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Abstract 

This thesis is focused on the development and applications of two different types 

of biomaterials: nanoparticles and polymers. In chapter 1, I briefly review these 

biomaterials. In chapter 2, we develop gold nanoparticles (GNPs) that can be driven to 

either self-assemble or remain colloidally stable using coiled-coil protein interactions. 

Control over the GNP self-assembly or stability is critical for specific biomedical 

applications. In chapter 3, we use the self-assembling GNPs to inhibit human 

immunodeficiency virus type-1 (HIV-1) by adding a targeting ligand for HIV-1. However, 

we found our GNPs are weak inhibitors of HIV-1. Methods to improve the inhibitor design 

are then discussed. In chapter 4, a biomaterials-based approach is used to elucidate the 

structures of HIV-1 and human T-cell leukemia virus type-1 (HTLV-1). A GNP 

immunolabeling strategy is used to identify HIV-1 and HTLV-1 envelope proteins, critical 

for viral entry and targets for vaccine development. However, the immunolabelling strategy 

was not robust, and alternative methods to study envelope proteins are discussed. Lastly, 

in chapter 5, a novel elastomeric polymer is evaluated for biomedical applications. PLA-

PβMδVL-PLA polymers were synthesized in this work and shown to exhibit elastomeric 

properties. Next, the polymers were found to be biocompatible and biodegradable both in 

vitro and in vivo. Overall, this thesis demonstrates the development and applications of 

both gold nanoparticles and elastomeric polymers as biomaterials.  
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Chapter 1: Introduction 

1.1 Biomaterials 

Biomaterials, defined as “any matter, construct, or surface that interacts with 

biological systems”, are indispensable to the field of medicine today.1 Both natural and 

synthetic materials can be used as biomaterials to support, enhance, or replace natural 

biological functions or damaged tissues.2 Biomaterials have a broad range of applications, 

including medical implants, methods to promote healing of tissues or tissue regeneration, 

molecular probes and imaging, biosensors, and drug delivery systems, among others.1 The 

different types of biomaterials include polymers, ceramics, metals, and composites.1,3 

Additionally, nanoscale biomaterials are used in many biomedical applications. For 

example, nanoparticles are used as molecular probes and biosensors to aid in imaging and 

therapies.4 Polymers are used for multiple applications, including medical implants, tissue 

engineering scaffolds, and drug delivery devices.5,6 This thesis is focused on the 

development and application of nanoscale and polymeric biomaterials for different 

biomedical applications—this chapter provides a brief overview of these biomaterials.  

1.2 Nanoparticles 

Nanoparticles, one example of nanoscale biomaterials, are particles with overall 

dimensions on the nanoscale or under 100 nanometers.7 Nanoparticles have properties 

distinct from bulk materials due to their small size. For example, nanoparticles have 

enhanced biological mobility over bulk materials, and therefore, are useful in biomedical 

applications as contrast agents or for directed drug and gene delivery.7,8  Metal 

nanoparticles—especially gold nanoparticles (GNPs)—offer high thermal and chemical 

stability, a small size-to-volume ratio, biocompatibility, a high photothermal conversion 
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rate, tunable optical and electronic properties, and are easily synthesized and 

functionalized.7,9,10 Due to these properties, GNPs have been used for biomedical 

applications ranging from controlled drug delivery, phototherapy, imaging, biosensors, and 

diagnostic tools.9,11–15  

 GNPs can be readily functionalized with antibodies, proteins, nucleic acids, 

aptamers, or other targeting ligands.13 Functionalized GNPs have been used for many 

applications, namely labeling or targeting cells and proteins of interest, and therapies, like 

plasmonic photothermal therapies (PPTT), that require site-specific targeting.16 One 

example of surface functionalization is antibody conjugation. Antibody-conjugated GNPs 

have been used for biomedical imaging of cancer cells, imaging of animals through 

computerized tomography, and gold immunolabelling to detect proteins of interest.17–19 

Most recently, antibody-labeled GNPs have been used to detect severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2).20,21 Additionally, GNPs have been functionalized 

with proteins and nucleic acids for gene and drug delivery applications.4,22,23 Protein- and 

DNA-conjugated GNPs have also been designed for viral inhibition,24–26 further discussed 

in Chapter 3 of this thesis.  

