, which possesses the limitations of being highly sensitive to processing 

conditions during degumming, dissolution, formulation, and purification, such as pH, 

temperature, and chemical impurities.200  

Moving from lab-scale to clinical scale typically requires screening formulation factors 

or methods to ensure reproducible results. Consequently, designing nanoparticle manufacture 

methods at the lab-scale that are amenable to scale-up is important. Although many lab-scale 

studies use bulk phase synthesis in semi-batch or batch format, examples of methods that are 

amenable for scale-up to clinical development include non-wetting template technology,201 

coaxial turbulent jet mixer technology,202 photolithography,203 and microfluidic204 technologies 

which have the advantages of homogeneity, reproducibility, tunability and, high throughput 

(multiple kg day-1 can be produced). Optimizing formulation conditions at lab-scale and 

conducting early scale-up studies using these technologies can accelerate clinical 

translation.20 

The progression of some nanomedicines to the clinic have been complicated by a lack 

of standardized physicochemical and biological characterization, unreproducible formulation 

methods, insufficient characterization techniques and, insufficient comparisons between 

nanoparticle systems.20 In order to increase the reproducibility of nanoformulation 

manufacture details and characterization methodology, the Minimum Information Reporting in 

Bio-Nano Experimental Literature guidelines were proposed.205 Arguments against these one-

size-fits-all rules is that they make characterization pipelines especially difficult for poorly 

funded research fields, early-stage researchers and complex nanoparticle systems, so they 

have not been universally accepted in the academic scientific literature.20, 206, 207 Nevertheless, 

it is clear that better standardization and clearer reporting of methods at the lab-scale would 

be of long-term benefit to improve consistency across studies.20 
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1.4.1 Silk nanoparticle formation in batch format 

There has been considerable research interest in using silk nanoparticles as carriers of DNA 

and small molecule drugs such as doxorubicin which can be loaded during or after formulation 

(Table 1.1). For larger particles (0.2–10 µm), top-down methods such as jet milling,208 bead 

milling,209, 210 and ball milling211 provide simple approaches which are easy to scale and do not 

require toxic organic solvents.212 However, the large sizes and wide polydispersity index of 

particle batches produced, combined with the reduction in silk II content during grinding means 

these particles are more likely to be cytotoxic with short circulation times.212 Consequently 

different bottom-up methods have been used to make silk nanoparticles in the bulk phase, 

namely, instrumental-induced and chemical-induced methods. 

Instrumental-induced silk nanoparticle formation involves exposing silk solution to 

physical forces like heat changes, pressure changes, electric fields, ultraviolet light, and 

shearing (Table 1.2).200 Solution-enhanced dispersion by supercritical fluids processing 

exposes a silk and supercritical CO2 solution is exposed to high pressure and temperature 

which atomizes the solution into small droplets with enhanced mixing to form nanoparticles 

after the CO2 evaporates.213-215 Silk particles may also be prepared by utilizing electric fields 

to ionize an aqueous silk solution, whereby the physicochemical properties of the resulting 

nanoparticles can be tuned by silk feed concentration and electric field voltage.216, 217 Electric 

fields formed by immersing conductive electrodes into a silk solution for a few minutes result 

in silk electric-gel formation at the positive electrode due to the local reduction in pH, which 

yields the constituent nanoparticles after freeze-drying.218, 219 Another method to fabricate 

nanoparticles uses shearing forces, whereby silk is forced through specially designed nozzles 

to tune particle properties with flow rate.216, 217 For example, electrospraying also uses high 

voltage electric fields across a capillary nozzle to force the silk solution out as droplets and 

the evaporation of water causes nanoprecipitation.217 Spray-freeze-drying involves spraying 

silk solution through an ultrasonic nozzle into liquid nitrogen and the nanoparticles are 

recovered by freeze-drying.220 Laminar jet break-up involves breaking up the sprayed silk 
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solution with a laminar jet and forming the silk II structure with methanol or water vapour.220 

The capillary-microdot method uses a microcapillary to distribute silk solution on glass slides 

and the nanoparticles are formed by freeze-drying.221 Finally, photolithography uses UV-

induced protein crosslinking through a photomask of a specific pattern to obtain microparticles 

which are recovered by washing with water.203 

Chemical-induced silk nanoparticle formation requires the addition of other chemicals to 

a silk solution to induce covalent chemical or intermolecular bonding to expedite the silk I to 

silk II secondary structure transition which occurs during nanoparticle formation (Table 1.2).200 

Cross-linking reactions introduce strong covalent bonds to initiate silk II formation by mixing 

silk with chemical crosslinkers like 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.222 Self-

assembly methods initiate protein-protein interactions by complex layer-by-layer silk 

deposition steps in the presence or absence of a particle template.223-225 Polymer blending 

comprises four steps: air-drying of composite polymer-silk films or hydrogels for controlled silk 

self-assembly; dissolution of silk in water; sonication; and, centrifugation to clean and 

concentrate the suspension. 176, 197, 226, 227 The polymer blending technique has been used to 

optimize silk nanoparticle properties by using silk-poly vinyl alcohol blends to make air-dried 

films and altering processing parameters such as initial silk feed concentration, weight ratio of 

silk and polyvinyl alcohol, and sonication.176, 228 However, this method results in nanoparticles 

which are toxic and are predicted to possess an undesirable circulation time in clinical 

applications due to the high polydispersity index (0.40–0.68) and large nanoparticle size 

(ranging from 0.3–20 µm) measured by dynamic light scattering (DLS).176, 228 Other fabrication 

methods proceed via a water-in-oil emulsion intermediate. For example, the reverse 

microemulsion technique involves mixing a silk solution into a surfactant-organic solvent 

mixture such as Triton-X 100 and cyclohexane, which is then broken using an alcohol 

antisolvent like ethanol and methanol to recover the nanoparticles.229 Alternatively, emulsion 

solvent evaporation uses paraffin to generate a water-in-oil emulsion, which is then 

evaporated off by heating leaving the aqueous nanoparticle suspension.230 Finally, 
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emulsification diffusion homogenizes the silk solution with a water-immiscible organic solvent 

to form a water-in-oil emulsion and the nanoparticles purified using centrifugation.231, 232  

Simple coacervation is one of the most reported bulk phase methods in the literature and 

can be conducted by salting out or by desolvation with organic anti-solvents. Salting out 

involves increasing the ionic strength of an aqueous silk solution with a strong ionic solution 

like potassium phosphate to pull out water from the silk hydration shell and facilitate protein-

protein interactions.197, 233 Additionally, as the silk I to silk II transition occurs at around pH 5, 

acidic conditions result in silk II crystalline nanoparticles, whereas basic conditions result in 

silk I rich nanoparticles.169, 233 The ability to tune secondary structure by varying pH, ionic 

strength and silk feed concentration is useful for loading weakly basic drugs.169, 233 However, 

the nanoparticle sizes of 0.5–2.0 µm from salting out, the <10% drug loading saturation and, 

the large batch-to-batch variability are not advantageous for anti-cancer applications.169  
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Table 1.2. Bottom-up production methods to fabricate silk nanoparticles. Adapted from references212, 233. 

 Method Advantages Disadvantages Sizes/Payloads 
(Refs) 

C
he

m
ic

al
 

Salting Out 

Tunable physicochemical properties  
Tunable secondary structure 

Simple process 
No organic solvent 

Simple scale-up 
Mild conditions 

Challenging to load hydrophobic and pH-
sensitive payloads 

High polydispersity index 
Complex purification from salt-out agents 

 

0.486–2.0 µm 
Alcian blue 

Rhodamine B 
Crystal Violet 
Doxorubicin 
(233, 169, 234) 

Desolvation 
Tunable physicochemical properties 

Simple process 
Simple scale-up 
Mild conditions 

Difficult to produce nanoparticles >200 nm 
Complex purification from organic solvents 
Challenging to load hydrophobic payloads 

Low drug loading capacity 

35–300 nm 
Alpha mangostin 

Doxorubicin 
(185, 222, 235-237) 

Polymer blending 

Tunable physicochemical properties  
Tunable secondary structure 

Simple process 
Simple scale-up 
Mild conditions 

No organic solvent  

Challenging to load hydrophobic payloads 
Complex purification from polymer 

residues 
Silk I secondary structure mainly produced 

0.3–100 µm  
Bovine serum 

albumin 
Dextran 

Rhodamine B 
(176, 226) 

Self-assembly 
Tunable physicochemical properties  

Tunable morphology 
Tunable secondary structure 

Mild conditions 

Complex process 
Low throughput  

0.02–6 µm  
Linalyl acetate  
Plasmid DNA 

(223-225) 

Reverse 
microemulsion 

Simple process 
Tunable physicochemical properties 

Complex purification from organic solvents 
and surfactants 

 

167–169 nm 
Rhodamine B 

(229) 
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Emulsion solvent 
evaporation 

Simple process 
Mild conditions 

Microparticles produced 
Complex purification from organic solvents 

80–150 µm 
Bovine serum 

albumin 
(238) 

Emulsification 
diffusion 

Simple scale-up 
Simple process 
Mild conditions 

Microparticles produced 
Complex purification from organic solvents 
Silk I secondary structure mainly produced 

60–150 µm 
Metformin 

(231, 232) 

Cross-linking 
reaction 

Simple process 
Tunable physicochemical properties 

Complex purification from crosslinker 
reagents 

 

0.3–1 µm 
Alpha mangostin 

(222) 

In
st

ru
m

en
ta

l 

Supercritical 
Fluid Solution 

No organic solvent 
Simple scale-up 

High drug loading capacity 

Expensive 
Complex process 

Silk I secondary structure mainly produced 

28–194 nm 
Curcumin 

Indocyanine 
green 

(215, 239) 

Electrospraying 
No organic solvent 

Tunable physicochemical properties 
High drug loading capacity 

Expensive 
Silk I secondary structure mainly produced 

59–75 nm 
Cisplatin 

(217) 

Electric field No organic solvent 
Tunable physicochemical properties Silk I secondary structure mainly produced 

0.2–3.0 µm 
Bovine serum 

albumin 
(218, 219) 

Spray-freeze-
drying 

No organic solvent 
Tunable physicochemical properties 

High drug loading capacity 
Cost effective 

Microparticles produced 
Complex process 

Silk I secondary structure mainly produced 
Challenging to load hydrophobic and pH-

sensitive payloads 

3–20 µm 
Cisplatin 

(199) 

Laminar jet 
break-up 

No organic solvent 
Mild conditions 

High drug loading capacity 

Silk I secondary structure mainly produced 
Microparticles produced 

100–440 µm 
Salicylic acid 
Propranolol 
Insulin-like 

growth 
factor 
(220) 
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Capillary-
microdot printing Tunable physicochemical properties 

Complex purification from organic solvent 
Complex scale-up 

Low yield 
Silk I secondary structure mainly produced 

20–140 nm 
Curcumin 

(221) 

Photolithography 
No organic solvent 

Monodisperse size and morphology 
High throughput 

Microparticles produced 
Not applicable for payloads sensitive to UV 

exposure  

5–100 μm 
(203) 
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Organic anti-solvent desolvation is a popular formulation method as it comprises a 

simple one-step addition of aqueous liquid silk feed to a water-miscible, organic anti-solvent, 

followed by purification of the silk nanoparticles from the cytotoxic anti-solvent. 185, 235-237  The 

method utilizes the Marangoni effect240 to govern the silk I to silk II transition and nanoparticle 

formation. Silk desolvation was first reported by Zhang et al. in 2007, whereby using at least 

70% (v/v) of acetone resulted in low polydispersity index nanoparticles with sizes ranging 

between 35–125 nm as measured by transmission electron microscopy with a β-sheet 

crystalline silk II secondary structure measured by X-ray diffraction, Fourier transform infrared 

spectroscopy (FTIR) and differential scanning calorimetry (DSC).236 Zhang et al. reported that 

out of polar protic solvents including the first three monohydric alcohols and polar aprotic 

solvents including tetrahydrofuran and acetonitrile, acetone gave the most favourable particle 

properties. This may be due to its intermediate polarity and shape236 which enable rapid 

transition of the α-helix to β-sheet secondary structure transition; reducing the polarity of 

monohydric alcohols has been found to increase the transition when added to silk films.241 

Additionally, the type of silk used during desolvation governs the resulting particle properties 

due to the different molecular structures. To illustrate, desolvation of silk extracted from 

Antherea mylitta (A. mylitta) cocoons with dimethyl sulfoxide resulted in nanoparticles roughly 

160 nm in size compared to nanoparticle sizes of roughly 180 nm for silk extracted from B. 

mori cocoons.242 

Recently, particles were generated in acetone by varying silk feed concentration 

between 5–10% w/v and varying silk molecular weight.243 The silk molecular weight was varied 

by performing the degumming procedure for 1 h, 0.5 h, and 0.17 h to generate molecular 

weights of < 171 kDa, 31−268 kDa and 171−460 kDa.243 The authors found that although the 

PDI did not vary significantly, ranging between roughly 0.20–0.32, increasing the silk feed 

molecular weight and silk feed concentration increased the nanoparticle size from 58 nm to 

254 nm as measured by DLS.243 Reducing the temperature to -20 °C generally resulted in 

smaller nanoparticles being formed.243 Principal component analysis revealed that the silk 



38 

feed concentration had a greater influence on the particle diameter than the molecular weight 

of the silk feed.243 Drawbacks to the desolvation method include the difficulty in tuning 

nanoparticle size above 200 nm without knock-on increases to the PDI and the need to purify 

the nanoparticle product from toxic antisolvents.243 

The variety of bulk methods investigated is partly a consequence of the challenges 

that the silk feed polydispersity and self-assembly properties pose to reproducible 

manufacture. The inherent difficulty in achieving reproducible manufacture is exacerbated in 

batch format due to its time-dependent nature. This can lead to product property deviation 

throughout formulation and long cleaning cycles to remove silk biofouling which lowers 

throughput. Consequently, optimizing silk formulation using continuous methodology has been 

proposed as a solution to increase reproducibility and sustainability of silk nanoparticle 

manufacture.  

1.4.2 Silk nanoparticle formation in continuous format 

There remains a need to develop and optimize nano-formulation technology with increased 

scalability, reproducibility, and throughput to reduce production costs, safety concerns, and 

negative environmental impact. Continuous production provides advantages over batch 

formats in safety, cost, and environmental impact as the production line is a one-step process 

that does not need to be interrupted by long emptying and cleaning cycles. Additionally, the 

reproducibility of product properties can be ensured as in-line monitoring systems can be 

designed to ensure the critical quality attributes of the products in the output stream are within 

the designated safe ranges, and production stopped should deviation occur. Chemical-

induced silk nanoparticle formulation methods that can be translated into continuous format 

include desolvation,174, 179, 228 emulsification155, 244 and, polymer blending.245 

Microfluidic mixing is a pertinent production technology to continuous silk nanoparticle 

formulation as precise manipulation of process factors including total flow rate and flow rate 

ratios enables the control of particle properties.246-248 Early microfluidic channel designs were 

made from polydimethylsiloxane using soft lithographic techniques. However, 
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polydimethylsiloxane is incompatible with organic solvents, acids and bases249, 250 which can 

result in channel deformation and swelling during formulation and cleaning steps. Alternative 

materials including glass, stainless steel and, polypropylene improve the range of solvent 

compatibility but can be more expensive and difficult to produce.249, 250 Indeed, silk microfluidic 

devices have also been utilized for bio-microelectrical mechanical system and chemical 

analysis applications and can be fabricated by micromoulding on polydimethylsiloxane reverse 

moulds251 and by lithium bromide etching.252 To address the challenge of biofouling and 

channel failure during formulation, channel surfaces can be treated with proteins and polymers 

to reduce surface adsorption.253 

Microfluidic devices may increase the rate of translation from bench to clinic as the 

laminar flow fluid dynamics in the specialized mixing chambers can induce high mixing rates 

and the high total flow rates that can be achieved can lead to commercially-relevant 

throughput.254 The mixing chamber design should take into consideration the formation 

mechanism to ensure fluid dynamics and mixing times produce a narrow distribution of 

nanoparticle properties without aggregation.254 The control over silk nanoparticle formation 

has been improved by commonly used microfluidic designs including staggered 

herringbone,174, 179 swirl,255 hydrodynamic flow-focusing,245, 256 double-junction257 and, T-

mixers.155 For example, the microfluidic T-mixer proved advantageous over batch 

emulsification to improve control over nano-microparticle size (51–2500 nm)244 and 

microparticle morphology (6–80 µm spheres to 5–35 µm × 4.5–65 µm rods).155 The co-

focusing mixer when used for polymer blending silk and polyvinyl alcohol (2.8–6.8 µm) 

resulted in monodisperse microparticle size distribution (6.6 µm, PDI 0.13) compared to batch 

format (5.8 µm, PDI 0.65).245 However, the double-junction, flow-focusing and T-mixer require 

a low flow rate (µL/h) which make them unsuitable for high throughput (kg day-1) commercial 

production. 

The commercially-relevant NanoAssemblr™ system uses a staggered herringbone 

mixer to provide advantages over batch format including low millisecond mixing times, high 
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total flow rates of 12 mL min-1 and, full scalability to commercial formulation systems operating 

under current good manufacturing practice conditions.258, 259 Silk desolvation performed by 

Wongpinyochit et al.174 in the NanoAssemblr™ using B. mori silk degummed using the sodium 

carbonate method for 1 h with isopropanol and acetone antisolvents achieved physiologically-

relevant nanoparticles (110 nm to 310 nm) with low polydispersity (0.1 to 0.25), negative 

surface potential (-20 to -30 mV) and a silk II structure (48–51% β-sheet content). The authors 

found that increasing the antisolvent:silk flow rate ratio from 1:1 to 5:1 increased the magnitude 

of the negative surface charge, decreased the size, decreased the size distribution, increased 

the colloidal stability over 42 days at 4 °C and, increased the yield. Scanning electron 

microscopy showed that increasing the total flow rate from 1 to 12 mL min-1 generally 

increased the presence of aggregates. The nanoparticles were not cytotoxic to a murine 

macrophage RAW 264.7 cell line with an IC50 above 100 mg mL-1 and were trafficked to the 

lysosomes after 3 h.174   

Solomun et al. expanded upon this work by comparing the desolvation of sodium 

carbonate degummed B. mori silk with isopropanol in manual semi-batch format with the 

microfluidic NanoAssemblr™ system.179 The optimal microfluidic process factors of a 5:1 flow 

rate ratio and a 1 mL min-1 flow rate were set to optimize the silk degumming time.179 As for 

previous work,174 the nanoparticles showed good biocompatibility in RAW 264.7 cells with an 

IC50 over 250 µg mL-1.179 The authors found that 1 and 1.5 h degummed silk in microfluidic 

and semi-batch formats resulted in similar nanoparticle sizes (101−114 nm) and size 

distributions (0.088–0.107).179 The surface potential was significantly reduced in microfluidic 

manufacture (−28 to−29 mV) compared to semi-batch format (−39 to−43 mV).179 In both 

manual and microfluidic format, increasing degumming time from 10 minutes to 1 and 1.5 h 

decreased the nanoparticle size and size distribution while the yield increased from 8% to 

roughly 20%.179 Although the low volumetric throughput of optimal formulation (1 mL min-1) 

and low yields174, 179 are key disadvantages of desolvation using the staggered herringbone 
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mixer, operating microfluidic channels in parallel provides a solution to increase throughput 

for larger scale production.  

To address low volumetric throughput, microfluidic swirl mixers have recently (2022) 

been used to manufacture silk nanoparticles by desolvation with ethanol at high flow rates 

(10–50 mL min-1) with good reproducibility and low distribution of nanoparticle size.228 

Nanoparticle purification was achieved with tangential flow filtration,228 which provides a 

scalable technique to remove organic solvent and unbound payloads.255 The nanoparticle 

properties were varied with total flow rate, silk feed concentration and the number of mixing 

elements.228 The authors used nanoparticle tracking analysis to measure the average 

nanoparticle size. The nanoparticle tracking results are similar to measurements by DLS but 

the single particle analysis gives a greater accuracy size distribution, as small nanoparticles 

in a polydisperse samples are not underestimated.260 The authors used B. mori silk degummed 

using the sodium carbonate method for 30 minutes and found that the nanoparticle size and 

size distribution decreased with total flow rate increasing from 10 to 50 mL min-1, with spherical 

morphologies for nanoparticles of sizes below 200 nm produced at 20 mL min-1 observed by 

transmission electron microscopy. Increasing the number of mixing elements from one to four 

resulted in larger nanoparticles at each flow rate. Increasing the silk feed concentration from 

0.5 to 3% w/v increased the nanoparticle size across all flow rates and from roughly 100 to 

300 nm at 10 mL min-1. The maximum negative surface potential of the nanoparticles was -28 

mV and the negative surface potential increased in magnitude with mixing elements. The 

negative surface charge in conjunction with all nanoparticles bearing a silk II structure by FTIR 

analysis resulted in colloidal stability when stored in water at 4 °C for 30 days. Although the 

authors did not report the nanoparticle yield, the swirl mixer proved advantageous over the 

standard T-mixer as smaller nanoparticles with narrower size distribution were produced when 

compared to using the same processing parameters.228 
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1.5 Synthetic modification of silk nanomedicines and silk films 

Silk fibroin has several chemically reactive amino acid groups which can be leveraged for 

homogeneous or heterogeneous bioconjugation (Figure 1.3). Functionalized silk nanoparticles 

for improved drug delivery by active targeting are listed in Table 1.1.129, 261 Chemical 

modification can be performed using the reactivity of natural amino acids in the silk protein 

chain although these routes are typically associated with low chemoselectivity, multiple 

reaction steps and, low yields due to complicated purification.  Carbodiimide, NHS-ester and 

diazonium coupling have been popular methods to functionalize silk fibroin through silk 

primary amines or carboxylic acid side chains (Figure 1.4).  

 

Figure 1.4. Popular bioconjugation techniques which display a range of 
chemoselectivities and utilize the reactive silk fibroin natural amino acid chemistry. The 
reaction schemes have been adapted from references.132, 157, 262, 263  
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Homogeneous reactions, which are conducted in the solution-phase, are 

advantageous for functionalization of silk substrates as they enable downstream processing 

of liquid silk into different material formats and morphologies. For example, to improve 

anticancer efficacy by folate-mediated targeting, Horo et al. functionalized silk using 

homogeneous carbodiimide coupling to first increase amine content with ethylenediamine 

before performing coupling reactions with NHS ester-activated folate. The functionalized silk 

was purified from small molecule side products and unreacted reagents by dialysis and then 

processed using layer-by-layer deposition to form a coating for chitosan-gold microparticles.188 

The functionalized silk was analyzed by FTIR to determine a 14% conjugation efficiency of 

ethylenediamine and by UV-visible spectroscopy to determine a 18.3% conjugation efficiency 

of folate.188 Compared to the uncoated particles, the silk-folate coating resulted in decreased 

burst drug release as it served as a diffusion barrier to encapsulated doxorubicin and 

increased the in vitro cytotoxicity in HeLa cell lines.188 However, homogeneous reactions can 

suffer limitations due to the amphipathic nature of silk fibroin. For example, due to the low 

solubility of silk fibroin in organic solvents, many reactions are conducted in aqueous media. 

Consequently, the non-polar regions of the silk molecule form non-covalent interactions and 

undergo folding which can protect reactive amino acids from incoming reactants, resulting in 

low reaction yields and complicated purifications to separate the product from unreacted 

substrates.  

Heterogeneous chemical modification can involve functionalization of silk fibroin 

nanoparticles, fibers or films with stealth ligands such as polyethylene glycol159, 160 or 

biologically active molecules like RGD,114, 195 folate112, 197 and, targeting peptides189 for active 

targeting. Late-stage heterogeneous functionalization of these silk formats can simplify 

purification, ensure modification of the reactive groups present at the material surface, improve 

performance and, open up new applications.132, 157  Indeed, Subia et al. reported the first 

chemically functionalized silk nanoparticles for active targeting using heterogeneous synthesis 

with acetone desolvated A. mylitta silk nanoparticles (roughly 200 nm). The authors used 
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carbodiimide coupling chemistry to produce A. mylitta silk-folate nanoparticles. Carbodiimide 

coupling can result in a low extent of modification due to the low carboxylic acid and primary 

amine content of silk in conjunction with the heterogeneous distribution of these residues along 

the protein sequence. Notably, the authors did not quantify the conjugation efficiency, although 

the functionalized nanoparticles were stable, spherical and, had significantly greater 

endocytosis by human MDA-MB-231 triple-negative breast cancer cells compared to native 

silk nanoparticles. Folic acid competition studies indicated that the nanoparticles were 

recognized by the folate receptor, as endocytosis was blocked in the presence of excess folic 

acid.112 The authors loaded the folate-silk nanoparticles post-synthetically with doxorubicin,112 

but drug loading could also be conducted in situ.107 For example, in situ paclitaxel loading 

during ethanol desolvation of 0.5% w/v silk fibroin was reported to give 10% w/w drug 

loading.107 The resulting silk-paclitaxel nanoparticles could undergo heterogeneous 

carbodiimide coupling with an anti-EGFR-iRGD dual-functional peptide and exceeded 75% 

conjugation efficiency, measured using fluorescence spectroscopy. The peptide association 

with epidermal growth factor receptors and αvβ3/αvβ5 integrins increased the in vitro and in 

vivo anticancer efficacy compared to native silk controls. Additionally, the in vivo tumor 

targeting was greater compared to the silk controls, as determined by near infrared 

fluorescence imaging at 12 to 72 h after injection into HeLa-bearing mice. However, receptor 

engagement in vivo was not proven with soluble paclitaxel negative controls or soluble 

targeting residue competition studies.107 Important limitations to heterogeneous synthesis 

post-drug loading include the heightened complexity of purification, the possibility of side-

reactivity with the payload, and reduction to drug loads during purification.  

Diazonium coupling chemistry with silk fibroin produces an azobenzene derivative 

through an electrophilic aromatic substitution between a diazonium salt with silk tyrosine side 

chains (Figure 1.4).158 Diazonium coupling reactions have been used to alter the polarity of 

the silk molecule by functionalization with a range of moieties such as sulfonic acids, 

carboxylic acids, ketones and, alkanes.158 The reaction is advantageous over other tyrosine 
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functionalization methods for numerous reasons, namely: it is conducted in mild, basic borate 

buffer (pH 9.0) in which silk fibroin is stable; readily available aniline derivatives can be used; 

electron-withdrawing and electron-donating anilines are tolerated; the reaction proceeds 

rapidly and can be quenched in 5–30 minutes;158 homogeneous and heterogeneous 

functionalization are possible; the installation of the azobenzene group can be monitored by 

1H-NMR or UV-visible spectroscopy at 325 nm; and, the functionalized silk can be recovered 

by size exclusion chromatography or centrifugation.158 The reaction has tunable levels of 

modification by changing the ratio of diazonium salt to tyrosine or by changing the silk 

concentration.158 For example, the conversion efficiency can be maximized to roughly 70% 

tyrosine conversion with dilute silk solutions and 0.9 equivalents of aniline derivatives 

containing electron withdrawing substituents.158 However, the reaction conjugation efficiency 

can be impeded to roughly 20% by using aniline derivatives with electron donating substituents 

or by low aqueous solubility of the diazonium salts.158 The drawbacks of the reaction include 

side reactions with histidine residues and silk gelation when conducted at high silk 

concentrations or when using an aniline derivative with hydrophobic substituents.158 

One method to increase conjugation efficiency is to use reactions with low 

chemoselectivity like glutaraldehyde cross-linking (Figure 1.5). Silk nanoparticles (40–120 nm) 

assembled using acetone desolvation were used as a carrier for long-acting insulin 

formulations by surface functionalization with insulin. Silk-insulin crosslinks were established 

using 0.7% glutaraldehyde for 8 h, the particles purified using repeated centrifugation and,  

ELISA used to demonstrate 90 to 115% recovery of insulin.264 Conjugation of insulin to the silk 

nanoparticles resulted in greater stability of insulin in human serum and trypsin solution in 

vitro.264 The disadvantages of glutaraldehyde cross-linking include the denaturant properties 

of glutaraldehyde on proteins,264  the low chemoselectivity resulting in undesired properties of 

the conjugate, and the high energy required to break strong covalent bonds for payload 

release.   
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Figure 1.5. Bioconjugation techniques which display low chemoselectivity and utilize 
the reactive silk fibroin natural amino acid chemistry. The reaction schemes have been 
adapted from references.132, 157, 262, 265-268 
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Chemoselective silk bioconjugation can be achieved using enzymatic catalysts like 

horse-radish peroxidase269 and N-acetylgalactosamine transferase270 which act on natural 

amino acids. Enzymatic catalysis presents a biorthogonal synthesis route as the reactions are 

performed under physiological conditions, are highly site-selective and, can increase reaction 

yields while avoiding the need for co-factors or toxic metal catalysts. However, purification 

from residual enzymes can provide a challenge, especially during reactions which induce 

gelation as the enzymes can become incorporated into the hydrogel network.269  

Alternatively, chemically modifying naturally reactive amino acids after protein 

expression to introduce click handles opens up multi-step synthetic routes, due to the highly 

specific and efficient nature of biorthogonal click chemistry (Figure 1.6).271, 272 For example, 

Scheibel and colleagues manufactured first-generation spider silk-inspired proteins using 

carbodiimide coupling of cast films with azidopropylamine. The installation of the azido moiety 

was monitored by FTIR and used as a handle for copper-catalyzed azide-alkyne cycloaddition 

to functionalize the film surfaces with alkyne-terminated, hydrophobic glycopolymers with 

molecular weights ranging from 10 to 30 kg mol-1. Cycloaddition was confirmed using FTIR 

and fluorescence spectroscopy although the conjugation efficiency was not determined. 

Functionalized films had a reduction in water contact angles, improved cell adhesion of mouse 

embryo fibroblasts and increased extracellular matrix adsorption from solution compared to 

native films.273 However, a limitation of the azide-alkyne cycloaddition for biomedical 

applications is the requirement for a toxic copper catalyst.273   



48 

 

Figure 1.6. Bioconjugation of recombinant silk fibroin using bioorthogonal thiol-
maleimide, thiol-ene, and azide-alkyne click chemistry. Reaction schemes have been 
adapted from references.274-278 
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Hence, second-generation silks were developed by Scheibel and colleagues for thiol-

ene click chemistry. The N-terminal end of a spider silk-inspired protein was genetically 

modified by the insertion of a short amino acid tag containing one cysteine 

(GCGGSGGGGSGGGG) and Escherichia coli used for heterologous production of the 

recombinant protein.279 The coupling efficiency of the recombinant protein with fluorescein-

maleimide was assessed as 70–90%279 and the silk could be processed into patterned films 

by wet-casting280 and Janus fibers by electrospinning.281 The exposed cysteines on the films 

and Janus fibers could undergo thiol-maleimide Michael addition with maleimide-

functionalized gold nanoparticles for applications ranging from biomedical sensors and 

thermal therapies to water splitting.280, 281 Limitations of second-generation silks include the 

low degree of functionalization arising from the installation of one reactive cysteine per 

molecule and the lability of cysteine-maleimide conjugates to exchange reactions, which 

raises concerns towards conjugate stability in vivo.  

Third-generation silks contain a biorthogonal non-canonical amino acid tag which 

provide an advantage over native silks by enabling site-specific chemical modification in one 

step and without the addition of enzymatic catalysts (Figure 1.7). Importantly, the simplified 

synthetic routes imparted by using third-generation silk compared to natural silk substrates 

can potentially reduce the cost of purification and increase product yields. For example,  

Teramoto and colleagues genetically engineered B. mori larvae to install a mutant, broad 

substrate recognition, phenylalanyl-tRNA synthetase.282 Feeding transgenic silkworms with p-

chloro-, p-bromo-, and p-azido-substituted analogues of L-phenylalanine in vivo resulted in 

their incorporation into spun silk fibers.276 Incorporation of non-canonical amino acids was 

optimized using p-azido-phenylalanine which enabled the scaled-up production of azido-

functionalized silk.283, 284 The azido-silk could be degummed using 30 minute sodium 

carbonate or urea degumming methods and processed into fibers, films and porous 

sponges.284, 285  Heterogeneous strain promoted azide-alkyne cycloaddition, a copper-free 

click reaction, was conducted with fluorescent tracers,286 polymers,285 or biotin ligands.284  To 
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simplify silk processing, a photostable p-ethynylphenylalanine-modified silk was synthesized 

using the phenylalanyl-tRNA synthetase transgenic silkworms. However, terminal alkyne 

incorporation is not applicable for biomedical materials as this click handle requires copper 

catalysis to undergo cycloaddition.277 General limitations of these third-generation silks include 

the instability of the azide group in light, the requirement for extracting silk directly from the 

silkworm gland or from the fiber using only mild degumming conditions to prevent 

decomposition of the reactive azido group and, low azido and alkyne contents (roughly 

0.6%).287   
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Figure 1.7. Selected considerations for the bioconjugation of silk fibroin using (a) 
homogeneous and heterogeneous reactions, and (b) selected advantages and 
disadvantages of the bioconjugation techniques discussed herein. Image adapted 
from145. 
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Further developments have focused on increasing click handle contents by partial 

replacement of tyrosine residues, which are more prevalent than phenylalanine and are 

distributed homogeneously throughout the repetitive and non-repetitive sequences of the 

fibroin heavy chain.132, 144 For example, Teramoto and colleagues developed and expressed 

a mutant B. mori tyrosyl-tRNA synthetase in transgenic B. mori larvae to incorporate orally 

administrated 3-azidotyrosine. However, low replacement ratios prevented quantification of 

incorporation by MALDI-TOF-MS, although click chemistry with fluorescent tracers 

qualitatively demonstrated incorporation of 3-azidotyrosine.287 Overall, using click-capable, 

recombinant silks as a substrate shortens synthetic routes and can simplify the purification of 

novel silk-based materials with improved properties. 

 

1.6 Hypothesis, Aims and Objectives 

The hypothesis of this thesis is that the scalability of silk processing can be improved, 

specifically, silk nanoparticle manufacture for drug delivery applications using microfluidic-

assisted and semi-batch nanoprecipitation in low molecular-weight alcohols. Desirable 

nanoparticle properties for drug delivery include narrow size distributions between 100-200 

nm, targeting capability, long shelf lives, high drug loading capacity (> 10%) and responsive 

drug release in the target tissue. The overall aim of this thesis is to characterize the processing 

parameters which control the outcomes of silk nanoparticle manufacture for drug delivery and 

of 3D silk film fabrication for eco-sensing by exploiting nanoprecipitation and origami folding, 

respectively (Figure 1.8). The main aim can be divided into four experimental chapters which 

are laid out as follows: 

i. Chapter 1 provides a broad introduction to the properties of silk fibroin and applications in 

drug delivery. 

ii. Chapter 2 describes the design and assessment of the semi-batch manufacturing method 

for reproducible production of silk nanoparticles. The impact of varying the stirring rate and 

standing time on nanoparticle critical quality attributes, such as the particle size, surface 
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charge, morphology, secondary structure, and yield were analyzed. This chapter was 

published in ACS Biomaterials Science and Engineering, 2020, 6, 6748–6759 (DOI: 

10.1021/acsbiomaterials.0c01028). 

iii. Chapter 3 details the assessment of semi-batch and microfluidic manufacture for the 

control of silk nanoparticle morphology. The flow and mixing properties of the semi-batch 

and microfluidic systems were characterized. The impact of varying key formulation and 

process factors on the nanoparticles’ critical quality attributes were analyzed. This chapter 

was published in RSC Advances, 2022, 12, 7357– 7373 (DOI: 10.1039/d1ra07764c). 

iv. Chapter 4 details the assessment of semi-batch and microfluidic manufacture for scalable 

production of silk nanoparticles. The impact of varying the volumetric scale of manufacture 

was assessed in semi-batch format while a round robin study consisting of four participants 

was utilized to estimate the volumetric scalability of microfluidic manufacture. This chapter 

was published in Molecules, 2022, 27, 2368 (DOI: 10.3390/molecules27072368). 

v. Chapter 5 describes the assessment of processing methods on the properties of 3D 

magnetic, native and azo-silk films loaded with anthocyanin and curcumin for eco-sensing. 

The film thickness, iron oxide content, and silk fiber content were optimized for 

hydrophobicity, locomotion, shape preservation, ease of origami folding and color analysis. 

The pH-sensitivity, storage stability and, semi-autonomy of the optimized silk eco-sensors 

were then determined. This chapter was published in ACS Applied Bio Materials 2022, 5, 

3658–3666. (DOI: 10.1021/acsabm.2c00023). 

vi. Chapter 6 provides the outcomes for this thesis and future work directions. 
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Figure 1.8. Hypothesis, aims and, future work of this thesis. 
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2 Chapter 2: Silk Nanoparticle Manufacture in 
Semi-Batch Format  

 

 

 

 

 

 

 

 

 

 

This chapter contains the results from the published article in ACS Biomaterials Science and 

Engineering (Matthew, S. A. L.; Totten, J. D.; Phuagkhaopong, S.; Egan, G.; Witte, K.; 

Perrie, Y.; Seib, F. P. Silk nanoparticle manufacture in semi-batch format, ACS Biomater. 

Sci. Eng. 2020, 6, 6748−6759. DOI: 10.1021/acsbiomaterials.0c01028). For this work, I 

designed, analyzed, and carried out all experiments and prepared the manuscript draft. 
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2.1 Introduction 

The mulberry silk produced by the Bombyx mori (B. mori) silkworm is one of the most 

extensively studied silks, with ancient and far-reaching applications ranging from domestic to 

medical textiles.130, 288 The ability to regenerate silk fibroin protein from the silk cocoon has 

realized an advent of new material formats with adjustable physical properties; most notable 

among these formats are porous scaffolds,289 hydrogels,290 films291 and particles.135 Silk fibroin 

offers several exploitable characteristics, including broad biocompatibility and 

biodegradability,184, 291 low immunogenicity291 and the presence of reactive amino acids 

amenable to chemical modification.160 This amenability makes reverse-engineered silk a 

promising precursor for clinical applications,130, 290 as evidenced by the granting in 2019 of the 

first FDA approval for a regenerated silk hydrogel for human vocal fold reinforcement (Silk 

Voice®, Sofregen Medical Inc., Medford, MA, USA).131  

B. mori silk fibroin is a structural protein composed of a light (≈ 26 kDa)130 and a heavy 

chain (≈ 391 kDa),130 which are linked by a disulphide bond.130 The heavy chain has a block 

copolymer sequence of short hydrophilic amorphous regions interspersed with long 

hydrophobic (GAGAGX)n and (GAGAGY)n residues.130 These hydrophobic motifs, which are 

capable of β-sheet self-assembly and constitute over 50% of the primary structure, impart high 

mechanical strength to the fibre.291 Silk is a natural biopolymer with metastable tertiary 

structures; therefore, the structure of silk-based materials can be tuned to their desired 

function by modifying their crystallinity130, 289, 290, 292 and hierarchical composition.293  

This structural versatility, coupled with the amphiphilic nature of silk, also permits silk 

to undergo a variety of favorable intermolecular interactions with lipophilic and hydrophilic 

therapeutic payloads289, 294 by in situ294 or post-synthetic loading.153, 185, 294 These interactions 

can also stabilize synthetic drugs289, 294 and biological molecules289, 294 by surface adsorption 

or encapsulation, thereby sterically shielding a drug cargo from biological clearance. The drug 

release behavior can be designed according to a tissue-specific stimulus, to improve efficacy 

and reduce off-target effects whilst preserving drug structure and activity.170, 289, 294 Silk 
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nanoparticles are especially suited for drug targeting of solid tumors as these nanoparticles 

exhibit increased drug release at low pH,135, 160 which is a signature of tumor environments. In 

addition, silk nanoparticles have shown desirable critical quality attributes, including in vitro 

endocytosis-mediated uptake,185 lysosomotropic drug release183 and proteolysis,152, 183 which 

indicate their value as anticancer nanomedicines.  

Preparation of silk particles of sub-micron size (25–180 nm) can be achieved by six 

major bottom-up methods (reviewed previously295): capillary microdot printing,221 

desolvation,153, 160, 179, 185 supercritical CO2
296 and electrospraying,216 emulsification244 and ionic 

liquid dissolution.237 Among these methods, desolvation provides one of the most accessible 

and least energy intensive lab-scale methods and is commonly used for the manufacture of 

protein nanoparticles.297 Desolvation of silk is a nanoprecipitation process whereby an 

aqueous silk solution is mixed with a water-miscible organic solvent in which the heavy-chain 

hydrophilic blocks have low solubility (e.g., isopropanol and acetone). This process has no 

requirement for method-specific, expensive apparatus295 and produces silk nanoparticles with 

cores enriched in β-sheet structures without the need for further chemical cross-linking steps. 