Surface functionalized GNPs have also been used to design colorimetric-based 

diagnostic and detection methods.27–34 These colorimetric-based methods use the unique 

size-dependent optical and electronic properties offered by self-assembled GNPs.27,30,35 

GNPs can be designed to self-assemble through physical and chemical cues.36–40 Previous 

work used polymer-polymer, DNA-oligonucleotide hybridization, and protein-ligand 

mediated recognition events to guide GNP self-assembly.38–42 The resulting size-dependent 
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optical properties of GNPs have been used to explore ligand-receptor interactions and 

detect viruses, biomolecules, and circulating tumor cells.31,35,43–45  

Overall, GNPs are highly versatile and therefore have been widely used in 

biomedical applications. For many applications, control over the GNP behavior is critical. 

Self-assembly is desired in various applications, such as biosensing and diagnostics, 

whereas imaging and targeted delivery require colloidally stable GNPs, as discussed in 

Chapter 2.13 In this thesis, we demonstrate control over the GNP behavior using protein-

protein interactions to drive either self-assembly or colloidal stability of GNPs. We then 

use the protein-conjugated GNPs that exhibit self-assembly to inhibit human 

immunodeficiency virus type-1 (HIV-1) by adding a targeting ligand for HIV-1. Lastly, we 

use a biomaterials-based approach to elucidate the structures of HIV-1 and human T-cell 

leukemia virus type-1 (HTLV-1), in which GNPs were used as probes to identify critical 

structural proteins. 

1.3 Polymeric biomaterials 

Like nanoscale biomaterials, polymers have been used as biomaterials, finding 

applications in medical devices, tissue engineering scaffolds, and drug delivery 

devices.5,46,47 For example, the synthetic polymers poly(lactic-co-glycolic acid)  (PLGA), 

poly(hydroxyethyl methacrylate) (pHEMA), and poly(ethylene glycol) (PEG) have been 

used for decades as drug delivery devices, intraocular lens materials, contact lenses, or 

scaffolds for tissue engineering.48 Natural polymers have also been used for many 

biomedical applications, such as hydroxyapatite and chitosan.49 Ultimately, polymer 

choice depends on factors such as the anatomical location, mechanical requirements, and 

cell types required for an implant or device.5,6 An additional consideration is 



4 

 

biocompatibility, which is defined as “the ability of a material to function with an 

appropriate host response in a specific application.” 50 Biocompatibility is not an inherent 

property of a material but should be evaluated for specific biological applications.6 

Biodegradability is another property that should be considered when selecting polymers.51 

For tissue engineering and drug delivery applications, a polymeric scaffold should provide 

support while tissue is regenerated or while the drug is being delivered.6,51 Once the 

scaffold or implant has fulfilled its function, biodegradation is ideal, as it eliminates the 

need for a second surgery to remove implanted material, reducing hospitalization time and 

health care costs and minimizing the risk of infection and complications during a second 

surgery.51,52 

 Some of the most commonly used polymers for medical applications that exhibit 

biocompatibility and biodegradability are poly(α-hydroxy esters), including poly(lactic 

acid) (PLA), poly(glycolic acid) (PGA), poly(lactic acid-co-glycolic acid) (PLGA), and 

poly(caprolactone) (PCL).53 PLA has been used for bone fixation screws and drug delivery 

applications. PGA and PLGA copolymers have been used for DEXON commercial sutures 

and skin graft materials.53 PCL has been used for long-term contraceptive devices and drug 

delivery devices.53,54 Overall, these polymers have been used in many FDA-approved 

devices.53 However, one drawback of poly(α-esters) is their rigid mechanical properties. 

Mechanical properties are critical for tissue engineering applications and biomedical 

implants, and the mechanical properties of an implant should be similar to that of the host 

tissue, as mechanical mismatch can be detrimental to an implant's success.53–56 Therefore, 

for applications like soft tissue engineering, polymers should exhibit flexibility and 

elastomeric properties (i.e., they are highly stretchable and can completely recover after 
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being stretched).57 A more detailed description of the mechanical properties required for 

soft tissue engineering and elastomers currently used for such applications appears in 

Chapter 5 of this thesis. 

The development of polymers that combine these characteristics—

biodegradability, biocompatibility, and biomechanical compatibility—is essential for 

biomedical applications. Part of this thesis (Chapter 5) is dedicated to synthesizing a novel 

polymer, poly(lactic acid)-co-poly(β-methyl-δ-valerolactone)-co-poly(lactic acid) (PLA-

PβMδVL-PLA), that exhibits these properties and evaluating its use as an implantable 

biomaterial. Additionally, a second elastomer, PLA-co-poly(methyl-caprolactone)-co-

PLA, was explored for potential use in biomedical applications (reported in Appendix 3). 

1.4 Overview of thesis  

Overall, this thesis focuses on developing and applying two different biomaterials: 

gold nanoparticles and elastomeric polymers. The second chapter of this thesis focuses on 

developing protein-conjugated GNPs that exhibit controlled self-assembly and stability. 

The third chapter utilizes the self-assembling GNPs developed in Chapter 2 and assesses 

their ability to inhibit viral infection. The fourth chapter develops a biomaterials-based 

approach to elucidate the structure of viruses using a GNP immunolabelling method. 

Lastly, the fifth chapter of this thesis reports the synthesis and evaluation of a novel 

polymer as an implantable material. 
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Chapter 2: Colloidal Stability versus Self-Assembly of Nanoparticles Controlled by 

Coiled-Coil Protein Interactions 

This work was reproduced from the following reference with permission from the Royal 

Society of Chemistry: Siehr, A.; Xu, B.; Siegel, R.A.; and Shen, W. “Colloidal 

stability versus self-assembly of nanoparticles controlled by coiled-coil protein 

interactions.” RSC Advances. 2019, (15) 7122-7126. doi.org/10.1039/C9SM01314H. 

 Synopsis 

Orientational discrimination of biomolecular recognition is exploited here as a 

molecular engineering tool to regulate nanoparticle self-assembly or stability. 

Nanoparticles are conjugated with the heterodimerizing coiled-coils, A and B, which 

associate in parallel orientation—simply flipping the orientation of one coiled-coil results 

in either self-assembling or colloidally stable nanoparticles. 

2.1 Introduction 

Controlled nanoparticle self-assembly or stability is essential for technological 

development in nanomedicine and nanobiotechnology.58,59 For example, nanoparticles 

used for computerized tomography imaging and plasmonic photothermal therapies are 

required to be highly stable under physiological conditions.13,16 Controlled nanoparticle 

self-assembly has been extensively exploited to develop therapeutic methods for viral 

inhibition and detection technologies for biomolecules, viruses, and circulating tumor 

cells.24,30–32,35,43   

Currently, the most common approach to stabilize nanoparticles is surface 

modification with poly(ethylene glycol) (PEG),60–62 although approaches using 

zwitterionic ligands have also been proposed.63 Self-assembly of nanoparticles into larger 
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hierarchical structures is typically engineered on the basis of hydrophobic interactions, 

electrostatic interactions, and biomolecular recognition.64–69  Biomolecular recognition 

modes, such as DNA hybridization,28,41,70 coiled-coil self-assembly,71–73 streptavidin-biotin 

interactions,74 and antibody-antigen interactions,75 have high specificity, and have been 

extensively used to direct nanoparticle self-assembly. Hybridization of DNA 

complementary strands and self-assembly of some protein domains, such as coiled-coils, 

exhibit orientational discrimination,76 making these modes more versatile in controlling 

self-assembly and forming nanoparticle superstructures.  

Here, we report that orientational discrimination of biomolecular recognition can 

be used as a molecular tool to control nanoparticle self-assembly and stability. In a model 

system, we conjugated a pair of heterodimerizing coiled-coil proteins, “A” and “B”,77 on 

gold nanoparticles (GNPs). While the A protein was conjugated to the GNPs in a fixed 

orientation, the B protein was conjugated at either its N-terminal or C-terminal side, 

providing two different orientations of this domain on the particle surface. Simply flipping 

the orientation of B led to two completely different particle behaviors: one orientation 

maintaining colloidal stability of the GNPs, and the other orientation driving GNPs into 

large aggregates.  

2.2 Experimental Section 

2.2.1 Protein synthesis, purification, and characterization 

The protein sequences are shown in Table 1. The proteins cysA, Bcys, nA, and nB 

have been previously reported,77,78 and cysB was constructed in the Qiagen pQE9 

expression vector. Each protein was expressed in the E.coli strain SG13009 under control 

of the bacteriophage T5 promoter and purified through nickel-nitrilotriacetic acid (Ni-
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NTA) metal-affinity chromatography, as previously reported.77,78 All cysteinated proteins 

were purified in the presence of 1 mм TCEP to reduce disulfide bonds, and Bcys and cysB 

were purified in the presence of 1 mм PMSF to prevent protein degradation. Purified 

proteins were dialyzed against water, followed by lyophilization. The proteins were 

characterized by using SDS-polyacrylamide gel electrophoresis and MALDI mass 

spectrometry on a 5800 MALDI/TOF Mass Spectrometer (AB-SCIEx). 