Currently, optimized lab-scale desolvation methodology uses a semi-batch format 

consisting of a manual drop-by-drop addition of 3–5% w/v silk into at least a 200% v/v excess 

of the organic antisolvent.153, 160, 185 In comparison to batch processes, where an empty reactor 

is charged with all species simultaneously, semi-batch desolvation is defined by the feed of 

the solute into a vessel pre-charged with antisolvent, or vice versa.298 Semi-batch 

nanoprecipitation can be scaled-up from the bench,298 with the process further aided by 

computational simulations.299, 300 However, when compared to pilot-scale operations, the 

manual method suffers from special-cause variations in flow rate, droplet size and dropping 

height. Additionally, although particle size and polydispersity are controlled by rapid mixing,298, 

299 which is facilitated by agitation,298, 300 stirring is not a common practice in manual silk 

desolvation procedures. 



58 

Designing procedures which reduce processing times and batch-to-batch variability 

will aid the progress of pharmaceutical products from the bench to the market.290, 294 The aim 

of this Chapter was to establish a simple, semi-automated and higher throughput drop-by-drop 

technique for semi-batch silk nanoprecipitation. I investigated the impact of several process 

parameters, including stirring rate and standing time, on the physicochemical properties (e.g., 

particle size, polydispersity, zeta potential, stability, secondary structure, morphology and 

yield) of the resulting silk nanoparticles. 

 

2.2 Materials and Methods 

Unless otherwise stated, studies were conducted at 18–22 °C. All reagents and solvents were 

acquired from Acros OrganicsTM or Sigma Aldrich at > 98% purity, unless otherwise stated, 

and utilized without additional purification. 

2.2.1 Regeneration of B. mori silk  

Silk fibroin was extracted from B. mori cocoons by alkaline degumming. Briefly, B. mori 

cocoons were cut into approximately 5 × 5 mm sections and boiled, with manual stirring, in 

0.02 M aqueous Na2CO3 (2 L) at 98–105 °C for 1 h. Degummed silk fibers were rinsed in 

ultrapure H2O (1 L) three times for 0.33 h each. The silk was then dried for at least 24 h at 

room temperature. 

Dry silk fibers were dissolved in 9.3 M aqueous LiBr solution at 60 °C for 4 h to give a 

25% w/v silk solution. The silk solution was dialyzed (molecular weight cut off 3500 g mol-1, 

Slide-A-Lyzer®, Thermo Scientific, Rockford, IL, USA) against ultrapure H2O (1 L) for 48 h, 

and then purified by centrifugation over four cycles, each for 0.33 h at 3000 × g and 5 °C 

(Jouan BR4i centrifuge equipped with S40 swing rotor). Silk concentrations were determined 

gravimetrically over 24 h at 60 °C and then adjusted to 3% w/v with ultrapure H2O. 
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2.2.2 General drop-by-drop manufacture of silk nanoparticles in semi-batch format 

Silk nanoparticles were manufactured at room temperature using a syringe pump (Harvard 

Apparatus 22, Holliston, MA, USA) equipped with a BD PLASTIPACK™ syringe and blunt 

needle (23G × 0.25”) (Figure 2.1). Inclination of the syringe-pump was 0–0.1°. The isopropanol 

antisolvent was added to a short-neck round-bottom flask (to give a final 5:1 v/v ratio of 

isopropanol:silk). A 3% w/v silk solution was then added drop-by-drop at a rate of 1 mL min-1 

(≈ 27 drops min-1 and 37 µL min-1). The resulting suspensions were incubated at room 

temperature for the designated time, and then transferred to polypropylene ultracentrifugation 

tubes, made up to 43 mL with ultrapure H2O and centrifuged at 48,400 × g for 2 h at 4 °C 

(Beckmann Coulter Avanti® J-E equipped with JA-20 rotor). The supernatant was aspirated, 

and the pellet was resuspended in ultrapure H2O (20 mL) and sonicated twice for 30 seconds 

at 30% amplitude with a Sonoplus HD 2070 sonicator (ultrasonic homogenizer, Bandelin, 

Berlin, Germany). An additional volume of ultrapure H2O (23 mL) was added and the 

centrifugation, washing and resuspension steps were repeated twice more. The final pellet 

was collected and resuspended in 2–3 mL water. This final silk nanoparticle suspension was 

stored at 4 °C until use. Unless stated otherwise, each experiment was repeated in triplicate 

using three different aqueous silk precursor stock solutions. 

Calculations for needle residence time and shear rate are based on the literature 

dynamic viscosity (27 mPas) of regenerated 3% aqueous silk301 and density (1.02 g mL-1) 

calculated herein for the 3% w/v aqueous silk solution, and assumed Newtonian flow.301 The 

Reynold’s number was estimated as 2 using the internal diameter of the needle302 (0.33 mm) 

and indicated laminar flow. An upper limit of the residence time was estimated using the linear 

velocity (1.94 mm s-1) and the needle length.303 The maximum shear rate was taken as the 

wall shear rate and for simplicity, the shear rate calculations used the geometry of a straight 

cylinder. Calculations for the 3 and 10 mL syringes used in the study were undertaken similarly 

using the internal diameters as stated by the manufacturer. 



60 

2.2.3 Reproducibility of semi-automated silk nanoparticle manufacture 

Silk nanoparticles were manufactured in a 10 mL flask at a 6 mL total volume (Figure 2.1). 

Silk was added from a height of 5.5 cm from the bottom of the isopropanol meniscus. The 

mother liquor suspension was then incubated for 2 h before purification. This procedure was 

repeated a further fifteen times using five silk precursor solutions. 

2.2.4 The effect of stirring rate on manufacture and silk nanoparticle properties 

Silk nanoparticles were manufactured in a 10 mL flask at a 6 mL total volume (Figure 2.1). 

Silk was added from a height of 7.5 cm from the bottom of the isopropanol meniscus and 

stirring was accomplished with an egg-shaped stir bar (15 × 6 mm) at 200 and 400 rpm. The 

mother liquor suspension was then incubated for 2 h before purification. This procedure was 

repeated in triplicate using three silk precursor solutions. 

2.2.5 The effect of standing time on manufacture and silk nanoparticle properties 

Silk nanoparticles were manufactured in a 50 mL flask at a 36 mL total volume. Silk was added 

from a height of 7.5 cm from the bottom of the isopropanol meniscus with stirring at 400 rpm 

with an egg-shaped stir bar (15 × 6 mm). An aliquot (6 mL) was taken immediately following 

complete addition of the silk precursor and stirring was stopped. Further aliquots (6 mL) were 

taken at 2.7, 5.5, 8.5, 11.5 and 24 h following stirring for 0.02 h at 400 rpm to ensure 

suspension homogeneity. This procedure was repeated in triplicate using three silk precursor 

solutions.  
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Figure 2.1. The nanoprecipitation workflow in a drop-by-drop open system for the 
preparation of silk nanoparticles. The five processing steps are: 1) Loading of a bubble-
free 3% w/v aqueous silk solution into a syringe equipped with blunt needle. 2) The relative 
positions of the needle and round-bottom flask. 3) The flow rate control of silk solution at 1 mL 
min-1. 4) The stirring rate during addition. 5) The nanoparticle standing time in the mother liquor 
following completion of silk addition. 

 

2.2.6 Yield of silk nanoparticles 

The nanoparticle concentrations were determined by recording the total mass of the 

suspension in a pre-weighed centrifuge tube. A known mass of each suspension was then 

frozen at -80 °C for 5 h in pre-weighed microcentrifuge tubes, followed by freeze-drying (Christ 

Epsilon 1-4, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany) for 24 h at -

10 °C and 0.14 mbar. The dry mass was recorded and the yield calculated using equation 2.1. 
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Yield/% =
particle concentration �%w

w�×mass (mg)

silk concentration �%w
v�×volume (mL)

×100    (2.1) 

This process was repeated in duplicate and the average yield reported, and freeze-dried 

samples were stored in a vacuum desiccator until use. 

2.2.7 Silk nanoparticle physicochemical characterization and stability in water 

The size (Z-average of the hydrodynamic diameter), polydispersity and zeta potential of silk 

nanoparticles were determined as described elsewhere.174 Briefly, silk nanoparticles were 

analyzed in ultrapure H2O at 25 °C by dynamic light scattering (DLS) (Zetasizer Nano-ZS 

Malvern Instrument, Worcestershire, UK). Unless otherwise stated, samples were vortexed 

for 20 seconds and sonicated twice at 30% amplitude for 30 seconds prior to measurement. 

Refractive indices of 1.33 and 1.60 for H2O and protein, respectively, were used for particle 

size measurement. All analyses were conducted in triplicate. 

The particle size and zeta potential of silk nanoparticles generated in the stirring 

studies were determined on days 0, 10, 18, 24, 28, 35 and 42 by DLS. The particle size and 

zeta potential of silk nanoparticles generated in standing time studies were determined at days 

0, 42 and 63 by DLS. The silk nanoparticles from all studies were stored at 4 ˚C. At t > 0 days, 

the silk nanoparticles were vortexed for 20 seconds before size and zeta potential analysis. 

2.2.8 Secondary structure measurements of silk nanoparticles 

Air-dried silk films and freeze-dried silk were used as silk I structure references, while 

autoclaved silk films and silk films treated with 70% v/v ethanol/ultrapure H2O were used as 

positive controls for silk II structure. Silk films, powders and nanoparticles were analyzed by 

Fourier transform infrared spectroscopy (FTIR) on an ATR-equipped TENSOR II FTIR 

spectrometer (Bruker Optik GmbH, Ettlingen, Germany). Each nanoparticle and freeze-dried 

silk sample was flash frozen at -80 °C for at least 5 h, then lyophilized for 24 h. Each FTIR 

measurement was run for 128 scans at 4 cm-1 resolution in absorption mode over the 

wavenumber range of 400 to 4000 cm−1 and corrected for atmospheric absorption using Opus 
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(Bruker Optik GmbH, Ettlingen, Germany). The amide I regions of the FTIR spectra were 

analyzed in OriginLab 19b® (Northampton, Massachusetts, USA), as described elsewhere.304 

The second derivative of the background-corrected absorption spectrum was obtained and 

smoothed twice using a seven-point Savitzky-Golay function with a polynomial order of 2. A 

non-zero linear baseline was interpolated between 2–3 of the highest points between 1600 

and 1710 cm-1. Peak positions in the amide I region were then identified using the second 

derivative and peaks fitted using non-linear least squares with a series of Gaussian curves 

(Figure 2.2). Band positions, widths and heights were allowed to vary and peak area was 

allowed to take any value below or equal to 0. The deconvoluted spectra were area-normalized 

and the secondary structure content was calculated with reference to literature band 

assignments155, 305 using the relative areas of each band. 

The correlation coefficient I was calculated according to previous analyses.306 The air-

dried silk film of an aqueous silk precursor batch was used as the reference for all silk films, 

freeze-dried silk and nanoparticle silk samples. The second derivative curves of the absorption 

spectra were smoothed twice with a five-point Savitzky-Golay function and a polynomial order 

of 2 and then compared over the spectral range 1600–1700 cm-1 using equation 2.2. 

R= 
∑ xiyi

�∑ xi
2 ∑ yi

2
      (2.2) 

where xi and yi are the derivative values of the air-dried silk film and sample of interest at the 

frequency i.  
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Figure 2.2. Exemplary smoothed second derivative FTIR spectra and peak assignment 
of silk nanoparticles manufactured by varying (a) stirring rate and (b) standing time and 
(c) exemplary peak fitting of the amide I region for nanoparticles formulated using the 
designated parameters and silk II controls. 
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2.2.9 Thermal analysis of silk nanoparticles 

A known volume and mass of each silk sample and freeze-dried silk control was frozen at -80 

°C for 5 h, followed by freeze-drying for 24 h at -10 °C and 0.14 mbar. First cycle differential 

scanning calorimetry and thermogravimetric analysis were carried out on the dried samples 

(1.95–4.89 mg) in aluminum pans from 20–350 °C at a scanning rate of 10 °C min-1 and under 

a nitrogen flow of 50 mL min-1 (STA Jupiter 449, Netzsch, Gerätebau GmbH, Germany). 

Thermograms were analyzed using OriginLab 19b® (Northampton, Massachusetts, USA). 

The desorption enthalpy was normalized to a corrected mass during volatilization as described 

previously.307  

2.2.10 Scanning electron microscopy (SEM) of silk nanoparticles 

Aqueous silk nanoparticle suspensions were adjusted to a concentration of 1 mg mL-1. An 

aliquot (20 µL) of each sample was then pipetted onto a silicon wafer and lyophilized for 24 h 

at -10 °C and 0.14 mbar. The specimens were sputter-coated with gold using a low vacuum 

sputter coater (Agar Scientific Ltd, Essex, UK) and analyzed with the secondary electron 

detector of an FE-SEM SU6600 instrument (Hitachi High Technologies, Krefeld, Germany) at 

5 kV and 40 k magnification. The images were processed using ImageJ v1.52n (National 

Institutes of Health, Bethesda, MD, U.S.A) and Abode Illustrator (Adobe, San Jose, CA, USA). 

2.2.11 Statistical analyses 

Data were analyzed using Microsoft® Excel® 2019 (Microsoft Office 365 ProPlus Software, 

Redmond, WA, U.S.A), Minitab® (Minitab® Statistical Software, State College, PA, USA) and 

GraphPad Prism 8.2.1 (GraphPad Software, La Jolla, CA, U.S.A.). The test for equal variance 

was undertaken on multiple groups using Bartlett’s method. Sample pairs were analyzed using 

Welch’s independent t-test. Multiple groups were evaluated by one-way analysis of variance 

(ANOVA), followed by Tukey’s multiple comparison post-hoc test, or by the Brown-Forsythe 

and Welch ANOVA tests, followed by the Dunnett T3 multiple comparison post-hoc test. Silk 

nanoparticle stability was evaluated by ANOVA followed by Dunnett’s post hoc test to compare 

between t = 0 day control and t > 0 day samples. All data were assumed to have normal 
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distributions. Asterisks denote statistical significance determined using post-hoc tests as 

follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Unless otherwise specified, all data 

are presented as mean values ± (SD) and the number of experimental repeats (n) is noted in 

each figure legend. 

 

2.3 Results  

2.3.1 Silk nanoparticle characterization 

The DLS and mass measurement values indicated an influence of the stirring rate on the 

physicochemical properties and yield of silk nanoparticles (Figure 2.1 and Figure 2.3). When 

the silk solution was added from a height of 7.5 cm, an increase in the stirring rate from 0 to 

400 rpm significantly decreased the silk nanoparticle size (ANOVA, p < 0.05) from 134 nm to 

114 nm (Figure 2.3c). Varying the stirring rate between 0 and 400 rpm had no significant 

impact on the polydispersity or negative surface charge, which ranged from 0.12 to 0.14 and 

-30 to -33 mV, respectively (Figure 2.3d and Figure 2.3e). However, increasing the stirring 

rate significantly decreased the yield from 23 to 9% (ANOVA, p < 0.01) (Figure 2.3f). 

The effect of droplet velocity on nanoparticle formation in the absence of stirring was 

determined by varying the height from which the silk solution was dropped (henceforth, initial 

addition height). A decrease in the initial addition height from 7.5 cm (νdroplet ≈ 1.21 ms-1) to 5.5 

cm (νdroplet ≈ 1.03 ms-1) significantly decreased the yield of nanoparticles (t-test, p < 0.01) from 

23 to 18%. By contrast, the physicochemical properties were not affected by decreasing the 

initial addition height to 5.5 cm, as the nanoparticles had an average size, polydispersity and 

zeta potential of 131 nm, 0.11 and -30 mV, respectively. 

The growth of nanoparticles in the mother liquor was also investigated by varying the 

nanoparticle standing time before purification (Figure 2.1). Over a 24 h interval, the standing 

time had no significant effect on nanoparticle physicochemical properties or yield. Overall, the 

silk nanoparticle size ranged from 104–116 nm, with a polydispersity ranging from 0.11–0.14. 
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The negative surface charge ranged from -30 to -35 mV and the yield varied between 9 and 

15% w/w of silk (Figure 2.3).   
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Figure 2.3. Impact of stirring rate and standing time on the physicochemical properties 
and yield of nanoparticles produced by drop-by-drop desolvation. (a) Schematic of the 
five processing parameters used to investigate the stirring rate and (b) the standing time for 
silk nanoparticle manufacture. (c) Hydrodynamic diameter, (d) polydispersity index (PDI), I 
zeta potential and (f) yield of silk nanoparticles. Error bars are hidden in the bars and plot 
symbols when not visible, ± SD, n = 3. Multiple groups were evaluated by one-way analysis 
of variance (ANOVA), followed by Tukey’s multiple comparison post-hoc test. Asterisks denote 
statistical significance determined using post-hoc tests as follows: *p < 0.05, **p < 0.01. 
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2.3.2 Secondary structure measurement 

The impact of the process conditions on silk nanoparticle secondary structure was determined 

by attenuated total reflectance-FTIR (ATR-FTIR) analysis and deconvolution of the 

characteristic protein amide I band (1600-1710 cm-1) (Figure 2.2). Silk nanoparticle secondary 

structure did not vary significantly with changes in the initial addition height, stirring rate or 

formulation standing time. For stirring and standing time studies, the high nanoparticle β-sheet 

content (54–57%) correlated with the 55% β-sheet composition measured for autoclaved and 

ethanol-treated silk films, which served as positive controls for silk II structure (Figure 2.4). 

Additionally, the α-helix and random coil content (18–21%) of silk nanoparticles was 

comparable to autoclaved (20%) and ethanol-treated films (19%). Autoclaving provides 

thermal energy to break labile bonds in the silk film, with uptake of water acting to plasticize 

the material. This directly contrasts with nanoprecipitation, where water is removed from the 

silk hydration shell. The silk nanoparticle structure from both studies showed a significantly 

higher percentage of β-sheets (ANOVA, p < 0.0001) and less α-helix and random coil content 

(ANOVA, p < 0.0001) compared to the negative silk II structure controls (air-dried silk film and 

freeze-dried silk powder with 17–25% β-sheet and 47–56% α-helix and random coil content) 

(Figure 2.4c). 

The spectral correlation coefficient method of comparing second derivative ATR-FTIR 

spectra in the amide I region (1600–1700 cm-1) was also used to measure formulation-induced 

structural changes in silk nanoparticles versus those in an air-dried silk film. Silk nanoparticle 

correlation coefficients ranged from 0.27–0.31 and showed no significant variation with initial 

addition height, stirring rate or formulation standing time (Figure 2.4c). The stirring and 

standing time studies revealed discrepancy between the correlation coefficients of silk 

nanoparticles and those of the autoclaved films (0.10) (ANOVA, p < 0.0001) and the ethanol-

treated silk films (0.18) (ANOVA, p < 0.05). This disagreement with the band deconvolution 

findings could reflect offsets in the second derivative baselines. Regardless, the 
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nanoprecipitation-associated β-sheet enrichment, identified by band deconvolution, was 

supported by the significantly lower nanoparticle correlation coefficients compared to the 

negative silk II controls of air-dried (0.95) and freeze-dried (0.92) silk (ANOVA, p < 0.0001). 
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Figure 2.4. Changes in stirring rate or standing time results in silk nanoparticles with 
comparable secondary structure. (a) Schematic of protein-protein association and β-sheet 
assembly of silk fibroin during nanoprecipitation via desolvation. Silk molecules, nanoparticles 
and stoichiometry of association are not drawn to scale. (b) FTIR band assignments and 
schematic key. Secondary structure content of silk nanoparticles manufactured using different 
(c) stirring rates and (d) standing times. Silk films treated with 70% ethanol and autoclaving to 
obtain high β-sheet content were used as positive controls for silk II structure, with an 
untreated silk film and freeze-dried silk powder serving as negative controls. The correlation 
coefficients I of silk nanoparticle, film and powder second-derivative amide I spectra were 
calculated using the silk II negative control film as reference, n = 3, ± SD. The correlation 
coefficients, total β-sheet and α-helix and random coil contents were evaluated by one-way 
analysis of variance (ANOVA), followed by Tukey’s multiple comparison post-hoc test. The 
intermolecular β-sheet, native β-sheet, β-turn and anti-parallel amyloid β-sheet contents were 
evaluated using the Brown-Forsythe and Welch ANOVA tests, followed by the Dunnett T3 
multiple comparison post-hoc test.  
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2.3.3 Thermal analysis 

The simultaneous thermal analysis first cycle results of silk nanoparticles manufactured at 

stirring rates between 0–400 rpm and silk II negative controls are shown in Figure 2.5 and 

Table 2.1. Thermogravimetric analysis (TGA) was used to confirm differences in water content 

and thermal stabilities of silk nanoparticles caused by formulation (Figure 2.5). Thermograms 

of all silk nanoparticles and controls showed three regions with two weight loss steps: the loss 

of adsorbed and strongly bound water between 20-140 °C followed by silk decomposition 

above 170 °C. The increase in mass at low temperatures in TGA measurements was due to  

buoyancy effects resulting from variations in air density with heating.308 No significant 

differences in water content were observed with increased stirring rate, with nanoparticles 

containing 12–14% w/w water across all formulations. Nanoparticles displayed a significantly 

delayed (ANOVA, p < 0.05) onset decomposition temperature ranging between 273.2–277.3 

°C compared to the freeze-dried powder, negative silk II control (261.4 °C). This higher stability 

to thermal degradation suggests that nanoparticle structure is composed of a higher crystalline 

fraction compared to amorphous, freeze-dried silk. Nevertheless, there was no significant 

difference between the decomposition temperatures of silk nanoparticles manufactured at 

different stirring rates, ranging between 298.5–304.0 °C. 

Differential scanning calorimetry (DSC) measurements confirmed that the formulation 

stirring rate did not affect the primary or secondary structure of silk nanoparticles (Figure 2.5). 

The desorption enthalpy ranged between -207.8 and -282.7 J g-1 and the temperature of 

desorption ranged from 36.1 to 43.6 °C, with no significant variation observed with stirring rate. 

The water desorption–associated and final glass transitions at 59.3 and 201.5 °C, respectively, 

were not identifiable for all nanoparticle samples. The glass transition at 201.5 °C was also 

shifted to a higher temperature and was less steep when compared to the silk I structure 

(184.5 °C). This indicates that the molecular mobility of silk molecules was reduced upon their 

incorporation into the nanoparticle structure. The crystallization exotherm (random coil to β-

sheet transition), present for the negative controls at 241.0 °C, was absent from the 
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nanoparticle curves. No significant difference was noted between the decomposition 

temperatures (ranging between 282.9 and 289.5 °C) of silk nanoparticles manufactured at 

different stirring rates. 

Table 2.1. First cycle simultaneous thermal analysis data of silk nanoparticles 
manufactured at different stirring rates. 

 Thermal Property 
Stirring rate / rpm -Silk II 

0 200 400 Freeze-dried 
silk 

DSC 

Tg / °C 59.3 ± 0.01 59.4a 59.3a 47.7 ± 0.5 

Td (DSC) / °C 39.1 ± 5.3 36.1 ± 0.3 43.6 ± 13.9 60.7 ± 8.8 

∆Hd / J g-1 -207.8 ± 
98.0 

-266.4 ± 
14.3 

-239.4 ± 
18.8 

-276.9 ± 4.21 

Tg’ / °C - 196.9a 206.0a 184.5 ± 0.7 

To (crystallization) / 
°C - - - 225.6 ± 11.1 

Tc / °C - - - 241.0 ± 0.8 

∆Hc / J g-1 - - - 9.9 ± 2.3 

To / °C 274.0 ± 0.3 266.6 ± 7.3 268.9 ± 9.0 - 

Tdec / °C 289.5 ± 0.5 282.9 ± 6.1 284.2 ± 7.7 274.9 ± 0.7b 

TGA 

Water content / % 
(w/w) 13.0 ± 1.7 13.7 ± 2.1 12.6 ± 2.0 5.8 ± 0.8 

To / °C 277.3 ± 0.2 273.2 ± 2.9 274.3 ± 3.8 198.5 ± 2.2 

To’ / °C - - - 261.4 ± 2.0 

Tdec / °C 299.6 ± 6.6 298.5 ± 9.0 304.0 ± 4.6 222.3 ± 13.3 

Tdec’ / °C - - - 275.0 ± 2.7 

a. n = 1 
b. An altered decomposition profile was noted for one control sample.  
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Figure 2.5. Representative first cycle raw (a) thermogravimetric analysis (TGA) 
thermograms and (b) differential scanning calorimetry (DSC) of silk nanoparticles 
manufactured at different stirring rates. (c) Thermal event assignment key. Water 
content (%, w/w), dehydration temperature (Td), glass transition temperatures (Tg), 
extrapolated onset temperature of crystallization and decomposition (To), crystallization 
temperature (Tc) and decomposition temperatures (Tdec) are reported. 
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2.3.4 Silk nanoparticle aqueous stability 

The particle size, polydispersity and zeta potential stability of nanoparticles manufactured with 

stirring rates between 0 and 400 rpm were determined for up to 42 days. Nanoparticles 

manufactured across all stirring rates showed size stability and constant polydispersity in 

water for up to 42 days (Figure 2.6). By contrast, the zeta potential of nanoparticles 

manufactured without stirring varied significantly across 42 days. The particle size, 

polydispersity and zeta potential stability of nanoparticles manufactured with standing times 

between 0 and 24 h were also determined for up to 63 days. All formulations showed size and 

polydispersity stability in water for up to 63 days (Figure 2.6). The negative surface charges 

of silk nanoparticles after 0, 2.7 and 11.5 h standing times significantly decreased at 42 days 

at 4 °C and then increased. 

  



76 

 

Figure 2.6. Stability of silk nanoparticles manufactured in semi-batch format by varying 
the stirring rates and standing times. (a) Hydrodynamic diameter, (b) polydispersity index 
(PDI), (c) zeta potential of silk nanoparticles stored in water at 4 °C. Diluted nanoparticle 
suspensions were vortex mixed prior to DLS analysis, ±SD, n = 3. Unless otherwise stated, 
silk nanoparticle stability was evaluated by ANOVA followed by Dunnett’s post hoc test to 
compare between t = 0 day control and t > 0 day samples. The PDI stability of nanoparticles 
manufactured with 0 h standing times was evaluated using the Brown-Forsythe and Welch 
ANOVA followed by Dunnett’s T3 post hoc test. Asterisks denote statistical significance for 
each formulation between t = 0 and t > 0 days, determined using post-hoc tests as follows: *p 
< 0.05, **p < 0.01.  
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2.3.5 Scanning electron microscopy of silk nanoparticles 

Silk nanoparticle morphology was analyzed qualitatively by SEM (Figure 2.7). Silk 

nanoparticles manufactured with stirring rates of 200 and 400 rpm at 6 mL scale had spherical 

shapes and narrow size distributions at day 24. Nanoparticles manufactured with standing 

times of 0 and 24 h at the 36 mL scale showed generally spherical morphologies and uniform 

size distribution when imaged at day 55. Overall, nanoparticles showed a coarse surface 

topography.  
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Figure 2.7. Scanning electron microscopy images of silk nanoparticles manufactured 
using (a) stirring rates of 200 and 400 rpm and (b) standing times of 0 and 24 h. 
Nanoparticles manufactured at stirring rates of 200 and 400 rpm were imaged at day 24, n = 
1. Nanoparticles manufactured using standing times of 0 and 24 h were imaged at day 55, n 
= 1. Scale bars = 200 nm. 

 

2.4 Discussion 

Silk particles have attracted increased attention for drug delivery applications because their 

manufacture can be tailored for a desired size (from nano- to microscale), crystallinity and 

surface chemistry.135, 295, 309 The nanoparticles produced by desolvation are well suited to 

anticancer applications due to their sub-micron size,160, 174, 179, 183, 185 which would allow 
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extravasation through leaky tumor vasculature,22 followed by endocytosis and lysosomal 

trafficking in malignant cells.183 However, nanoparticle manufacture and drug loading has not 

always translated from small-scale, bench procedures to those following current Good 

Manufacturing Practices (i.e., 21 Code of Federal Regulations Part 210–212) in the 

manufacturing sector.310, 311 This has prompted the implementation of continuous 

techniques,174, 179, 244 which can offer greater ease of scale-up.310 One powerful approach 

includes microfluidic-assisted nanoprecipitation, which uses laminar flow focusing to achieve 

micromixing conditions and solvent shifting by diffusion.174, 179, 310 Production can be scaled up 

by microfluidic-chip parallelization or increasing channel diameters, although working at large 

total volumes can cause problems due to low production rates and the limitations of scaling 

imposed by complex mixer designs. Consequently, improving the reproducibility of lab-scale 

methodology for semi-batch manufacture of silk nanoparticles is still an area of much interest. 

Understanding the parameters that impact silk nanoprecipitation will aid in the 

optimization of silk nanoparticle physicochemical properties for in vivo performance as 

nanomedicines. The consequences of varying silk stock reverse-engineering processes179 

and antisolvent species174, 290 and their relative ratios, on the outcome of nanoprecipitation in 

semi-batch312 and continuous format174 are already reported. For example, 1 h degumming 

times for silk cocoons resulted in greater molecular weight polydispersity of silk stocks and in 

favorable nanoparticle size, polydispersity and zeta potential when compared to shorter 

degumming times.179 Several research groups have also investigated the effect of the 

antisolvent species used for nanoprecipitation on the resulting nanoparticle properties,174, 236 

as the antisolvent molecular and macroscopic properties contribute to the mixing conditions. 

Increasing the volume ratio of the antisolvent to silk solution imposes high supersaturation 

conditions in both semi-batch236, 312 and microfluidic formats,174 resulting in faster nucleation 

and smaller nanoparticle sizes. Hence, in the current study, the optimized formulation 

variables153, 174, 179 for preparing silk nanoparticles were used to investigate several little-



80 

understood preparation parameters, namely initial addition height, nanoparticle stirring rate 

and standing time. 

A semi-automated drop-by-drop procedure for silk desolvation in semi-batch format 

was designed to replace the manual addition of silk to organic antisolvent using a syringe or 

pipette. It is probable that homogeneous silk nucleation occurred by antisolvent-induced 

desolvation (Figure 2.4a). I do not consider seeded crystallization as the 3% w/v silk 

concentration used lay below the ≈10% w/w critical micelle concentration301 of regenerated 

silk fibroin. Additionally, the silk addition rate of 1 mL min-1 ensured laminar flow in the syringes 

and needle. The maximum wall shear rates in the syringes were estimated between 55 and 

261 ms-1 while the wall shear rate in the needle was estimated as 4724 s-1. Combined with the 

low residence time of 33 ms, these shear rates would not be expected to provide sufficient 

work (≈ 105 Pa)313 for shear-induced nucleation of the silk molecules.  

Silk nanoparticles were reproducibly and reliably manufactured at a 6 mL scale when 

key processing parameters were set at levels for optimal nanoparticle properties, as 

determined in previous work.153, 174, 179 As unreliable nanoparticle manufacture has been 

implemented in the reduced efficacy of the generic Doxil® formulation, LipoDox®,310, 314 one 

might speculate that increasing the reproducibility of silk nanoparticle manufacture will 

ultimately lead to better in vitro and in vivo therapeutic profiling. For example, across sixteen 

repeats using three aqueous silk batches over three days, silk nanoparticles produced at a 

5.5 cm initial addition height and without stirring had an average size of 131 ± 7 nm and low 

polydispersity of 0.11 ± 0.02. The polydispersity was similar to previously reported values 

obtained using the same silk concentration and silk-to-antisolvent volumetric ratio in manual 

and microfluidic-assisted methodology.153, 160, 174, 179 Although the nanoparticle sizes were 

larger than the literature values (≈ 100–115 nm),153, 160, 174, 179 they lay within the optimal size 

range (100 to 200 nm) for drug delivery vehicles.315 The nanoparticles were obtained in an 

average yield of 18 ± 3%, comparing favorably with previous reports in manual and microfluidic 

formats.153, 174 The zeta potential of -30 ± 2 mV was higher than previously reported values 
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obtained with manual silk addition.160, 179 This phenomenon was also observed for microfluidic-

assisted manufacture174, 179 and probably reflects different silk molecule packing arrangements 

resulting from varying fluid dynamics due to the different flask geometries between the studies.  

Silk nanoparticles were highly crystalline, featuring a high β-sheet content of 56 ± 1% 

and spectral correlation coefficient of 0.27 ± 0.03 over the amide I region, in agreement with 

previous studies.174, 179 Increasing the initial addition height to 7.5 cm resulted in higher droplet 

impact velocity and kinetic energy, thereby causing larger disturbances in the antisolvent and 

facilitating mass transfer and solvent shifting. Surprisingly, this change did not significantly 

affect nanoparticle physicochemical properties, although it resulted in significantly increased 

yield.  

The inverse relationship between nanoparticle size and formulation stirring rate has 

been observed for globular protein nanoparticles316 and polymer emulsions.317 As a 

nanoprecipitation process, aqueous silk desolvation is fundamentally a diffusion-limited 

solvent shift of water molecules from the silk hydration shell and their replacement with 

isopropanol molecules. Therefore, mixing efficiency is an important factor that dictates 

nanoprecipitation outcomes, and magnetic stirring increases the control of macro- to 

micromixing rates.300 In lab-scale semi-batch manufacture, the silk nanoparticle size and yield 

showed inverse dependence on the stirring rate, through 0 to 400 rpm (Figure 2.3). While 

stirring has been used for desolvation of regenerated silk obtained from Antheraea mylitta,242 

I believe this is the first report highlighting the importance of stirring rate in a semi-batch system 

on the outcome of silk fibroin desolvation. When manufactured at 400 rpm stirring rate and 6 

mL scale, the nanoparticle size compared well with literature values for manual semi-batch 

manufacture, which is typically conducted between 40–50 mL scale without stirring.160, 179 It is 

likely that reducing the mixing time by active stirring will result in increased reproducibility of 

nanoparticle physicochemical properties during scale-up, although experimental proof is 

needed. 
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Silk nanoprecipitation occurs during mixing with an antisolvent in which the solubility 

of at least one type of hydrophilic block is low, and this results in particle nucleation upon 

supersaturation (i.e., when the silk concentration exceeds the equilibrium solubility).297, 318 

Nucleation follows a minimum Gibbs free energy self-assembly process via protein–protein 

association until a critical nucleus size is reached.318 This is then followed by particle growth 

and protein conformational changes for induced fit (Figure 2.4a).318 For most cases, the 

general mechanism of protein–protein association is defined by at least three steps.318 The 

initial steps are diffusion-limited and occur following complete solvent-antisolvent mixing. First, 

a random collision of proteins produces a non-specific encounter complex, which minimizes 

repulsive long-range electrostatics.318 This short-lived complex can then go on to form nuclei 

with favorable intermolecular interactions, although no change in secondary structure occurs. 

This process is enthalpy-driven: the establishment of new short-range attractive forces 

between silk molecules offsets the entropic loss upon incorporation into the nuclei. 

The consequent reduction in protein concentration reduces the rate of further 

nucleation and, for nuclei exceeding the critical size, leads to growth by thermodynamically 

controlled stepwise or aggregative mechanisms.299, 319 The final step involves a structural 

change between the favorable growth intermediates and the nanoparticle bound state to 

maximize attractive intra- and intermolecular interactions. In the case of silk fibroin, this 

involves conversion of random coil and α-helix content to β-sheet structure.130, 174 Across all 

semi-batch formulations, as in previous microfluidic-assisted work,174, 179 the mixing efficiency 

correlated with nanoparticle size, while the secondary structure content and thermal stability 

of silk nanoparticles remained consistent. Hence, nanoprecipitation can be assumed to occur 

via diffusion-controlled association in the regime where kRβ+ >> k1
- (Figure 2.4a),318 so β-sheet 

formation occurs at a faster rate than silk molecule diffusion. Applying this assumption to silk 

fibroin desolvation, the high turbulence created by increasing the stirring rate would increase 

the meso- and micromixing rates, thereby reducing the total mixing time.299, 320 Consequently, 

nucleation rates will increase, causing a fast reduction in supersaturation and arresting further 
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nucleation, thereby resulting in a growth phase with greater homogeneity. The reduction in 

local silk concentration with lower mixing times also disfavors surface-controlled growth 

processes of nuclei and lowers the chance of successful diffusion-limited collisions of silk 

molecules with nuclei321 prior to structural rearrangement. 

Alternatively, as stirring rate and mixing efficiency increases, solvent shifting from 

hydrated silk pockets was likely improved prior to β-sheet enrichment. This would result in 

tighter packing of the internal nanoparticle architecture. However, variation in the stirring rate 

caused no significant difference in water content or desorption enthalpy by simultaneous 

thermal analysis. Furthermore, as water absorption occurs predominantly in the amorphous 

regions,322 variations in secondary structure would be expected. Nevertheless, β-sheet 

crystalline content did not vary significantly between nanoparticle formulations, as measured 

by amide I band deconvolution.174, 304, 306 The elevated decomposition temperatures, absence 

of crystallization exotherms and shallower glass transition profiles of nanoparticles compared 

to freeze-dried silk (Figure 2.5) reinforced the high nanoparticle crystallinity determined by 

FTIR.305, 323 Simultaneous thermal analysis also showed no significant differences between 

the thermal stabilities of nanoparticles manufactured with different stirring rates. 

Macromolecule thermal stability is dependent on molecular weight and length,323 so this 

finding indicated that silk molecules incorporated into nanoparticles from all formulations were 

of a similar weight and length distribution, again reinforcing previous work.179  

I speculate that the reduction in nanoparticle yield with stirring is due to several factors, 

including silk film formation on flask walls and insufficient g-force for the sedimentation of 

smaller nanoparticles during centrifugation. Stirring at 400 rpm resulted in the poorest 

reproducibility of size and yield, which may indicate that hydrodynamic confounders caused 

by slight differences in feed point position were introduced between experiments. Surprisingly, 

no significant differences were observed for polydispersity with stirring: suggesting that, in the 

static system, size distribution was controlled by diffusion-limited or polynuclear surface-

controlled growth.321 The moderate polydispersity of all formulations arose, in part, due to the 
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time dependence of antisolvent composition, the local regions of high supersaturation at the 

droplet-antisolvent interface and the non-uniform nucleation inherent in the semi-batch 

process. Although particle size was affected, the zeta potential remained at a constant level 

as stirring rate was varied, suggesting that packing geometries were affected by active stirring 

although secondary structure content remained consistent. 

Particle growth is a thermodynamically driven process and primarily occurs via three 

diffusion-limited mechanisms: stepwise growth319 proceeding through molecular adsorption 

until the equilibrium silk saturation concentration is reached; Ostwald ripening,324 whereby the 

dissolution of small particles results in growth of larger particles; and aggregation proceeding 

according to Smoluchowski kinetics.299 The rate of silk nanoparticle growth was also 

investigated over 24 h by varying the standing time in the mother liquor before purification. No 

significant differences in nanoparticle physicochemical properties, yield (Figure 2.3) or 

secondary structure content (Figure 2.4c) were observed for standing times between 0 and 

24 h. 

The isoelectric point of crystalline silk fibroin lies between pH 4 and pH 5.325 Therefore, 

silk nanoparticles and silk molecules in the mother liquor have a net negative surface charge. 

This results in repulsive long-range electrostatic interactions between nanoparticles, providing 

a high-energy barrier for aggregation and agglomeration and conferring colloidal stability. 

These repulsive interactions exist between nanoparticles, precursor silk molecules and newly-

formed silk nuclei. Hence, once silk nanoparticles reach a key size, they no longer act as 

templates for stepwise growth, as the repulsive energy barrier and entropic loss is no longer 

offset by the establishment of favorable short-range bonds and reduction in surface energy. 

The conversion of amorphous content to β-sheet structure upon nanoprecipitation can also be 

considered irreversible at room temperature, in the absence of chaotropic agents.179 The 

tightly-bound crystalline architecture, poor solubility of the silk hydrophilic blocks in the mother 

liquor and the low polydispersity of nanoparticle size consequently result in unfavorable 

nanoparticle growth via Ostwald ripening. This means that screening of operating conditions 
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for nanoparticle manufacture at room temperature can be conducted with maximum time 

efficiency, increasing throughput. 