2.2.2 Synthesis and characterization of GNPs 

The Frens-Turkevich method was used to synthesize GNPs.79 Briefly, a solution of 

gold (III) trichloride (Sigma Aldrich) was prepared at a concentration of 0.1 mg mL-1 in 

water and boiled under continuous stirring with a condenser apparatus attached. A solution 

of trisodium citrate (Sigma Aldrich) was prepared at a concentration of 11.4 mg mL-1 and 

added quickly to the boiling gold (III) trichloride solution at a volume ratio of 1.88:100. 

The mixture was boiled for an additional 8 minutes, resulting in citrate-capped GNPs. The 

GNPs were characterized by using dynamic light scattering (DLS) and UV-Vis 

spectrophotometry.  

2.2.3 Surface modification of GNPs with proteins 

The surface of GNPs was modified with cysA and cysB (cysA-cysB GNPs) or cysA 

and Bcys (cysA-Bcys GNPs) through the gold-thiol reaction. The solution of each 

cysteinated protein (50 µм) was prepared in the presence of its non-cysteinated 

heterodimerizing partner (75 µм) to form heterodimers (cysA/nB, cysB/nA, Bcys/nA), so 

that proteins covalently conjugated on GNPs would not be closely packed. Each solution 

was prepared in 40 mм HEPES buffer containing 5 mм TCEP (pH 7.8) and incubated for 

12 hours at 4 °C. To modify GNPs, the solutions of cysB/nA and cysA/nB or the solutions 
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of Bcys/nA and cysA/nB were mixed at a 1:1 ratio, and the mixture was added dropwise 

to the GNP suspension (1.53 x 1012 GNPs mL-1) while stirring at a 1:3 ratio, followed by 

stirring overnight. The protein-conjugated GNPs were stored at 4⁰C until further use and 

were characterized by using dynamic light scattering (DLS) and UV-Vis 

Spectrophotometry.  

2.2.4 Sample preparation for examining particle self-assembly 

The protein-conjugated GNP suspensions and PBS (HyClone, 1X or 0.0067 м, pH 

7.4) were filtered through a 0.2-micron filter (Acrodisc). A 2 mL aliquot of each protein-

conjugated GNP suspension was centrifuged at 5.6krcf for 1 hour, followed by removal of 

1.7 mL of the supernatant and resuspension in 1 mL of PBS. Immediately following 

resuspension was the Day 0 time point. Particle self-assembly was characterized using UV-

Vis Spectrophotometry, Transmission Electron Microscopy (TEM), and Small Angle X-

ray Scattering (SAXS). 

2.2.5 Dynamic Light Scattering 

Samples were filtered through a 0.2-micron filter, and DLS was measured using a 

90Plus Particle Size Analyzer (Brookhaven) at 90° scattering angle. The average 

hydrodynamic diameter was determined using the method of cumulants. Polydispersity 

values lower than 0.08 were considered to be monodisperse. 

2.2.6 UV-Vis Spectrophotometry 

UV-Vis spectra scanned from 350 nm to 750 nm were collected at a 600 nm min-1 

scanning rate and a 1 nm resolution on a Cary Win 300 UV-Vis spectrophotometer (Agilent 

Technologies).  
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2.2.7 GNP size and concentration 

The UV-Vis spectra revealed the size of GNPs and the concentrations of GNP 

suspensions according to Equations 1 and 2:80  

𝑑 = exp (𝐵1
𝐴𝑆𝑃𝑅

𝐴450
− 𝐵2)     Equation 1 

𝑁 =
𝐴450∗1014

𝑑2[−0.295+1.36𝑒𝑥𝑝(−(
𝑑−96.8

78.2
)

2
)]

     Equation 2 

where 𝑑 is the diameter in nanometers, N is the concentration of GNPs in particles mL-1,  

𝐴𝑆𝑃𝑅 is the absorbance at the SPR peak (or maximum peak), 𝐴450 is the absorbance at 450 

nm, and the constants 𝐵1 and 𝐵2 are 3.00 and 2.20, respectively.  

2.2.8 Transmission Electron Microscopy (TEM) 

Samples were prepared by dropping 20 µL of a particle suspension onto a TEM 

grid (carbon type B, 300 mesh grid; TedPella), incubating for 20 minutes, and removing 

excess liquid with a KimWipe. The TEM grids were further dried for 12 hours, and TEM 

images were collected on a Tecnai T12 instrument operated at 100kV.  

2.2.9 Small angle x-ray scattering (SAXS) 

SAXS data were collected with a Cu Kα radiation source (operated at 60 kV and 

0.3 Ma) at a wavelength of 1.5409 Å on SAXSlab Ganesha (Xenocs). After a sample was 

incubated at room temperature for the intended time, it was pipetted up and down to ensure 

uniform particle suspension and loaded into a quartz capillary tube with an inner diameter 

of 1.3 cm. The tube was sealed with 5-minute epoxy (Loctite) and allowed to dry overnight. 

All spectra were collected with the x-ray beam centered near the bottom of the capillary 

tube, with a 2 mm centered beam stop using two aperture SAXS, and were transmission 
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corrected and thickness corrected to the inner diameter of the tube. Filtered PBS buffer was 

used as the background for protein-conjugated GNPs; the supernatant collected from a 

centrifuged, unmodified GNP sample was used as the background for unmodified GNPs. 

Collection times for SAXS measurements were 1 hour for test samples and 30 minutes for 

background samples. Background subtraction of all SAXS spectra was completed using 

JADE software.  

The particle center-to-center distance d was determined from the scattering vector 

q according to Equation 3, where d is the interparticle distance and q is the scattering 

vector:40 

𝑑 =
2𝜋

𝑞
       Equation 3 

The radius of gyration was determined by a Guinier plot fit to Equation 4:81 

ln(𝐼) ≈ ln(𝐼𝑜) −
𝑅𝑔

2 𝑞2

3
              Equation 4 

where I is scattering intensity, I0 is the background scattering intensity, q is the scattering 

vector, and Rg is the radius of gyration. PRIMUS software was used.82 The hard-sphere 

radius, R, was determined from the radius of gyration according to Equation 5.83 

𝑅 = √
5

3
𝑅𝑔                             Equation 5 

2.2.10 ICP-OES and TOC analysis 

To determine the concentration of proteins conjugated to the surface of GNPs, 

cysA-Bcys and cysA-cysB GNPs were analyzed using inductively coupled plasma-optical 

emission spectroscopy (ICP-OES) and total organic carbon (TOC) analyses to quantify the 
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concentrations of gold (corresponding to GNPs) and carbon (corresponding to proteins), 

respectively. 50 mL of cysA-Bcys and 50 mL of cysA-cysB GNPs were centrifuged at 

16.1krcf for 70 minutes. 42.5 mL of the supernatant were removed, and samples were 

resuspended to 50 mL in 8M urea (pH 8.0) overnight. The above centrifugation procedure 

was repeated an additional 5 times to remove unbound proteins thoroughly. In the final 

wash, 42.5 mL of the supernatant were removed, and the remaining samples were 

transferred to Microcon-30 Ultra Centrifugal filters (EMD Millipore) with a 30kDa 

molecular weight cut-off (MWCO). The samples were then washed with Milli-Q water by 

centrifuging the samples at 8krcf for 20 minutes. This washing procedure was completed 

a total of 6 times to remove excess urea. After the final washing step, samples were 

resuspended in 6 mL of water, transferred to an acid-washed glass vial (QorPak vial with 

acid proof lid), diluted with 2.743 mL of aqua regia (an acidic solution composed of 1:3 

volume-to-volume of HNO3:HCl), heated slightly to dissolve all GNPs, and then further 

diluted with 18.3 mL of Milli-Q water.  For ICP-OES analysis, 1 mL of this solution was 

transferred to a new vial (acid-washed QorPak vial with acid-proof lid), followed by 

dilution with 5 mL of 2% HNO3 solution. The remainder of the original solution was used 

for TOC analysis. All samples were stored at 4 °C before submitting for ICP-OES and TOC 

analyses at the Research Analytical laboratory at the University of Minnesota. Gold 

concentrations were analyzed using an iCap 7600 Duo ICP-OES Analyzer. A standard 

curve of gold ions in solution (completed in triplicate) was used to determine the 

concentration of gold in the GNP solution. Total organic carbon analysis was completed 

using an Elementar Vario TOC cube. Five samples of cysA-Bcys GNPs and five samples 

of cysA-cysB GNPs were analyzed. 
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 The mass in grams per GNP (M) was determined by the following: 