For example, at 6 mL scale and 0 h standing time, the nanoparticle production rate 

was estimated as 0.41 g/h using semi-automated silk dispensing and 0.12 g/h using manual 

silk addition, assuming 23% nanoparticle yields.179 The former value assumed the use of one 

syringe pump equipped with two syringes, while both processes require an operator intensive 

set-up time of one minute. Based on this, the time taken to prepare nanoparticle batches for 

conducting a clinically relevant in vivo study with five rats was calculated. Assuming a 

nanoparticle blood concentration184 of 250 μg mL-1 and a rat blood volume of 25.6 mL, 6.4 mg 

of silk nanoparticles would be required per rat. The time taken to obtain the total required mass 

of 32 mg is 0.08 h and 0.26 h using the semi-automated and manual set-ups, respectively. 

However, the total production rate is lowered by the 6 h purification process, assuming the 

use of one eight-place centrifuge. Nevertheless, the total production rate can be increased by 

syringe-pump platform and centrifuge parallelization. 

The characterization of the effect of ageing on nanoparticle physicochemical properties 

is important for maximizing shelf life and preventing undesired complications. For this reason, 

I also examined the long-term stability of silk nanoparticles from all formulations in aqueous 

conditions for over 1 month at 4 °C to assess storage capabilities (Figure 2.6). Similar to 

previous studies,153, 174, 179 the zeta potential of nanoparticles from all formulations on the day 

of manufacture was lower than -25 mV, indicating sufficient electrostatic repulsion between 

particles for moderate aqueous stability. Indeed, silk nanoparticles manufactured across all 

stirring rates and standing times showed size stability over the entire study period. Some 

fluctuations in polydispersity and zeta potential occurred for nanoparticles produced from 

some formulations and, while these changes were significant, they did not follow a trend 

indicative of time-dependent flocculation, coagulation or dissolution.174 This observation was 

reinforced by morphological assessments conducted over the time course by SEM, which 

showed spherical granules without apparent agglomeration or adhesion (Figure 2.7). The 
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sizes of the freeze-dried particles imaged by SEM were relatively small compared to the Z-

average size measured using DLS, probably due to the removal of the solvation sphere and 

bound water during freeze-drying.242  

 

2.5 Conclusions 

The use of a semi-automated liquid dispensing setup provided consistent, standardized, and 

higher throughput manufacture of silk nanoparticles via drop-by-drop desolvation in a semi-

batch format. Operational parameters investigated for their effect on nanoparticle formation 

indicated that decreasing the initial addition height from 7.5 to 5.5 cm reduced the nanoparticle 

yield. The stirring rate was also a key process parameter that affected silk nanoparticle size, 

yield and experiment reproducibility, as stirring at 400 rpm provided the smallest nanoparticle 

size and the lowest yield of silk nanoparticles. Nanoparticles from all formulations displayed 

spherical morphologies and showed stability of size and polydispersity for over 1 month when 

stored as aqueous suspensions at 4 °C. The standing time of silk nanoparticles in the mother 

liquor was also not a key process parameter, and time-efficient manufacture can be achieved 

at room temperature. 
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3 Chapter 3: Mixing and flow-induced 
nanoprecipitation for morphology control 

of silk fibroin self-assembly 
 

 

 

 

 

This chapter contains the results from the published article in RSC Advances (Matthew, S. A. 

L.; Rezwan, R.; Kaewchuchuen, J.; Perrie, Y.; Seib, F. P. Mixing and flow-induced 

nanoprecipitation for morphology control of silk fibroin self-assembly, RSC Adv. 2022, 12, 

7357−7373. DOI: 10.1039/D1RA07764C). For this work, I designed, analyzed, and carried out 

all theoretical and semi-batch experimental work in conjunction with theoretical and 

experimental microfluidic work with the NanoAssemblrTM. I prepared the manuscript draft. 

Refaya Rezwan carried out experimental work assessing the effect of silk concentration in the 

NanoAssemblrTM at the flow rate of 1 mL min-1 and nanoparticle stability using manufacture in 

the NanoAssemblrTM. 

  

https://doi.org/10.1039/D1RA07764C
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3.1 Introduction 

The control of silk fibroin multiscale structure under shear flow is important to the function of 

this biopolymer in the natural world and can be exploited in organic solvent-induced 

nanoprecipitation processes. Silk fibroin produced by the Bombyx mori silkworm is 

increasingly proposed for a range of drug delivery applications,294 as this biopolymer exhibits 

several favorable characteristics, including biocompatibility and biodegradability,184, 237, 291 and 

a number of products have been translated to the clinic.130 A variety of material types130 and 

crystallinities130, 289, 290, 292 can also be accessed from the reverse-engineered silk solution, as 

the block copolymer primary structure can exist in a range of polymorphic states, notably silk 

I–II.326 The silk I polymorph has a high composition of β-turns, helices and random coils which 

bestow aqueous solubility. This metastable solution is found in the silkworm gland or is 

obtained by regeneration of the degummed silkworm cocoon.327  

The rate of structural conversion of aqueous silk I to the more thermodynamically 

stable and solid silk II structure can be increased by displacement of the protein hydration 

layer with a water-miscible organic solvent153, 174, 179 and the application of physical shear 

forces under flow.327 The intermolecular hydrogen-bonding ability of silk molecules under 

shear flow enables the spinning of liquid silk dope at ambient conditions and remarkably little 

work input.313 Similarly, this fundamental property determines the outcome of high shear fluid 

processing of the regenerated aqueous solutions into structures such as nanoparticles. 

The physicochemical properties of nanoparticle drug delivery systems dictate the in 

vivo performance following parenteral administration, including immunogenicity, volume of 

distribution, controlled drug release and intracellular trafficking.315 Nanoparticles smaller than 

100 nm in size can be filtered from systemic circulation by the hepatic endothelial fenestration, 

thereby lowering plasma half-life by accumulation in the liver.315 Conversely, the plasma half-

life of nanoparticles above 200 nm in size can be reduced due to opsonization and clearance 

by the mononuclear reticuloendothelial system.315 Therefore, nanoparticles of sizes between 

100 and 200 nm with a low polydispersity index have shown the greatest clinical success as 
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drug delivery systems.315 The nanoparticle morphology can also impart specific delivery and 

rheological properties328, 329 and a change from spherical to cylindrical carriers has been shown 

to improve circulation in vivo.330  

Silk particles of sub-micron size (25–200 nm) are suitable for drug delivery and can be 

manufactured by eight major methods (reviewed previously295): capillary microdot printing,221 

desolvation,153, 160, 179, 185 supercritical CO2,296 electrospraying,216 emulsification,244 ionic liquid 

dissolution,237 milling208 and electrogelation.219 Of these methods, desolvation is an accessible, 

low-energy–expenditure nanoprecipitation process which has been used to tune the key 

quality attributes of protein174, 179, 297 and polymeric331 nanoparticles. The one-step fabrication 

technique involves solvent shifting of aqueous, molecularly dissolved silk using at least a 

200% v/v excess of a water-miscible organic solvent153, 160, 185 in which at least one of the 

blocks has a low solubility, resulting in supersaturation and spontaneous precipitation.299, 331  

Silk nanoformulations have many advantages, but further progress is needed for the 

manufacture of non-spherical particles by nanoprecipitation and for a better understanding of 

the silk self-assembly mechanism in semi-batch and continuous formats. Nanoprecipitation 

occurs due to the interdiffusion of the antisolvent and water molecules; therefore, it is highly 

dependent on the mixing conditions, as well as on the composition of the aqueous, solute and 

antisolvent components used in the mixture.299, 331 This raises concerns regarding the 

commonly accepted lab-scale process of manual drop-by-drop silk feeding to an organic 

antisolvent in semi-batch format (e.g.,153, 312), as this method results in a time-dependent 

change in the mixture composition. For this reason, in the last decade, microfluidics has 

emerged as an alternative to dropwise fabrication, as it can provide a continuous route that 

subjects all solute molecules to the same conditions, thereby allowing increased control over 

the mixture composition. Microfluidics have been used most extensively for silk water-in-oil 

emulsions, with narrow polydispersity particles with rod and spherical morphologies achieved 

by flow-focusing droplet microfluidics (145–200 µm).155, 256 However, the micro-size of the 

emulsions obtained using microchannels155, 256, 257 limits the application of the resulting 
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particles. The low flow rates required for the generation of nano-sized emulsions (51–1500 

nm)244 can also limit the throughput speed of production on scale-up. 

One solution has been the use of the staggered herringbone micromixer, which can 

provide high-throughput microfluidic-assisted manufacture of nanoparticles (110-310 nm) 

using silk nanoprecipitation in acetone and isopropanol antisolvents174. High mixing efficiency 

occurs in the microchannel as the fluid interface is stretched and folded by asymmetric bas-

relief herringbone structures that cause chaotic advection by creating continually switching 

transverse vortices.258 The staggered herringbone micromixer therefore decreases the mixing 

time compared to laminar flow regimes and semi-batch macromixing.258 Use of this micromixer 

has demonstrated a dependence of the physicochemical properties of the nanoparticles on 

the solvent properties, the total flow rate and the flow rate ratio of the aqueous and organic 

phases.174  

An optimal nanoparticle batch, with a size of 110 nm, a polydispersity of 0.14, a zeta 

potential of -29.8 mV, a spherical morphology and aqueous stability, has been obtained in a 

staggered herringbone micromixer using a flow ratio of 5:1 isopropanol to silk and a total flow 

rate of 1 mL min-1.174 These conditions were used in further work to analyze the impact of the 

precursor molecular weight on nanoparticle properties by varying the sericin degumming time 

of silk cocoons.179 In both manual semi-batch and continuous formats, increasing the 

degumming time resulted in a greater molecular weight polydispersity of the silk stocks and 

reduced the nanoparticle size, polydispersity and zeta potential.179 By comparison, semi-batch 

production resulted in a significant decrease in surface charge,179 indicating that changes in 

the mixing time and the supersaturation between the two formats impacted the process of 

silk–silk association. However, spherical particle morphologies were consistently obtained for 

regenerated silk stocks. 

The aim of the present Chapter was to control the morphology and multiscale structure 

of silk self-assembly by varying the shear processing and supersaturation conditions under 

bulk and microfluidic mixing regimes. The effects of mixing on self-assembly were assessed 
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across a range of silk precursor concentrations and shear rates using semi-batch mixing 

conditions of low and high mixing times as examples of bulk mixing processes for comparison 

with the staggered herringbone micromixer. This comparative work illustrates that control of 

silk nanoprecipitation across multiple length scales can be achieved under conditions of high 

shear and fast mixing and provides a platform for tuning high-shear, semi-batch processes. 

 

3.2 Experimental 

3.2.1 Materials  

All studies were carried out at 18–22 °C, unless otherwise stated. Reagents and solvents were 

acquired from Acros OrganicsTM or Sigma Aldrich at > 98% purity and used without additional 

purification. Runs for nanoparticle production in continuous format were defined as complete 

nanoparticle collection using one silk precursor solution (1 mL). Nanoparticle batches were 

obtained in continuous format and in semi-batch format using 0.5% w/v aqueous silk by mixing 

the product suspensions from three runs that used the same silk precursor solution prior to 

ultracentrifugation. Each independent experiment was repeated in triplicate using three 

different silk precursor stock solutions. 

3.2.2 Regeneration of B. mori silk  

Silk fibroin from B. mori cocoons was regenerated using the 1 h sodium carbonate and 4 h 

lithium bromide method as detailed in Chapter 2. First, B. mori cocoons were chopped into 

roughly 5 × 5 mm sections and boiled in 0.02 M aqueous Na2CO3 (2 L) at 98–105 °C for 1 h 

with manual agitation. The degummed fibers were washed in ultrapure H2O (1 L) three times 

for 0.33 h each and the silk dried for at least 24 h at room temperature. 

A 25% w/v silk solution was achieved by dissolving the dry silk fibers in 9.3 M aqueous 

LiBr solution at 60 °C for 4 h. The silk solution was purified by dialysis (molecular weight cut 

off 3500 g mol-1, Slide-A-Lyzer®, Thermo Scientific, Rockford, IL, USA) against ultrapure H2O 

(1 L) for 48 h, and centrifuged over four cycles, each for 0.33 h at 3000 × g and 5 °C (Jouan 
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BR4i centrifuge equipped with S40 swing rotor). The silk concentration was measured by 

gravimetry over 24 h at 60 °C and adjusted to the desired concentration by the addition of 

ultrapure H2O. 

3.2.3 General drop-by-drop manufacture of silk nanoparticles in semi-batch format 

Silk nanoparticles were manufactured by the addition of a 3% w/v silk solution (1 mL) to 

isopropanol (5 mL) in a short-neck round-bottom flask. The silk feed was supplied at room 

temperature using a syringe pump (Harvard Apparatus 22, Holliston, MA, USA) held at an 

inclination of 0–0.1° and equipped with a BD PLASTIPACK™ syringe, polyethylene Luer lock 

fluid line (2.54 x 305 mm) and blunt needle (Figure 3.1). The flask was stoppered, and the 

mother liquor was incubated at room temperature for no longer than 0.5 h before dilution with 

ultrapure H2O in a polypropylene ultracentrifugation tube and centrifugation at 48,400 × g for 

2 h at 4 °C (Beckmann Coulter Avanti® J-E equipped with JA-20 rotor). The supernatant was 

removed, the pellet was resuspended in ultrapure H2O (20 mL) and the suspension was 

sonicated twice for 30 seconds at 30% amplitude with a Sonoplus HD 2070 sonicator 

(ultrasonic homogenizer, Bandelin, Berlin, Germany). Ultrapure H2O (23 mL) was added to 

the suspension, and the centrifugation, washing and resuspension steps were repeated for a 

total of three times. The final pellet was suspended in ultrapure H2O (2–3 mL) and stored at 4 

°C until use. Each experiment was repeated in triplicate using three different silk precursor 

stocks. 
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Calculations for needle residence time and shear rate were based on the literature 

value for dynamic viscosity (27 mPas) of regenerated 3% aqueous silk301 and the calculated 

density (1.02 g mL-1) for the 3% w/v aqueous silk solution, with an assumed Newtonian flow 

(Table 3.1).301 The Reynolds number was estimated based on the internal diameter of the 

needle.302 An upper limit of the residence time was estimated using the linear velocity and the 

needle length.303 The maximum shear rate was taken as the wall shear rate and, for simplicity, 

the shear rate calculations used the geometry of a straight cylinder. Calculations for the 3, 10 

and 50 mL syringes used in the study were performed similarly, using the internal diameters 

stated by the manufacturer (Table 3.2).  

Figure 3.1. The nanoprecipitation workflow for the preparation and purification of silk 
nanoparticles via desolvation in isopropanol. In semi-batch format, the four formulation 
processing steps are: 1) Loading of a bubble-free aqueous silk solution into a syringe equipped 
with blunt needle. 2) The silk feed position. 3) The flow rate control of silk solution. 4) Control 
of mixing time via the stirring rate during addition. In continuous format, the three formulation 
processing steps are: 1) Loading of bubble-free aqueous silk and isopropanol into syringes 
and the NanoAssemblrTM microfluidic chip. 2) The flow rate control of silk solution and the flow 
rate ratio control of isopropanol: silk. 3) Control of mixing time via the micromixer chip design. 
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Table 3.1. The estimated flow characteristics of the needles used in the semi-batch 
system and the micro-mixer indicated that increasing the flow rate of silk in the feed 
needle in semi-batch format and of the aqueous silk-isopropanol mixture in the 
microchannel increased the wall shear rate.a 

Semi-batch format  Micro-mixer 
Needle 
internal 
diameter 

/ mm 

Flow 
rate / 
mL 

min-1 

Residence 
time / ms 

Maximum 
shear rate 

/ s-1 
Re 

Flow rate 
/  

mL min-1 

Maximum 
shear rate / 

s-1 
Re 

0.33 

0.017 15,335 80 0.04 0.001 80.1 0.04 1.000 261 4,724 2.5 
3.510 74 16,581 8.5 

0.059 4,727 2.4 7.000 37 33,068 17 
8.485 31 40,083 21 
16.96 15 80,119 41 

0.50 40,073 20 0.41 3.510 115 8,646 6.9 
0.6 3.510 246 2,759 4.7 

0.84 3.510 481 1,005 3.4 
1.00 80,114 40 1.19 3.510 966 354 2.4 

1.60 3.510 1,746 145 1.8 

a. The average wall shear rate under laminar and Newtonian flow is reported. The micromixer geometry was 
simplified to a rectangular channel by ignoring the groove depth. Residence times in the fluid line and 
needles were estimated using the linear velocity while the volumetric flow rate was used for the 
micromixer. 
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Table 3.2. Estimated flow characteristics of the 3 mL syringes used in the closed semi-
batch system at a silk volume of 1 mL indicated that shear-induced nucleation did not 
occur. 

Flow 
rate / 
mL 

min-1 

Residence 
time / s 

Critical 
work / 
10-3 Pa 

Maximum 
shear 

rate / s-1 

Volumetric 
flow rate / 
10-10 m3 s 

Average 
velocity 
/ 10-5 m 

s-1 

Cross-
sectional 

area /  

10-5 m2 

Re 

0.017 3529 1.88 0.00444 2.83 0.481 

5.89 

0.00157 

1.000 18 33.2 0.261 167 28.3 0.093 

3.510 17 389 0.917 585 99.3 0.325 

7.000 9 775 1.83 1167 198 0.648 

8.485 7.07 1.09 0.0757 1414 25.3 
56.0 

0.255 

16.96 3.54 2.19 0.151 2827 50.5 0.509 

 

3.2.4 The effects of flow rate and initial addition height in closed, semi-batch format  

Silk nanoparticles were manufactured in 10 mL round-bottom flasks using a blunt needle (0.33 

x 51 mm). At room temperature, a 3% w/v silk solution was added to isopropanol at flow rates 

of 0.017, 1.000, 3.510 or 7.000 mL min-1, while varying the initial addition height at 0.7, 2.1 or 

3.5 cm from the isopropanol surface. The Reynolds numbers at 0.017, 1.000, 3.510 and 7.000 

mL min-1 (calculated as 5.4 × 10-3, 0.32, 1.1 and 2.2 for the fluid line, and as 0.04, 2.5, 8.5 and 

17 for the needle) indicated laminar flow (Table 3.1,Table 3.3). 
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Table 3.3. Estimated flow characteristics of the fluid line used in the closed semi-batch 
system indicated that shear-induced nucleation did not occur. 

Flow 
rate / 
mL 

min-1 

Residence 
time / ms 

Critical 
work / 
103 Pa 

Maximum 
shear 

rate / s-1 

Volumetric 
flow rate / 
10-10 m3 s 

Average 
velocity 
/ 10-5 m 

s-1 

Cross-
sectional 
area / 10-6 

m2 

Re 

0.017 5451 0.0046 0.18 2.83 5.59 

5.07 

0.0054 

1.000 93 0.27 10 167 329 0.316 

3.510 26 0.94 36 585 1155 1.108 

7.000 13 1.90 73 1167 2302 2.209 

8.485 11 2.3 88 1414 2791 

 

2.678 

16.96 5 4.6 176 2827 5578 5.353 

 

3.2.5 The effect of needle diameter in the closed, semi-batch format 

The 3% w/v silk solution was added at a rate of 3.510 mL min-1 to isopropanol from an initial 

addition height of 3.5 cm from the isopropanol surface. The needle diameter was varied 

between 0.33, 0.41, 0.60, 0.84, 1.19 and 1.60 mm. The Reynolds numbers for the needle 

diameters of 0.41, 0.60, 0.84, 1.19 and 1.60 mm were calculated as 6.9, 4.7, 3.4, 2.4 and 1.8, 

respectively (Table 3.1).  

3.2.6 The effect of stirring rate and feed addition height in the closed, semi-batch 

format   

Silk nanoparticles were manufactured using a blunt needle (0.33 × 51 mm). The silk solution 

flow rate was 1.000 mL min-1, the initial addition height was 0.0, 1.75 or 3.5 cm from the 

isopropanol surface, and the stirring rate, provided by an egg-shaped stir bar (15 × 6 mm), 

was 0, 200, 400 or 800 rpm. The Reynolds number of the stirred vessel, estimated using a 

cylindrical geometry as ≈ 1300, 2500 and 5030 at stirring rates of 200, 400 and 800 rpm, 

respectively (Table 3.4), indicated turbulent flow within the vessel at 400 and 800 rpm.  
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Table 3.4. Estimated flow characteristics of the reactors used in the closed semi-batch 
system.  

Stirring 
rate / 
rpm 

Frequency / 
rps Length / m Diameter / 

m 
Viscosity / 

kg ms-1 
Density / 

kg m-3 Re 

200 21 

0.015 0.0060 0.0032 837 

1257 

400 42 2514 

800 84 5029 

 

3.2.7 The effect of flow rate and concentration in the closed, semi-batch format  

Silk nanoparticles were manufactured using a blunt needle (0.33 × 51 mm). Silk solution was 

added to isopropanol at rates of 0.017, 1.000, 8.485 or 16.96 mL min-1 from an addition height 

of 1.75 cm and the stirring rate was varied from 0 to 400 rpm using the egg-shaped stir bar. 

The silk concentration was 0.5, 2 or 3% w/v. The Reynolds numbers at 8.485 and 16.96 mL 

min-1 (calculated as 2.7 and 5.4 for the fluid line and 21 and 41 for the needle) indicated laminar 

flow (Table 3.1).  

3.2.8 Dual indicator system for mixing time in the semi-batch format 

The rotational speed investigated at the 5 mL scale ranged from 200–800 rpm in increments 

of 200 rpm, and the initial addition height was 0, 1.75 or 3.5 cm. The round bottom flask was 

submerged in water in a clear acrylic box (10.3 × 10.3 × 5 cm) to reduce surface reflections. 

An LED panel (RALENO, Seattle, WA, USA) was fixed at the back of the stirring plate to 

provide constant illumination at 5600K colour temperature and at 100% brightness. 

The dual indicator system for mixing time described by Melton et al.332 and Weheliye 

et al.333, 334 was used, with some adaptations. Stock solutions of thymol blue (0.095 mg mL-1) 

and methyl red (0.135 mg mL-1) were prepared in ethanol. The working solution was prepared 

by mixing and diluting the stock solutions to give 4.3 mg mL-1 thymol blue and methyl red in 

70% v/v ethanol. To each 5 mL aliquot of the working solution, 0.5 M HCl was added at 0.5 

mL L-1, and the system was equilibrated for at least 10 revolutions. An equivalent amount of 



98 

NaOH (10.5 μL of 0.15 M NaOH) was then added to the mixture using a 20 μL Eppendorf 

pipette (attached to a clamp stand for control of the feed location and height). The mixing 

process was captured on an iPhone SE (Apple, Cupertino, CA, USA) reverse camera at a 

capture speed and resolution of 240 fps and 1080 p using FiLMiC Pro (FiLMiC Inc., Seattle, 

WA, USA). Each condition was repeated at least four times. 

Images were extracted at 240 fps using FFmpeg.335 The images were processed using 

custom MATLAB (Mathworks, Natick, USA) scripts to apply rectangular masks of 18,000 

pixels and to calculate the standard deviation of the normalized green channel intensity, as 

described by Rodriguez et al.336 The standard deviation of the fully mixed condition was 

calculated as the average of the final ten images, and the mixing time (t95%) was estimated as 

the time required to reach 95% of the standard deviation at the fully mixed condition (Table 

3.5). 

Table 3.5. The estimated mixing characteristics of the semi-batch reactor and the 
micromixer indicated that increasing the feed height and stirring rate in semi-batch 
format decreased the bulk mixing time and increasing the flow rate in microfluidic 
format reduced the mixing time.  

Semi-batch reactor  Micro-mixer 
Feed height / 

cm 
Stirring rate/ 

rpm 
Mixing 
time/ s 

Flow rate / 
mL min-1 

Residence 
time / ms 

Mixing 
time / ms 

0 

200 16 ± 5.1 
0.001 120,000 14,500 400 15.7 ± 

3.7 
800 5.3 ± 1.1 

0.059 2,034 306 

1.75 
200 28.0 ± 

3.7 
400 8.4 ± 3.0 0.50 240 40 800 2.0 ± 1.0 

3.50 
200 16.9 ± 

3.5 
1.00 120 21 400 3.3 ± 3.0 

800 0.7 ± 0.1 
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3.2.9 Semi-batch droplet analysis 

3.2.9.1 Volume and time of flight 

The semi-batch system was used to determine the average volume of a droplet at flow rates 

of 0.017, 1.000, 3.510, 7.000, 8.485 and 16.96 mL min-1. During the time taken to extrude a 

total volume of 1 mL, the number of droplets was captured on an iPhone SE (Apple, Cupertino, 

CA, USA) reverse camera at a capture speed of 30 fps at 0.017 mL min-1 and 240 fps for flow 

rates greater than 0.017 mL min-1. The resolution was kept constant at 1080 p using FiLMiC 

Pro (FiLMiC Inc., Seattle, WA, USA). The experiments were repeated in triplicate. 

3.2.9.2 Fluid velocity, droplet diameter and diffusion scales 

The closed semi-batch system was used to determine the flow rate within droplets extruded 

at flow rates of 0.017, 1.000, 3.510, 7.000, 8.485, and 16.96 mL min-1 at relevant heights 

between 0 and 3.5 cm (Figure 3.2a). At least three droplets of 3% w/v silk solution with 0.3% 

w/w iron(III) oxide (synthetic spherical particle with 99.995% < 325 mesh (~45 µm) size, > 

96.8% purity, 4.6 g cm-3 solid density and 0.8 – 1.2 g cm-3 bulk density from Inoxia Ltd, 

Sweden) were imaged on an iPhone SE (Apple, Cupertino, CA, USA) reverse camera 

equipped with 15× macro lens (Shenzhen Apexel Technology Co., Guangdong, Shenzhen, 

China) at a focal length of 1.5 cm. The resolution was kept constant at 1080 p using FiLMiC 

Pro (FiLMiC Inc., Seattle, WA, USA) and images were extracted at 240 fps using Ffmpeg.335 

The images were processed using custom MATLAB (Mathworks, Natick, USA) scripts to 

perform greyscale conversion, contrast-limited adaptive histogram equalization and binary 

image conversion based on luminance. The particle velocities were measured by manual 

tracking using ImageJ v1.52n (National Institutes of Health, Bethesda, MD, U.S.A). An LED 

panel (RALENO, Seattle, WA, USA) was fixed behind the droplets to provide constant 

illumination at 5600K color temperature and at 80% brightness. The droplet diameters of at 

least three droplets were imaged on a Photron FASTCAM SA 1.1 Model 675K M1 (Photron, 

San Diego, CA, US) at 3× magnification and measured using Photron FASTCAM Viewer 
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(Photron, San Diego, CA, US). The diffusion length and time scales were calculated assuming 

Fickian diffusion and a silk diffusion coefficient of 2.45 × 105 cm2 s-1 (Table 3.6).337  
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Figure 3.2. Exemplary characterization of flow and mixing properties in the closed semi-
batch system. Circulatory flow in silk droplets produced at all flow rates and feed heights was 
observed using silk doped with iron oxide nanoparticles. The mixing time in the reactor 
decreased as stirring rate and feed height increased and was measured using the color 
change of a methyl red and thymol blue mixture from acidic pH (red) to neutral pH (yellow). 
(a) Processed binary images of the circulatory flow field of droplets extruded from the closed 
semi-batch system. Insets show the two-dimensional direction of flow. (b) The variation of 
standard deviation of the normalized green channel (σG) across scale in the open semi-batch 
system and across feed height and stirring rate in the closed semi-batch system. (c) The raw 
images and processed masks showing the color evolution within the flask at the optimal stirring 
rate of 400 rpm and feed height of 1.75 cm. 



102 

Table 3.6. Droplet characteristics impacting flow and mixing-induced silk self-assembly 
indicated that circulatory flow occurred across all factor combinations, resulting in 
convection dominating over diffusion. ± SD, n = 3. 

Hei-
ght 
/ cm 

Flow 
rate / 
mL 

min-1 

Numb-
er of 

drops 
/ mL-1 

Drop-
let 

volume 
/ µL 

Droplet 
diamet-
er / mm 

Diffus-
ion 
length 
scalea 
/ µm 

Diffus-
ion 
time 
scalea 
/ s 

Time 
of fli-
ght / 

s 

Droplet 
veloc-
ity / m 

s-1 

Fluid 
veloc-

ity / 
mm s-1 

0 

0.017 

NA 0.33 
 NA 7.42 NA 

 

0.020 ± 
0.007 8 ± 5 

1.000 0.028 ± 
0.010 

16 ± 
12 

8.485 0.066 ± 
0.072 

38 ± 
27 

16.96 0.056 ± 
0.022 

36 ± 
23 

0.7 
3.510 28 ± 2 36.3 ± 

3.2 
2.73 ± 
0.16 

18.9 ± 
4.1 

508 ± 
59.2 

0.025 
± 

 

0.335 ± 
0.007 

26 ± 
19 

7.000 3 ± 1 305.6 ± 
48.1 

2.76 ± 
0.17 

14.2 ± 
1.2  

521 ± 
63.9 

0.014 
± 

 

0.203 ± 
0.016 

35 ± 
16 

1.75 

 

0.017 126 ± 
2 

7.9 ± 
0.1 

2.43 ± 
0.04 

31.3 ± 
0.0 

404 ± 
13.1 

0.067 
± 0 

0.373 ± 
0.062 

12 ± 6 

1.000 33 ± 4 31.0 ± 
4.1 

2.59 ± 
0.12 

27.8 ± 
0.6 

457 ± 
41.2 

0.053 
± 

 

0.344 ± 
0.130 

13 ± 
12 

8.485 98 ± 
17 

10.5 ± 
2.0 

3.96 ± 
0.63 

24.8 ± 
4.9 

1090 ± 
354 

0.047 
± 

 

0.392 ± 
0.032 

29 ± 
13 

16.96 92 ± 
55 

15.1 ± 
11.2 

3.38 ± 
0.97 

25.8 ± 
3.2 

833 ± 
446 

0.046 
± 

 

0.240 ± 
0.146 

33 ± 
19 

2.1 

 

3.510 28 ± 2 36.3 ± 
3.2 

3.44 ± 
0.15 

27.4 ± 
1.3 

809 ± 
69.9 

0.051 
± 

 

0.490 ± 
0.005 

29 ± 
17 

7.000 148 ± 
20 

6.8 ± 
0.9 

2.51 ± 
0.78 

26.3 ± 
1.8 

464 ± 
271 

0.053 
± 

 

0.425 ± 
0.006 

28 ± 
13  

3.5 

0.017 126 ± 
2 

7.9 ± 
0.1 

2.24 ± 
0.05 

40.3 ± 
3.4 

343 ± 
14.1 

0.111 
± 

 

0.530 ± 
0.005 

22 ± 
12 

1.000 33 ± 4 31.0 ± 
4.1 

2.71 ± 
0.39 

32.9 ± 
0.5 

509 ± 
147 

0.074 
± 

 

0.683 ± 
0.003 

29 ± 
20 

3.510 28 ± 2 36.3 ± 
3.2 

3.42 ± 
0.05 

32.9 ± 
0.5 

799 ± 
21.3 

0.074 
± 

 

0.642 ± 
0.140 

23 ± 6 

7.000 148 ± 
20 

6.8 ± 
0.9 

2.18 ± 
0.79 

31.6 ± 
1.5 

352 ± 
266 

0.074 
± 

 

0.685 ± 
0.019 

50 ± 
23 

8.485 88 ± 
19 

11.7 ± 
2.3 

3.82 ± 
0.38 

32.2 ± 
2.6 

1000 ± 
195 

0.068 
± 

 

0.665 ± 
0.033 

37 ± 
18 

16.96 149 ± 
34 

7.0 ± 
1.8 

1.97 ± 
1.41 

32.8 ± 
2.2 

377 ± 
419 

0.074 
± 

 

0.731 ± 
0.075 

40 ± 
18 

a. Determined using the droplet diameter, droplet time of flight and the silk diffusion coefficient of 2.45 × 105 cm2 
s-1.337  
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3.2.10 Microfluidic-assisted manufacture of silk nanoparticles 

Silk nanoparticles were manufactured using the NanoAssemblr™ benchtop instrument 

version 1.5 (model number NA-1.5-16; NanoAssemblr™, Precision Nano-Systems Inc. 

Vancouver, Canada) equipped with a cyclic olefin copolymer microfluidic cartridge (product 

codes: 1207 and 1151-034 BENCHTOP CARTRIDGE), as described elsewhere.174 Using the 

Y-junction of the two 25 mm inlet channels, the fluids were mixed in a 27 mm rectangular 

mixing channel (79 μm × 200 μm) having a series of raised grooves (31 μm × 50 μm) and four 

switchback turns.338 A 1 mL volume of aqueous silk solution (0.5–3% w/v) and isopropanol (5 

mL) were injected into separate chamber inlets, and the nanoparticles formed in the staggered 

herringbone mixer were collected from the outlet. The total flow rate of the isopropanol and 

silk mixture was varied between 0.001–1.0 mL min-1, and the flow rate ratio was 5:1. The 

cartridge was cleaned between runs using a water wash and a prime. The water wash 

consisted of a flow ratio of 1:1 ultrapure H2O/ultrapure H2O, a total volume of 2 mL and a total 

flow rate of 4 mL min-1; the wash was repeated in triplicate. The priming procedure consisted 

of a flow ratio of 5:1 isopropanol/ultrapure H2O, a total volume of 6 mL and a total flow rate of 

1 mL min-1. The mother liquor suspension was incubated for no longer than 0.5 h before 

purification.  

Calculations were based on the literature viscosity value (3.14 mPas) and density 

(0.837 g mL-1) values for the 5:1 v/v isopropanol/water mixture measured at 20 °C,339 and 

Newtonian flow was assumed.301 Increasing the flow rate from 0.001 to 1 mL min-1 resulted in 

mixing time estimates of 21 to 14,500 ms respectively, according to the manufacturer’s 

guidelines and based on an analytical model for a similar system published elsewhere, by 

calculating the Peclet number to achieve a coefficient of variation of < 0.1 (Table 3.5).259 The 

Peclet numbers were estimated as 4.27 × 108, 2.52 × 1010, 2.14 × 1011, and 4.27 × 1011 using 

the hydraulic diameter of the channel302 (142 μm) and the diffusion coefficient (3.5 × 10-10 m2 

s-1) of the 5:1 isopropanol/water mixture.340 The Reynolds numbers (0.04, 2.4, 20, 40) 

indicated laminar flow (Table 3.1). An upper limit of the residence time was estimated using 
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the total fluidic volume and flow rate.303 The residence time was longer than the mixing time 

at all flow rates, indicating that complete mixing had occurred in the micromixer. The maximum 

shear rate was taken as the wall shear rate, with the assumptions that chaotic advection did 

not significantly affect the wall shear rate and that it created a significantly lower shear within 

the channel. For simplicity, the shear rate calculations used the geometry of a straight 

rectangular channel and did not take into account the groove depth.341  

3.2.11 Yield of silk nanoparticles 

The total mass of silk nanoparticles was recorded by transferring 450 μL of the suspension to 

a pre-weighed microcentrifuge tube and recording the total mass, followed by freezing at -80 

°C for 5 h and freeze-drying (Christ Epsilon 1-4, Martin Christ Gefriertrocknungsanlagen 

GmbH, Osterode, Germany) for 24 h at -10 °C and 0.14 mbar. The dry mass was then 

recorded and the yield calculated using equation 2.1. This process was repeated twice, and 

an average yield was reported. Freeze-dried silk nanoparticles were stored in a vacuum 

desiccator at 25 °C until use. 

3.2.12 Physicochemical characterization of the silk nanoparticles 

The silk nanoparticle size (Z-average of the hydrodynamic diameter), polydispersity index and 

zeta potential were measured in triplicate in ultrapure H2O at 25 °C by dynamic light scattering 

(DLS) (Zetasizer Nano-ZS Malvern Instrument, Worcestershire, UK). Nanoparticle 

suspensions were prepared for measurement by vortex application for 20 seconds and 

sonication twice at 30% amplitude for 30 seconds, unless otherwise stated. Refractive indices 

of 1.33 and 1.60 were used for H2O and protein, respectively. 

3.2.13 Secondary structure measurements of silk nanoparticles 

Positive silk II controls consisted of autoclaved silk films and silk films treated with 70% v/v 

ethanol/ultrapure H2O. Positive silk I controls were air-dried silk films and freeze-dried silk. 

The air-dried silk films (0.3 mL) were drop-casted from fluid handling systems following 

extrusion at a height of 3.5 cm using varying silk concentrations (0.5–3.0% w/v), flow rates 

(0.017–16.96 mL min-1) and needle diameters (0.33–1.60 mm). The secondary structures of 
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silk films, freeze-dried powders and freeze-dried nanoparticles were analyzed by Fourier 

transform infrared spectroscopy (FTIR) on an ATR-equipped TENSOR II FTIR spectrometer 

(Bruker Optik GmbH, Ettlingen, Germany). Each FTIR measurement was recorded in 

absorption mode over the wavenumber range of 400 to 4000 cm−1 at 4 cm-1 resolution for 128 

scans and then corrected for atmospheric absorption using Opus (Bruker Optik GmbH, 

Ettlingen, Germany). The second derivatives of the background-corrected FTIR absorption 

spectra were analyzed in OriginLab 19b® (Northampton, Massachusetts, USA) by adapting a 

literature protocol.304 Each second derivative was smoothed twice using a seven-point 

Savitzky-Golay function with a polynomial order of 2. The amide I region was analyzed by 

interpolation of a non-zero linear baseline between 2–3 of the highest values in the 1600–

1700 cm-1 range. Peak positions were identified by applying the second derivative, and peaks 

were fitted in the amide I region using non-linear least squares with a series of Gaussian 

curves (Figure 3.3). The position, width and height of each peak were allowed to vary, while 

the peak area could take any value ≤ 0. Deconvoluted spectra were then area-normalized, 

and the relative area of each band was used to calculate the secondary structure content 

according to literature band assignments.155, 305   
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Figure 3.3. Exemplary smoothed second derivative FTIR spectra and peak assignment 
of silk nanoparticles manufactured by varying (a) feed addition height at a constant 
stirring rate of 400 rpm and a constant feed addition rate of 1 mL min-1 and (b) exemplary 
peak fitting of the amide I region for nanoparticles formulated at 1.75 cm feed height 
and silk II controls.  

 

The correlation coefficients I of silk films, freeze-dried silk and nanoparticles were 

calculated by adaptation of a literature protocol306 using the air-dried silk film of an aqueous 
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silk precursor batch as a reference. The second derivative of the FTIR absorption spectra was 

calculated and smoothed twice with a five-point Savitzky-Golay function and a polynomial 

order of 2. The processed silk sample was then compared with the reference over the spectral 

range 1600–1700 cm-1 using equation 3.1. 

R= 
∑ xiyi

�∑ xi
2∑ yi

2
        (3.1) 

where xi and yi are the derivative values of the air-dried silk film and processed silk sample at 

the frequency i. 

3.2.14 Scanning electron microscopy of silk nanoparticles 

A 1 mg mL-1 silk nanoparticle suspension (10–20 µL) was pipetted onto a silicon wafer and 

lyophilized at -10 °C and 0.14 mbar for 24 h. The wafer was sputter-coated with gold (15 nm) 

using a low vacuum sputter coater (Agar Scientific Ltd, Essex, UK, and ACE200, Leica 

Microsystems, Wetzlar, Germany) and imaged with an FE-SEM SU6600 instrument (Hitachi 

High Technologies, Krefeld, Germany) at 5 kV and 40 k magnification or an FEI Quanta 250 

FEG-ESEM instrument (Oxford Instruments, Abingdon, U.K) at 5 kV and 10, 20 and 40 k 

magnification. The images were processed using ImageJ v1.52n (National Institutes of Health, 

Bethesda, MD, U.S.A), Adobe Lightroom and Abode Illustrator (Adobe, San Jose, CA, USA). 

3.2.15 Statistical analyses 

Data were analyzed using Microsoft® Excel® 2019 (Microsoft Office 365 ProPlus Software, 

Redmond, WA, U.S.A), Minitab® (Minitab® Statistical Software, State College, PA, USA) and 

GraphPad Prism 8.2.1 (GraphPad Software, La Jolla, CA, U.S.A.). Normality of the data 

distributions was assumed throughout. The equivalence of variance for sample pairs and 

multiple groups was identified with the F-test and Bartlett’s test. Sample pairs were analyzed 

using the independent t-test. Multiple groups across one independent variable were evaluated 

by one-way analysis of variance (ANOVA), followed by Tukey’s pairwise multiple comparison 

post-hoc test, or by the Brown-Forsythe and Welch ANOVA tests, followed by the Dunnett T3 

pairwise multiple comparison post-hoc test. Two-way ANOVA was used to compare multiple 
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groups across two independent variables, followed by Tukey’s pairwise multiple comparison 

post-hoc test when a significant interaction was shown and by Tukey’s main and simple effect 

multiple comparison post-hoc tests when no interaction was shown. Statistical significance, 

identified using post-hoc tests, was as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. All data are displayed as the mean ± standard deviation, with the number of 

experimental repeats (n) shown in each figure legend. 

 

3.3 Results  

3.3.1 Silk nanoparticle characterization 

3.3.1.1 The effect of flow rate, addition height and stirring rate in closed semi-batch 

format 

In the absence of stirring, increasing the flow rate of the silk solution from 0.017 mL min-1 

(mixing-induced nucleation) to 7.000 mL min-1 (shear-induced nucleation), while also 

increasing the silk feed addition height, resulted in large, polydisperse nanoparticles 

regardless of factor levels (Figure 3.4a). Although the nanoparticles remained large and 

polydisperse scanning electron microscopy (SEM) indicated that moving from shear-induced 

to mixing-induced nucleation by increasing the needle diameter reduced the extent of self-

assembly (Figure 3.4c–d).  
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Figure 3.4. The impact in the drop-by-drop semi-batch closed-system by (a) initial 
addition height and flow rate using a constant needle diameter and by (b) needle 
diameter at constant flow rate and initial addition height on nanoparticle hydrodynamic 
diameter, polydispersity (PDI), zeta potential and yield. Scanning electron microscopy 
showed that curvature morphology increased with needle diameter from (c) 0.33mm to (d) 
1.60 mm. Two-way ANOVA was used to compare multiple groups across feed height and flow 
rate, followed by Tukey’s pairwise multiple comparison post-hoc test for yield and Tukey’s 
simple effect multiple comparison post-hoc test for size, PDI and zeta potential. Multiple 
groups across needle diameter were evaluated by one-way ANOVA, followed by Tukey’s 
multiple comparison post-hoc test for size, PDI and zeta potential and the Brown-Forsythe and 
Welch test, followed by Dunnett’s T3 post-hoc test for zeta potential. Error bars are hidden in 
the bars and plot symbols when not visible, ± SD, n = 3. Asterisks denote statistical 
significance determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p <0.001, 
****p < 0.0001. Scale bars 200 nm. 
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As manufacture in the closed, semi-batch system without stirring resulted in large 

nanoparticles with a wide size distribution, the effect of varying the time and shear stress of 

mixing was then determined at a 1.000 mL min-1 flow rate (shear-induced nucleation). The 

mixing time was reduced by increasing the stirring rate from 0 to 800 rpm and increasing the 

droplet velocity by raising the feed height from 0.0 cm to 3.5 cm (Table 3.5, Figure 3.2, and 

Table 3.6). Increasing the levels of both these factors significantly reduced the nanoparticle 

size and polydispersity index (Figure 3.5a). At 0 rpm, an increase in the feed height from 0.0 

to 3.5 cm significantly decreased the nanoparticle size (from 232 to 151 nm) and the 

polydispersity index (from 0.24 to 0.12) (Figure 3.5a). Equally, an increase in the stirring rate 

from 0 to 800 rpm significantly decreased the nanoparticle size to 116 nm at 0.0 cm feed 

height and the polydispersity index from 0.25 to 0.14 at 1.75 cm feed height. The SEM views 

confirmed the reduction in assembly size and the increase in nanoparticle curvature as mixing 

time decreased (Figure 3.5b).  
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Figure 3.5. Impact of feed height and stirring rate on nanoprecipitation of 3% w/v 
aqueous silk in the semi-batch closed-system at 1 mL min-1 flow rate. (a) Hydrodynamic 
diameter, polydispersity index (PDI), zeta potential and yield of silk nanoparticles. Two-way 
ANOVA was used to compare multiple groups across feed height and stirring rate, followed 
by Tukey’s pairwise multiple comparison post-hoc test for size, polydispersity index and yield 
and Tukey’s simple effect multiple comparison post-hoc test for zeta potential. (b) Scanning 
electron microscopy showed that lower curvature morphologies were obtained as stirring rate 
and addition height decreased, due to an increasing degree of secondary self-assembly. Error 
bars are hidden in the bars and plot symbols when not visible, ± SD, n = 3. Asterisks denote 
statistical significance determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p 
<0.001, ****p < 0.0001. Scale bars 200 nm. 
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Generally, the nanoparticle size and size distribution were optimal at 1.75 and 3.5 cm 

feed heights combined with stirring rates of 200 and 400 rpm (104–128 nm; 0.12–0.16) (Figure 

3.5a). As feed height increased, silk nanoparticles were also produced with a higher zeta 

potential at 400 rpm, and in greater yield at low stirring rates, where the yield reached a 

maximum of 25% at 3.5 cm and 200 rpm. Further reductions in the mixing time at 3.5 cm 

(Table 3.5) obtained by increasing the stirring rate to 800 rpm caused a significant drop in 

nanoparticle yield to 8%. Overall, the nanoparticle size, polydispersity index and zeta potential 

were optimized at 400 rpm stirring rate. At 1.75 cm feed height a sufficient yield was returned 

while maintaining low diffusion length scales and shear exposure caused by circulatory flow 

during droplet flight (Figure 3.2a, Figure 3.5a, and Table 3.6). These factor levels were set for 

further investigations of the effect of flow rate and silk concentration.  

3.3.1.2 The effect of flow rate and silk concentration in closed semi-batch and 

microfluidic formats 

Under conditions of mixing-induced nanoprecipitation in semi-batch format at a 0.017 mL min-

1 flow rate and 400 rpm stirring rate, increasing the silk concentration from 0.5 to 2 and 3% 

significantly decreased the nanoparticle size (from 271 to 89 and 75 nm) and polydispersity 

index (from 0.47 to 0.23 and 0.13) (Figure 3.6a). Significant decreases in the nanoparticle size 

(from 294 to 161 and 120 nm), polydispersity index (from 0.46 to 0.45 and 0.27) and zeta 

potential magnitude (from -39 and -40 to -30 mV) also occurred with a concentration increase 

from 0.5 to 2 and 3% when operating without stirring. The SEM observations revealed an 

increase in particle sphericity with increasing concentration, from nanofibers and amorphous 

aggregates formed with 0.5% silk to spherical particles with a high polydispersity at 2% and a 

narrower size distribution at 3% (Figure 3.7a). 
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Figure 3.6. The impact of increasing the flow rate and silk feed concentration in the 
staggered herringbone micromixer and in semi-batch systems of high and low mixing 
time. The hydrodynamic diameter, polydispersity index, zeta potential and yield for (a) semi-
batch format and (b) microfluidic format. For the unstirred semi-batch processes, two-way 
ANOVA was used to compare multiple groups across concentration and flow rate, followed 
by Tukey’s pairwise multiple comparison post-hoc test for yield and Tukey’s simple effect 
multiple comparison post-hoc test for size, polydispersity index and zeta potential. In stirred 
semi-batch format and microfluidic format, multiple groups were evaluated by two-way 
ANOVA, followed by Tukey’s pairwise multiple comparison post-hoc test for all properties. 
Error bars are hidden in the bars when not visible, ± SD, n = 3. Asterisks denote statistical 
significance determined using post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p <0.001, 
****p < 0.0001. 
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Conversely, at the flow rate of 0.001 mL min-1 in the micromixer, increases in the silk 

concentration from 0.5 to 2 and 3% resulted in a significant increase, followed by a decrease, 

in nanoparticle size (from 536 to 600 to 259 nm), whereas the polydispersity index remained 

high (ranging from 0.57 to 0.42) (Figure 3.6b). Increasing the concentration from 0.5 to 3% did 

Figure 3.7. Scanning electron microscopy supported the DLS results and confirmed that 
for low shear processes in the (a) semi-batch format and (b) microfluidic format, the 
extent of self-assembly varied inversely with silk concentration while for high shear 
processes, the extent of assembly was maximized at the 2% silk concentration. Due to 
an extended growth phase associated with 0.5% silk feeds, rod-like silk nanoparticle 
morphologies were produced in the micromixer between 0.059–1.0 mL min-1, and the particle 
polydispersity decreased with increasing flow rate. 
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not significantly affect the zeta potential or yield, which ranged from -27 to -31 mV and from 9 

to 6%, respectively. The DLS results were supported by SEM observations, which showed a 

mixture of spherical secondary building units and amorphous aggregates for all silk feeds 

(Figure 3.7b). 

At the 400 rpm stirring rate, moving from low to high shear by increasing the flow rate 

from 0.017 to 16.96 mL min-1 caused a significant increase in the nanoparticle size from 89 to 

252 nm with 2% silk. The size distribution also significantly increased with flow rate at silk 

concentrations of 0.5 and 2%. SEM examinations confirmed that these results were due to a 

greater degree of shear-induced self-assembly for all silk feeds as the flow rate increased 

(Figure 3.7a). For example, at 3% silk concentration, tertiary units were present as nanofibers, 

while at 0.5% and 2%, amorphous, lamellar aggregates also formed. As for mixing-induced 

nanoprecipitation, the polydispersity index decreased significantly with increasing silk 

concentration from 0.5 and 2% to 3% across all high-shear flow rates. The yield increased 

significantly with silk concentration at a flow rate of 1.000 mL min-1 and reached a maximum 

at 3% silk (from 1 to 16%). 

Similarly, for the high-shear microfluidic format at flow rates between 0.059 and 1.0 

mL min-1, increasing the silk concentration from 0.5% and 2% to 3% generally resulted in a 

significant decrease in particle size and an increase in yield (Figure 3.6b). At a flow rate of 

0.059 mL min-1, the size and polydispersity index significantly decreased (from 276 to 138 nm 

and from 0.36 to 0.19) with increased silk concentration from 0.5 to 2%. The size, 

polydispersity index and zeta potential magnitude subsequently increased (from 138 to 194 

nm, 0.19 to 0.39 and -36 to -26 mV) as the silk concentration increased further to 3%. The 

SEM observations (Figure 3.7b) reinforced the DLS results and indicated that the primary 

assemblies formed using 2 and 3% silk stocks underwent secondary and tertiary assembly to 

give mixtures containing nanofiber aggregates, whereas the 0.5% silk stock formed rod-like 

particles in mixtures with amorphous aggregates. At 1.0 mL min-1, the opposite trend was 

observed with an increase in the silk concentration from 0.5 to 2%, as the size and zeta 
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potential significantly increased (from 139 to 269 nm and -37 to -30 mV) due to the increased 

formation of amorphous aggregates. Subsequent increases from 2 to 3% silk resulted in a 

decreased nanoparticle size (to 103 nm) and an increased sphericity.  

For 0.5 and 3% silk feeds, increasing the flow rate from 0.001 to 1.0 mL min-1 caused 

significant reductions in the assembly size (from 536 to 139 nm and from 259 to 103 nm, 

respectively) and polydispersity index (from 0.43 to 0.17 and from 0.42 to 0.09, respectively). 

This size reduction was supported by the observed reduction in aggregates as the flow rate 

increased for both silk feeds (Figure 3.7b). Increasing the flow for 3% silk feeds significantly 

decreased the zeta potential, from -26 mV at 0.059 mL min-1 to -35 mV at 1.0 mL min-1. For 

0.5% silk, changing the flow rate from 0.001 to 1.0 mL min-1 also significantly reduced the zeta 

potential (from -27 to -37 mV) while for 2% silk feedstocks, increasing the flow rate from 0.001 

to 0.059 mL min-1 reduced particle size (from 600 to 138 nm), polydispersity index (from 0.57 

to 0.19) and zeta potential (from -29 to -36 mV) and increased the yield (from 6 to 12%). These 

changes were accompanied by a morphological shift from amorphous aggregates at 0.001 

mL min-1 to spherical nanoparticles and nanofiber agglomerates at 0.059 mL min-1. Raising 

the flow rate to 0.5 and 1.0 mL min-1 increased the particle size (to 269 nm) and zeta potential 

(from -26 mV) while lowering the yield (to 8%). At these flow rates, amorphous and nanofiber 

aggregates were produced in mixtures with spherical nanoparticles. The SEM views 

reinforced the DLS measurements and confirmed that, at 0.5 and 1.0 mL min-1, increasing the 

silk feed concentration resulted in a shift from rod-like particles to aggregates and then 

spherical particles (Figure 3.6b). 

3.3.2 Secondary Structure Measurement 

The correlation of the silk nanoparticle secondary structure content with formulation conditions 

and the shear-induced assembly of the silk precursor by extrusion through the feed needle 

were evaluated by attenuated total reflectance-FTIR (ATR-FTIR) analysis and deconvolution 

of the amide I region (Figure 3.3). The structural changes caused by the nanoprecipitation 
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process were also evaluated by analyzing the amide I region (1600–1700 cm-1) using the 

spectral correlation coefficient method.306  

3.3.2.1.1 The effect of flow rate, addition height and stirring rate in closed, semi-

batch format 

In the unstirred closed system, increasing the feed rate from 0.017 to 7.000 mL min-1 at a 3.5 

cm feed height caused a decrease in the β-sheet content of silk nanoparticles from 57% to 

52% (Figure 3.8a). Conversely, for the extruded silk, increasing the flow rate from 0.017 to 

3.510 mL min-1 and 7.000 mL min-1 decreased the correlation coefficient from 0.78 to 0.44 and 

0.34, respectively (Figure 3.8b). Further, increasing the feed height from 0.7 to 2.1 cm at a 

feed rate of 7.000 mL min-1 decreased the nanoparticle correlation coefficient from 0.47 to 

0.32 (Figure 3.8a). The needle diameter had no significant effect on the nanoparticle 

secondary structure content (Figure 3.8c); however, reducing the needle diameter from 1.60 

to 0.33 mm at 7.000 mL min-1 increased the β-sheet content of drop-casted films from 25% to 

33% (Figure 3.8b). This increase in β-sheet crystallinity of the extruded silk with decreasing 

needle diameter was reinforced by the reduction in the correlation coefficient at feed rates of 

3.510 and 7.000 mL min-1 (Figure 3.8b).  
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Figure 3.8. The secondary structure of silk nanoparticles manufactured at the specified 
formulation parameters in the semi-batch closed system at (a, c) 0 rpm, and (d) with 
varying initial addition height and stirring rate and (b,e) silk extruded from the closed 
system feed needles at the specified formulation parameters. (f) FTIR band assignments 
key. Silk films treated with 70 % ethanol and autoclaving to obtain high β-sheet content were 
used as positive controls for silk II structure, with an untreated silk film and freeze-dried silk 
powder serving as negative controls. Two-way ANOVA was used to compare multiple groups 
across feed height and flow rate (± SD, n = 3), followed by Tukey’s pairwise multiple 
comparison post-hoc test for total β-sheet and anti-parallel amyloid β-sheet contents and 
Tukey’s simple effect multiple comparison post-hoc test for β-turn, intermolecular β-sheet, 
native β-sheet and α-helix and random coil contents and correlation coefficients. Multiple 
groups across needle diameter (± SD, n = 3) were evaluated by one-way ANOVA, followed by 
Tukey’s multiple comparison post-hoc test for total β-sheet, anti-parallel amyloid β-sheet, β-
turn, α-helix and random coil contents and correlation coefficients while the intermolecular β-
sheet and native β-sheet contents were evaluated by the Brown-Forsythe and Welch test, 
followed by Dunnett’s T3 post-hoc test. Two-way ANOVA was used to compare multiple 
groups across feed height and stirring rate, followed by Tukey’s simple effect multiple 
comparison post-hoc test for the correlation coefficients and contents. Two-way ANOVA was 
used to compare multiple groups across flow rate and needle diameter (± SD, n = 9), followed 
by Tukey’s pairwise multiple comparison post-hoc test for correlation coefficients and Tukey’s 
simple effect multiple comparison post-hoc test for total β-sheet contents. Two-way ANOVA 
was used to compare multiple groups across flow rate and concentration (± SD, n = 9), 
followed by Tukey’s pairwise multiple comparison post-hoc test for total β-sheet contents and 
correlation coefficients. Error bars are hidden in the bars and plot symbols when not visible. 
Data obtained from silk II controls are as described in Chapter 2. ± SD, n = 3. 
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In the stirred system, the nanoparticle β-sheet content generally increased with feed 

height from 0.0 to 1.75 cm (Figure 3.8d). For example, at 200 rpm, increasing the feed height 

from 0.0 to 1.75 cm increased the β-sheet content from 51% to 56% (Figure 3.8d). Increasing 

the feed height also caused a main effect decrease in the nanoparticle β-turn content. As the 

stirring rate increased from 0 to 200 rpm and then to 800 rpm, the nanoparticle antiparallel β-

sheet content showed a main effect decrease and then an increase, respectively (Figure 3.8d).  

3.3.2.1.2 The effect of flow rate and silk concentration in closed semi-batch 

format 

For the stirred semi-batch process, the nanoparticle β-sheet content and correlation 

coefficients ranged between 51–58% and 0.23–0.48, respectively, and did not vary 

significantly with silk concentration or flow rate (Figure 3.9a). However, at the low shear flow 

rate of 0.017 mL min-1, increasing the silk concentration from 0.5% to 2% and 3% reduced the 

nanoparticle α-helix and random coil content from 25% to 19% (Figure 3.9a). Conversely, in 

the unstirred condition, the nanoparticle correlation coefficients decreased as the 

concentration increased from 0.5% to 2% and 3%, at 0.017 mL min-1 (from 0.27 to 0.15 and 

0.15), 1.000 mL min-1 (from 0.33 to 0.18 and 0.20) and 8.485 mL min-1 (from 0.31 to 0.21 and 

0.15) (Figure 3.9a). This trend was supported by the significant increase in total β-sheet 

content with changes from 0.5 to 2% at 0.017 mL min-1 (58 to 60%) and from 0.5 to 2 and 3% 

at 8.48 mL min-1 (55 to 59 and 56%). Similarly, the intermolecular β-sheet content increased 

with silk feed concentration from 0.5 to 3% at 0.017 (34 to 42%). Additionally, for 3% silk 

feedstocks, the native β-sheet content significantly increased with flow rate whereas for 0.5% 

silk, the intermolecular β-sheet content significantly followed flow rate. Consequently, the 

nanoparticle α-helix and random coil content also decreased as the silk concentration 

increased from 0.5 to 3% at flow rates of 0.017 (20 to 19%), 1.000 (21 to 19%), and 8.485 mL 

min-1 (20 to 19%). Similarly, the extruded silk crystallinity increased with the feedstock 

concentration. For instance, increasing the concentration from 2 to 3% at 8.485 mL min-1 
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increased the extruded silk β-sheet content from 24% to 36% (Figure 3.8e). This result was 

paralleled by a reduction in the correlation coefficient as the concentration increased from 

0.5%, at flow rates of 0.017 (0.90), 1.000 (0.85) and 16.96 mL min-1 (0.69), to 3.0%, at flow 

rates of 8.485 (0.32) and 16.96 mL min-1 (0.23) (Figure 3.8e). 
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Figure 3.9. Formulation parameters had a significant impact on the secondary structure 
of silk nanoparticles. Secondary structure content (%) of silk nanoparticles manufactured 
using different silk concentrations and flow rates in the (a) low mixing time (400 rpm) and high 
mixing time (0 rpm) semi-batch processes, and (b) in the NanoAssemblrTM. (c) FTIR band 
assignments key. Untreated silk films drop-casted using 0.5, 2 and 3% silk stocks served as 
negative silk II controls. Secondary structure content (%) was calculated from the relative 
areas of peaks in the second derivative spectrum. The correlation coefficients of silk 
nanoparticle second derivative amide I spectra were calculated using the silk II negative 
control film as reference. Two-way ANOVA was used to compare multiple groups across 
concentration and flow rate. In the stirred system, this was followed by Tukey’s simple effect 
multiple comparison post-hoc test for correlation coefficients and the contents for total β-sheet, 
antiparallel β-sheet, intermolecular β-sheet, random coil and α-helix and β-turn. Native β-sheet 
content was evaluated using the Tukey pairwise multiple comparison post hoc test. In the 
unstirred system, total β-sheet, antiparallel β-sheet, intermolecular β-sheet, and β-turn content 
were evaluated using the Tukey pairwise multiple comparison post hoc test while the Tukey 
simple effect post hoc test was used for correlation coefficients and the contents for random 
coil and α-helix and native β-sheets. For the micromixer, correlation coefficients and contents 
were evaluated using the Tukey simple effects post hoc test except for β-turn and random coil 
and α-helix content, for which the Tukey pairwise comparison post hoc test was used. ± SD, 
n = 3. 
 

The β-sheet content of 0.5% extruded silk increased with flow rate from 19% at 0.017 

mL min-1 to 31% at 8.485 mL min-1 (Figure 3.8e). The interaction between flow rate and 
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concentration also significantly increased the silk β-sheet content, from 19% to 29% and 37%, 

as the flow rate was increased from 0.017 mL min-1 to 16.96 mL min-1 and 16.96 mL min-1 at 

silk concentrations of 0.5%, 2.0% and 3.0%, respectively (Figure 3.8e). These results were 

supported by the reduction in the correlation coefficient of extruded silk from 0.78 to 0.32 and 

0.23 as the flow rate increased from 0.017 mL min-1 to 8.485 mL min-1 and 16.96 mL min-1, 

respectively, at a silk concentration of 3.0% (Figure 3.8e). 

In the micromixer, the nanoparticle β-sheet content did not significantly vary with silk 

concentration or flow rate, and the correlation coefficients displayed no general trend (Figure 

3.9b). However, the nanoparticle α-helix and random coil content significantly increased with 

increases in silk concentration from 0.5 and 2 to 3% at 0.059 mL min-1 (from 20 and 19 to 

28%) and decreased (from 22 to 19%) at 1.0 mL min-1 flow rate (Figure 3.9b). Further, the 

nanoparticle α-helix and random coil content generally increased with flow rate. For example, 

increasing the flow rate from 0.001 to 1.0 mL min-1 caused a significant increase from 18 to 

22% for 0.5% silk feeds; by contrast, for 3% silk this content increased from 20 to 28% between 

0.001 to 0.059 mL min-1 and decreased to 19% at 1.0 mL min-1. 

 

3.4 Discussion 

In the current study, the optimized formulation variables153, 174, 179 for preparing silk 

nanoparticles were used to investigate the impact of flow and mixing on silk self-assembly. 

Consequently, all silk feed concentrations were below the ≈10% w/w critical micelle 

concentration301 of regenerated silk fibroin. I used the closed, semi-batch process for lab-scale 

nanoprecipitation, and the NanoAssemblrTM platform for the continuous process, with a 

commercially available staggered herringbone mixer operating under conditions of laminar 

flow (Re < 2000).  
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3.4.1 The effect of flow rate, addition height and stirring rate in closed, semi-batch 

format 

The flow rates between 0.017 to 16.96 mL min-1 resulted in Reynolds numbers < 2000 within 

the tubing and with all needles used; hence, laminar and Newtonian flow was used to calculate 

the average wall shear rate.301 The average wall shear rates in the syringe and tubing (Table 

3.1), combined with the residence times, were not expected to provide sufficient work (≈ 105 

Pa)313 for shear-induced nucleation of the silk molecules at flow rates between 0.017 and 

16.96 mL min-1. However, conditions of high shear were introduced at flow rates above 0.017 

mL min-1 in needles with diameters less than 1.6 mm (Table 3.1).  

Regenerated silk fibroin can undergo a primary assembly process into silk fibroin 

micellar structures (secondary building units), followed by secondary and tertiary assembly of 

the micellar units into nanofibers and lamellar structures (Figure 3.10).342 The hydrophilic 

blocks of the silk fibroin polymer are hydrated in aqueous solution, resulting in an extended 

conformation.342 The shear-induced desolvation breaks the stabilizing intermolecular bonds 

with water and enables hydrophobic interactions between silk molecules.342 Scanning electron 

microscopy showed that shear-induced nucleation resulted in secondary and tertiary 

assembly of silk micelles into nanofibers and lamellar structures, prior to antisolvent addition 

and completion of mixing (Figure 3.4c and d, Figure 3.5b).343 This was reinforced by the 

significantly lower correlation coefficients of the silk extruded from the 0.33 mm needle at all 

flow rates above 0.017 mL min-1 (Figure 3.8b). 

At all feed heights, mixing of silk within free falling droplets was driven by convection 

due to the high fluid velocities (Table 3.6). Consequently, the impact of non-uniform silk 

concentration on solvent-antisolvent mixing efficiency can be neglected. However, for flow 

conditions of high shear, self-assembly within the droplet during flight could occur due to the 

microscale diffusion length of the silk molecules (Table 3.6). The incorporation of water into, 

and size of, shear-induced silk assemblies would increase with feed height and time of flight. 

The concomitant reduction in free water concentration within the droplet could have reduced 
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the solvent-antisolvent mixing efficiency and resulted in large, polydisperse assemblies 

(Figure 3.4). 

Without stirring, at a 1.000 mL min-1 feed rate and 0.0 cm height, the shear-induced 

nucleation, and the antisolvent–induced dehydration resulted in nanoparticle formation at the 

phase boundary upon addition of the aqueous silk feed to the isopropanol bulk. This resulted 

in phase separation and low reproducibility due to the uncontrolled manual mixing of the two 

phases during purification. Increasing the stirring rate and feed height increased the rate and 

degree of antisolvent–induced nucleation by reducing the mixing time (Table 3.5). 

Assembly growth was disfavored under conditions of low mixing time, resulting in low 

nanoparticle size and polydispersity with increased yield. Additionally, the shear stress of the 

liquid flow arising from stirring rates and feed heights of 200 rpm and 1.75 cm could exceed 

the shear stress of agglomerates formed during silk extrusion from the feed needle. Breaking 

the intermolecular bridges holding the agglomerates together, combined with desolvation, 

would result in kinetic locking of the secondary building units. This was supported by the 

increase of nanoparticle β-sheet content with feed height (Figure 3.8d) and the low curvature 

morphology of tertiary assemblies formed at low heights and stirring rates (Figure 3.5b). 

3.4.2 The effect of flow rate and concentration in closed semi-batch and microfluidic 

formats 

In the stirred semi-batch process, at feed rates of 0.017, 1.000, 8.485 and 16.96 mL min-1, the 

shear rates experienced by silk in the fluid line were estimated as 0.18, 10, 88 and 176 s-1, 

respectively, while the shear rates in the needle were estimated as 80, 4724, 40083 and 80114 

s-1 (Table 3.1, Table 3.3). At 1.000 mL min-1 and above, the needle shear rates lay above the 

critical shear rate and work required for nucleation.344 Shear-induced nucleation was 

reinforced by a decrease in the correlation coefficients of extruded silk as the flow rate 

increased across all concentrations and an increase in the β-sheet content of extruded silk as 

the flow rate increased at 0.5 and 2.0% (Figure 3.8e). Consequently, the following arguments 
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assume that shear-induced nucleation, followed by isopropanol-induced desolvation, occurred 

above a flow rate of 0.017 mL min-1. 

For homogenous nucleation at 0.017 mL min-1, increasing the concentration from 0.5 

to 3.0% reduced the assembly size and polydispersity index due to a greater degree of 

supersaturation in both low and high mixing time processes (Figure 3.6a). Samples prepared 

using 3.0% silk at flow rates of 0.017 and 1.000 mL min-1 and stirring at 400 rpm could be 

considered monodisperse. At 0.017 mL min-1, the reduction in the growth phase with 

increasing concentration significantly increased the assembly curvature (Figure 3.7a) and 

packing due to decreases in the α-helix and random coil contents (Figure 3.9a). The reduced 

growth observed at higher silk concentrations in low-shear, semi-batch nanoprecipitation 

contrasts with results of previous work by D. Pham et al.,312 who used lower antisolvent:silk 

volumetric ratios. 

In the unstirred system, under high-shear conditions and at all flow rates exceeding 

0.017 mL min-1, increasing the silk feed concentration from 0.5 to 3.0% significantly reduced 

the particle size, whereas in the stirred system, the decreases in size were not significant 

(Figure 3.6a). A mixture of low sphericity particles and aggregates were formed under high 

shear at 0.5 and 2.0%, while a mixture of nanofibers, lamellar structures and spherical 

particles were formed at 3.0% (Figure 3.7a). This possibly reflected a balance between 

increased antisolvent-induced nucleation rate and increased rates of shear-induced self-

assembly with concentration. The greater degree of shear-induced self-assembly with 

increasing concentration, from 0.5 to 3.0%, was reinforced by the increase in total and 

intermolecular β-sheet contents of the nanoparticles, the increased total β-sheet content of 

the extruded silk, the reduction in the nanoparticle correlation coefficients with concentration 

and the decrease in extruded silk correlation coefficients at 8.485 and 16.96 mL min-1 (Figure 

3.8e). Consequently, as the formation of shear-induced micelles increased with feed rate, the 

reduced silk concentration prohibited antisolvent-induced nucleation.  
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The feed rate of silk also impacts mixing-induced self-assembly by altering the mixing 

time. For example, the droplet surface area decreased as the feed rate increased from 0.017 

to 1.000 mL min-1 and then increased as the feed rate was raised to 16.96 mL min-1 (Table 

3.6). The reduced sphericity of the droplets produced in the jetting regime above 7.000 mL 

min-1 (Figure 3.2a) could also cause non-uniform mixing. The effect of decreasing the mixing 

time as the feed rate was increased could be observed in the unstirred system at 0.5% and 

2% silk feed concentrations. At these concentrations, the nanoparticle size and polydispersity 

index decreased with flow rate because the increase in the antisolvent-induced nucleation 

rates outweighed the increase in shear-induced assembly rates. Further, the feed rate controls 

the degree and rate of supersaturation onset of the antisolvent-induced desolvation. This 

means that the type and rate of antisolvent-induced nucleus growth could be impacted by the 

rate of silk addition. Increasing the feed rate favors mononuclear surface-controlled growth by 

increasing the mass transfer of silk from the solution to the assembly surface. For example, 

as the feed rate increased in the stirred semi-batch process for 2% silk feeds, the resulting 

assemblies increased in size and size distribution (Figure 3.6a). 

Continuous manufacture is a well-recognized strategy that simplifies the scale-up 

process of nanoformulations.255 I therefore used the NanoAssemblrTM as an example of a 

scale-independent process. Assuming Newtonian flow, the flow rates of 0.001 mL min-1 to 1 

mL min-1 resulted in Reynolds numbers of 0.04 to 40. These numbers were below the high 

vorticity and low transverse flow regime (Reynolds numbers > 1000). This ensured a high 

mixing efficiency, with the mixing time decreasing as flow rate increased from 0.001 to 1.0 mL 

min-1. The residence times at all flow rates were longer than the mixing times (Table 3.5), 

indicating that complete mixing occurred in the micromixer. The wall shear rates increased 

with flow rate, and when combined with the residence time, shear-induced nucleation of silk 

fibroin was likely to occur at all flow rates greater than 0.001 mL min-1, as both the critical 

shear rate344 and work313 were exceeded. Because the shear rates in both formats were 
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analogous, the effects of shear and mixing in the micromixer could be compared with semi-

batch processes with low and high mixing times (Figure 3.10). 
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Figure 3.10. Schematic of protein-protein association and β-sheet assembly of silk 
fibroin via anti-solvent and shear-induced desolvation. The mechanism under shear flow 
is adapted from Dunderdale et al.313 and Zhang et al.342 Silk molecules, nanoparticles and 
stoichiometry of association are not drawn to scale. 
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In the micromixer and with 0.5% silk feeds, as the shear rate and mixing efficiency 

increased with flow rate from 0.001 to 1.0 mL min-1, the assembly morphology shifted from 

amorphous aggregates to mixtures of rod-like and spherical particles. I speculate that the 

observation of rod-like morphologies only with 0.5% silk feeds was due to the low degrees of 

nucleation and long shear-induced and antisolvent-induced growth phases associated with 

insufficient surpassing of the nucleation energy barrier (Figure 3.7b). The size reduction in the 

nanoassemblies with increasing flow rate indicated that the enhancement of the antisolvent-

induced nucleation rates dominated over the increase in shear-induced assembly rates.  

The association and assembly processes were favored by an increase in the silk 

concentration from 0.5 to 2%,342 which resulted in the formation of larger nanofibers and 

lamellar tertiary structures with a higher polydispersity index under homogenous nucleation at 

0.001 mL min-1 (Figure 3.6b, Figure 3.7b). This effect indicated that the increase in the silk 

concentration still did not greatly exceed the nucleation barrier. The opposite trend was 

observed for semi-batch processes at low and high mixing times due to the higher saturation 

induced by larger initial antisolvent-to-silk ratios.  

Following the increase in flow rate from 0.001 to 0.059 mL min-1 for 2% feeds, the 

reduction in the mixing time dominated over the increase in shear-induced nucleation and 

assembly (Figure 3.6b). The resulting particles showed spherical morphologies, although 

shear-induced assembly also resulted in the secondary assembly of nanoparticles into 

nanofibers. However, for 2% silk, further increases in the flow rate produced nanoparticles of 

increasing size due to secondary and tertiary growth processes that gave rise to amorphous 

and fiber-like assemblies. This trend was also observed for the low-mixing-time, semi-batch 

system, supporting the idea that the increase in the rates of shear-induced nucleation and 

growth in the microchannel dominated over the effect of reduced mixing time. 

A silk concentration increase from 2 to 3%, under homogeneous nucleation at 0.001 

mL min-1, significantly reduced both the nanoparticle size and the polydispersity index due to 

an increase in supersaturation and the antisolvent-induced nucleation rates. Increasing the 
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silk concentration to 3% caused gradual increases in viscosity and rapid decreases in the 

surface tension.344, 345 I speculate that these changes increased the water transport rate 

between the aqueous and isopropanol phases for 3% silk feeds, thereby providing less time 

for secondary self-assembly processes.  

The extent of self-assembly for 3% silk feedstocks decreased as the flow rate 

increased from 0.001 to 1 mL min-1, with reductions in nanoparticle size, polydispersity index 

and zeta potential, but particles were produced in greater yield. The lower degree of self-

assembly with increasing flow rate was confirmed by the increase in particle curvature (Figure 

3.7b) and the increase in α-helix and random coil content (Figure 3.9b). Increasing the silk 

feed concentration from 0.5 and 2% to 3% reduced the critical shear rate.344 Consequently, at 

flow rates above 0.001 mL min-1 in the micromixer, the shear-induced nucleation rates for 3% 

silk were likely greater than those for 0.5 and 2% silk feeds. As the flow rate increased, the 

assembly growth phase period for 3% silk was shortened due to the higher shear-induced 

nucleation rates, combined with the increased rates of antisolvent-induced nucleation and 

kinetic locking of the micellar structure. The narrower growth phases compared to the lower 

silk concentrations were supported by the greater nanoparticle sphericities for 3% feeds. This 

trend was not observed with 3% silk for either the low-mixing-time or high-mixing-time semi-

batch processes.  

The dependence of particle morphology and properties on the flow rate through the 

microchannel was supported by previous demonstrations in the staggered herringbone 

micromixer.174 The kinetic freezing of secondary building units observed with 3% silk at the 1 

mL min-1 flow rate agreed with previous literature reports.174, 179 Further, for 3% silk feeds, 

secondary and tertiary self-assembly were promoted by shear processing following an 

increase in the flow rate from 1 to 12 mL min-1 (shear rate 961499 s-1), resulting in reduced 

particle curvature and increased overall size and polydispersity.174 Consequently, a critical 

flow rate exists between 1 and 12 mL min-1 for 3% silk feeds, beyond which the increase in 

the antisolvent-induced nucleation rate is out-competed by the increase in the rate of shear-
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induced assembly. This non-linear trend of self-assembly reflects the trend observed for 2% 

silk, but was shifted to higher flow rates due to the shortened growth phase occurring from 

greater supersaturation. 

 

3.5 Conclusions 

The flow properties of silk fibroin, which are fundamental to the natural role of the polymer as 

a polymorphic material, can be exploited in nanoprecipitation processes. Here, to control the 

morphology of silk nanoparticles, I utilized shear-induced nucleation of silk fibroin under flow 

in semi-batch and microfluidic formats. The morphology of the resulting silk assemblies varied 

with shear processing and silk precursor concentration in bulk mixing, although nanofiber and 

lamellar assemblies were formed as mixtures with spherical particles. Conversely, the high-

shear, low-mixing-time conditions provided by the micromixer identifies this as a promising 

platform for tuning primary–tertiary silk self-assembly. Due to the sufficiently low mixing time, 

the silk concentration could be used as a controllable input factor for the formation of 

monodisperse, rod-like and spherical nanoassemblies suitable for use as nanomedicines. The 

information provided in this study delineates rational guidelines for the modulation of silk fibroin 

multiscale structures under shear and antisolvent-induced desolvation by varying the 

supersaturation, shear rate and mixing time. 
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4 Chapter 4: Volumetric Scalability of 
Microfluidic and Semi-Batch Silk 

Nanoprecipitation Methods 
 

 

 

 

 

 

This chapter contains the results from the published article in MDPI Molecules (Matthew, S. 

A. L.; Rezwan, R.; Perrie, Y.; Seib, F. P. Volumetric scalability of microfluidic and semi-batch 

silk nanoprecipitation methods, Molecules 2022, 27, 2368. DOI: 

10.3390/molecules27072368). For this work, I designed, analyzed and carried out all semi-

batch experimental work and continuous work with the NanoAssemblrTM for the round robin 
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4.1 Introduction 

Achieving reproducibility of the critical quality attributes of nanoparticles, including the 

physicochemical properties, remains a significant challenge during the scale-up of 

nanomedicine production from the bench to the manufacturing sector.310, 311, 346, 347 The 

physicochemical properties of nanoparticles affect many performance factors, including drug 

loading, stability on storage,348 and in vivo performance.349 Favorable attributes for drug 

carriers include nanoparticle sizes between 100 and 200 nm and a hydrophilic and negatively 

charged shell.315 

One promising material for fabrication of nanoparticle drug carriers is reconstituted 

Bombyx mori silk fibroin, a polymer with a robust clinical track record and demonstrated 

biocompatibility in vitro and biodegradability in vitro.184, 237, 291, 326 The block copolymer structure 

of silk fibroin, hereafter referred to as silk, allows it to assume multiple polymorphic states, 

ranging from the amorphous, water-soluble silk I state to the highly crystalline, insoluble silk II 

state.326 In the silk I state, the primary self-assembly of the hydrated, extended silk molecules 

into kinetically locked nanoparticles can occur under shear-induced342 or antisolvent-

induced153, 174, 179 desolvation. Both mechanisms involve the breakage of the intermolecular 

hydrogen bonds between water molecules and the hydrophilic blocks of the silk polymer.342 

The system can be stabilized by the reorganization of the biopolymer tertiary structure to 

establish hydrophobic interactions and β-sheet crystal structures within and between silk 

molecules.342 

The micelle-like hydrophobic core and anionic hydrophilic shell structure135, 154, 327 of 

Bombyx mori silk nanoparticles impart hemocompatibility in vitro184 and enable post-synthetic, 

electrostatic drug loading.153, 185, 220, 294 The polar amino acids, such as tyrosine, serine, 

histidine, and lysine, that are present on the nanoparticle surface are also amenable to 

covalent modification.184 This has enabled the conjugation of cell-targeting agents (e.g., 

folate)112 and the implementation of stealth technology, such as PEGylation,159 to suppress 
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various clinically undesirable processes, such as agglomeration in physiological media,184 

blood platelet coagulation in vitro,160, 184 and proinflammatory responses in vitro.159, 184 

Silk nanoprecipitation in a semi-batch format is a simple, one-step procedure that 

involves the drop-by-drop addition of an aqueous silk solution, hereafter referred to as the silk 

precursor, into a water-miscible organic solvent.153, 160, 185 The solvent must be present in at 

least 200% v/v excess and must be a poor solvent for at least one of the hydrophobic polymer 

blocks.299, 331 The physicochemical properties of silk nanoparticles fabricated using semi-batch 

nanoprecipitation have shown a dependence on the concentration and average molecular 

weight of the silk179, 312 and on the composition of the dissolved solute and antisolvent 

mixture.153, 160, 185, 236, 290 Variations in the feed height and feed rate that can occur during the 

manual feeding of the silk precursor to the organic antisolvent has led to the adoption of semi-

automated fluid handling systems to reduce the impact of these confounders.350 For example, 

nanoparticles formed using the optimized formulation variables of a 5:1 v/v isopropanol:silk 

precursor,153, 179 a constant flow rate of 1 mL min−1, and a constant feed height of 7.5 cm 

showed sizes (104–134 nm) and yields (9–23%) with narrow polydispersity indices (0.12–

0.14) that depended on the stirring rate.350 

The scale-up of manufacturing processes for in vivo clinical trials require changes in 

the production methodology by increasing the total volume of manufacture (volumetric scale-

up) or by increasing the concentration of precursor (concentration scale-up).347 Scale-up of 

fabrication techniques from the bench298 can be further aided by computational simulations to 

establish appropriate flow and mixing regimes.299, 300 However, changes in the critical process 

parameters, such as tank geometry and mixing time,346 can lead to aberrant physicochemical 

characteristics of the nanoparticles and potentially inaccurate safety profiling.310, 347 For 

example, in 2016, unreliable scale-up methods implemented with generic Doxil® formulations 

led to reduced drug efficacy.310, 314 Investigating the reliability of silk nanoprecipitation 

outcomes across varying scales is, therefore, important to correct for changes occurring in the 

physicochemical properties during the transition from lab to pilot scales. However, the 

scalability of silk nanoprecipitation in a semi-batch format is poorly understood. 
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Continuous techniques have been developed and optimized174, 179, 244 to increase the 

ease of volumetric scale-up.310, 347 One effective approach includes microfluidic-assisted 

nanoprecipitation;174, 179, 310 microfluidics has emerged within the last decade as an alternative 

bottom-up route for silk nanoparticle manufacture. Unlike batch and semi-batch processes, 

the addition of a silk precursor to the antisolvent is not a time-dependent process; therefore, 

increased control over the mixture composition is attained in the microfluidic mixing channel 

compared to bulk mixing. Additionally, the semi-batch processes are influenced by macro-, 

meso-, and micro-mixing times, whereas microfluidic-assisted nanoprecipitation is controlled 

only by the micro-mixing time. Common microfluidic devices used for nanoprecipitation 

operate under laminar flow, in which mixing occurs by diffusion across the fluid interface and 

mixing times are dictated by the channel dimensions.351 To date, microfluidics has mostly been 

used to form silk water-in-oil emulsions. Silk emulsions of relatively high monodispersity can 

be achieved using flow-focusing droplet microfluidics (145–200 µm)256 and single T-junction 

droplet nanofluidics (51–1500 nm).244 However, the production throughput of silk water-in-oil 

microfluidics can be limited by the requirement for low total flow rates. 