𝑀 =
𝜋

6
𝜌𝐷3     Equation 6 

In Equation 6 above, 𝜌 is the density of fcc gold (19.3 
𝑔

𝑐𝑚3⁄ ), and 𝐷 is the diameter of 

GNPs, as determined by UV-Vis spectrophotometry.84–86 This value was then used to 

determine the number of GNPs from the gold concentration determined by ICP-OES. The 

number of proteins was calculated from TOC using the number of carbons per protein, 

assuming a 1:1 ratio of cysA to Bcys (371 carbon atoms per protein) and cysA to cysB 

(380 carbon atoms per protein).    

2.2.11 Disassembly of self-assembled GNPs 

GNPs self-assembled over 10 days were transferred to a low protein binding 

Eppendorf tube and heated at 80 °C for 1 hour to denature the proteins. Samples were 

characterized using UV-Vis spectrophotometry before and after heat treatment.  

2.2.12 Effect of higher protein packing density on self-assembly of cysA-Bcys conjugated 

GNPs 

It was expected that when the packing density of conjugated proteins on the GNP 

surface was too high for interparticle protein-protein heterodimerization to occur, self-

assembly of cysA-Bcys conjugated GNPs would be inhibited. To test this hypothesis, 

surface modification of GNPs was conducted without non-cysteinated coiled-coil proteins 

(nA and nB), which were used to prevent an excessively dense packing. The nanoparticle 

behavior of these GNPs was examined over a time course of 10 days. 
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2.2.13 Effect of lower protein packing density on colloidal stability of cysA-cysB 

conjugated GNPs 

It was expected that when the packing density of conjugated proteins on the GNP 

surface was too low for intraparticle coiled-coil heterodimerization to occur, colloidal 

stability of cysA-cysB conjugated GNPs would be impaired. To test this hypothesis, 

surface modification of GNPs was conducted in the presence of 0, 5, 25, and 50 µм β-

mercaptoethanol (βME), a small thiolate that competes with thiol-mediated protein binding 

to the GNP surface, to reduce protein packing density. The nanoparticle behavior of the 

resulting GNPs was examined. 

2.3 Results and Discussion 

2.3.1 The molecular design of nanoparticles is expected to control nanoparticle behavior 

The molecular design of the nanoparticles is illustrated in Figure 1. A and B 

proteins have been previously shown to heterodimerize in the parallel direction through 

hydrophobic and electrostatic interactions.77 Immobilizing A and B in anti-parallel 

orientation on the same nanoparticle results in a parallel orientation on adjacent 

nanoparticles, promoting interparticle protein heterodimerization and nanoparticle self-

assembly (Figure 1a). Alternatively, intraparticle protein heterodimers can form when A 

and B are immobilized in parallel orientation on the same nanoparticle. These coiled-coils 

do not bridge adjacent nanoparticles, resulting in colloidal stability (Figure 1b). 

2.3.2 Synthesized GNPs are 20 nm and have low polydispersity 

GNPs synthesized using the Frens-Turkevich method were characterized by 

dynamic light scattering (DLS) and UV-Vis spectrophotometry.79 DLS revealed a 

hydrodynamic diameter of 20.5±0.7 nm with a polydispersity of 0.077±0.020. The UV-Vis 
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spectrum showed a characteristic maximum absorbance at 518 nm, corresponding to 

surface plasmon resonance (SPR) of GNPs having a diameter of 16.8 nm.80,87 The GNP 

concentration was determined by the ratio of the absorbance at the SPR peak to that at 450 

nm as previously reported.80 

2.3.3 Proteins are conjugated to the GNP surface through gold-thiol interactions 

Two non-cysteinated coiled-coil proteins, nA and nB, and three cysteinated coiled-

coil proteins, cysA, cysB, and Bcys, were synthesized (see Table 1 for protein sequences).  