The staggered herringbone micromixer has been employed to address the need for 

high-throughput continuous manufacture of narrow polydispersity index nanoparticles (110–

310 nm) by silk precursor desolvation.174 The mixing efficiency of the aqueous silk precursor 

and antisolvent layers within the microchannel is high compared to conventional microfluidic 

designs259, 352 and semi-batch bulk mixing258 due to the chaotic advection caused by the 

presence of the 3D asymmetric bas-relief herringbone structures.258 Use of this micromixer for 

nanoprecipitation showed that the physicochemical properties of the resulting nanoparticles 

depended on the silk molecular weight range,179 organic antisolvent properties,174 and the 

composition of the aqueous and organic mixture.174 A flow ratio of 5:1 isopropanol to silk 

precursor and a total flow rate of 1 mL min−1 provided the optimal formulation and process 

parameters for nanoparticle manufacture at the lab scale in batch mode and resulted in 

spherical, colloidally stable nanoparticles with an average size of 110 nm, average 

polydispersity index of 0.14, and average zeta potential of −29.8 mV.174 The volumetric scale-



136 

up of production is achieved by increasing the microchannel diameters or by chip 

parallelization, although significant changes to the micromixer geometry and maximum flow 

rate limits can introduce scaling challenges. Consequently, investigating the scalability of the 

semi-batch manufacture of silk nanoparticles remains a topic of interest. 

The aim of the present Chapter was to examine the impact of the volumetric scale-up 

of silk nanoprecipitation on nanoparticle critical quality attributes under semi-batch and 

microfluidic mixing regimes using optimized formulation and process parameters.153, 174, 179 

With the semi-batch format, I investigated the impact of the total volume of the silk precursor 

and antisolvent mixture (volumetric scale) on the critical quality attributes (e.g., particle size, 

polydispersity, zeta potential, stability, secondary structure, morphology, and yield) of the 

resulting silk nanoparticles. The effect of using similar mixing times and average shear rates 

of mixing on nanoparticle properties during scale-up were then assessed. I used the staggered 

herringbone micromixer in the benchtop NanoAssemblrTM platform, hereafter referred to as 

microfluidic format, as a scale-independent control and estimated the impact of chip 

parallelization on the physicochemical properties through a round robin test. To identify the 

bottlenecks in each format of clinical and industrial production, the throughput of both formats 

was estimated. 

 

4.2 Materials and Methods 

Unless otherwise stated, the studies were conducted at 18–22 °C using reagents and solvents 

(>98%) obtained from Acros OrganicsTM or Sigma Aldrich without further purification. 

Nanoparticle manufacture in the microfluidic format was performed in runs using the same 

solution of silk precursor (1 mL). Nanoparticle batches in the microfluidic format were defined 

as the combined product suspension from three runs using the same silk precursor solution. 

Independent experiments were performed in triplicate using three different silk precursor stock 

solutions. 
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4.2.1 Regeneration of B. mori Silk 

B. mori cocoons were degummed by a 1 h treatment with sodium carbonate as detailed in 

Chapters 2 and 3. Silk cocoons were cut into approximately 5 × 5 mm segments, boiled for 1 

h in 0.02 M aqueous Na2CO3 (2 L) at 98–105 °C with manual mixing, washed in ultrapure H2O 

(1 L) three times for 0.33 h each and, dried at room temperature for at least 24 h. 

Aqueous 25% w/v solutions of the silk precursor were regenerated by dissolution of 

the dry fibers in 9.3 M lithium bromide at 60 °C for 4 h. The silk solution was purified by dialysis 

(molecular weight cut off 3500 g mol-1, Slide-A-Lyzer®, Thermo Scientific, Rockford, IL, USA) 

against ultrapure H2O (1 L) for 48 h, and cleared by centrifugation four times, each for 0.33 h 

at 3000 × g and 5 °C (Jouan BR4i centrifuge equipped with S40 swing rotor). Gravimetry over 

24 h at 60 °C was used to determine silk concentrations before adjusting to 3% w/v with 

ultrapure H2O. 

4.2.2 General Manufacture of Silk Nanoparticles in Semi-Batch Format 

An aqueous solution of 3% w/v regenerated silk precursor was added drop by drop to 

isopropanol in a short-neck, round-bottom flask to achieve a total volumetric ratio of 1:5 

(silk:isopropanol). The silk precursor was extruded through a BD PLASTIPACK™ syringe and 

blunt needle (0.33 × 6.35 mm) at a constant feed rate of 1 mL min−1 using a syringe pump 

(Harvard Apparatus 22, Holliston, MA, USA) at an inclination of 0–0.1° (Figure 4.1). Upon the 

complete addition of the silk precursor, the flask was stoppered and incubated at room 

temperature for no longer than 2 h. Then, the mixture was diluted with ultrapure H2O in a 

polypropylene ultracentrifugation tube (43-mL capacity) and centrifuged at 48,400 × g at 4 °C 

for 2 h (Beckmann Coulter Avanti® J-E equipped with JA-20 rotor). The supernatant was 

aspirated and the pellet was resuspended in ultrapure H2O (20 mL), sonicated twice for 30 s 

at 30% amplitude with a Sonoplus HD 2070 sonicator (ultrasonic homogenizer, Bandelin, 

Berlin, Germany), and ultrapure H2O (23 mL) was added to the suspension. The 

centrifugation, washing, and resuspension steps were repeated three times, and the final 

pellet was suspended in ultrapure H2O (2–3 mL) and stored at 4 °C until use. 
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The maximum shear rate of silk under flow was calculated as the wall shear rate, 

assuming Newtonian flow and using the literature value for dynamic viscosity (27 mPas)301 of 

3% regenerated aqueous silk precursor and the calculated density (1.02 g mL−1) for the 3% 

w/v aqueous silk precursor solution (Table 4.1).301  

Table 4.1. Estimated flow properties of the open semi-batch format and the microfluidic 
format.a Shear-induced and antisolvent-induced nucleation of silk were probable in 
microfluidic format and at a large volumetric scale in the semi-batch format. 

Semi-Batch Format  Microfluidic 
Format 

Needle Internal 
Diameter / mm 

Flow Rate / 
mL min−1 

Residence 
Time / ms 

Maximum  
Shear Rate / s−1 Re Maximum  

Shear Rate / s−1 Re 

0.33 1.00 43 4724 2.4 80,114 40 
a. The wall shear rate under laminar flow is reported assuming Newtonian flow. A simplified rectangular geometry 

was used for the micromixer by removing the groove depth. The linear velocity was used to calculate the 
residence times in the fluid line and the needle in the semi-batch system while the volumetric flow rate was 
used for the calculation of the micromixer residence time. 

 

For simplicity, the needle and the 3-, 10-, and 50-mL syringes used in this study were 

approximated as straight cylinders using the internal diameters stated by the manufacturer 

(Table 4.2). The flow regime in the needle was estimated as laminar, based on the Reynolds 

number of 2, which was determined using the internal diameter of the needle (330 μm) (Table 

4.1).302 The upper limit of the residence time was calculated using the needle length and the 

linear velocity (1.94 mm s−1).303 
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Table 4.2. Estimated flow characteristics of the syringes used in the open semi-batch 
system at a flow rate of 1.000 mL min-1 and volumetric flow rate of 1.67 × 10-8 m3 s-1. 

Syringe 
/ mL 

 

Volume 
/ mL 

Residence 
time / s 

Critical 
work / 
10-3 Pa 

Maximum 
shear rate 

/ s-1 

Average 
velocity 

/  

10-5 m s-1 

Cross-
sectional 

area /  

10-5 m2 

Re 

3 
1 18 33.2 

0.261 28.3 5.89 0.093 
0.3 60 111 

10 

3.65 219 18.3 

0.0557 10.1 165 0.055 6 360 30.1 

7 420 35.2 

50 23 1380 2.96 0.00892 2.98 56.0 0.030 

 

The stirred vessels were then characterized. The Reynolds number of the stirred 

vessel, estimated using cylindrical geometries of approximately 3066 to 2514 at the stirring 

rate of 400 rpm (Table 4.3), indicated the occurrence of turbulent flow within the vessel at 400 

rpm. The power drawn by and the power per volume of the stir bar were calculated using an 

estimated power number for the stir bar. The power number of the stir bar was approximated 

by simplifying the geometry as a one-blade, flat-paddle impeller. The empirical correlation for 

the maximum power number in equation 4.1, as reported by Kamei and Hiraoka et al.,353, 354 

was then used in the fully baffled condition (as Re > 200). 
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Maximum power number = 10(number of blades0.7 × (blade height/blade diameter))1.3 (4.1) 

Table 4.3. Estimated flow characteristics of the reactors used in the open semi-batch 
system.  

Volumetric 
Scale / mL 

Volume / 
mL Re 

Power per 
volumed / 

W m-3 

Average 
shear 

rate / s-1 

Energy 
dissipation 

/ W kg-1 

Integrated 
shear factor 

/ s-1 

6 

5 3066 a,c 291 155,177 0.37 
494e 

263f 

6 2514 a,b 242 113,442 0.29 
494e 

263f 

36 

30 3066 a,c 48 25,863 0.06 
329e 

132f 

36 2514 a,b 40 18,907 0.05 
329e 

141f 

a. Determined using the frequency of 42 rps, stir bar dimensions of 15 × 6 mm. 
b. Determined using the dynamic viscosity (0.0032 kg ms-1) and density (837 kg m-3) of the 5:1 mixture of silk 

precursor: isopropanol. 
c. Determined using the dynamic viscosity (0.0024 kg ms-1) and density (785 kg m-3) of isopropanol. 
d. Calculated using the maximum power number of the stir bar (3.04) and power drawn (0.00145 W). 
e. Determined using the reactor diameter for 6 mL scale (23 mm) and 36 mL scale (27 mm) at the top surface of 

the stir bar. 
f. Determined using the reactor diameter for 6 mL scale (30 mm) and 36 mL scale (43–45 mm) at the isopropanol 

air-liquid interface. 

 

The stir bar tip speed at 400 rpm was calculated as 1.97 ms−1, using equation 4.2.355 

Impeller tip speed = rotational speed × π × impeller diameter (4.2) 

The integrated shear factors, using the reactor diameters at the top surface of the stir bar and 

at the air–liquid interface for the initial and end volumes at the 6- and 36-mL volumetric scales, 

were calculated using equation 4.3.355 

Integrated shear factor = (2 × π × rotational speed × 

impeller diameter)/(reactor diameter – impeller diameter) 
(4.3) 
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The average shear rate (equation 4.4)355 was calculated for the initial and end volumes at 

the 6 and 36 mL volumetric scales, using the dynamic viscosity of isopropanol and the 5:1 

water:isopropanol mixture, respectively.340 

Average shear rate = √(power/(dynamic viscosity × volume)) (4.4) 

The energy dissipation per unit mass (equation 4.5)355 was calculated for the initial and end 

volumes at the 6 and 36 mL volumetric scales, using the density of isopropanol and the 5:1 

water:isopropanol mixture, respectively.340 

Energy dissipation per unit mass = power/(density × volume) (4.5) 

4.2.3 Volumetric Scale-Up of Semi-Batch Silk Nanoparticle Manufacture 

Silk nanoparticles were manufactured in 5 mL flasks at the 1.8 mL scale, in 10 mL flasks at 

the 6 mL scale, in 50 mL flasks at the 21.9, 36, and 42 mL scales, and in 150 mL flasks at the 

138 mL scale. The silk precursor was added from a height of 7.5 cm, measured from the 

bottom of the isopropanol meniscus. 

4.2.4 Dual Indicator System for Mixing Time in the Semi-Batch Format 

The rotational speed of 400 rpm using an egg-shaped stir bar (15 mm × 6 mm) was 

investigated at the 5 mL initial antisolvent volume and an initial addition height of 7.5 cm. The 

rotational speed and the initial addition height at the 30-mL initial antisolvent volume were 

fixed at 400 rpm and 7.5 cm, respectively. Surface reflections were reduced by immersing the 

round-bottom flask in water within a clear acrylic box (10.3 cm × 10.3 cm × 5 cm). The flask 

was illuminated at a constant color temperature of 5600 K at 100% brightness by an LED 

panel (RALENO, Seattle, WA, USA) fixed to the back of the stirring plate. 

The mixing time was measured using a dual indicator system for mixing time adapted 

from Melton et al.332 and Weheliye et al..333, 334 Stock solutions of 0.095 mg mL−1 thymol blue 

and 0.135 mg mL−1 methyl red in ethanol were mixed and diluted to give a working solution of 

4.3 × 10−3 mg mL−1 thymol blue and methyl red in 70% v/v ethanol/ultrapure H2O. The working 

solution (5 or 30 mL) was acidified with 0.5 M HCl (0.5 mL L−1), and the system was 
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equilibrated for at least 10 revolutions. An equal amount of NaOH (10.5 μL of 0.15 M NaOH 

for 5 mL aliquots and 10.5 μL of 0.71 M NaOH for 30 mL aliquots) was added to the mixture 

at a controlled feed location and height by attaching a 20-μL Eppendorf Research® plus pipette 

(Eppendorf, Hamburg, Germany) to a clamp stand. The mixing was recorded on an iPhone 

SE (Apple, Cupertino, CA, USA) reverse camera at a capture speed and resolution of 240 fps 

and 1080 p using FiLMiC Pro (FiLMiC Inc., Seattle, WA, USA), and images were extracted 

using Ffmpeg.335 Each condition was repeated at least four times. 

Custom MATLAB (Mathworks, Natick, MA, USA) scripts were used to apply 

rectangular masks of 18,000 pixels to the images and to calculate the standard deviation of 

the normalized green channel intensity according to the method of Rodriguez et al..336 The 

standard deviation for the fully mixed solution was defined using the average of the final 10 

images, and the time required to reach 95% of the fully mixed standard deviation was defined 

as the mixing time (t95%) (Figure 4.2, Table 4.4). 

Table 4.4. Mixing characteristics of the semi-batch system with increasing total volume, 
measured using the DISMT method, and the estimated mixing properties in microfluidic 
format. As the volumetric scale increased in semi-batch format, the bulk mixing time increased 
while the micro-mixing time was unaffected by microfluidic chip parallelization. 

Semi-Batch Format Microfluidic Format 
Total Volume / 

mL 
Stirring Rate / 

rpm 
Mixing Time / 

s 
Residence Time / 

ms 
Mixing Time / 

ms 
5 400 8.4 ± 4.4 120 21 30 400 29.4 ± 6.0 

 

4.2.5 Semi-Batch Droplet Analysis 

4.2.5.1 Volume and Time of Flight 

The average silk precursor droplet volume at the 1 mL min−1 flow rate was determined by 

capturing the number of droplets extruded over a total silk precursor volume of 1 mL using the 

image capture setup detailed above. 

The flow rate within droplets extruded at the 1-mL min−1 flow rate and at feed heights 

of 0 and 7.5 cm was determined for at least three droplets of a 3% w/v silk precursor solution 
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with 0.3% w/w iron(III) oxide (a synthetic spherical particle with 99.995% < 325-mesh [~45 µm] 

size, >96.8% purity, 4.6 g cm-3 solid density, and 0.8–1.2 g cm-3 bulk density; Inoxia Ltd., 

Sweden). The droplets were imaged on an iPhone SE (Apple, Cupertino, CA, USA) reverse 

camera equipped with a 15× macro lens (Shenzhen Apexel Technology Co., Guangdong, 

Shenzhen, China) at a focal length of 1.5 cm and were illuminated at 5600 K color temperature 

and at 80% brightness by an LED panel (RALENO, Seattle, WA, USA) fixed behind the 

droplets. The droplets were recorded at a framerate of 240 fps and resolution of 1080 p using 

FiLMiC Pro (FiLMiC Inc., Seattle, WA, USA), and images were extracted using Ffmpeg.335 

Custom MATLAB (Mathworks, Natick, MA, USA) scripts were used for grayscale conversion, 

contrast-limited adaptive histogram equalization, and binary image conversion based on 

luminance. The particle velocities were then measured using manual tracking in ImageJ 

v1.52n (national Institutes of Health, Bethesda, MD, USA). 

Droplet diameters were measured for at least three droplets imaged on a Photron 

FASTCAM SA 1.1 Model 675K M1 (Photron, San Diego, CA, US) at 3× magnification using a 

Photron FASTCAM Viewer (Photron, San Diego, CA, US). The Fickian diffusion length and 

time scales were calculated assuming a silk diffusion coefficient of 2.45 × 105 cm2 s−1 (Table 

4.5).337 

Table 4.5. Droplet characteristics impacting flow and mixing-induced silk self-assembly 
at a dropping height of 7.5 cm and flow rate of 1.000 mL min-1. ± SD, n = 3. 

Number 
of 

drops / 
mL-1 

Droplet 
volume 

/ µL 

Droplet 
diameter 

/ mm 

Diffusion 
length 
scalea / 

µm 

Diffusion 
time scalea 

/ s 

Time 
of 

flight / 
s 

Droplet 
velocity 
/ m s-1 

Fluid 
velocity 
/ mm s-1 

18 ± 1 56.6 ± 
1.9 

3.38 ± 
0.10 40.1 ± 0.4 780 ± 48.0 

0.110 
± 

0.002 

0.918 ± 
0.020 26 ± 14 

a. Determined using the droplet diameter, droplet time of flight and the silk diffusion coefficient of 2.45 × 105 cm2 
s-1.337 

 

4.2.6 Manufacture of Silk Nanoparticles in Microfluidic Format 

Silk nanoprecipitation in microfluidic format was conducted using the NanoAssemblr™ 

benchtop instrument version 1.5 (model number NA-1.5-16; NanoAssemblr™, Precision 
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Nano-Systems Inc. Vancouver, BC, Canada) equipped with a cyclic olefin copolymer 

microfluidic cartridge (product codes: 1207 and 1151-034 Benchtop Cartridge), as described 

elsewhere.174 The fluids were introduced to the 27-mm rectangular, Y-junction, staggered 

herringbone micromixer (79 μm × 200 μm) through two 25 mm inlet channels. The mixing 

channel contained a series of raised grooves (31 μm × 50 μm) and four switchback turns.338 

The isopropanol (5 mL) and 3% w/v aqueous silk precursor solution (1 mL) were introduced 

through the separate chamber inlets at a flow rate ratio of 5:1 and a total flow rate of 1 mL 

min−1. The mother liquor suspension was incubated in sealed tubes for no longer than 2 h 

before centrifugation. 

Between runs, the cartridge was cleaned with three water washes, followed by a prime. 

The wash procedure consisted of a 1:1-flow rate ratio of ultrapure H2O/ultrapure H2O (2 mL) 

at a total flow rate of 4 mL min−1. The priming procedure used a flow rate ratio of 5:1 

isopropanol/ultrapure H2O, a total volume of 6 mL, and a total flow rate of 1 mL min−1. 

The optimum formulation and process parameters were used in a round robin test in 

the NanoAssemblrTM to estimate the repeatability and reproducibility upon parallelization. The 

dynamic light scattering (DLS), electrophoretic light scattering (ELS) (Zetasizer Nano-ZS 

Malvern Instrument, Worcestershire, UK), and yield results from four intra-laboratory 

participants and microfluidic chips and the β-sheet crystallinity from three participants and 

microfluidic chips were analyzed for consistency and precision according to ASTM E 69 (Table 

4.6).356 The mixing time was estimated at 21 ms, assuming Newtonian flow301 and using the 

literature viscosity value (3.14 mPas) and density (0.837 g mL−1) values for the 5:1 v/v 

isopropanol/water mixture measured at 20 °C.339 The manufacturer’s guidelines and an 

analytical model for a similar system published elsewhere302 were used for the mixing time 

estimation by estimating the hydraulic diameter of the channel (142 μm) and the diffusion 

coefficient (3.5 × 10−10 m2 s−1) of the 5:1 isopropanol/water mixture340 and calculating the 

Peclet number (4.27 × 1011) to achieve a coefficient of variation of <0.1 (Table 4.4).259 
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Table 4.6. Participant and precision statistics of the round robin study. 

Physicochemical 

property 
x̄ sx̄ sr sR r R 

Size / nm 109 4 17 6 13 17 

PDI 0.11 0.02 0.02 0.03 0.06 0.09 

Zeta Potential / mV -32 2 3 4 5 11 

Yield / % 14 2 3 4 2 4 

Crystallinity / % 58 1 1 2 7 11 

 

The flow was determined as laminar with a Reynolds number of 40. The residence 

time was calculated using the total fluidic volume and flow rate,303 and complete mixing was 

indicated by a residence time greater than the mixing time (Table 4.4). For simplicity, the 

maximum shear rate was defined as the wall shear rate, with the assumption that chaotic 

advection created significantly lower shear in the channel and did not significantly alter the 

shear at the channel walls (Table 4.1). The geometry of a straight rectangular channel was 

used for the wall shear rate calculations, with the omission of groove depth.341 

4.2.7 Yield of Silk Nanoparticles 

The total mass and total volume of the produced silk nanoparticle suspension were recorded. 

A known volume of the suspension was then transferred to a pre-weighed microcentrifuge 

tube and the total mass was recorded. The suspension was frozen at −80 °C for 5 h, freeze-

dried (Christ Epsilon 1-4, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany) 

for 24 h at −10 °C and 0.14 mbar, and the dry mass was measured. The process was repeated 

in duplicate, and the average yield was calculated using equation 2.1. Freeze-dried samples 

were stored in a vacuum desiccator at 25 °C. 
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4.2.8 Physicochemical Characterization of the Silk Nanoparticles and Stability in 

Water 

The silk nanoparticle sizes and polydispersity indexes were measured by DLS, and the zeta 

potentials were measured by ELS. Nanoparticle suspensions were prepared by vortexing for 

20 s and sonicating twice at 30% amplitude for 30 s; measurements were made in triplicate in 

ultrapure H2O at 25 °C with refractive indices of 1.33 and 1.60 used for H2O and protein, 

respectively. 

The silk nanoparticles from all studies were stored at 4 °C. The particle size and zeta 

potential of the silk nanoparticles generated in the open, semi-batch system and the 

NanoAssemblrTM were determined by DLS on days 0 to 42. The nanoparticles were prepared 

for measurement by vortexing for 20 s at t > 0 days. 

4.2.9 Secondary Structure Measurements of Silk Nanoparticles 

Fourier transform infrared spectroscopy (FTIR) on an ATR-equipped TENSOR II FTIR 

spectrometer (Bruker Optik GmbH, Ettlingen, Germany) was used to analyze the secondary 

structures of silk films, freeze-dried powders, and freeze-dried nanoparticles. Positive silk II 

controls consisted of autoclaved silk films and 70% v/v ethanol/ultrapure H2O annealed silk 

films, whereas negative silk II controls consisted of air-dried silk films and freeze-dried silk 

powder. The air-dried silk films were drop-casted at a flow rate of 1 mL min−1 following 

extrusion from a height of 3.5 cm using varying silk precursor volumes (0.3–7 mL). 

FTIR measurements were recorded in the absorption mode over 400 to 4000 cm−1 at 

4-cm−1 resolution for 128 scans and then corrected for atmospheric absorption using Opus 

(Bruker Optik GmbH, Ettlingen, Germany). The second derivatives of the background-

corrected FTIR absorption spectra were calculated in OriginLab 19b® (Northampton, MA, 

USA) and analyzed following an adapted literature protocol.304 The second derivative was 

smoothed twice using a seven-point Savitzky–Golay function with a polynomial order of 2. A 

non-zero linear baseline was interpolated between 2–3 of the highest values in the amide I 

region (1600–1700 cm−1). Second derivative peaks were identified in the amide I region and 
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fitted using non-linear least squares with a series of Gaussian curves. The peak area could 

take any value ≤ 0; and the position, width, and height of each peak were allowed to vary. The 

literature band assignments155, 305, 357, 358 were applied to designate the relative area of each 

band to the relative secondary structure content. 

The correlation coefficients (R) of the samples were determined according to an 

adapted literature protocol306 using the air-dried silk film of an aqueous silk precursor batch as 

a reference. The second derivative of the absorption spectrum was calculated and smoothed 

twice with a five-point Savitzky–Golay function and a polynomial order of 2. The silk sample 

and reference were compared between 1600 and 1700 cm−1 according to equation 4.6. 

R= 
∑ xiyi

�∑ xi
2 ∑ yi

2
     (4.6) 

where xi and yi are the derivative values of the reference and silk sample at the frequency i. 

4.2.10 Thermal Analysis of Silk Nanoparticles 

Freeze-dried silk nanoparticle samples (1.06–4.89 mg) were placed in aluminum pans and 

subjected to differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

from 20–350 °C at a scanning rate of 10 °C min−1 and a nitrogen flow of 50 mL min−1 (STA 

Jupiter 449, Netzsch, Gerätebau GmbH, Germany). Thermograms were analyzed using 

OriginLab 19b® (Northampton, MA, USA). According to previous descriptions,307 the 

desorption enthalpy was normalized to the corrected mass. 

4.2.11 Scanning Electron Microscopy of Silk Nanoparticles 

A 1-mg mL−1 silk nanoparticle suspension (10–20 µL) was lyophilized at −10 °C and 0.14 mbar 

for 24 h on a silicon wafer and then sputter-coated with gold (15 nm) using a low vacuum 

sputter coater (Agar Scientific Ltd., Essex, UK, and ACE200, Leica Microsystems, Wetzlar, 

Germany). The wafer was imaged using an FE-SEM SU6600 instrument (Hitachi High 

Technologies, Krefeld, Germany) at 5 kV and 40-k magnification and the images were 
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processed using ImageJ v1.52n (National Institutes of Health, Bethesda, MD, USA), Adobe 

Lightroom, and Abode Illustrator (Adobe, San Jose, CA, USA). 

4.2.12 Statistical Analyses 

Data were analyzed using Microsoft® Excel® 2019 (Microsoft Office 365 ProPlus Software, 

Redmond, WA, USA), Minitab® (Minitab® Statistical Software, State College, PA, USA), and 

GraphPad Prism 8.2.1 (GraphPad Software, La Jolla, CA, USA), and normality of the data 

distributions was assumed. Two groups and multiple groups were analyzed for equivalence of 

variance with the F-test and Bartlett’s test. Two groups were analyzed using the independent 

t-test, with Welch’s correction applied in cases of unequal variance. Multiple groups were 

assessed either by one-way analysis of variance (ANOVA), followed by Tukey’s pairwise 

multiple comparison post hoc test, or by the Brown–Forsythe and Welch ANOVA tests, 

followed by the Dunnett T3 pairwise multiple comparison post hoc test. Silk nanoparticle 

stability was evaluated by ANOVA, followed by Dunnett’s or the Dunnett T3 post hoc test, to 

compare between t = 0 day control and t > 0 day samples. Statistical significance was identified 

using post hoc tests and defined as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 

0.0001. The number of experimental repeats (n) are shown in each figure legend and the data 

are displayed as the mean ± standard deviation. 

 

4.3 Results 

4.3.1 Silk Nanoparticle Physicochemical Characterization 

4.3.2 Volumetric Scale-up in Semi-Batch Format 

In the semi-batch open system (Figure 4.1 and Figure 4.2), the impact of the volumetric scale 

of nanoprecipitation on the physicochemical properties of silk nanoparticles was determined 

in the presence or absence of stirring. 
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Figure 4.1. The nanoprecipitation workflow for the manufacture of silk nanoparticles in 
semi-batch and microfluidic formats by antisolvent-induced desolvation in isopropanol 
and the volumetric scale-up considerations explored in this study. The formulation 
process consisted of four steps in semi-batch format: (1) preparation of an aqueous silk 
precursor solution in a syringe equipped with a blunt needle, ensuring the silk precursor is free 
of bubbles; (2) fixing the needle to standardize the feed position of the silk precursor; (3) 
addition of the silk precursor to the antisolvent at a fixed flow rate; and (4) control of the stirring 
rate and mixing time during addition of the silk precursor to the antisolvent. The formulation 
process consisted of three steps in microfluidic format: (1) preparation of aqueous silk 
precursor solution and antisolvent syringes, ensuring the syringes are free of bubbles for 
loading into a NanoAssemblrTM microfluidic chip; (2) remote control of the flow rate ratio of 
isopropanol:silk precursor; and (3) remote control of the mixing time via the total flow rate. 

 

To aid the translation from lab- to pilot-scale equipment, the flow properties of the semi-

batch system were first characterized (Figure 4.2, Table 4.2, Table 4.3, Table 4.4 and, Table 



150 

4.5). The silk molecules within the free-falling droplets were mixed mainly by convection, due 

to the high fluid velocities compared to the diffusion coefficient (Figure 4.2a, Table 4.5).  

 
Figure 4.2. Exemplary characterization of the silk precursor droplet flow rate and the 
bulk mixing time in the open semi-batch system. (a) The droplets of silk precursor, spiked 
with iron oxide nanoparticles, showed circulatory flow when extruded from the 0.33-mm blunt 
needle at a flow rate of 1 mL min−1. The processed binary images showed the circulatory flow 
field of silk precursor droplets at free-fall heights of 0 and 7.5 cm. Insets show the direction of 
flow in two dimensions. (b) The mixing time increased as the volume of antisolvent increased 
and was measured using the color change of a mixture of 4.3 × 10−3 mg L−1 methyl red and 
4.3 × 10−3 mg L−1 thymol blue from acidic pH (red) to neutral pH (yellow). The variation in the 
standard deviation of the normalized green channel (σG) across the lower limits of the 6- and 
36-mL volumetric scales in the open semi-batch system. (c) The raw and processed images 
showing the red to yellow color change observed using the DISMT method at the stirring rate 
of 400 rpm, feed height of 7.5 cm, and initial antisolvent volume of 30 mL. Scale bars = 5 mm. 
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The mixing time and shear parameters of the reactors for the semi-batch system were 

then characterized. The bulk mixing time of the reactors at the 6-mL and 36-mL volumetric 

scales were estimated using an adapted dual indicator system for the mixing time method332-

334 at the initial antisolvent volumes of 5 and 30 mL, respectively. As the mixing times for the 

unstirred semi-batch reactors were greater than 120 s, the reactors were also stirred at 400 

rpm during the addition of the silk precursor. The similarity of the mixing times at the volumetric 

scales of 6 (8.4 s) and 36 mL (29.4 s) was increased by stirring at 400 rpm (Table 4.4, Figure 

4.2b). The shear parameters, including the power per volume, integrated shear factor, and 

energy dissipation, associated with stirring at 400 rpm were estimated to describe the speed 

of mixing for comparison with other reactor geometries and impeller types (Table 4.3). 

Although the estimated impeller tip speed of 1.97 ms−1 at the 400 rpm stirring rate did not 

change, the average shear rates decreased from 113,442–155,177 s−1 to 18,907–25,863 s−1 

as the volumetric scale increased from 6 to 36 mL (Table 4.3). 

In the absence of stirring, an increase in volumetric scale from 1.8 to 21.9 mL 

significantly decreased the silk nanoparticle size from 149 nm to 116 nm (Figure 4.3a). No 

further reduction in size occurred with further increases in the volumetric scale from 21.9 to 

138 mL. The zeta potential significantly decreased from −31 to −39 mV as the scale increased 

from 6 to 138 mL (Figure 4.3a). However, the polydispersity index (0.09–0.16), yield (18–

49%), and spherical morphology were not significantly affected by volumetric scale changes 

(Figure 4.3a–c). Increasing the stirring rate from 0 to 400 rpm at the 6-mL scale significantly 

reduced the nanoparticle size from 134 nm to 114 nm and the yield from 23% to 9% (Figure 

4.3d). In contrast to the 6-mL scale result, stirring had no similar impact when the volumetric 

scale was increased to 36 mL (Figure 4.3d). 
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Figure 4.3. The impact of semi-batch volumetric scale on physicochemical properties 
and yield of silk nanoparticles. (a) Increasing the volumetric scale of silk desolvation in 
semi-batch format without stirring decreased the nanoparticle size and significantly increased 
the zeta potential. Multiple groups were evaluated by one-way ANOVA, followed by Tukey’s 
multiple comparison post hoc test. Scanning electron microscopy of the spherical 
nanoparticles manufactured at (b) 1.8-mL and (c) 138-mL scales. (d) Impact of the stirring 
rate and volumetric scale on nanoparticle size and yield. Two groups were evaluated by 
Student’s t-test. Data obtained from semi-batch manufacture at 6-mL scale and at 36-mL scale 
at the stirring rate of 400 rpm were detailed in Chapter 2 and were included to simplify the 
comparison. Error bars are hidden in the plot symbols when not visible, ± SD, n = 3. Asterisks 
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denote statistical significance determined using post hoc tests as follows: * p < 0.05, ** p < 
0.01, *** p <0.001, and **** p < 0.0001. Scale bars = 200 nm. 

 

4.3.3 Volumetric Scale-Up by Parallelization in Microfluidic Format 

Unlike the semi-batch format, nanoprecipitation using the microfluidic format can be run at 

increasing volumetric scales by parallelizing the microfluidic chips without changing their 

internal dimensions. Therefore, the microfluidic format provided a volumetric scale-

independent process. For this reason, I used the optimum formulation and process parameters 

in a round robin test at the 6-mL total volume of silk precursor and antisolvent (volumetric 

scale) to estimate the operating boundaries upon parallelization. Four participants, each 

equipped with a distinct microfluidic chip, were employed in the study and each participant 

repeated manufacture a minimum of three times using three silk precursors. The average of 

each nanoparticle property obtained in the microfluidic format was estimated using the grand 

average of all participants and gave an average nanoparticle size of 109 nm, polydispersity 

index of 0.11, zeta potential of −32 mV, and yield of 14% (Figure 4.4). 

The between-participant and within-participant consistencies were characterized by 

the h and k statistics, respectively (Figure 4.4f–g). The h statistic is defined as the ratio of the 

difference between one participant’s average from the grand average to the standard deviation 

of the differences observed for all participants. The k statistic is defined as the ratio of the 

standard deviation for the average of one participant to the pooled standard deviation of all 

participants. Therefore, the h statistic indicates how comparable the averages from each 

participant are. Similarly, the k statistic indicates how comparable the standard deviation of 

the averages from each participant are. Participants that give greater variability than that of all 

participants are shown when the k value exceeds 1. The upper critical h and k statistics were 

calculated to identify outliers, by indicating whether the averages and standard deviations of 

each participant were sufficiently different from the others. The critical h statistic is predefined 

by the number of participants and replicates in the study and was calculated using equations 
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derived from an unpaired t-test at the 0.5% significance level. The critical k statistic is also 

predefined by the number of participants and replicates in the study and was calculated using 

the F distribution at the 0.5% significance level. No outliers were observed for the 

physicochemical properties, yield, or crystallinity measurements, as the data did not exceed 

the critical h and k values (Figure 4.4f–g). 

The probable differences between nanoprecipitation results for one operator using one 

microfluidic chip were estimated using the 95% limit of the repeatability precision statistic. This 

precision statistic was calculated using the pooled standard deviation of all participants and 

provides a guideline for expected differences between replicates at the 95% probability level. 

Similarly, the 95% limit of the reproducibility precision statistic was calculated as a guideline 

for the differences expected to occur, with 95% probability, between nanoprecipitation results 

obtained using multiple microfluidic chips and operators. This precision statistic was calculated 

using the sum of the pooled standard deviation of all participants (within-participant 

component) and a between-participant standard deviation. The between-participant standard 

deviation was calculated using the standard deviation of the differences observed between 

the averages of the participants and the grand average, while accounting for the pooled 

standard deviation of all participants. 

The 95% repeatability precision limits of nanoparticle properties indicated that, for one 

microfluidic chip and operator, the maximum absolute differences in nanoparticle size, 

polydispersity index, zeta potential, and yield of 13 nm, 0.06, 5 mV, and 7%, respectively, 

between multiple nanoprecipitation replicates would be expected to occur with a 95% 

probability (Table 4.6). Expectedly, the 95% reproducibility precision limits for multiple 

operators and microfluidic chips were greater than the 95% repeatability limits for one operator 

and microfluidic chip. The 95% reproducibility limits indicated that the maximum absolute 

differences of 17 nm, 0.09, 11 mV, and 11%, respectively, would be expected to occur with a 

95% probability between multiple nanoprecipitation repeats using different microfluidic chips 

(Table 4.6). 
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Figure 4.4. Variation observed in physicochemical properties and yield of silk 
nanoparticles manufactured in the NanoAssemblrTM as part of a round robin study. (a) 
Hydrodynamic diameter, (b) polydispersity index (PDI), (c) zeta potential, (d) yield, and (e) β-
sheet crystallinity of silk nanoparticles. (f) The h and (g) k consistency statistics of 
nanoparticles manufactured using four participants for all properties except for crystallinity, 
which were calculated using the data from three participants. Participants 2 and 4 produced 
four nanoparticle batches for DLS and ELS studies, and participants 1 and 3 produced three 
nanoparticle batches. Yield and crystallinity were analyzed across three nanoparticle batches 
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for all participants. Data from participant 2 was detailed in Chapter 3. Data from participants 
3174 and 4179 were published previously. 

 

4.3.4 Secondary Structure Measurement 

Deconvolution of the attenuated total reflectance-FTIR (ATR-FTIR) spectra in the amide I 

region (1600–1700 cm−1) was used to assess the secondary structure content of silk 

nanoparticles formulated at different volumetric scales. As the critical shear rate of the 3% 

regenerated silk precursor344 was exceeded in the semi-batch feed needle (Table 4.1), the 

impact of the volume of silk precursor extruded through the feed needle on shear-induced 

assembly was also assessed. In conjunction with spectral deconvolution, the spectral 

correlation coefficient method306 was employed to estimate the overall change in the silk 

secondary structure incurred by the treatment of the silk precursor into processed silk 

samples, such as silk nanoparticles. The correlation coefficient calculation directly compared 

the spectra of processed silk samples against a reference silk II negative control (air-dried silk 

film), which was used in this study as a model for the silk precursor. Therefore, the correlation 

coefficient I indicates the similarity between the secondary structure content of processed 

samples and the silk precursor, where the correlation coefficient value of 1 is the maximum 

similarity that can be achieved. For example, the correlation coefficients of the silk II negative 

controls, the air-dried films (0.92–1.0), and the freeze-dried powders (0.95) demonstrated high 

similarity to the silk precursor (Figure 4.5). Conversely, the correlation coefficients of the silk 

II positive controls, the 70% v/v ethanol/ultrapure H2O annealed silk films (0.18), and the 

autoclaved silk films (0.10) demonstrated low similarity to the silk precursor (Figure 4.5a). 