In the cysteinated proteins, the cysteine residue was incorporated near the N-terminus of 

the coiled-coil domain in cysB and cysA, and near the C-terminus in Bcys. By combining 

heterodimers of a non-cysteinated protein with its cysteinated partner, solutions were 

prepared containing nA and cysB (nA/cysB), nA and Bcys (nA/Bcys), and cysA and nB 

(cysA/nB) in the presence of a reducing agent, tris(2-carboxyethyl)phosphine (TCEP) (75 

µм and 50 µм for non-cysteinated and cysteinated proteins, respectively). These 

heterodimers were then conjugated to the GNPs by gold-thiol reaction. Specifically, the 

solutions of nA/Bcys and cysA/nB or the solutions of nA/cysB and cysA/nB were mixed 

at a 1:1 ratio, and the mixture was added to a GNP suspension (1.53 x 1012 GNPs mL-1) at 

a 1:3 ratio while stirring. Solutions of coiled-coil protein heterodimers, in which one 

partner was non-cysteinated, were used in order to prevent an excessively dense packing 

of covalently conjugated proteins, which may inhibit interparticle coiled-coil 

heterodimerization. The GNPs modified with cysA and Bcys (denoted here as cysA-Bcys 

GNPs) had the two coiled-coils conjugated on the surface in anti-parallel orientation, and 

the GNPs modified with cysA and cysB (denoted as cysA-cysB GNPs) had the two coiled-

coils on the surface in parallel orientation (Figure 1). 
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2.3.4 Protein-conjugated GNPs are characterized using DLS, UV-Vis, and SAXS 

Immediately following protein conjugation, DLS revealed hydrodynamic diameters 

of approximately 35 nm for both cysA-Bcys and cysA-cysB conjugated GNPs (Table 2). 

The change in hydrodynamic diameter from 20 nm for unmodified GNPs to 35 nm for 

coiled-coil conjugated GNPs suggests an approximately 7.5 nm thick corona. This is 

largely consistent with the 6.3 nm length of the coiled-coil rods as previously reported88 

plus the additional small linker sequence length of ~1.6 nm (see SAXS data in section 2.3.6 

for further information). The polydispersity of the protein-conjugated GNPs was the same 

as that of unmodified GNPs, suggesting that aggregation did not occur during or after the 

conjugation procedure. Colloidal stability of GNPs at this step was most likely maintained 

by the large excess of unbound coiled-coils in the solution, which dominated strand 

exchange with the noncovalently immobilized coiled-coils on the GNPs and prevented 

interparticle coiled-coil interactions. The protein-conjugated GNPs were also characterized 

using UV-Vis spectrophotometry. The maximum SPR peak of the UV-Vis spectra shifted 

from 518 nm for unmodified GNPs to 524 nm for both cysA-Bcys and cysA-cysB 

conjugated GNPs (Table 2) (Figure 2). The red-shift in the SPR peak was due to the 

presence of proteins bound to the GNP surface and suggests that surface modification had 

occurred.87  

2.3.5 Molecular design results in colloidally stable or self-assembling nanoparticles 

Nanoparticle behavior after reducing the concentration of unbound coiled-coils in 

solution was then examined. Specifically, each suspension was centrifuged, and 85% of 

the supernatant was removed, followed by resuspension in PBS at 50% of the starting 

suspension volume. The samples were then examined over a time course of 10 days to 
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observe the behavior of the protein-conjugated GNPs. The difference between the two 

types of protein-conjugated GNPs was first observed visually (Figure 3a). On day 0, both 

suspensions of  protein-conjugated GNPs appeared red, as expected for non-aggregated 

GNPs.87 On day 10, visible dark red and purple aggregates in a clear background were 

observed for the cysA-Bcys conjugated GNPs, but no visible aggregates or color change 

was observed for the cysA-cysB conjugated GNPs. Representative UV-Vis spectra of 

cysA-Bcys conjugated GNPs also exhibited a red-shift and broadening of the SPR peak 

over 10 days, while those of cysA-cysB conjugated GNPs remained almost unchanged 

(Figure 3b). It has been reported that a red-shift in the SPR peak of the UV-vis spectra 

occurs when GNPs form aggregates.27,37,80,87,89 The differences in the UV-Vis spectra 

between the two particle samples confirm that the cysA-Bcys conjugated GNPs aggregated 

readily and the cysA-cysB conjugated GNPs were highly stable.  As a final confirmation 

of disparate aggregation behaviors, TEM images (Figure 4) revealed that the cysA-Bcys 

conjugated GNPs formed large aggregates after 5 days, while the cysA-cysB conjugated 

GNPs did not form aggregates at 5 or 10 days. 