Correlation coefficient values that lay between the boundaries of the silk II negative and silk II 

positive controls would be expected to exhibit an intermediate secondary structure content. 
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Figure 4.5. The total β-sheet content of silk nanoparticles did not vary significantly with 
volumetric scale when prepared by semi-batch format. FTIR secondary structure 
content (%) of (a) silk nanoparticles manufactured using different volumetric scales and 
formats of manufacture, (b) silk precursor extruded from the semi-batch open system 
feed needles, (c) silk nanoparticles manufactured using different volumetric scales and 
stirring rates, and (d) key for FTIR band assignments. The relative area of the assigned 
peaks in the second derivative spectrum were used to calculate the secondary structure 
content (%). The positive silk II controls were defined as the 70% v/v ethanol/ultrapure H2O 
annealed and the autoclaved silk films. The negative silk II controls were defined as the air-
dried silk film and freeze-dried silk powder. The negative silk II control (air-dried film) was 
defined as the reference for the spectral correlation coefficients of all sample types. For 
nanoparticles manufactured at different volumetric scales, the total β-sheet, β-turn, α-helix, 
and random coil contents and the correlation coefficients were evaluated using the one-way 
ANOVA tests against the negative silk II control (freeze-dried powder) followed by the Dunnett 
T3 multiple comparison post hoc test. For the microfluidic format, the nanoparticle correlation 
coefficients, total β-sheet, β-turn, α-helix, random coil, and anti-parallel β-sheet contents were 
evaluated by one-way ANOVA against the negative silk II control (freeze-dried powder) 
followed by Dunnett’s multiple comparison post hoc test. For nanoparticles manufactured at a 
6-mL scale with and without stirring, the correlation coefficients, total β-sheet, and β-turn 
values were evaluated by one-way ANOVA against the negative silk II control (freeze-dried 
powder) followed by Dunnett’s multiple comparison post hoc test. For nanoparticles 
manufactured at a 36-mL scale with and without stirring, the correlation coefficients, α-helix, 
and random coil contents and β-turn and native β-sheet values were evaluated by one-way 
ANOVA against the negative silk II control (freeze-dried powder) followed by Dunnett’s 
multiple comparison post hoc test. The remaining contents were evaluated using the Brown–
Forsythe and Welch ANOVA tests. Data (±SD, n = 3) obtained from semi-batch manufacture 
at the 6-mL scale, the stirred 36-mL scale and the silk II controls were detailed in Chapter 2. 



158 

Data (±SD, n = 3) from participant 2 in the microfluidic format were detailed in Chapter 3. 
Multiple groups of a silk precursor extruded with varying volume (±SD, n = 9) were evaluated 
by the Brown–Forsythe and Welch ANOVA against the negative silk II control (air-dried film) 
followed by the Dunnett T3 multiple comparison post hoc test. Asterisks denote statistical 
significance determined using post hoc tests as follows: * p < 0.05, ** p < 0.01, *** p <0.001, 
and **** p < 0.0001. 

 

In the open semi-batch system, the silk nanoparticle β-sheet content ranged from 54–

56% (Figure 4.5a). The crystallinity of nanoparticles manufactured at all volumetric scales in 

the semi-batch format compared well with those obtained using microfluidic nanoprecipitation. 

For example, in the microfluidic format, the grand average crystallinity of three participants 

was 58%, with 95% repeatability and reproducibility precision limits of 7% and 11%, 

respectively (Figure 4.4e,Table 4.6). The nanoparticle total β-sheet crystallinity did not depend 

on the volumetric scale of semi-batch nanoprecipitation (Figure 4.5a) and the silk precursor 

volume did not cause any general variation in the β-sheet content of liquid silk extruded from 

the feed needle, which ranged from 26–32% (Figure 4.5b). Additionally, the correlation 

coefficients, which ranged from 0.70–0.86, did not vary with the extruded silk precursor volume 

and reinforced the low β-sheet content measured using spectral deconvolution (Figure 4.5b). 

Similarly, the silk nanoparticle correlation coefficient did not significantly change for 

nanoparticles produced at the 1.8- to 138-mL volumetric scale and ranged between 0.14–0.30 

(Figure 4.5a). The correlation coefficients at all volumetric scales compared favorably with the 

correlation coefficients of 0.28–0.47 obtained using the microfluidic format and provided 

further evidence of high β-sheet crystallinity. Nevertheless, the anti-parallel β-sheet content 

increased (13–16%) significantly and the intermolecular β-sheet content decreased (37–33%) 

significantly from the 1.8-mL to 138-mL volumetric scale. Finally, increasing the stirring rate 

from 0 to 400 rpm at both volumetric scales of 6 and 36 mL did not significantly affect the 

nanoparticle β-sheet content or the correlation coefficients (Figure 4.5c). The nanoparticle 

secondary structure did not significantly change with the stirring rate at the 36-mL scale. 

However, by increasing the stirring rate from 0 to 400 rpm at the 6-mL scale, the intermolecular 
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β-sheet (36% to 38%) and anti-parallel β-sheet (13% to 14%) contents increased while the α-

helix and random coil content (20% to 19%) decreased. 

4.3.5 Thermal Analysis 

Table 4.7 and Figure 4.6 show the first-cycle simultaneous thermal analysis results for the silk 

nanoparticles manufactured in the open semi-batch system at volumetric scales between 1.8 

and 138 mL in the microfluidic format and for the negative silk II controls (freeze-dried powder). 

The TGA of the residual water contents and the thermal stabilities of the silk nanoparticles 

showed a loss of adsorbed and strongly bound water between 20 and 140 °C and silk 

decomposition above 170 °C. Nanoparticles manufactured at volumetric scales between 6 

and 138 mL had a significantly higher water content than the negative silk II control (freeze-

dried powder) (5.8% (w/w)), ranging between 10.2% and 13.0% (w/w). The nanoparticle water 

content decreased significantly as the volumetric scale increased. Conversely, in the 

microfluidic format, the 5.2% (w/w) water content was not significantly different than that of 

freeze-dried silk. The onset decomposition temperature of the silk nanoparticles manufactured 

in semi-batch format ranged between 271.5 °C and 278.1 °C and were significantly higher 

than that of the negative silk II control (freeze-dried powder) (261.4 °C). Similarly, the onset 

decomposition temperature was significantly higher (271.2 °C) for the nanoparticles produced 

using the microfluidic format than for the silk II control (freeze-dried powder). This result 

confirmed the higher content of crystalline β-sheet structures in the silk nanoparticles 

compared to the negative silk II control. Finally, the nanoparticle decomposition temperatures 

from the semi-batch (293.1–299.6 °C) and microfluidic (293.4 °C) formats were significantly 

higher than for the negative silk II control. 
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Table 4.7. First-cycle thermal properties of silk nanoparticles produced by varying 
volumetric scale. 

 Thermal 
Property 

Semi-Batch Microfluidic Negative 
Silk II 

Control Volumetric Scale / mL 

1.8 1 6 21.9 36 42 138 6 
Freeze-
dried 

Powder 

D
SC

 

Tg / °C - 59.3 ± 
0.01 57.9 a 58.6 ± 

1.0 b - - 71.6 a 47.7 ± 
0.5 

Td / °C 35.7 39.1 ± 
5.3 

54.2 ± 
15.9 

43.5 ± 
13.5 

66.2 ± 
2.8 

67.5 ± 
4.2 59.9 ± 0.3 60.7 ± 

8.8 

∆Hd / J g−1 −267.7 −207.8 ± 
98.0 

−197.5 ± 
4.6 

−197.5 ± 
30.1 

−211.8 ± 
15.8 

−191.9 
± 8.9 −191.8 ± 0.9 −276.9 ± 

4.21 

Tg’ / °C - - - - - - - 184.5 ± 
0.7 

Tc / °C - - - - - - - 241.0 ± 
0.8 

∆Hc / J g−1 - - - - - - - 9.9 ± 2.3 

To / °C 274.1 274.0 ± 
0.3 

273.4 ± 
0.6 

267.4 ± 
1.7 

267.8 ± 
0.8 

265.7 ± 
1.5 264.4 ± 0.1 - 

Tdec / °C 290.4 289.5 ± 
0.5 

289.5 ± 
0.3 

284.7 ± 
0.4 

284.9 ± 
0.5 

284.0 ± 
1.0 282.1 ± 0.4 274.9 ± 

1.1 a 

TG
A 

Water 
content / % 

(w/w) 
23.8 13.0 ± 

1.7 
11.7 ± 

0.8 
11.2 ± 

0.7 
10.7 ± 

0.7 
10.2 ± 

0.6 5.2 ± 0.5 5.8 ± 0.8 

To / °C 278.8 277.3 ± 
0.2 

278.1 ± 
1.0 

272.3 ± 
0.1 

273.2 ± 
0.6 

271.5 ± 
0.9 271.2 ± 0.5 198.5 ± 

2.2 

To’ / °C - - - - - - - 261.4 ± 
2.0 

Tdec / °C 289.7 299.6 ± 
6.6 

293.1 ± 
4.1 

299.0 ± 
10.3 

297.7 ± 
5.5 

298.1 ± 
11.3 293.4 ± 5.8 222.3 ± 

13.3 

Tdec’ / °C - - - - - - - 275.0 ± 
2.7 

a. n = 1 
b. n = 2. 
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Figure 4.6. Representative first-cycle raw (a) TGA and (b) DSC thermograms of silk 
nanoparticles manufactured in open semi-batch format at different volumetric scales. 
(c) Thermal event assignment key. Water content (% (w/w)), dehydration temperature (Td), 
glass transition temperatures (Tg), extrapolated onset temperature of crystallization and 
decomposition (To), crystallization temperature (Tc), and decomposition temperatures (Tdec) 
are reported. The data shown for the negative silk II control (freeze-dried powder) were 
detailed in Chapter 2.  
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The secondary structure and thermal stability of the silk nanoparticles were also 

evaluated by differential scanning calorimetry (Figure 4.6). The temperature of desorption 

(39.1–67.5 °C) of nanoparticles in the semi-batch format did not vary with volumetric scale. 

Additionally, the desorption enthalpy (−197.5 to −207.8 J g−1) required to remove the adsorbed 

water did not vary significantly from the negative silk II control between 6- and 42-mL 

volumetric scales but was significantly reduced at the 138-mL scale (−191.9 J g−1). For the 

microfluidic format, while the temperature of desorption (59.9 °C) did not differ from the 

negative silk II control (freeze-dried powder), the desorption enthalpy (−191.8 J g−1) for the silk 

nanoparticles was significantly lower. An increase in the volumetric scale had no effect on the 

nanoparticle onset decomposition temperatures, which ranged from 274.0–265.7 °C and were 

comparable to that of the negative silk II control (freeze-dried powder). The onset 

decomposition temperature (264.4 °C) of silk nanoparticles from the microfluidic manufacture 

was also similar to the negative silk II control (freeze-dried powder). The decomposition 

temperatures (284.0–289.5 °C) were significantly higher than the negative silk II control 

(freeze-dried powder) and did not significantly change with an increasing volumetric scale. 

Likewise, the decomposition temperature was significantly higher for the nanoparticles 

produced using the microfluidic format (282.1 °C) than for the negative silk II control (freeze-

dried powder). Finally, increasing the stirring rate from 0 to 400 rpm at the volumetric scale of 

6 mL did not significantly impact the nanoparticle water content or thermal stability (Table 4.8). 
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Table 4.8. First cycle simultaneous thermal analysis data of silk nanoparticles 
manufactured at different stirring rates. Data was detailed in Chapter 2.  

 Thermal Property 
Semi-batch 

Stirring rate / rpm 
0 400 

D
SC

 

Tg / °C 59.3 ± 0.01 59.3a 
Td / °C 39.1 ± 5.3 43.6 ± 13.9 

∆Hd / J g-1 -207.8 ± 98.0 -239.4 ± 18.8 

Tg’ / °C - 206.0a 
Tc / °C - - 

∆Hc / J g-1 - - 
To / °C 274.0 ± 0.3 - 

Tdec / °C 289.5 ± 0.5 268.9 ± 9.0 

TG
A 

Water content / % (w/w) 13.0 ± 1.7 284.2 ± 7.7 
To / °C 277.3 ± 0.2 12.6 ± 2.0 
To’ / °C - 274.3 ± 3.8 
Tdec / °C 299.6 ± 6.6 - 
Tdec’ / °C - 304.0 ± 4.6 

a. n = 1 

 

4.3.6 The Impact of Volumetric Scale on the Colloidal Stability of Silk Nanoparticles 

The short-term aqueous stability of the nanoparticles manufactured in the open semi-batch 

system and in a microfluidic format at volumetric scales between 1.8 and 138 mL were 

determined for up to 42 days by DLS and ELS (Figure 4.7). Nanoparticles manufactured 

across all volumetric scales and formats showed size stability in water for the entire duration 

of the study (Figure 4.7a); the polydispersity index and zeta potential measurements remained 

consistent for nanoparticles produced in a semi-batch format at volumetric scales above 21.9 

mL and in a microfluidic format (Figure 4.7b,c). Conversely, the size polydispersity of the 

nanoparticles manufactured at the 1.8-mL volumetric scale in a semi-batch format increased 

significantly at 10 days but did not significantly differ from the initial measurement thereafter. 

The zeta potential of the nanoparticles manufactured at the 1.8-, 6-, and 21.9-mL volumetric 

scales also fluctuated across the 42 days. 
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Figure 4.7. Stability of silk nanoparticles manufactured using drop-by-drop semi-batch 
and microfluidic formats at varying volumetric scales. (a) Hydrodynamic diameter, (b) 
polydispersity index (PDI), and (c) zeta potential of silk nanoparticles stored in water at 4 °C. 
Diluted nanoparticle suspensions were vortexed prior to DLS analysis, ±SD, n = 3. Unless 
otherwise stated, the silk nanoparticle stability was evaluated by one-way ANOVA followed by 
Dunnett’s post hoc test to compare between t = 0 day control and t > 0 day samples. The zeta 
potential stabilities of nanoparticles manufactured at 36- and 138-mL scale were evaluated 
using the Brown–Forsythe and Welch ANOVA followed by Dunnett’s T3 post hoc test. 
Asterisks denote statistical significance for each formulation between t = 0 and t > 0 days, 
determined using post hoc tests as follows: * p < 0.05, ** p < 0.01. 
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4.4 Discussion 

In the current study, I compared the volumetric scalability of silk nanoprecipitation in semi-

batch and microfluidic formats. I used a semi-automated, open system for the semi-batch 

process under conditions of antisolvent-induced desolvation. The NanoAssemblrTM Benchtop 

system equipped with a commercially available staggered herringbone micromixer, operated 

under conditions of shear- and antisolvent-induced desolvation, was used for the microfluidic 

format. 

4.4.1 The Impact of Volumetric Scale on Reproducibility of Semi-Batch Silk 

Nanoprecipitation 

The scaling issue of semi-batch nanoprecipitation is well documented.320, 359 Hence, the early 

identification of scaling issues for a nanoprecipitation process and the critical process 

parameters to maintain during volumetric scale-up can expedite the movement from lab-scale 

manufacture to clinical and industrial scales. However, to the best of our knowledge, this is 

the first example of the impact of volumetric scale and stirring rate on silk nanoprecipitation in 

a semi-batch format. The operation of the semi-batch open system was undertaken at a range 

of volumetric scales that would be suitable for pre-clinical in vitro and in vivo manufacture. 

To aid translation between lab-scale and pilot-scale equipment, the flow and mixing 

properties of the semi-batch system were characterized. The flow rate of 1 mL min−1 ensured 

laminar flow in the syringes and needle. The maximum wall shear rate in the syringes was 

estimated to be between 8.9 and 261 ms−1, while the wall shear rate in the needle was 

estimated as 4724 s−1. Combined with the low residence time of 33 ms, these shear rates 

would not be expected to provide sufficient work (i.e., ≈105 Pa)313 for shear-induced nucleation 

of the silk molecules. In addition, the 3% w/v concentration used at all volumetric scales fell 

below the ≈10% w/w critical micelle concentration301 of regenerated, aqueous silk precursors. 

This was confirmed by the lack of correlation between the volume of the extruded silk 

precursor and the β-sheet content or correlation coefficient. Consequently, the following 
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discussion assumes homogeneous nucleation induced by desolvation and does not consider 

shear-induced nucleation followed by seeded crystallization. 

Keeping the flow rate and silk precursor:antisolvent ratio constant but increasing the 

total volume resulted in a decrease in the nanoparticle size and zeta potential, although the 

narrow polydispersity index and yield did not change significantly (Figure 4.3a). Studies with 

polymeric and protein nanoprecipitation have indicated that the particle size decreases with 

the increasing mass fractions of the antisolvent.360 In the present study, maintaining a constant 

silk precursor droplet volume while increasing the volume of the antisolvent caused a decrease 

in the initial volume ratio of silk precursor to antisolvent from 25 × 10−3 at a 1.8-mL volumetric 

scale to 0.32 × 10−3 at a 138-mL volumetric scale. In solvent mixtures containing a higher 

mass fraction of the antisolvent, the solute equilibrium concentration was reduced, thereby 

increasing the supersaturation along with the rate and degree of nucleation. The resulting 

reduction in surface-controlled nuclei growth rates with reduced local solute concentration 

caused a shift to a diffusion-limited growth regime. Growth was disfavored because the 

distance required for diffusion increased with the antisolvent volume, thereby reducing the 

likelihood of silk association. The resultant changes to the nanoparticle packing as the 

antisolvent ratio increased likely caused a greater surface exposure of acidic amino acid side 

chains and reduced zeta potential.325 Finally, the Reynolds number and turbulence during 

droplet addition increased with the antisolvent volume; this may have decreased the micro-

mixing time. 

The total β-sheet content and correlation coefficients were not significantly affected by 

the change in supersaturation throughout volumetric scale-up. However, a significant 

reduction in the intermolecular β-sheet content occurred for nanoparticles manufactured at a 

138-mL volumetric scale. This reflected the significantly higher anti-parallel β-sheet content in 

those nanoparticles than in the nanoparticles produced at smaller volumetric scales. 

Additionally, the volumetric scale-up caused no significant difference in desorption 

temperature but the water content decreased and the desorption endotherm broadened and 

decreased with an increasing volumetric scale (Table 4.7, Figure 4.6). This may indicate that 
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more types of weak water-binding modes were available within the nanoparticle structure as 

the volumetric scale of manufacture increased. However, simultaneous thermal analysis 

showed no significant difference in the thermal stabilities of nanoparticles manufactured at an 

increasing volumetric scale (Table 4.7, Figure 4.6). This finding reinforced that the degree of 

β-sheet formation stayed constant323 and indicated that the silk molecules that were 

incorporated into nanoparticles manufactured at a higher volumetric scale were of similar 

molecular weight and length distributions.179 

I speculated that increasing the similarity of mixing times and average shear rates 

during volumetric scale-up can increase the reproducibility of silk nanoparticle critical quality 

attributes. This was important for formulation screening, which is typically conducted on a 

small volumetric scale. For example, the physicochemical properties were made more similar 

with the 6-fold volumetric scale-up from 6 to 36 mL by increasing the stirring rate to 400 rpm 

and thereby reducing the mixing times from >120 s to 8.4 and 29.4 s, respectively (Table 4.4). 

Compared to the significant reduction in nanoparticle size with stirring at the 6-mL volumetric 

scale, the nanoparticle size decreased only slightly with stirring at the 36-mL volumetric scale. 

First, at a larger volumetric scale and in the absence of stirring, an increased degree of solvent 

and antisolvent mixing could occur during silk precursor addition until the critical nucleation 

concentration was reached, thereby enabling faster nucleation rates and the formation of 

smaller particles. Second, the particle size had a relatively high standard deviation for both 

stirred and unstirred processes. This reflected the slightly different feed point positions, which 

had a greater effect on the fluid dynamics and mixing times at larger volumes. Insufficient 

centrifugation of the smaller nanoparticles could also reduce yield. However, significant 

differences were still observed between the α-helix and random coil and the native β-sheet 

secondary structure contents of nanoparticles manufactured with stirring at the 6- and 36-mL 

scales. Perhaps the reproducibility of the secondary structure contents could be improved by 

increasing the stirring rate above 400 rpm at the 36-mL scale to further reduce the mixing time 

and increase the average shear rate. 
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4.4.2 The Reproducibility of Silk Nanoprecipitation in a Parallelizable Microfluidic 

Format 

The NanoAssemblrTM staggered herringbone micro-mixing platform provided a volumetric 

scale-independent platform in the microfluidic format.255 The mixing efficiency within the 

microchannel depended on the flow rate and was significantly reduced at high flow rates, 

resulting in a high vorticity and low transverse flow (Reynolds numbers > 1000). Assuming 

Newtonian flow, the optimized total flow rate of 1 mL min−1 and the isopropanol:silk precursor 

flow rate ratio of 5:1 (v/v)174, 179 resulted in a Reynolds number of 40, indicating a high mixing 

efficiency. The complete mixing of the aqueous and organic solvents in the microchannels 

was likely due to the high residence time (Table 4.4). 

Considering the wall shear rate (80,114 s−1) as an estimate for the maximum shear 

rate in the microchannel, combined with the mixing time and the residence time, the shear-

induced nucleation of silk prior to the complete mixing in (and extrusion through) the 

microchannel exceeded both the critical shear rate344 and critical work.313 I speculated that the 

work supplied in the microchannel was sufficient for primary and secondary assembly342 to 

occur in the desolvating layer prior to the complete blending of the tertiary mixture. Following 

the complete mixing, kinetic locking of the spherical silk nanoparticle structure was expected 

due to the transition from a random coil to a β-sheet secondary structure. 

The microfluidic format yielded silk nanoparticles with high β-sheet crystallinity and 

thermal stability. The physicochemical properties of the nanoparticles were similar to those 

obtained using semi-batch methods with a low mixing time or high volumetric scale (e.g., 

≥21.9-mL scale, stirring at 400 rpm). The low variability of the microfluidic format across 

batches and microfluidic chips indicated that chip parallelization with an increased total flow 

rate can provide a promising volumetric scale-up route. In this way, the fluid dynamics and 

solution composition in the micromixer are independent of volumetric scale. However, special-

cause variation in micro-mixing conditions can be introduced by slight differences in the 

microfluidic chip dimensions. Hence, the reproducibility limit determined by the round robin 
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study could be used as a general guide for the differences that could be expected between 

nanoparticles manufactured using multiple chips (Table 4.6, Figure 4.4). Importantly, silk 

nucleation in the feed lines could decrease the reproducibility, thereby limiting the maximum 

total flow rate and reducing the scalability for microfluidic manufacture. For this reason, the 

feed line dimensions should be selected to reduce the wall shear rate while maintaining the 

laminar flow. Additionally, the low nanoparticle yield could be improved by increasing the 

centrifugation speed and reducing the number of centrifugation cycles to sediment small 

nanoparticles that could not be collected at 48,400 × g. 

4.4.3 The Production Rates of Silk Nanoprecipitation in the Semi-Batch and 

Microfluidic Formats 

The nanoparticle production rate of the semi-batch format was significantly greater than that 

of the microfluidic format. For example, in the semi-batch format, an intermediate nanoparticle 

production rate202 of 0.53 g h−1 was estimated, assuming the 29% yield at the volumetric scale 

of 138 mL. This rate would enable 13 g of nanoparticles to be produced per day, which is 

suitable for pre-clinical in vitro and in vivo studies.202 The low16, 202, 361 throughput of 

nanoparticle production in the microfluidic format ranged from 0.040 g h−1 for one microfluidic 

chip to 0.43 g h−1 for 10 parallelized chips, assuming 14% yield. The resulting production of 

0.96 to 10 g of nanoparticles per day would also be suitable for pre-clinical in vitro and in vivo 

studies but are significantly lower than the kilograms per day production rates that are required 

for clinical and industrial manufacture.202 Additionally, the time and yield losses incurred by 

the purification process severely reduced the production rates of both formats. Consequently, 

increasing the centrifugation speed and reducing the centrifugation time could bring the 

production rates in line with industrial manufacture. In conjunction, the production throughput 

could be increased by raising the flow rate of the silk precursor addition to the antisolvent in 

the semi-batch format and by increasing the total flow rate in the microfluidic format. In both 

formats, increasing the flow rates can increase silk nucleation and self-assembly174, 362 and 

would likely require the tuning of other key formulation and process parameters, such as the 

silk precursor:antisolvent ratio, mixing time, and shear rate of mixing. 
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4.4.4 The Impact of Volumetric Scale on the Colloidal Stability of Silk Nanoparticles 

A large nanoparticle surface area is beneficial for biomedical applications, but it results in a 

high surface energy, which can lead to a metastable nanoparticle structure. In the absence of 

sufficient steric and electrostatic repulsion between nanoparticles, the surface energy will be 

lowered by particle agglomeration and flocculation. Nanoparticles proposed for intravenous 

administration need to be stable under standard storage conditions to prevent clinical 

problems (e.g., inaccurate dosing). The characterization of the effect of aging on nanoparticle 

physicochemical properties is important for maximizing shelf life and preventing undesired 

complications.348 For this reason, I also examined the short-term (42 days) stability348 of silk 

nanoparticles manufactured in the open, semi-batch system and in the microfluidic format at 

4 °C to assess storage capabilities (Figure 4.7). 

Similar to previous studies153, 174, 179, the zeta potential of nanoparticles from all 

formulations on the day of manufacture was lower than −25 mV, at pH ~7.4. This indicated 

the presence of sufficient electrostatic repulsion between particles for moderate aqueous 

stability. All silk nanoparticles showed size stability over the entire study period. Fluctuations 

in polydispersity and zeta potential occurred for nanoparticles produced from some semi-batch 

formulations, and, while these changes were significant, they did not follow any trend indicative 

of time-dependent flocculation or coagulation.174 Dissolution also did not occur, as the size 

and polydispersity remained constant throughout the study. 

 

 
4.5 Conclusions 

Progressing the production of silk nanomedicines from bench to market requires insight into 

the impact of the volumetric scale on the resulting physicochemical properties of the final 

nanoparticle product. Here, I assessed the scalability of silk nanoprecipitation in a semi-batch 

format and used silk nanoparticle manufacturing in a microfluidic format as a volumetric scale-

independent control. I found that using homogeneous nucleation conditions without stirring 

(mixing time > 120 s) decreased the particle size, surface charge, intermolecular β-sheet 
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content, anti-parallel β-sheet content, and thermal properties as the volumetric scale 

increased (138 mL < 1.8 mL) due to an increase in initial supersaturation and a reduction in 

micro-mixing times. However, the narrow polydispersity index, spherical morphology, and high 

total β-sheet crystallinity of the silk nanoparticle batches did not vary with volumetric scale or 

with manufacturing format. The nanoparticles manufactured in a semi-batch format at scales 

equal to and greater than 21.9 mL had similar physicochemical properties to nanoparticles 

manufactured in the scale-independent, microfluidic format. Additionally, nanoparticles from 

all formulations, when stored as aqueous suspensions, showed short-term stability over 1 

month at 4 °C. Nanoparticles prepared in semi-batch format showed greater reproducibility on 

a 6-fold volumetric scale-up from 6 to 36 mL total volume with active stirring at 400 rpm (mixing 

times 8.4 s and 29.4 s, respectively). Conversely, a round robin study involving four 

participants and microfluidic chips showed that manufacturing operating under conditions of 

high shear in the staggered herringbone micromixer resulted in high between-participant and 

within-participant reproducibility, with no outliers observed for nanoparticle size, polydispersity 

index, zeta potential, yield, or crystallinity. Strategies for increasing the scalability of silk 

nanoparticle manufacture include maintaining similar mixing times and shear rates of bulk 

mixing for the semi-batch format and using chip parallelization for the microfluidic format. 
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5 Chapter 5: Smart Silk Origami as Eco-
sensors for Environmental Pollution 

 

Chapter 5 contains the results from the published article in, and cover feature of, ACS Applied 

Bio Materials (Matthew*, S. A. L.; Egan*, G.; Witte, K.; Kaewchuchuen, J.; Phuagkhaopong, 

S.; Totten, J. D.; Seib, F. P. Smart Silk Origami as Eco-Sensors for Environmental Pollution, 

ACS Appl. Bio Materials 2022, 5, 3658–3666. DOI: 10.1021/acsabm.2c00023). For this work, 

I designed, analyzed, and carried out experiments in contribution with Dr Gemma Egan, Dr 

Kimia Witte, Dr Jirada Kaewchuchuen, Dr Suttinee Phuagkhaopong and Dr John Totten. I 

designed the azo-modification, the extraction and loading of anthocyanin, and optimized the 

origami design. In contribution with Dr Gemma Egan, I optimized the loading of curcumin and 

conducted the digital image colorimetry of curcumin-loaded films at pH 4.37, 7 and 9.15. I 

conducted and analyzed the results for STA, FTIR, film thickness, and for the azo-silk films 

the time of initiation of contraction and relaxation. I designed the model pollutants series and 

conducted and analyzed the digital image colorimetry and colorimetric stability for all 

anthocyanin and curcumin-loaded films as well as generated the manuscript draft. 

  

https://doi.org/10.1021/acsabm.2c00023
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5.1 Introduction 

The craftsman art of origami has been used for over four centuries to change a flat material 

into a complex 3D shape.363 Folding is an easy, cost-effective and scalable fabrication 

method;363-366 therefore, origami has inspired a variety of structures over a wide size range, 

from DNA-origami367 and soft robotics366, 368 to metre-scale shelters.369 As origami is a 

compliant mechanism which requires the deformation of elastic members,365 tailoring the 

stiffness and softness of the flat material is important for obtaining a compliant, foldable 

architecture which preserves its final shape.370 The origami folds can endow the structure with 

attractive mechanical properties, such as load bearing capacity363, 371 and impact 

absorption;372-374 consequently, folds are being increasingly incorporated into deployable 

modules.364, 366, 370, 375 

Environmentally responsive actuators, which can convert external physical forces to 

mechanical force, have attracted growing interest for a diverse range of applications, including 

drug delivery,376, 377 biomedical devices376-378 and sensors.378-380 Examples of external stimuli 

used as energy sources for locomotion include thermal energy,381 humidity,379, 382-385 

chemicals,380 and optical381, 386 and magnetic fields.387 Among these sources, magnetic fields 

typically result in rapid and directional actuation over long ranges. Materials for smart actuators 

range from graphene388 and metal–organic frameworks389 to synthetic polymers.390 However, 

these materials can raise environmental sustainability issues and require harsh, multi-step 

reaction conditions for production; therefore, emphasis is shifting to bioresorbable metals391 

and eco-friendly polymers380, 383, 392, 393 that are naturally sourced, renewable and 

biodegradable. The ecological footprint of waterborne devices is particularly important, as 

freshwater and marine environments are already negatively impacted by plastic and chemical 

pollution.394  

A global need exists for in situ water quality monitoring of large or complex water 

distribution systems and wastewater effluents to mitigate the impact of environmental 

contaminants on health.395-397 Miniaturised optical,396 electrical,396, 398 magnetic396 and 
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chemical sensors396, 398-400 capable of on-site detection provide a promising alternative to slow 

traditional analytical methods. These technologies should be inherently green themselves, so 

interest is growing in developing non-toxic, natural colorimetric indicators loaded within a 

biopolymer matrix as eco-green chemical sensors. For example, curcuminoids from turmeric 

and anthocyanins from red-pigmented plants are metal and pH-responsive dyes401, 402 and 

have been used with biodegradable polymers including chitosan,403, 404 corn and tapioca 

starch393, 401, 405 as visual pH-sensing films. However, at present, no silk fibroin matrices or 

complete examples of portable eco-green sensors have been reported. The folding of 

biocompatible, biodegradable and sustainable138 silk fibroin films into reusable origami devices 

could serve as a simple approach for the fabrication of eco-friendly early warning systems for 

waterborne pollutants. 

 

5.2 Materials and Methods 

5.2.1 Materials  

Studies were undertaken at 18–22 °C and reagents were obtained from Sigma Aldrich at 

purities of ≥98%, unless otherwise stated. Dialysis of silk fibroin was conducted using Slide-

A-LyzerTM dialysis cassettes (molecular weight cut-off 3,500 g mol-1, Thermo Fisher Scientific 

Inc., Waltham, MA, U.S.A.). Polydimethylsiloxane (PDMS) for cast molding, HPLC grade 

methanol, HPLC grade acetonitrile and anhydrous sodium carbonate (certified AR for 

analysis) were acquired from Fisher ChemicalTM. Aniline (99.8%), p-toluenesulfonic acid (99%) 

and anhydrous lithium bromide (99%) were obtained from Acros OrganicsTM. Curcumin (95% 

total curcuminoid content from turmeric rhizome) was purchased from Alfa Aesar. Sodium 

nitrite (99%) was acquired from AnalaR NORMAPUR®. Boric acid (99.5% ACS reagent) and 

sodium tetraborate decahydrate (99.5% ACS reagent) were obtained from Sigma Aldrich. All 

solvents and reagents were used without additional purification.  
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5.2.2 Reverse engineering of Bombyx mori silk cocoons  

B. mori cocoons (Tajima Shoji Co., Yokohama, Japan) were degummed by boiling in 0.2 M 

aqueous Na2CO3 for 0.5 h and degummed silk fibroin dissolved in 9.3 M aqueous LiBr solution 

at 60 °C for 3 h, as described in Chapters 2–4. The regenerated silk solution was stored at 4 

°C until use. 

5.2.3 Fabrication and water annealing of silk films 

Liquid silk was mixed with a 10% w/v aqueous suspension of silk fiber (1241.9 ± 790.4 µm × 

21.0 ± 2.9 µm) or 1% w/v iron(III) oxide (synthetic spherical particles with 99.995% < 325 mesh 

[~45 µm] size, > 96.8% purity, 4.6 g cm-3 solid density and 0.8–1.2 g cm-3 bulk density from 

Inoxia Ltd, Sweden) to give a final suspension of 3% w/v silk containing 0.1, 1.0 or 10.0% 

dopant weight per silk weight. The liquid silk and silk suspensions were mixed slowly before 

casting in silicone molds (Sika Everbuild Building Products Ltd, Leeds, UK) on a Perspex base 

(RuudraScott Plastic, Glasgow, UK) in air for 16 h.  

Four molds and silk volumes were used in the study. The control mold (8 × 6 cm; 7.45 

mL) was used to screen iron oxide and silk fiber loads and to cast 3% w/v silk with 0.1% (w/w) 

iron oxide for loading with natural indicators. The film thickness was screened by increasing 

the casting volume in a 10 × 14.5 cm mold from 15 mL for thin films to 22.5 mL for medium 

films and 30 mL for thick films. The medium thickness mold was used to cast 3% w/v silk with 

0.1% (w/w) iron oxide for origami. Films were removed by scoring with a knife at a distance of 

at least 0.5 mm from the silicone mold boundary. All films were stored under vacuum in a dry 

environment before measurement to avoid structural changes.  

Films for curcumin loading were directly treated with methanolic curcumin. Films for 

diazonium coupling and anthocyanin loading were weighed and annealed with 80% v/v 

methanol/ultrapure water (10 mL per 0.1 g film) for 0.5–1 h. The films were then dried overnight 

at room temperature and weighed before diazonium coupling or loading.  
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Dried films loaded with anthocyanin and curcumin were water annealed in a water-

filled vacuum desiccator using an 85.7 kPa vacuum (70% humidity) for at least 6 h at room 

temperature to produce a water-insoluble, plasticised film. The films were removed from the 

vacuum desiccator, folded into an origami architecture within 10 min, and allowed to dry for at 

least 2 h. Films were refolded into alternative shapes by repeating the water annealing 

process.   

5.2.4 Heterogeneous diazonium coupling 

A cooled solution of 0.2 M aniline (1.25 mL) in acetonitrile and a 1.6 M aqueous solution of p-

toluenesulfonic acid (0.625 mL) were combined with a cooled aqueous solution of 0.8 M 

NaNO2 (0.625 mL). The mixture was placed in an ice bath for 15 min with continuous stirring. 

A silk film in 1:1 acetonitrile/0.1 M borate buffer pH 9 (total solution volume 10 mL/0.1 mg) was 

combined with the stock diazonium salt solution (~0.98 equivalents with respect to tyrosine, 

assuming 288 tyrosines and according to an H-chain molecular weight of 391 kDa), and the 

mixture was placed in an ice bath. After combining the silk and diazonium salt, the reaction 

was allowed to proceed for 1 h. The film was then treated with ultrapure water (30 mL) for 1 

h. This step was repeated two further times before drying the film at room temperature in the 

dark.  

5.2.5 Extraction of anthocyanin 

Red cabbage (East Lothian, Scotland, Billy Logan, Class 1, 00096, DWW, selected on 12 July 

2021) (400 g) was cut into approximately 5 × 5 mm pieces and boiled, with manual stirring, in 

ultrapure water (850 mL) at 98–105 °C for 0.5 h. Insoluble matter was separated from the 

anthocyanin solution with a sieve. The solution was concentrated at 80 °C to a final volume of 

200 mL. The solution was left to cool to room temperature and then filtered through 12–15 µm 

qualitative filter paper (VWR, Radnor, PA, U.S.A.) and stored at 4 °C for 17 h before use. 
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5.2.6 Anthocyanin Loading 

Native silk and azosilk films (6 × 4.5 cm and 6 × 8.5 cm) containing 0.1% iron oxide (w/w) were 

submerged in the anthocyanin solution (100 mL g-1) for 17 h under constant movement on a 

tilt table (SSL4 see-saw rocker, Stuart®, Staffordshire, U.K.) at 10 osc min-1 at 25 °C. The 

films were then removed and washed in ultrapure water (100 mL) three times for 20 min each 

on an orbital shaker (Yellowline OS 5 basic, IKA, Staufen, Germany) at 240 rpm. The films 

were protected from light throughout the loading and washing process. Finally, the films were 

left to dry in the dark before being imaged on an iPhone SE (Apple, Cupertino, CA, U.S.A.) 

reverse camera at a focal length of 9.7 cm. Loading was repeated in triplicate for the 6 × 4.5 

cm film size.  

The photographs were standardised using a Datacolor SpyderCheckr® 24 (v1.3, 

Datacolor, NJ, U.S.A.) color chart under the same lighting conditions. The calibration photo 

was imported to Adobe Lightroom Classic (Adobe, San Jose, CA, U.S.A.), the angle corrected, 

chromatic aberration removed, perspective profile corrected using the auto or full setting, a 

full transformation completed, and the image cropped. The white balance was altered using 

cell E2, adjusting the exposure, highlights, shadows, whites, and blacks to achieve RGB 

values of 90% at cell E2 and 4% at cell E4. The image was then edited in SpyderCheckr® 

using the colorimetric mode. The resulting color profile was applied to all images under the 

same lighting conditions. The edited images were exported as 300 ppi JPG files, and a grid 

overlay was placed in ImageJ® v1.52n (National Institutes of Health, Bethesda, MD, U.S.A). 

The RGB values were measured for 4 boxes on the grid (595952 pixels) and the averages 

were calculated.  

5.2.7 Curcumin loading 

Native silk and azosilk fibroin films (6 × 4.5 cm and 6 × 8.5 cm) containing 0.1% iron oxide 

(w/w) were submerged in a 2.5 mg mL-1 solution of curcumin in methanol (100 mL g-1) for 30 

min under constant movement on a tilt table (SSL4 see-saw rocker, Stuart®, Staffordshire, 

U.K.) at 10 osc min-1. The films were then removed and washed in ultrapure water (100 mL) 
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three times for 20 min each on an orbital shaker at 240 rpm (Yellowline OS 5 basic, IKA, 

Staufen, Germany). The films were protected from light throughout the loading and washing 

process. Finally, the films were left to dry in the dark before being imaged on an iPhone SE 

(Apple, Cupertino, CA, U.S.A.) or a OnePlus 8 (48MP, f/1.8 ISO320) reverse camera at a focal 

length of 9.7 cm. Standardisation was undertaken as for anthocyanin loading. Loading was 

repeated in triplicate for the 6 × 4.5 cm film size. 

5.2.8 Characterization of silk films  

5.2.8.1 Color change of silk films across pH and pollutant concentration 

Silk films loaded with curcumin or anthocyanin were imaged after being submerged for 2 min 

in the following solutions: 0.2 M potassium phosphate buffer (pH 4.37, pH 6.16, pH 7.00, pH 

8.16 and pH 9.15); 0.001 M potassium phosphate buffer (pH 1.98 and pH 2.92); 0.17 M sodium 

acetate buffer (pH 5.01); 0.1 M sodium bicarbonate buffer (pH 9.97); 0.2 M alkaline borate 

buffer (pH 10.50); 0.1 M glycine buffer (pH 11.36); 897 mg L-1 SDS; 660 mg L-1 CTAB; 370 mg 

L-1 Triton X-100; 242.3 mg L-1 CoCl2; 341.5 mg L-1 Co(NO3)2; 3.265 mg L-1 CuSO4; 0.15748 

mg L-1 AgNO3; 979.2 mg L-1 MgCl2; 999.2 mg L-1 MgCO3; 600.0 mg L-1 MgOH2; or real, 

stagnant river water randomly grab sampled in Glasgow, Scotland. The images were 

processed as for loading. Films were washed three times in ultrapure water for 0.25 h, dabbed 

dry with a tissue and dried at room temperature for 0.17 h before submersion in a new solution. 

The relative color change (S) was calculated by subtracting the mean intensities in the red 

(Ro), green (Go), and blue (Bo) channels of the loaded film from the red I, green (G) and blue 

(B) intensities in the films following exposure to each medium, according to equation 5.1.406  

𝑺𝑺 (%) = 𝟏𝟏𝟏𝟏𝟏𝟏 ×  (|𝑹𝑹−𝑹𝑹𝒐𝒐|+|𝑮𝑮−𝑮𝑮𝒐𝒐|+|𝑩𝑩−𝑩𝑩𝒐𝒐|)
𝑹𝑹+𝑮𝑮+𝑩𝑩

      (5.1) 

The color change was also calculated based on the Lab model, according to equation 5.2.406  

𝜟𝜟𝜟𝜟 = �(𝑳𝑳 − 𝑳𝑳𝒐𝒐)𝟐𝟐 + (𝒂𝒂 − 𝒂𝒂𝒐𝒐)𝟐𝟐 + (𝒃𝒃 − 𝒃𝒃𝒐𝒐)𝟐𝟐      (5.2) 
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In the Lab color space published by the International Commission on Illumination (CIE), the 

L*,  a*, and b* channels constitute image lightness, red to green intensities, and blue intensity, 

respectively. Each condition was repeated with three films. 

5.2.8.2 Colorimetric stability of native silk and azosilk films 

Native silk and azosilk films doped with 0.1% (w/w) iron oxide and loaded with curcumin or 

anthocyanin were stored for 31 days in vacuum sealed boxes at 4 °C or 20 °C in the dark. Silk 

films were then imaged before and after being submerged in 0.2 M potassium phosphate 

buffer (pH 9.15) for 2 min on an iPhone SE (Apple, Cupertino, CA, U.S.A.) reverse camera at 

a focal length of 9.7 cm. Photographs were standardised as described for loading, the RGB 

values measured for 2 boxes on the grid (42840 pixels) and the averages were calculated. 

Each condition was repeated with three films. 

Digital image colorimetry was also achieved using the ColorAssist Lite© (FTLapps, 

Inc., Broadlands, VA, U.S.A.) smartphone application with a spatial sample aperture of 50 × 

50 pixels, temporal sample aperture of 30 frames (1 second) and mean output intensities 

measured in the RGB color space. Each film was sampled in three regions and the average 

calculated. Each condition was repeated with three films. 

5.2.8.3 Scanning electron microscopy 

For surface imaging, samples were added to aluminium stubs with sticky carbon tabs, with the 

surface uppermost. For section imaging, a titling SEM stub was used to rotate the samples to 

90° with the cross-section uppermost. Samples were sputter coated (ACE200, Leica 

Microsystems, Wetzlar, Germany) with a 20 nm gold layer to minimise charging in the SEM. 

Samples were viewed with a TM4000Plus SEM (Hitachi Ltd., Tokyo, Japan) operated at beam 

voltage 10000eV, probe current setting 2, standard vacuum level (M) and with data collected 

in backscattered electron mode at magnifications of 100×, 1000× and 10000×. 
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5.2.8.4 Contact angle measurement 

The films were placed on a glass slide. The contact angle was measured using a DSA30 drop 

shape analyser (KrussGmbH, Hamburg, Germany) equipped with a manual syringe and 

needle (diameter 0.8 mm). Droplet size was controlled manually. Results were analysed in 

Advance software (KrussGmbH, Hamburg, Germany) with manual droplet shape fitting. 

5.2.8.5 Fourier Transform Infrared Spectroscopy analysis 

Positive silk II controls were provided by autoclaved silk films and silk films treated with 70% 

v/v ethanol/ultrapure H2O, while air-dried silk films and freeze-dried silk were used as positive 

controls for silk I structure. Secondary structures of silk films, freeze-dried powders and freeze-

dried particles were analysed by Fourier transform infrared spectroscopy (FTIR) on an ATR-

equipped TENSOR II FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany). Each 

FTIR measurement was recorded in absorption mode over the wavenumber range of 400 to 

4000 cm−1 at 4 cm-1 resolution for 128 scans and then corrected for atmospheric absorption 

using Opus (Bruker Optik GmbH, Ettlingen, Germany). The second derivative of the 

background-corrected FTIR absorption spectra was analysed in OriginLab 19b® 

(Northampton, MA, U.S.A.) by adapting a literature protocol.304 The second derivative was 

smoothed twice using a seven-point Savitzky-Golay function with a polynomial order of 2. The 

amide I region was analysed by interpolation of a non-zero linear baseline between 2–3 of the 

highest values in the 1600–1700 cm-1 range. Peak positions were identified by applying the 

second derivative, and the peaks were fitted in the amide I region using non-linear least 

squares with a series of Gaussian curves. The position, width and height of each peak were 

allowed to vary, while peak area could take any value less than or equal to 0. Deconvoluted 

spectra were then area-normalised, and the relative area of each band was used to calculate 

the secondary structure content according to literature band assignments.155, 305  

5.2.8.6 Thermal analysis 

First-cycle differential scanning calorimetry and thermogravimetric analysis were carried out 

on the dried samples (3–5 mg) in aluminium pans from 20–350 °C at a scanning rate of 10 °C 



181 

min-1 and under a nitrogen flow of 50 mL min-1 using an STA Jupiter 449 (Netzsch, Gerätebau 

GmbH, Selb, Germany). Thermograms were analysed using Proteus® (Netzsch, Gerätebau 

GmbH, Selb, Germany). 

5.2.8.7 Swelling analysis 

The swelling of silk fibroin films was monitored over 30 min. Each film was split into 3 pieces 

and placed in ultrapure water (20 mL), and the weight was measured at defined intervals. The 

films were removed, and any excess water on the film was dabbed dry with paper towels. This 

was repeated three times for each film. 

5.2.8.8 Electromagnetic field strength 

The strength of a magnetic field was measured by the ability to pull a floating rectangular silk 

film (0.1 g, 25 μm thickness) along the water-air interface using a N52 round cylinder magnet 

(25 × 20 mm Rare Earth Neodymium; (BH)max 52 MGOe). The magnet used in the study was 

moved across water-glass interface (2 mm thickness) parallel to the water-air interface (where 

silk was floating) at fixed distances defined by the volume of water in a 5000 mL glass beaker. 

Every added 50 mL was equivalent to a 1 mm increase in the distance between the silk film 

and the magnet. The distance from the surface of the magnet at which locomotion was first 

observed was converted to magnetic flux density (B) and magnetic field strength (H).  

5.2.8.9 Contraction and relaxation on water 

The time of contraction from the original shape of the water-annealed dried silk films (ca. 7 × 

5 cm) was measured in seconds as the films were placed in water (floating at the water-air 

interface). The relaxation and return to the original shape were followed by measuring time in 

seconds. 

5.2.8.10 Thickness and folding assessment 

Film thickness was measured with digital Vernier callipers (CM145 Clarke® Precision, 

Clarke®, London, U.K.) by stacking 3–4 films of the same type. The folding time after 

annealing for 17 h was measured by removing the films (ca. 9 × 13.5 cm) from the water 



182 

annealing chamber and recording the time when the films first cracked or tore when being 

repeatedly folded and unfolded by hand. 

5.2.9 Characterization of silk origami boat 

5.2.9.1 Semi-autonomy 

Origami sailboats (6 × 8.5 cm) containing 0.1% (w/w) iron oxide were placed on ultrapure 

water in a clear acrylic box (10.3 × 10.3 × 5 cm). An LED panel (RALENO, Seattle, WA, U.S.A.) 

was fixed at the back of the box to provide constant illumination at 5600K color temperature 

and at 1% brightness. An N52 round cylinder magnet (25 × 20 mm Rare Earth Neodymium) 

was suspended from the bow of the boat at ca. 2 mm horizontally and from the highest point 

of the boat sail at ca. 2 mm vertically. The distance travelled over 30 s was captured on an 

iPhone SE (Apple, Cupertino, CA, U.S.A.) reverse camera at a capture speed and resolution 

of 240 fps and 1080 p using FiLMiC Pro (FiLMiC Inc., Seattle, WA, U.S.A.). In parallel, the 

movement of a folded origami boat manufactured without iron oxide was used as a negative 

control. Each condition was repeated with three origami boats manufactured with different silk 

batches. Images were extracted at 240 fps using Ffmpeg.335  

5.2.9.2 Sensing of pH and pollution 

Films (4.5 × 4.5 cm) were loaded with anthocyanin and curcumin, water annealed and folded 

into origami canoes. Boat hulls were imaged on an iPhone SE (Apple, Cupertino, CA, U.S.A.) 

reverse camera at a focal length of 7.8 cm. Curcumin-silk canoes were placed on 0.2 M 

potassium phosphate buffer (pH 4.73 and 9.15), and anthocyanin-silk canoes were placed on 

660 mg L-1 CTAB and 0.2 M potassium phosphate buffer (pH 9.15) for 2.5 mins before 

removal, drying in air and imaging. Photographs were standardised as described for loading 

of 2D films, the RGB values were measured for 2 boxes on the grid (42840 pixels) and the 

averages were calculated. 

Equivalent origami sailboats (6 × 8.5 cm) were placed on 0.2 M potassium phosphate 

buffer (pH 9.15), 897 mg L-1 SDS and 3.27 mg L-1 copper sulphate in a clear acrylic box (10.3 
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× 10.3 × 5 cm). An LED panel (RALENO, Seattle, WA, U.S.A.) was fixed at the back of the 

box to provide constant illumination at 5600K color temperature and at 1% brightness. The 

color change was imaged on an iPhone SE (Apple, Cupertino, CA, U.S.A.) reverse camera at 

a capture speed and resolution of 60 fps and 2160 p using FiLMiC Pro (FiLMiC Inc., Seattle, 

WA, U.S.A.). Images were extracted at 60 fps using Ffmpeg.335  

5.2.10 Statistical analysis and graphic design  

Data were analysed using Microsoft Excel® 2019 (Microsoft Office 365 ProPlus Software, 

Redmond, WA, U.S.A), Minitab® (Minitab® Statistical Software, State College, PA, U.S.A.) 

and GraphPad Prism 8.2.1 (GraphPad Software, La Jolla, CA, U.S.A.). Normality of the data 

distributions and equivalence of variance for sample pairs and multiple groups were assumed 

throughout. Two sample groups were analysed using the independent t-test. A two-way 

ANOVA was used to compare multiple groups across two independent variables, followed by 

Šidák’s multiple comparison, simple effects post-hoc test. Stability was analyzed using a two-

way ANOVA to compare multiple groups across the storage temperature and modification as 

independent variables, followed by Dunnett’s multiple comparison, simple effects post-hoc test 

against the t = 0-day control. Cubic polynomials were fitted to the color change (ΔE) data 

between pH values of 1.98 to 11.36 using non-linear, least squares regression in GraphPad 

Prism 8.2.1 (GraphPad Software, La Jolla, CA, U.S.A.) and the 95% prediction interval of each 

equation was calculated. Curve fitting used no special handling for outliers, medium 

convergence criteria, no weighting, and considered each replicate ΔE value as an individual 

point. Statistical significance, identified using post-hoc tests, was as follows: *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. All data are displayed as the mean ± standard deviation, 

with the number of experimental repeats (n) shown in each figure legend. Illustrations were 

made in Adobe Illustrator (1.8.2) (Adobe, San Jose, CA, U.S.A.) and ChemBioDraw® 20.0 

(PerkinElmer, Waltham, MA, U.S.A.) software. 
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5.3 Results and Discussion 

In the present Chapter, 3D silk structures were folded via cast molding of liquid silk and 

plasticisation of the 2D film through water annealing (Figure 5.1). Liquid silk was also spiked 

with iron oxide particles to realise semi-autonomous films which displayed a magnetic 

response in the presence of an electromagnetic field with a field strength (H) of 0.27 × 104 A 

m-1, at an iron oxide doping concentration of 0.1% (w/w) of silk protein and 0.1 g silk film mass. 

The surface of water-insoluble films was also modified by diazonium coupling with benzene 

diazonium to increase hydrophobic repulsive forces (Figure 5.1), and this, in turn, increased 

the buoyancy and magnetically driven actuation of the resulting azosilk films. Both native and 

azosilk films could be loaded with curcumin and anthocyanin to fabricate colorimetric 3D silk 

boats for detection of heavy metal salts, surfactants and algae at harmful aqueous 

concentrations, thereby demonstrating their potential in pollution sensing applications. 
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Figure 5.1. Properties of drop-casted silk films varying in diazonium coupling, fiber 
content, iron oxide content and thickness. (a) The factors investigated during the 
preparation of silk films and the thickness of silk films obtained by varying mold size and silk 
solution volume during casting. (b) SEM images of native silk and azosilk films after water 
annealing with 0 and 0.1% (w/w) iron oxide particle loads. (c) FTIR band assignments and 
schematic key. Secondary structure content of silk films drop-casted with varying iron oxide 
particle concentrations. Secondary structure content (%) was calculated from the relative 
areas of peaks in the second-derivative spectrum. Untreated silk films were used as negative 
controls for β-sheet content. The secondary structure contents of multiple factors were 
evaluated by ordinary one-way analysis of variance (ANOVA), followed by Dunnett’s multiple 
comparison, post-hoc test against the secondary structure content of the native, negative silk 
II control containing 0% (w/w) iron oxide. (d) The extrapolated onset temperature of 
decomposition (To) of silk films from first-cycle DSC. I Swelling of silk films with varying iron 
oxide particle concentrations following immersion in water. I Error bars are hidden in the bars 
and plot symbols when not visible, ± SD, n = 3. Multiple factors were evaluated by two-way 
analysis of variance (ANOVA), followed by Šidák’s multiple comparison, simple effects post-



186 

hoc test. Asterisks denote statistical significance determined using post-hoc tests as follows: 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

Casting conditions were first optimised for semi-autonomy by varying the iron oxide 

particle concentration, the time window for folding by tuning film thickness, and the longevity 

of folds upon water by tuning surface hydrophobicity and silk microfiber concentration (Figure 

5.1a). The silk microfiber content was varied by doping silk feeds with a batch of silk 

microfibers of 1241.9 ± 790.4 µm in length and 21.0 ± 2.9 µm in width (Figure 5.2), previously 

manufactured by mechanically shearing degummed silk fibers. The film thickness was tuned 

by increasing the volume of liquid silk for mold casting. The crystallinity of silk fibroin films can 

increase with drying time;138 therefore, the films were methanol annealed to induce β-sheet 

self-assembly for scalable origami production and to enable the loading of lipophilic dyes 

during this step. Water annealing was used to increase the plasticity and fracture resistance 

of the semicrystalline films407, 408 during folding. The water molecules permeate the silk network 

and are involved in silk-water hydrogen bonding which causes structural reorganization, 

primarily in the amorphous regions of high α-helix and random coil secondary structure 

content.407 This process significantly increases silk chain mobility, while stiffness is regained 

upon drying. Scanning electron microscopy (SEM) confirmed that iron oxide particles were 

incorporated into, and retained within, the silk film matrix following post-processing methods 

(Figure 5.1b). The post-casting modification of silk films by diazonium coupling158, 409 of 

benzene diazonium with tyrosine and histidine residues was used to increase the 

hydrophobicity of the film surface. Diazonium coupling generally increased the film thickness 

compared to native films (Figure 5.1a) and resulted in an increase in the water contact angle, 

indicating a greater hydrophobicity (Figure 5.3a and b). 
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Figure 5.2. The dimensions of mechanically cut silk fibers. (a) Histograms of length and 
width. Reference lines show the minimum, average and maximum dimensions. N = 30. (b) 
Exemplar images of silk fibers at 10× magnification. Scale bar = 1 mm. 
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Figure 5.3. The effect of aqueous environments on silk films. (a) Water contact angle of 
azosilk and native silk medium thickness films without iron oxide and of native control 
thickness silk film containing 0.1 % (w/w) iron oxide. ± SD, n = 3. (b) Exemplar images of water 
contact angles for azosilk and native silk films. Scale bars = 0.5 cm. (c) Weight change of 
native silk and azosilk films following immersion in ultrapure water. (d) The distance from the 
surface of an N52 Rare Earth Neodymium round cylinder magnet that was able to pull a 
floating rectangular-shaped silk film (0.1 g, 25 µm) loaded with iron oxide particles along the 
water-air interface. ± SD, n = 3. Error bars are hidden in the bars and plot symbols when not 
visible. Multiple factors were evaluated by two-way analysis of variance (ANOVA), followed by 
Šidák’s multiple comparison, simple effects post-hoc test. Asterisks denote statistical 
significance determined using the t-test and post-hoc tests as follows: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. 

 

All films showed stability in water due to the dominant β-sheet secondary structure, 

which ranged from 55 to 61% (Figure 5.1c). The thermal decomposition of silk films occurred 

at temperatures above 250 °C, which was consistent with a high β-sheet content,138 and azo-

modification generally increased the thermal stability (Figure 5.1d, Table 5.1, Table 5.2, Figure 

5.4 and Figure 5.5). Stability at high temperature is advantageous as it increases the lifespan 

of the silk films across a range of atmospheric environments. A low degree of swelling in water 

is also desirable to preserve the stiffness and shape of the 3D architecture. All films showed 

a low degree of swelling in water within 30 min, ranging from 19 to 61%, although water uptake 
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was most significant within 5 min and levelled off thereafter (Figure 5.1e, Figure 5.3c). Weight 

change was not affected by the thickness or iron oxide loads of native silk films, although the 

water uptake over 30 min was maximal for silk films spiked with 0.1% (w/w) fiber at 46%. 

Azosilk films showed varying swelling over 30 min with iron oxide particle doping. For example, 

a weight change of 35% occurred at an iron oxide loading of 0.1% (w/w), and this Increased 

to 61% at 1% (w/w) iron oxide. Increasing the iron oxide content further to 10% (w/w) resulted 

in a lower weight increase of 19% over 30 min. 
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Table 5.1. First-cycle thermal analysis data of native silk films with different thickness, 
fiber contents and iron oxide particle contents. ± SD, n = 3. 

Thermal 
Property 

Thickness / μm [silk fiber] / % 
(w/w) [Fe3O4] / % (w/w) -Silk 

II 

Thin Medi-
um Thick 0.1 1 10 0.1 1 10 Silk 

film 

D
SC

 

Tg / °C 53.6 ± 
0.8a 

53.9 ± 
17.5 

63.3 ± 
27.2 

50.9 
± 

18.5 

47.5 
± 9.6 

52.3 
± 5.7 

50.
4 ± 
5.5 

61.9 
± 

25.3 

50.2 
± 5.4 

50.3 
± 

4.9 

Td / °C 61.2 ± 
3.1 

66.7 ± 
7.9 

61.3 ± 
7.0 

78.2 
± 

22.0 

70.2 
± 

20.5 

61.3 
± 6.4 

66.
0 ± 
17.
7 

61.4 
± 6.1 

65.6 
± 

17.5 

60.4 
± 

8.6 

∆Hd / J 
g-1 

-221. 
5 ± 

19.5 

-184.8 
± 41.6 

-203.4 
± 40.6 

-37.9 
± 

17.5 

-
122.
8 ± 
54.2 

-
84.8 

± 
52.9 

-
98.
8 ± 
20.
7 

-
177.
5 ± 
15.3 

 

-
104.
4 ± 
27.6 

-
123.
0 ± 
103.

4 

Tg’ / °C 200.6 
± 4.5 

200.2 
± 4.8 

202.9 
± 3.3 

194.
7b 

202.
0b 

204.
8 ± 
3.3a 

203
.4 ± 
3.7 

202.
8 ± 
1.7 

198.
6 ± 
4.0 

- 

Tc / °C - 235.1 
± 3.0b 

237.5 
± 2.4 

228.
4± 

5.1a 
- 

237.
0 ± 
9.4a 

236
.3 ± 
0.0a 

235.
8 ± 
1.3a 

229.
6b 

233.
6b 

∆Hc / J 
g-1 - 3.18 ± 

3.63a 
5.25 ± 
3.72 

1.61 
± 

0.30a 
- 

0.88
5 ± 
0.44
7a 

5.9
2 ± 
0.8
0a 

1.61 
± 

0.82
a 

4.32
b 

3.20
b 

To / °C 258.3 
± 0.3 

258.4
± 0.8 

258.7 
± 0.5 

253.
4 ± 
3.4 

254.
3 ± 
0.7 

253.
1 ± 
2.1 

256
.5 ± 
0.9 

260.
9 ± 
3.6 

253.
9 ± 
1.6 

257.
0 ± 
1.9 

Tdec / 
°C 

277.0 
± 0.06 

277.5 
± 0.0a 

278.9 
± 0.30 

277.
0 ± 
0.4 

276.
1 ± 
0.36 

275.
9 ± 
2.1 

277
.1 ± 
0.6 

278.
5b 

277.
5 ± 
0.7 

277.
8 ± 
1.0 

Tdec’ / 
°C 

270.5 
± 1.7 

271.8 
± 1.7 

272.1 
± 1.1 

267.
2 ± 
3.1 

268.
3 ± 
2.0 

264.
2 ± 
5.1 

270
.9 ± 
1.1 

274.
9 ± 
3.4 

269.
8 ± 
5.8 

269.
6 ± 
2.2 

TG
A 

Water 
cont-

ent / % 
(w/w) 

6.5 ± 
0.5 

6.6 ± 
1.6 

6.1 ± 
1.9 

5.6 ± 
0.4 

5.9 ± 
0.1 

5.4 ± 
1.6 

4.9 
± 

0.5 

5.4 ± 
0.4 

3.9 ± 
0.7 

3.7 
± 

0.6 
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To / °C 263.6 
± 1.1 

263.9 
± 0.4 

262.7 
± 0.7 

264.
0 ± 
1.6 

264.
8 ± 
1.3 

262.
4 ± 
1.2 

264
.0 ± 
0.5 

263.
8 ± 
1.5 

264.
4 ± 
0.8 

262.
8 ± 
1.7 

Tdec’ / 
°C 

278.3 
± 0.2 

278.3 
± 1.0 

279.0 
± 0.6 

278.
5 ± 
0.6 

278.
8 ± 
0.4 

275.
9 ± 
2.7 

278
.8 ± 
0.5 

279.
1 ± 
0.3 

278.
8 ± 
0.1 

278.
6 ± 
0.6 

a. n = 2 
b. n = 1. 
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Table 5.2. First-cycle thermal analysis data of azosilk films with different thickness, 
fiber contents and iron oxide particle contents. ± SD, n = 3. 

Thermal 
Property 

Thickness / μm [silk fiber] / % 
(w/w) [Fe3O4] / % (w/w) 

-
Silk 

II 

Thin Medi-
um Thick 0.1 1 10 0.1 1 10 Silk 

film 

D
SC

 

Tg / °C 65.3 ± 
4.0a 

50.1 ± 
0.1 

75.6 ± 
10.8 

76.3 
± 

12.3
a 

73.1 
± 6.4 

71.5 
± 9.1 

60.7 
± 

23.5 

54.7 
± 

13.0 

67.5 
± 

18.9 

38.7 
± 

6.1a 

Td / °C 81.9 ± 
5.5 

56.8 ± 
0.7 

71.1 ± 
6.2 

74.3 
± 1.8 

71.6 
± 

12.7 

67.0 
± 2.0 

62.1 
± 

9.2 

62.6 
± 8.6 

66.0 
± 

7.3 

67.5 
± 

4.1 

∆Hd / J 
g-1 

-126.0 
± 90.3 

-138.9 
± 41.6 

-93.6 ± 
53.6 

-
115.
9 ± 

53.7 

-
166.
3 ± 

31.7 

-
134.
7 ± 

29.8 

-
122.
4 ± 

12.5 

-
167.
2 ± 
80 

-
124.
1 ± 

62.1 

-
156.
6 ± 

39.5 

Tg’ / °C 200.1 
± 1.1a 201.1b 201.0 

± 0.1a 

200.
0 ± 
1.3a 

197.
6 ± 
1.9 

200.
6 ± 
5.2a 

200.
6 ± 
0.4a 

200.
1b 

200.
2 ± 
0.7 

202.
1 ± 
0.5 

Tc / °C 237.9 
± 0.7b 

253.7 
±2.4b 

235.9 
± 2.2b 

237.
0b 

228.
6b 

239.
1 - - - - 

∆Hc / J 
g-1 

1.02 ± 
1.17b 

1.06 ± 
0.23b 

0.333 
± 

0.472b 

0.47
9b 

0.18
5b 

0.33
6b - - - - 

To / °C 264.4 
± 2.5 

258.8 
± 2.9 

262.3 
± 4.5 

262.
3 ± 
1.0 

265.
2 ± 
1.0 

265.
1 ± 
3.6 

262.
5 ± 
1.7 

264.
9 ± 
1.6 

264.
7 ± 
2.0 
0.30 

265.
4 ± 
1.5 

Tdec / 
°C 279.3b 279.0 

± 0.6a - - - - - - - - 

Tdec’ / 
°C 

272.9 
± 3.2 

270.4 
± 1.4 

274.5 
± 3.3 

272.
9 ± 
3.3 

277.
3 ± 
1.9 

277.
0 ± 
5.0 

271.
9 ± 
4.4 

276.
0 ± 
4.5 

277.
4 ± 
2.8 

278.
8 ± 
0.1 

TG
A 

Water 
cont-

ent / % 
(w/w) 

5.7 ± 
0.6 

4.0 ± 
0.7 

6.0 ± 
1.1 

5.8 ± 
0.3 

7.2 ± 
1.0 

7.7 ± 
0.8 

5.0 
± 

1.6 

4.8 ± 
1.4 

4.4 
± 

0.8 

7.2 
± 

1.6 

To / °C 262.9 
± 0.5 

261.6 
± 0.3 

261.4 
± 1.4 

263.
3 ± 
0.6 

262.
5 ± 
1.7 

262.
2 ± 
0.5 

263.
5 ± 
0.3 

263.
4 ± 
1.0 

263.
5 ± 
2.6 

263.
8 ± 
1.8 
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Tdec’ / 
°C 

279.1 
± 0.2 

269.4 
± 11.2 

276.1 
± 4.5 

279.
1 ± 
0.2 

278.
5 ± 
0.7 

277.
6 ± 
1.9 

279.
0 ± 
0.2 

279.
0 ± 
0.2 

279.
0 ± 
0.4 

278.
4 ± 
0.4 

a. n = 2 
b. n = 1. 
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Figure 5.4. Representative first-cycle raw differential scanning calorimetry (DSC) of silk 
films manufactured with (a) different silk fiber concentrations, (b) iron oxide particle 
concentrations and (c) thicknesses. (d) Thermal event assignment key. (e) The 
temperature of maximum decomposition rate and (f) the water desorption temperature of silk 
films. ± SD, n = 3. Water desorption temperature (Td(es)), glass transition temperatures (Tg), 
extrapolated onset temperature of decomposition (To), crystallization temperature (Tc), 
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decomposition temperature (Tdec) and the temperature of maximum decomposition rate (Tdec’) 
are reported. Error bars are hidden in the bars and plot symbols when not visible. Multiple 
factors were evaluated by two-way analysis of variance (ANOVA), followed by Šidák’s multiple 
comparison, simple effects post-hoc test. Asterisks denote statistical significance determined 
using the post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

  



196 

 

Figure 5.5. Representative first-cycle thermogravimetric analysis (TGA) thermograms 
of silk films manufactured with (a) different silk fiber concentrations, (b) iron oxide 
particle concentrations and (c) thicknesses. (d) Thermal event assignment key. (e) 
Composition of water (% (w/w)) in silk films determined as the percentage mass loss at 140 
°C. ± SD, n = 3. Extrapolated onset temperature of decomposition (To) and the temperature of 
maximum decomposition rate (Tdec’) are reported. Error bars are hidden in the bars and plot 
symbols when not visible. Multiple factors were evaluated by two-way analysis of variance 
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(ANOVA), followed by Šidák’s multiple comparison, simple effects post-hoc test. Asterisks 
denote statistical significance determined using the post-hoc tests as follows: *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. 

 

The silk film properties which impacted the deployment and lifetime of the origami 

architecture were optimised by varying the silk fiber and iron oxide content and the film 

thickness (Figure 5.6a–c). Following plasticisation by water annealing, the time of plastic 

endurance of the azosilk and native silk films in air increased with thickness due to the reduced 

surface area percentage for evaporation of the thicker films (Figure 5.6a). Across all 

thicknesses, azo-modification reduced the plasticity time window (Figure 5.6a). I hypothesised 

that increasing the silk fiber content could increase silk film stiffness, reduce water sorption, 

and prolong the architecture lifespan. The edges of the films were found to wrinkle and curl 

when floated on water (Figure 5.6b), a contraction process likely caused by a water sorption 

gradient. Relaxation of the films then occurred, and the films reassumed their original shape, 

possibly due to surface wetting (Figure 5.6b). The time taken for initiation of contraction and 

for initiation of relaxation by films when floating on the air-water interface was used as a 

measure of shape preservation. For the native silk films, increasing the silk fiber loading from 

0 to 10% caused faster relaxation upon contact with water, while this trend was reversed by 

azo-modification (Figure 5.6b). Consequently, azosilk films with silk fiber contents below 10% 

(w/w) exhibited faster relaxation than native silk films. Finally, all films spiked with iron oxide 

showed semi-autonomy on water, as they could be pulled along the air-water interface with a 

cylindrical neodymium magnet (Figure 5.3d). Increasing the iron oxide load from 0.1 to 10% 

(w/w) resulted in decreased electromagnetic field strengths (H) required for magnetic 

response, from 2.71 × 104 to 0.45 × 104 A m-1 for native films and from 1.33 × 104 to 0.27 × 

104 A m-1 for azosilk films (Figure 5.6c). I speculate that for equivalent iron oxide loadings and 

thereby equivalent magnetic susceptibilities, the azosilk films show semi-autonomy at longer 

distances compared to the native films due to reduced viscous drag for azosilk films than for 

native silk films. The azosilk films glide better on the water surface as the diazonium coupling 
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increased the presence of defects and air pockets on the film surface (Figure 5.1b) and 

increased hydrophobic repulsion with the water interface (Figure 5.3a). Due to the rough 

surface of the films, further experimentation is required to identify the reduction in viscous drag 

caused by the increased hydrophobicity of the azosilk films. 
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Figure 5.6. Mold-casted native silk and azosilk films demonstrate semi-autonomy and 
sensing capability. (a) The time window for folding silk films while plasticized following water 
annealing. (b) The time taken for initiation of contraction and initiation of relaxation by films 
lying on the air-water interface was used as a measure of structural stability in wet 
environments. (c) The electromagnetic field strength (H) as a function of the distance from the 
surface of an N52 Rare Earth Neodymium round cylinder magnet that was able to pull a 
floating rectangular-shaped silk film (0.1 g, 25 µm) loaded with iron oxide particles along the 
water-air interface. The correlation between the environmental pH and color change (ΔE) of 
(d) curcumin-loaded and I anthocyanin-loaded silk films, where ΔE was measured with the 
mean intensities in the Lab color space. The predictive accuracy of the cubic polynomial 
equations was evaluated using the 95% prediction interval and the measured ΔE of films 
treated with randomly grab sampled algal blooms and environmentally relevant concentrations 
of surfactants and heavy metal complexes which served as model pollutants. ± SD, n = 3. 
Error bars are hidden in the bars and plot symbols when not visible. Scale bars = 0.5 cm. 
Multiple factors were evaluated by two-way analysis of variance (ANOVA), followed by Šidák’s 
multiple comparison, simple effects post-hoc test. Asterisks denote statistical significance 
determined using the post-hoc tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. 
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Quantification of the color change of anthocyanin and curcumin-loaded polymer films 

and fibers in response to pH is an active research area for the detection of ammonia produced 

during food spoilage.410 Digital image colorimetry, combined with principle component 

analysis401 and non-linear regression,406 has been successfully utilized in these smart 

packaging systems to enable recognition of spoiled foodstuffs401 and ammonia content406 from 

the degree of the color change exhibited. However, to the best of our knowledge, I provide the 

first example of silk fibroin-based, eco-sensors for the detection of water-borne, environmental 

pollutants using curcumin and anthocyanin as natural, non-toxic pH indicators.  

For sensing applications, silk films doped with 0.1% (w/w) iron oxide particles and 

casted at medium thickness were loaded with curcumin extracted from turmeric rhizome and 

anthocyanin extracted from fresh red cabbage (Figure 5.7). Both native and azosilk films 

showed a visible color change upon loading with the natural pigments (Figure 5.8) and could 

be used as colorimetric probes for pH changes (Figure 5.6d–e, Figure 5.9). The colors of the 

azosilk and native curcumin-loaded films were yellow between pH 4.37 and pH 8.16, yellow-

orange between pH values of 9.15 and 10.50, and deep orange-red at pH 11.36 (Figure 5.6d, 

Figure 5.9). The color change confirmed the reversible tautomerisation of curcumin from the 

predominant yellow keto form in the acidic and neutral environments to the red enol form as 

basicity increased above pH 8 (Figure 5.10a).401 The color change was analysed in the RGB 

color space and revealed a reduction in the green channel intensity for native and azosilk films 

with increasing pH above pH 8.16, in addition to a reduction in the red channel intensity of 

native silk films above pH 10.59 (Figure 5.9).  
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Figure 5.7. Anthocyanin extraction and silk film loading from fresh red cabbage. 
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Figure 5.8. The change in pixel channel intensities upon (a) loading medium thickness 
films containing 0.1% (w/w) iron oxide particles with anthocyanin for sensing pH, heavy 
metal salts and surfactants and with curcumin for sensing heavy metal salts and 
surfactants. (b) Medium thickness films containing 0.1% (w/w) iron oxide particles were 
loaded with curcumin for sensing pH and unloaded in 0.1 M aqueous NaOH. Scale bars = 0.5 
cm ± SD, n = 3. 
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Figure 5.9. The change in mean pixel channel intensities in the RGB color space of 
curcumin-loaded and anthocyanin-loaded azosilk and native silk medium thickness 
films containing 0.1% (w/w) iron oxide particles in response to pH. ± SD, n = 3. Sample 
pairs were analyzed using the independent t-test. Asterisks denote statistical significance 
determined using the t-test as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 5.10. The reversible transformations and color changes of (a) curcumin401, 411 
and (b) anthocyanins401, 412, 413 as pH of the surrounding media is raised, from acidic to 
neutral and to alkaline conditions. 
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Anthocyanin-loaded films were magenta-pink in acidic media below pH 4.37 due to the 

dominant cationic flavylium species,401, 412 and purple between pH 4.37 and pH 7.00. As 

equilibrium favoured the quinoidal anhydrobase in alkaline media, the color of the films 

changed from purple-blue between pH 7.00 and pH 9.15, to blue-green between pH 9.15 and 

pH 11.36 (Figure 5.6e, Figure 5.9, Figure 5.10b).401, 412 In the RGB color space, the green 

channel intensity of native films increased between pH 9.15 and pH 9.97, while the red channel 

intensity decreased for native and azosilk films as pH was raised from 1.98 to 4.37 and from 

9.97 to 11.36 (Figure 5.9). Native silk films were more sensitive to pH than the azosilk films 

when loaded with curcumin or anthocyanin, as the relative color change was consistently 

greater than their azosilk counterparts across the pH range investigated (Figure 5.11a).  
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Figure 5.11. The relative color changes of (a) curcumin and anthocyanin-loaded native 
silk and azosilk films varying pH, surfactant, and heavy metal salt. (b) The storage 
stability of native silk and azosilk film relative color changes following 31 days of storage under 
vacuum at 4 or 20 °C using image pre-processing and ImageJ® or ColorAssist Lite© to 
measure mean RGB intensities. (c) The relative color changes of curcumin and anthocyanin-
loaded native silk azosilk origami canoes varying pH. ± SD, n = 3. Multiple factors were 
evaluated by two-way analysis of variance (ANOVA), followed by Šidák’s multiple comparison, 
simple effects post-hoc test. Stability was evaluated against the t = 0-day control using a two-
way ANOVA followed by Dunnett’s multiple comparison, simple effects post-hoc test. 
Asterisks denote statistical significance determined using the t-test and post-hoc tests as 
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

Calibration curves were constructed for the color change (ΔE) of silk films at pH values 

between 4.37 and 11.36 for curcumin-loaded films and pH values between 1.98 and 11.36 for 

anthocyanin-loaded films (Figure 5.6d–e). The ΔE values of curcumin and anthocyanin-loaded 

films displayed a positive correlation as pH increased from 7.00 to 11.36. Also, the ΔE values 

for anthocyanin-loaded films showed a negative correlation as pH increased from 1.98 to 7.00. 

For curcumin and anthocyanin-loaded films, cubic polynomial equations were fitted to ΔE and 

pH at R2 values above 0.93. The measured ΔE of all films treated with model pollutants of 
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domestic, industrial and municipal wastewater examples414 in addition to randomly grab 

sampled algal blooms lay within the 95% prediction intervals of the calibration curves. 

Although curcumin and anthocyanin can coordinate with some heavy metals, namely 

di- and trivalent metals (Figure 5.10),393, 412, 415, 416 no measurable color changes were identified 

for the loaded native or azosilk films with 0.1% (w/w) iron oxide dopant at the lower limits417-

420 of toxic concentrations of heavy metals at pH values below 9.76 (Figure 5.6d–e, Figure 

5.11a, Figure 5.12a). However, following exposure to Mg(OH)2 (pH 9.76) and MgCO3
 (pH 

10.12), the ΔE for curcumin and anthocyanin-loaded native and azosilk films lay out-with the 

95% prediction intervals at the respective pH values (Figure 5.6d–e). This could indicate value 

as a novel sensing assay for the concentration of divalent heavy metals, provided pH was 

controlled. Curcumin-silk films could be unloaded by treatment with sodium hydroxide,421 

allowing recycling of the film and loading with alternative indicators (Figure 5.8). However, 

unloading the azosilk films increased the film brittleness and led to fracture. This effect was 

likely a by-product of polymer backbone scission and the resulting generation and growth of 

voids, cavities, and cracks. 
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Figure 5.12. The change in color and mean pixel channel intensities of curcumin-loaded 
and anthocyanin-loaded azosilk and native silk medium thickness films containing 
0.1% (w/w) iron oxide particles after exposure to (a) surfactants and heavy metal salts 
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serving as model pollutants, and (b) after folding into 3D origami silk canoes and 
exposure to media at the indicated pH. Scale bars = 0.5 cm. ±SD, n = 3. Sample pairs were 
analyzed using the independent t-test. Asterisks denote statistical significance determined 
using the t-test as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

The color change of the curcumin-azosilk, anthocyanin-azosilk, and anthocyanin-silk 

films following exposure to 0.2 M potassium phosphate buffer (pH 9.15) was stable following 

storage at 4 and 20 °C in vacuo for 31 days (Figure 5.11b, Figure 5.13). Conversely, the 

curcumin-silk film only showed color stability when stored for 31 days at 4 °C (Figure 5.13). 

This stability was evidenced by the ΔE values for all film and indicator types following storage 

lying within the 95% prediction intervals of the calibration curves for the fresh films (Figure 

5.13b). The mean pixel color intensity changes of all films in the RGB and Lab color spaces 

were determined directly using the smartphone application, ColorAssist Lite© (Figure 5.13a–

b). The relative color changes of the azosilk and native silk films were not significantly different 

when measured directly using the smartphone application, and this reflected the results from 

digital postprocessing and segmentation using ImageJ® (Figure 5.11b). Agreement between 

the 95% prediction intervals and measured ΔE using ColorAssist Lite© were obtained for 

curcumin-azosilk films stored at 4 and 20 °C, curcumin-native silk films stored at 4 °C, 

anthocyanin-native silk stored at 20 °C and anthocyanin-azosilk films stored at 20 °C (Figure 

5.13b). Consequently, the omission of the digital postprocessing step would be expected to 

lower the accuracy of pH prediction. It is likely that this could be improved by constructing the 

calibration curves with data acquired directly in ColorAssist Lite©, although the greater random 

error could result in larger prediction intervals and reduced sensitivity to drift in environmental 

pH. Nevertheless, the capability of digital image colorimetry using smartphone applications 

can streamline image analysis in field conditions by removing the image postprocessing and 

segmentation steps.422  
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Figure 5.13. The colorimetric stability of curcumin and anthocyanin-loaded native silk 
and azosilk medium thickness films containing 0.1% (w/w) iron oxide particles. 
Following 31 days of storage in vacuo at 4 or 20 °C, the color changes after exposure to 0.2 
M potassium phosphate buffer (pH 9.15) were monitored in (a) the RGB color space using the 
mean pixel channel intensities, and (b) in the Lab color space to calculate the color change 
(ΔE) of silk films. Digital image colorimetry was undertaken using image pre-processing and 
analysis in ImageJ® or directly in ColorAssist Lite©. ± SD, n = 3. Sample pairs were analyzed 
using the independent t-test. Asterisks denote statistical significance determined using the t-
test as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ±SD, n = 3.  