2.3.6 Particle-to-particle distance is consistent with coiled-coil heterodimerization 

The structure of cysA-Bcys conjugated GNP aggregates was probed using Small 

Angle X-Ray Scattering (SAXS).  SAXS spectra on day 10 (Figure 5) exhibited a 

maximum peak at a q-value of 0.234 nm-1 for cysA-Bcys conjugated GNPs corresponding 

to a d-spacing of 26.8 nm (Equation 3).40,42 SAXS spectra for cysA-cysB conjugated GNPs 

were of low amplitude and did not exhibit any distinct peaks on day 10 (Figure 5). Size of 

the unmodified GNPs was also characterized using SAXS. Fitting the scattering data to the 

Guinier function (Figure 6) yielded a radius of gyration (Rg) of 6.66±0.11 nm, 
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corresponding to a hard sphere radius of 8.60 nm (Equations 4 and 5) and a diameter of 

17.2 nm, which lies between the previous estimates of particle diameter derived from DLS 

(20.5 nm) and SPR (16.8 nm).  The particle center-to-center distance of 26.8 nm and the 

particle radius of 8.60 nm suggest that the surface-to-surface distance between neighboring 

particles was 9.6 nm. This value is largely consistent with that expected for GNP 

aggregates mediated by interparticle coiled-coil heterodimerization, because these coiled-

coil A and B rods are 6.3 nm long88 and both cysA and Bcys contain a few amino acid 

residues between cysteine and the coiled-coil domains (suggesting a linker length of 1.6 

nm). 

2.3.7 Self-assembly of cysA-Bcys GNPs is due to protein-protein interactions  

To demonstrate that self-assembly of cysA-Bcys conjugated GNPs was due to 

protein-protein interactions, GNPs self-assembled for 10 days were treated at 80 °C to 

denature the proteins. The UV-Vis spectrum of the resulting GNP suspension was 

substantially different from that of the aggregated GNPs on day 10, but essentially 

indistinguishable from that of the pre-aggregation suspension on day 0 (Figure 7a), 

indicating that the self-assembled GNPs could be disassembled upon protein denaturation. 

The same treatment had no effect on the colloidal stability of cysA-cysB conjugated GNPs 

(Figure 7b). 

2.3.8 ICP-OES and TOC allow for characterization of the packing density  

The packing density, or the number of proteins conjugated to the GNP surface, may 

affect the behavior of the nanoparticles. Many different methods have been used to 

characterize packing density, including inductively coupled plasma-mass spectrometry 

(ICP-MS), nuclear magnetic resonance (NMR), circular dichroism spectroscopy (CD), and 



19 

 

microscale thermogravimetric analysis (µ-TGA).90–93 NMR and CD require GNP 

concentrations to be measured before determining the concentration of proteins, whereas 

ICP-MS and µ-TGA can quantify both protein and GNP concentration simultaneously. 

While ICP-MS and µ-TGA are optimal methods for determining the protein packing 

density, access to such instrumentation is limited. Therefore, we used two simultaneous 

methods to determine the packing density: inductively coupled plasma-optical emission 

spectrometry (ICP-OES) and total organic carbon analysis (TOC). ICP-OES was used to 

determine the concentration of gold corresponding to the GNPs, while TOC was used to 

determine the concentration of carbon, which corresponds to the protein concentration.  

Protein-conjugated GNPs were first washed to remove excess proteins and 

unbound, non-cysteinated proteins (nA and nB) followed by ICP and TOC analysis. The 

two proteins (either cysA/Bcys or cysA/cysB) were conjugated to the GNPs at a 1:1 ratio, 

and, therefore, it was assumed that the ratio of these two proteins was 1:1. From these 

analyses, we found that cysA-Bcys GNPs and cysA-cysB GNPs had packing densities of 

826±305 and 562±136, respectively (Figure 8). The packing density on cysA-Bcys GNPs 

was slightly higher than that of cysA-cysB GNPs. This may be due to the extra linker 

structure found in the cysB protein (see Table 1 for protein sequences). However, these 

values were statistically insignificant (Student's t-test, p-value>0.1), which suggests that 

differences in packing density are not responsible for differences in nanoparticle behavior. 

2.3.9 Changing the packing density changes the nanoparticle behaviors 

The inclusion of non-cysteinated partners when the GNPs were conjugated with 

cysA, and Bcys was necessary to provide an optimal spacing between the latter coiled 

proteins, such that they could form interparticle coiled-coil heterodimers.  In the absence 
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of nA and nB, the packing density of cysA and Bcys was too high to permit cysA-