 

As a proof of principle, native silk and azosilk medium thickness films containing 0.1% 

(w/w) iron oxide were then folded into a variety of 3D origami structures, including waterborne 

boats and airborne darts and spinners (Figure 5.14, Figure 5.15 and Figure 5.16).  
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Figure 5.14. Smart silk origami as a structurally stable environmental pollution sensor. 
(a) The simplified origami workflow for the preparation of 3D, reusable devices. For the 
complete workflow, refer to Figure 5.16. (b) Semi-autonomous movement of origami silk boats 
across water using a magnet. (c) Visual detection of color changes in silk sailboat origami with 
pH. (d) Sensing capability of silk canoe origami to pH and contaminated environmental water 
models using the 95% prediction interval of the cubic polynomial calibration curves for ΔE and 
pH. ± SD, n = 3. Error bars are hidden in the bars and plot symbols when not visible. Scale 
bars = 2 cm. Asterisks denote statistical significance determined using the t-test and post-hoc 
tests as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 5.15. Origami folding and the resulting silk film origami structures. 
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Figure 5.16. The full workflow for the lab-scale production of smart silk origami eco-
sensors. 

 

Silk origami structures could be reused for at least five cycles prior to elastic failure upon 

folding, and the films could also be reloaded with chemical indicators (Figure 5.14a). I 

speculate that the simple, manual origami manufacturing process will aid the recycling of eco-

sensors in remote locations and communities. In addition, both native and azosilk examples 

of 3D silk origami sailboats remained structurally stable for at least 3 days on ultrapure water. 

An efficient method for device distribution and recovery using magnetic fields as the energy 

source for locomotion was achieved, as the silk origami retained semi-autonomy upon folding 

(Figure 5.14b). Silk origami sailboats were then used as in situ pH probes and showed visible 

color changes along their hulls within 2.5 min of exposure to a 0.2 M potassium phosphate 

buffer at pH 9.15 (Figure 5.14c).  

The silk canoe design enabled colorimetric analysis of the keel of the boat, as this 

region of interest consisted of a single layer. The color changes as pH increased from 4.37 to 

9.15 for curcumin-loaded canoes and from pH values of 7.58 to 9.15 for anthocyanin-loaded 

canoes could be modelled using the 95% prediction intervals of the cubic polynomial 
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correlation between ΔE and pH for the unfolded silk films (Figure 5.14, Figure 5.11c, Figure 

5.12b).  

Both native silk and azosilk films loaded with curcumin or anthocyanin could be used 

for the detection of polluted aqueous environments at alkaline pH. The pH at which the upper 

ΔE limit and the lower ΔE limit of the 95% prediction intervals intersected was used to identify 

the minimum pH change from neutrality which would be required to confirm polluted water. 

For example, for aqueous environments with a desired pH value of 7.00, the origami canoes 

could detect contamination with 95% accuracy when pH rises above pH 9. Additionally, 

increased aqueous acidity could also be probed with 95% accuracy using the anthocyanin-

loaded, native silk origami canoes at pH values below 3. Consequently, the anthocyanin-

loaded, native silk origami canoes provide the most suitable eco-sensors for the detection of 

contaminants ranging from excessive algae growth423, to acid rain.424 The simple image 

acquisition process means that data from deployed silk origami eco-sensors could be 

monitored in near real-time using field conditions or remotely by aerially acquired photography. 

  

5.4 Conclusion 

In conclusion, soft origami devices were folded from silk fibroin films and loaded with natural, 

non-toxic dyes for colorimetric determination of environmental pH. The boats preserved their 

shape for at least 3 days on water and could exhibit color changes within 1 min after exposure 

to solutions of basic metal salts, surfactants and algal blooms. These eco-green sensors 

demonstrate the practical importance of origami for engineering silk devices and enable a 

simple, deployable approach for direct monitoring of pH and pollution.  
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6 Chapter 6: Outcomes and Future 
Directions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter summarizes the research outputs of the thesis, including: (i) silk nanoparticle 

manufacture in semi-batch format,350 (ii) mixing and flow-induced nanoprecipitation for 

morphology control of silk fibroin self-assembly,362 (iii)  volumetric scalability of microfluidic 

and semi-batch silk nanoprecipitation methods425 and, (iv) smart silk origami as eco-sensors 

for environmental pollution.426 For future work, in situ drug loading of silk fibroin nanoparticles, 

in vitro and in vivo safety and biodistribution and, surface modification of silk fibroin materials 

are proposed as solutions to improve nanoparticle drug loading, estimate nanoparticle 

biodistribution and improve the chemospecificity of silk functionalization. Finally, the thesis is 

rounded up in a general conclusion. 
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6.1 Thesis Conclusions 

The thesis was underpinned by the work of Seib, Wongpinyochit and co-workers, who showed 

that B. mori silk-based nanomedicines can be prepared by nanoprecipitation in batch153, 185 

and microfluidic processes.174, 179 Critically, these nanoparticles could adsorb doxorubicin 

post-synthetically and be covalently modified using cyanuric chloride-activated mPEG159, 160 

and Alexa Fluor® 488 succinimidyl ester.183 The PEG-bioconjugate silk nanoparticles showed 

reduced aggregation in cell culture medium160 and slower biodegradation152 compared to 

native silk nanoparticles. However, improved drug loading (>4% w/w)185 and scalable 

manufacturing methods were required for the advancement of anticancer-silk nanoparticles 

into pre-clinical in vivo studies. Consequently, this thesis further explored the scalability of 

processing methods to obtain silk nanoparticles for anticancer nanomedicines. Due to the 

impact of COVID-19 (SARS-CoV-2), origami folding was used as a scalable proof-of-concept 

to investigate the impact of silk processing methods, such as heterogeneous chemical 

modification and surface adsorption of natural dyes, on properties relevant to eco-sensing 

applications. The principle aim of this thesis was to investigate the processing parameters 

which dictate the outcomes of silk nanoprecipitation for drug delivery and of silk film origami 

folding for eco-sensing. 

The first objective was to establish a standardized process for silk nanoprecipitation in 

semi-batch format. Manufacture across all tested formulations achieved nanoparticles 

between 104 and 134 nm in size with high β-sheet content, spherical morphology and stability 

in aqueous media for over 1 month at 4 °C. This semi-automated drop-by-drop, semi-batch 

silk desolvation offered an accessible, higher throughput platform for standardization of 

parameters that are difficult to control using manual methodologies (Chapter 2). 

The second objective was to assess and characterize the impact of key formulation 

and process parameters on silk nanoprecipitation using semi-batch and microfluidic formats 

of low and high shear. The morphology of silk assemblies could be tuned from rod-like to 

spherical nanoparticles by increasing supersaturation of the high-shear micro-mixing process, 
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thereby supporting a role for fast mixing in the production of narrow-polydispersity silk 

nanoparticles. This work provided new insight into the effects of shear during nanoprecipitation 

and provided a framework for scalable manufacture of spherical and rod-like silk nanoparticles 

(Chapter 3). 

The third objective was to estimate the volumetric scalability of the semi-batch and 

microfluidic platforms using the optimized formulation parameters. In semi-batch format, 

increased volumetric scale resulted in significant drifts to nanoparticle performance 

characteristics when the mixing time and average shear rate of mixing were not standardized. 

However, the high repeatability and reproducibility of microfluidic manufacture strengthened 

chip parallelization as a production strategy for silk nanoparticles at pilot, clinical, and industrial 

scales (Chapter 4). 

Finally, the fourth objective was to investigate the critical process parameters for the 

fabrication of a semi-autonomous silk eco-sensor. Semicrystalline silk films were created by 

doping with iron oxide particles, mold casting and annealing. Diazonium coupling aniline with 

doped silk films in heterogeneous format resulted in azo-silk films with reduced water contact 

angles compared to native films. Natural pH indicators (curcumin and anthocyanin) could be 

loaded onto the surface of native and azofilms and the films used to measure pH changes in 

environmentally relevant media. The flat silk films could be folded into 3D geometries using 

origami principles following plasticization. Silk origami boats performed locomotion under a 

magnetic field, were reusable and displayed colorimetric stability for 31 days at room 

temperature in vacuo. The critical parameters for the design of the semi-autonomous silk film, 

including ease of folding, shape preservation and locomotion in the presence of a magnetic 

field, were characterized, and pH detection was achieved by eye and by digital image 

colorimetry with a response time below 1 min. This work provided a platform for further 

optimization of origami lifetime and recovery, environmental utility, and pH-sensing ability 

(Chapter 5). 
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6.2 Future Work 

The project validated the production of silk fibroin nanoparticles using semi-batch and 

microfluidic-assisted desolvation and demonstrated the performance of silk fibroin eco-

sensors loaded with curcumin and anthocyanin as natural pH-indicators. Both semi-batch and 

microfluidic-assisted desolvation had disadvantages when considering scale-up. While the 

semi-batch format had higher throughput than microfluidic-assisted desolvation at lab-scale, 

the ability to parallelize microfluidic chips could increase throughput and make microfluidic-

assisted desolvation more amenable to scale up. I was involved in running pilot studies to 

investigate the impact of different process factors on nanoparticle manufacture in semi-batch 

and microfluidic-assisted formats. Based on the research outputs and limitations of this study, 

I would expect this project to inform on future experimental design to validate: in situ drug 

loading of silk fibroin nanoparticles; the in vitro and in vivo safety and biodistribution of silk 

fibroin nanoparticles; and, surface functionalization of silk fibroin materials.  

6.2.1 In situ drug loading of silk fibroin nanoparticles  

In this thesis, the manufacture of native silk nanoparticles as a potential anti-cancer drug 

carrier was investigated (Chapters 2, 3 and, 4). Preformed native and PEGylated silk 

nanoparticles can be loaded with the anti-cancer chemotherapeutic doxorubicin, by surface 

adsorption.160, 183 However, the drug loading achieved in these studies was below 4% w/w, 

and would need to be increased to over 10% w/w to be applicable for clinical development.160, 

183 Microfluidics have been used for one-step in situ drug encapsulation and nanoprecipitation 

to simplify the production process of lipid and polymeric nanoparticles.427 To increase the drug 

loading capacity the concentration of drug can be increased to the solubility limit and a more 

hydrophobic anthracycline such as daunorubicin can be used. An alcohol screen is required 

to alter the nanoprecipitation process and drug adsorption properties using the 5:1 anti-

solvent:aqueous total flow rate. To increase the throughput of manufacture, the flow rate 

should be increased from 1 mL min-1 and the scalability of production investigated using 

parallelization of the microfluidic chips. The impact of processing parameters like flow rate and 
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anti-solvent species on encapsulation efficiency, drug loading, particle stability, size, 

morphology and drug release should be monitored to progress silk fibroin nanoparticle 

production to pre-clinical in vivo studies.  

6.2.2 In vitro and in vivo safety and biodistribution 

Over 70% of phase II clinical trials fail due to inadequate safety and efficacy of new 

pharmaceuticals.428-430 Optimization of nanocarrier morphology can improve these features of 

new nanomedicines by passive targeting and altered biodistribution.431, 432 Therefore, to 

investigate the safety, efficacy and hemocompatibility of spherical and rod-like nanoparticles 

in vitro studies are required. Additionally, to determine if silk nanoparticles passively collect in 

the tumor, in vivo studies are required. The in vivo study would use the orthotopic MDA-MB-

231 mouse xenograft model for triple negative breast cancer. Triple negative breast cancer is 

a fast-growing breast cancer with poor treatment prognosis in humans.433 The difficulty in 

treatment in humans arises from the high chance of metastasis and lack of estrogen, 

progesterone and human epidermal growth factor receptors.434 Consequently, triple negative 

breast cancer would benefit from improved drug delivery and efficacy.  

The following sets of studies are proposed for future work: the impact of silk 

nanocarrier morphology on cellular and humoral hemostasis in human blood to reduce 

complement activation and inflammatory pathways; assessment of immune cell interaction to 

improve nanomedicine circulation time, biodistribution and drug delivery. Analysis of 

hemocompatibility of rod-like and spherical silk nanoparticles can be undertaken using human 

blood which and incubating with both nanoparticle types using Chandler Loop methodology.435 

Subsequent analysis of hemostatic and inflammatory responses (e.g., ELISA, FACS) would 

aid nanocarrier design to reduce complement activation and inflammatory pathways.435 Rod-

like morphology can prolong the circulation time of intravenous nanomedicines by reducing 

immune cell uptake.436-439 Endocytic uptake of fluorescently labelled spherical and rod-like silk 

nanoparticles159 should be imaged in isolated monocytes435 by time-lapse live-cell 

fluorescence microscopy. Immune cell interactions440 could be analyzed by flow cytometry to 
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improve nanomedicine circulation time, biodistribution and drug delivery. Analysis of 

nanoparticle circulation time can be conducted by injecting fluorescently labelled silk 

nanoparticles in a zebrafish (Danio rerio) model.436, 437, 439  Physical characterization can be 

conducted with DLS, AFM, FTIR, STA, cryoSEM and 3D SEM. 

The biodistribution of silk nanoparticles in mice models can be determined using 

Cyanine 5-labelled silk nanoparticles. Female xenograft mice bearing luciferase-expressing 

MDA-MB-231 cells with a tumor volume of 200 mm3 should be injected in the tail vein with silk 

nanoparticles. The nanoparticle biodistribution can be monitored over time using the IVIS 

imaging system to measure live associated fluorescence and tumor reduction can be 

monitored over time by analyzing tumor bioluminescence intensity. The results should be 

corroborated by collecting tissues (e.g., heart, liver, spleen, lung, kidney and tumors) at 

several time points.441 

6.2.3 Surface modification of silk fibroin materials 

In this study diazonium coupling of silk fibroin films with aniline was used to alter the 

hydrophobicity of silk films (Chapter 5). The chemical modification of silk fibroin using 

diazonium coupling could be extended further to generate photo, host- and pH-responsive silk 

materials by installation of the azobenzene moiety. Photoactivatable azobenzene salts can 

result in reversible changes of thermal conductivity, fluorescence, phases and, micelle 

assembly with ultraviolet and visible light.442-444 Hydrophobicity switching can occur with 

ultraviolet irradiation and conversion of the azo bond from trans to cis conformation. This 

process is reversed with the thermal back-reaction or visible light irradiation. Host-guest 

supramolecular assembly of azobenzene occurs in the presence of host agents, namely 

cyclodextrin445-448, pillar[n]arenes449 and, cucurbituril,450 which can be exploited for third-

generation, reversible bioconjugation. This process is reversible, with disassembly occurring 

upon trans-cis conversion following ultraviolet irradiation. The chelating agent tunes the 

polarity and solubility of the azobenzene substrate upon assembly,451 leading to applications 

in: purification; catalysis; hydrogel assembly; and, size and shape responsiveness of 
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nanoparticle-assemblies. For example, azobenzene surface-decorated nanoparticles have 

resulted in third-generation PEGylation via host-guest inclusion using PEGylated-

cylodextrin.452  

Surface decoration of preformed silk nanoparticles using an azobenzene with a 

solubilizing linker or sulfonic acid group453, 454  would result in aqueous solubility of the 

azobenzene substrate and colloidal stability of the nanoparticle product. To generate 

azobenzene surface-decorated nanoparticles, functionalization of liquid silk and complexation 

with cyclodextrin could also be conducted prior to anti-solvent desolvation.455 The azobenzene 

decorated nanoparticles  would be suitable for third-generation bioconjugation techniques 

using host agents. Additionally, cyclodextrin-silk nanoparticles can be synthesized according 

to literature,456 enabling reversible hydrogel formation by complexation with azobenzene-silk 

nanoparticles.  

Notably, azobenzene-silk materials may not be applicable for anti-cancer applications. 

The azo-bond can be susceptible to reduction in hypoxic conditions which results in the 

release of aniline, although this mechanism can be leveraged as a pro-drug methodology by 

designing cleavable units.457 Further, the ultraviolet light used for the trans to cis azobenzene 

isomerization is poorly penetrating and can damage healthy tissue.458 To allow for visible light 

activation, electron poor or electron rich azobenzene derivatives could be conjugated to 

silk.458, 459  

To ensure reliable properties, aqueous solubility of azobenzene-modified silk and, 

colloidal stability of the resulting nanoparticles, the installation of azobenzene units on liquid 

silk should be chemo- and site-specific for hydrophilic regions of the silk molecule.460 However, 

reliable chemo- and site-specificity is not possible due to: the silk amino acid sequence; the 

polydisperse silk mixture obtained from regenerating the silk cocoon; and, the kinetically-

controlled formation of nanoparticles which results in heterogeneous surface chemistry. For 

example, conjugation of aminoazobenzenes directly with silk using carbodiimide coupling 

would likely result in side-reactions of activated silk esters with silk amines. This is not 
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desirable for phase-changes within films or hydrogels and could increase the size of resulting 

nanoparticles. However, amide coupling between lysine and azobenzene-activated esters 

provides a feasible conjugation route as it results in less potential side reactions and would 

occur primarily on hydrophilic regions of the silk molecule.  

The development of recombinant silk means that site-specific modifications can be 

made. Click chemistry like the strain promoted azide-alkyne click reaction is a bio-orthogonal 

reaction that can be run without the need for a copper catalyst.284, 461 Teramoto and colleagues 

have developed an azide-clickable silk which can be degummed using the 30 minute sodium 

carbonate (0.02 M) or the 30 min 0.5% wt NaHCO3 method to preserve the azide residues. 

SDS-PAGE analysis and weight change from degumming from multiple groups indicate partial 

H- and L-chain degradation using these methods.179, 276, 462 Importantly, the regenerated silks 

using these methods are suitable for biomedical applications due to complete removal of 

sericin. Consequently, the azidosilk could be processed into silk nanoparticles, the number of 

surface-accessible azides estimated and the surface azides used as click-handles for the 

conjugation of stealth ligands.284, 462 By measuring the number of surface azides, the 

functionalization of stealth ligands could be monitored and optimized. 

Azidosilk films made using the 30 minute sodium carbonate (0.02 M) degummed 

azidosilk have been used in heterogeneous click reactions with DBCO-PEG.276, 285, 286, 463 To 

identify the number of azides on the surface of silk films, Teramoto and colleagues used the 

biotin-streptavidin-HRP interaction.285 This method may not work as well for nanoparticles with 

sizes between 50-100 nm as the size of HRP-streptavidin is larger than 30 nm,276, 464 and 

numerous centrifugation cycles are required for purification. An alternative method is to use 

biotin to bind avidin in the HABA-avidin fluorescent assay or the fluorescent 488-streptavidin 

conjugate. For example, the dithionite cleavable diazo or photocleavable DBCO-biotin HABA-

avidin assay can measure the fluorescence of labelled nanoparticles.465-472 This method 

assumes that sodium dithionite does not degenerate silk, all the surface azides react with 

DBCO-biotin, 100% of bound biotin is cleaved from surface, and that the cleaved biotin groups 
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are washed away from the nanoparticle surface. The avidin methods are also limited by the 

similar avidin size relative to the silk nanoparticles, which could result in an artificially low 

estimate of surface azides. 

There are several feasible assays to estimate the number of surface-accessible 

azides. For example, click chemistry can be performed between the azidosilk nanoparticles 

and DBCO-fluorophore and fluorescence analysis of the unreacted DBCO-fluorophore in the 

supernatant used to estimate the number of surface azides. This method does not report the 

total number of azides just the number of DBCO-groups reacted, would require low 

equivalents of fluorophore for accuracy and, assumes that: the fluorophore is bound 

covalently; the fluorophore binds to all surface azides; the silk does not interfere with the 

fluorophore excitation and emission; and, the fluorophore can access the surface azides 

following stealth ligand binding.160, 285  

Fluorophore binding can also be used to measure the fluorescence of the reacted 

nanoparticles, which tolerates low (4-10 eq) to high equivalents (~120 eq) of DBCO-

fluorophore as only the fluorescence of the labelled nanoparticles will be measured. The assay 

can be conducted in dry TLC format using a ChemiDoc, GelDoc or fluorescence microscope 

without the need for purification, or in solution format using a fluorescence plate reader.464, 473-

478 This method assumes that fluorophore excitation and emission is not affected by binding 

to the nanoparticle surface and that all the surface azides react. Alternatively, fluorescent 

bleaching of fluorophore-nanoparticles can be measured using a TIRF or super-resolution 

fluorescence microscope, which assumes that fluorophore photobleaching is not affected by 

binding to the nanoparticle.474  

In order to minimize the effect of the nanoenvironment on the fluorophore, a good 

emitter with pH stability should be chosen that has an excitation and emission in a different 

part of the spectrum to avoid overlap with silk autofluorescence479 at excitation/emission 277 

nm/345 nm.480-482 The overall fluorophore charge should be neutral or the slightly basic to 

increase association with the silk nanoparticles, which is not possible with water-soluble dyes 
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which rely on sulfonic acid moieties. Although carboxyrhodamine 110 was used qualitatively 

by Teramoto and colleagues, this probe alongside TAMRA and sulforhodamine will likely 

reduce the accuracy of quantitative fluorescence measurements upon protein conjugation due 

to quenching. The use of PEGylated dyes would be favorable to reduce quenching. Cyanine 

dyes are all hydrophobic, and water soluble derivatives incorporate sulfonic acids which 

increase the negative charge at pH 7. Although the water-soluble DBCO-sulfo-Cy5.5 is useful 

for in vivo work and has been used to conjugate silk fibroin,270 it is negatively charged at pH 

7.4 and would be expected to have slow reaction kinetics at room temperature due to 

electrostatic repulsion. The most useful probe for further in vivo work due to high brightness 

is DBCO-PEG-Cy5.5 while the most useful probes for surface-accessible azide reactions are 

DBCO-PEG4-carboxyrhodamine 110, DBCO-PEG4-TAMRA and, DBCO-PEG4-

Sulforhodamine B. The lower solubility of these dyes in water will result in consideration of the 

reaction scale to ensure enough material is obtained for measurement, mixed water-organic 

reaction solvents such as 1:1 water:MeOH and, longer reaction times.483   

ATR-FTIR or transmission FTIR can also be used to estimate the surface:core azide 

distribution. Construction of an azide-silk calibration curve by mixing a model azide (N-Boc 

AzidoPheAla) with control silk allows quantification of the total nanoparticle azide content at 

any stealth ligand:silk ratio and both pre- and post-modification. This method assumes that 

the azide bond is present in degummed silk at a measurable concentration, the azido 

absorption and extinction coefficient is not affected by the nanoparticle structure and, that the 

model azide spectrum does not completely overlap with the silk fibroin spectrum, allowing at 

least one silk nanoparticle absorption to be used in the calibration curve.464, 484  

I propose using the fluorescence assay of bound fluorophores in TLC format, in 

conjunction with the construction of the FTIR calibration curve to quantify the maximum 

number of surface azides. The benefits of using the two methods are: quantification of the 

surface:core azides; flexibility of fluorescent nanoparticles in future biology studies; and, 

applicability of the quantification methods to all future azidosilk nanoparticle conjugation. If the 
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excitation/emission of the fluorophore is severely affected by the silk nanoenvironment, the 

fluorescence assay will not be accurate. In this situation, the fluorescence of unreacted 

fluorophore would be the next best alternative to quantify the surface azides.  

 

6.3 Conclusion 

In summary this thesis demonstrates that silk processing can be achieved using scalable, 

continuous microfluidic-assisted methods for silk fibroin nanoparticle manufacture and 

scalable, origami folding for silk eco-sensor fabrication. The physicochemical and 

morphological properties of silk nanoparticles were influenced by factors including the mixing 

time and silk concentration during desolvation in both semi-batch and microfluidic 

manufacture. However, the effect of scale-up in microfluidic format remains to be fully 

characterized. The performance of semi-autonomous, silk 3D boat eco-sensors was 

influenced by iron oxide nanoparticle content, heterogeneous modification, loaded natural dye 

species and origami folding technique. Overall, microfluidic methodology is particularly 

promising for scalable manufacture of silk fibroin-based anticancer nanomedicines, 

heterogeneous reactions provide an advantageous route for surface functionalization of silk 

materials and origami provides a scalable method to control silk film morphology.  
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Silk fibroin-anthracycline nano-sized delivery systems for breast cancer treatment 
S. A. L. Matthew, S. Phuagkhaopong, Y. Perrie, F. P. Seib 

Anthracyclines have been prescribed as a first or second-line neoadjuvant chemotherapy for over 30 
years.1,2 Today, they are the most widely used chemotherapy agents due to their effectiveness against 
several cancer types, including triple-negative breast cancer.2,4 However, as systemic administration of 
the free drug is dose limited by cardiotoxicity, alternative platforms to limit adverse side effects have 
been provided by drug delivery systems comprising a nanoparticle carrier and encapsulated drug 
payload.1 Drug delivery systems can reduce systemic drug exposure and accumulate preferentially in 
the inflammatory tumour environment due to the enhanced permeability and retention effect.5 Notably, 
PEGylated liposomal anthracycline formulations (e.g., Caelyx®) have shown reduced cardiotoxicity 
compared with the free drug,2,6 but can be associated with side effects such as infusion reactions6 and 
have not raised the anticancer efficacy.2 Therefore, there remains a need for developing alternative 
chemotherapeutics with higher potency and reduced side effects. B. mori derived silk fibroin 
nanoparticles provide a promising drug carrier material.7,8,9,10 However, the scalability of manufacture11 
and the drug loading capability7,8,9 require optimisation for clinical significance. 

The objective of this study was to optimise the drug loading of silk fibroin-anthracycline 
nanoparticles by using a post-synthetic incubation with daunorubicin or doxorubicin. We first generated 
silk fibroin nanoparticles using microfluidic-assisted desolvation in isopropanol.11 Then, we post-
synthetically loaded the nanoparticles in 5: 1 v/v alcohol: ultrapure water mixtures with anthracycline, 
and varied the alcohol polarity by using isopropanol, 1:1 ethanol: isopropanol, and ethanol. The optimal 
silk fibroin-daunorubicin nanoparticles (size 124 ± 9, PDI 0.28 ± 0.05, zeta potential -20 ± 9 mV, 23 ± 
9% w/w daunorubicin/silk) and silk fibroin-doxorubicin nanoparticles (size 215 ± 21, PDI 0.26 ± 0.06, 
zeta potential -17 ± 6 mV, 38 ± 2% w/w doxorubicin/silk) were identified. We demonstrated their short-
term aqueous stability, spherical morphology, and pH-dependent in vitro release behaviour. Post-
synthetically loaded silk fibroin-anthracycline nanoparticles could be manufactured as sterile 
nanoformulations with clinically relevant drug loads (>10% w/w) and showed significant cytotoxicity to 
the human breast cancer cell line MDA-MB-231. The limitations of this study include: the indirect method 
for drug loading estimation; the in vitro cancer model; and, native silk fibroin drug carriers lacking stealth 
or targeting agents, such as polyethylene glycol and folate. 

Nevertheless, this work improves the clinical relevance of anthracycline-silk nanoparticles 
reported previously7,8,9 by increasing drug loading beyond 10% w/w and using a sterile, scalable, higher 
throughput manufacturing method.11 The scalable manufacture of silk fibroin nanoparticles with 
improved drug loading capability supports the production of cheaper, more efficacious silk 
nanomedicines.  
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The control of silk fibroin multiscale structure by shear processing is fundamental to the 
biopolymer function in the natural world and can be harnessed in nanoprecipitation. Here, we 
report the modulation of silk fibroin primary–tertiary self-assembly by varying factors which 
control shear and mixing during nanoprecipitation in semi-batch and micro-mixers. Under high 
shear regimes and bulk mixing conditions, the size and polydispersity index of assemblies 
decreased with mixing time, as stirring rate (800, 400 < 0 rpm) and feed addition height (3.5 < 
0 cm) increased. Using the optimised conditions for low bulk mixing times, moving from low to 
high shear processing increased the extent of self-assembly (0.017 < 16.96 mL min-1) for 0.5, 
2 and 3% w/v silk. Finally, in conditions of high shear and low mixing time, the feed 
concentration controlled the assembly shape, size, and polydispersity index in microfluidic 
(0.5, 3.0 < 2% w/v) and semi-batch format (3.0 < 0.5% w/v). Although the multiscale structure 
was varied with silk precursor concentration in high shear, fast bulk mixing, mixtures of 
spherical nanoparticles with nanofiber, lamellar and gel-like assemblies were formed. Due to 
the sufficiently low micro-mixing times in high shear, microfluidic format, the particle 
morphology was tuned from monodisperse, worm-like to spherical nanoparticles by increasing 
concentration from 0.5 to 3% w/v silk precursor. This comparative work provides new insight 
into morphology control of silk nanoparticles using silk concentration as a controllable input 
factor. 

Acknowledgements (optional): The authors thank Professor Andrea Ducci (University 
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Figure 1 - The silk feed shear and solvent-antisolvent mixing time 
influences nanoprecipitation of the silk biopolymer. Assemblies were 
characterized from low and high shear semi-batch nanofabrication 

platforms and a high shear micro-mixer. 
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Abstract 
 
Nanoprecipitation of reverse-engineered silk fibroin provides a reproducible bottom-up 
manufacturing route for colloidal nanoparticles. These particles are suited to drug delivery, by 
virtue of the narrow polydispersity and spherical morphology obtained in continuous1,2 and 
semi-batch formats.1–3 Tuning silk nanoparticle morphology could increase therapeutic benefit, 
by altering the biological interface and rheological properties.4–6 Here, we report the 
modulation of silk fibroin self-assembly by varying factors which control shear and 
supersaturation during nanoprecipitation in semi-batch bulk mixing and micro-mixing. In bulk 
mixing conditions, at high stirring rate (low mixing time) shear-induced self-assembly 
increased as flow rate increased (0.017 < 16.96 mL min-1) in the feed needle and the critical 
shear rate was surpassed, resulting in polydisperse mixtures of lamellar, nanofibre and 
nanoparticle assemblies for 0.5, 2 and 3% w/v silk. Conversely, at low stirring rate (high mixing 
time), the reduction to mixing time with increased flow rate dominated over shear effects 
causing reductions to assembly size and polydispersity index (0.017 > 16.96 mL min-1) for 0.5 
and 2% w/v silk, by increasing the rate of kinetic locking. Similarly, the mixing time was the 
dominant factor controlling self-assembly in the micromixer, with the greater shear-induced 
and antisolvent-induced nucleation rates at high flow rate resulting in narrow polydispersity 
nanoparticles (1 µL min-1 > 1 mL min-1) for 0.5, 2 and 3% w/v silk. In bulk and micromixing 
processes, at flow rates where the shear rate lay below the critical shear rate for silk (low 
shear processes), increasing the concentration of silk resulted in particle populations of 
increased sphericity (0.5% w/v < 3% w/v), lower size, and lower polydispersity index (0.5% 
w/v > 3% w/v). At high flow rates where the critical shear rate was exceeded (high shear 
processes), the increase in supersaturation as concentration increased was counteracted by 
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increased rates of shear-induced assembly. Morphology could be tuned from narrow 
polydispersity rod-like to spherical assemblies by increasing supersaturation in the high shear 
micro-mixing processes (0.5% w/v to 3% w/v), supporting the role of fast mixing in the 
production of monodisperse silk particles. This work provides new insight into the effects of 
shear during nanoprecipitation and provides a framework for scalable manufacture of low 
polydispersity, spherical and rod-like silk nanoparticles.  
 

References 

1 T. Wongpinyochit, B. F. Johnston and F. P. Seib, J. Visualized Exp., 2016, e54669. 

2 J. I. Solomun, J. D. Totten, T. Wongpinyochit, A. J. Florence and F. P. Seib, ACS 
Biomater. Sci. Eng., 2020, 6, 2796–2804. 

3 S. A. L. Matthew, J. D. Totten, S. Phuagkhaopong, G. Egan, K. Witte, Y. Perrie and F. 
P. Seib, ACS Biomaterials Science and Engineering, 2020, 6, 6748–6759. 

4 J. Zhao and M. H. Stenzel, Polymer Chemistry, 2018, 9, 259–272. 

5 W. Richtering, I. Alberg and R. Zentel, Small, 2020, 16, 1–8. 

6 M. C. Arno, M. Inam, A. C. Weems, Z. Li, A. L. A. Binch, C. I. Platt, S. M. Richardson, 
J. A. Hoyland, A. P. Dove and R. K. O’Reilly, Nature Communications, 2020, 11, 1420. 

 
  



286 

 

 

 


	1 Chapter 1: Introduction
	1.1 Nanomedicine
	1.1.1 Therapeutic delivery to tumor environments
	1.1.2 Endocytosis: gateway of a nanomedicine

	1.2 Cancer-targeted nanomedicine
	1.2.1 Physicochemical properties of nanoparticles
	1.2.2 Hierarchical structure of nanoparticles
	1.2.3 Surface functionalisation
	1.2.3.1 Active targeting
	1.2.3.2 Stealth coatings


	1.3 Silk structure
	1.3.1 Silk as a biomedical material
	1.3.2 Silk as a nanomedicine

	1.4 Silk nanoparticle manufacture
	1.4.1 Silk nanoparticle formation in batch format
	1.4.2 Silk nanoparticle formation in continuous format

	1.5 Synthetic modification of silk nanomedicines and silk films
	1.6 Hypothesis, Aims and Objectives

	2 Chapter 2: Silk Nanoparticle Manufacture in Semi-Batch Format
	2.1 Introduction
	2.2 Materials and Methods
	2.2.1 Regeneration of B. mori silk
	2.2.2 General drop-by-drop manufacture of silk nanoparticles in semi-batch format
	2.2.3 Reproducibility of semi-automated silk nanoparticle manufacture
	2.2.4 The effect of stirring rate on manufacture and silk nanoparticle properties
	2.2.5 The effect of standing time on manufacture and silk nanoparticle properties
	2.2.6 Yield of silk nanoparticles
	2.2.7 Silk nanoparticle physicochemical characterization and stability in water
	2.2.8 Secondary structure measurements of silk nanoparticles
	2.2.9 Thermal analysis of silk nanoparticles
	2.2.10 Scanning electron microscopy (SEM) of silk nanoparticles
	2.2.11 Statistical analyses

	2.3 Results
	2.3.1 Silk nanoparticle characterization
	2.3.2 Secondary structure measurement
	2.3.3 Thermal analysis
	2.3.4 Silk nanoparticle aqueous stability
	2.3.5 Scanning electron microscopy of silk nanoparticles

	2.4 Discussion
	2.5 Conclusions

	3 Chapter 3: Mixing and flow-induced nanoprecipitation for morphology control of silk fibroin self-assembly
	3.1 Introduction
	3.2 Experimental
	3.2.1 Materials
	3.2.2 Regeneration of B. mori silk
	3.2.3 General drop-by-drop manufacture of silk nanoparticles in semi-batch format
	3.2.4 The effects of flow rate and initial addition height in closed, semi-batch format
	3.2.5 The effect of needle diameter in the closed, semi-batch format
	3.2.6 The effect of stirring rate and feed addition height in the closed, semi-batch format
	3.2.7 The effect of flow rate and concentration in the closed, semi-batch format
	3.2.8 Dual indicator system for mixing time in the semi-batch format
	3.2.9 Semi-batch droplet analysis
	3.2.9.1 Volume and time of flight
	3.2.9.2 Fluid velocity, droplet diameter and diffusion scales

	3.2.10 Microfluidic-assisted manufacture of silk nanoparticles
	3.2.11 Yield of silk nanoparticles
	3.2.12 Physicochemical characterization of the silk nanoparticles
	3.2.13 Secondary structure measurements of silk nanoparticles
	3.2.14 Scanning electron microscopy of silk nanoparticles
	3.2.15 Statistical analyses

	3.3 Results
	3.3.1 Silk nanoparticle characterization
	3.3.1.1 The effect of flow rate, addition height and stirring rate in closed semi-batch format
	3.3.1.2 The effect of flow rate and silk concentration in closed semi-batch and microfluidic formats

	3.3.2 Secondary Structure Measurement
	3.3.2.1.1 The effect of flow rate, addition height and stirring rate in closed, semi-batch format
	3.3.2.1.2 The effect of flow rate and silk concentration in closed semi-batch format


	3.4 Discussion
	3.4.1 The effect of flow rate, addition height and stirring rate in closed, semi-batch format
	3.4.2 The effect of flow rate and concentration in closed semi-batch and microfluidic formats

	3.5 Conclusions

	4  Chapter 4: Volumetric Scalability of Microfluidic and Semi-Batch Silk Nanoprecipitation Methods
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Regeneration of B. mori Silk
	4.2.2 General Manufacture of Silk Nanoparticles in Semi-Batch Format
	4.2.3 Volumetric Scale-Up of Semi-Batch Silk Nanoparticle Manufacture
	4.2.4 Dual Indicator System for Mixing Time in the Semi-Batch Format
	4.2.5 Semi-Batch Droplet Analysis
	4.2.5.1 Volume and Time of Flight

	4.2.6 Manufacture of Silk Nanoparticles in Microfluidic Format
	4.2.7 Yield of Silk Nanoparticles
	4.2.8 Physicochemical Characterization of the Silk Nanoparticles and Stability in Water
	4.2.9 Secondary Structure Measurements of Silk Nanoparticles
	4.2.10 Thermal Analysis of Silk Nanoparticles
	4.2.11 Scanning Electron Microscopy of Silk Nanoparticles
	4.2.12 Statistical Analyses

	4.3 Results
	4.3.1 Silk Nanoparticle Physicochemical Characterization
	4.3.2 Volumetric Scale-up in Semi-Batch Format
	4.3.3 Volumetric Scale-Up by Parallelization in Microfluidic Format
	4.3.4 Secondary Structure Measurement
	4.3.5 Thermal Analysis
	4.3.6 The Impact of Volumetric Scale on the Colloidal Stability of Silk Nanoparticles

	4.4 Discussion
	4.4.1 The Impact of Volumetric Scale on Reproducibility of Semi-Batch Silk Nanoprecipitation
	4.4.2 The Reproducibility of Silk Nanoprecipitation in a Parallelizable Microfluidic Format
	4.4.3 The Production Rates of Silk Nanoprecipitation in the Semi-Batch and Microfluidic Formats
	4.4.4 The Impact of Volumetric Scale on the Colloidal Stability of Silk Nanoparticles

	4.5 Conclusions

	5 Chapter 5: Smart Silk Origami as Eco-sensors for Environmental Pollution
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Materials
	5.2.2 Reverse engineering of Bombyx mori silk cocoons
	5.2.3 Fabrication and water annealing of silk films
	5.2.4 Heterogeneous diazonium coupling
	5.2.5 Extraction of anthocyanin
	5.2.6 Anthocyanin Loading
	5.2.7 Curcumin loading
	5.2.8 Characterization of silk films
	5.2.8.1 Color change of silk films across pH and pollutant concentration
	5.2.8.2 Colorimetric stability of native silk and azosilk films
	5.2.8.3 Scanning electron microscopy
	5.2.8.4 Contact angle measurement
	5.2.8.5 Fourier Transform Infrared Spectroscopy analysis
	5.2.8.6 Thermal analysis
	5.2.8.7 Swelling analysis
	5.2.8.8 Electromagnetic field strength
	5.2.8.9 Contraction and relaxation on water
	5.2.8.10 Thickness and folding assessment

	5.2.9 Characterization of silk origami boat
	5.2.9.1 Semi-autonomy
	5.2.9.2 Sensing of pH and pollution

	5.2.10 Statistical analysis and graphic design

	5.3 Results and Discussion
	5.4 Conclusion

	6 Chapter 6: Outcomes and Future Directions
	6.1 Thesis Conclusions
	6.2 Future Work
	6.2.1 In situ drug loading of silk fibroin nanoparticles
	6.2.2 In vitro and in vivo safety and biodistribution
	6.2.3 Surface modification of silk fibroin materials

	6.3 Conclusion

	7 References

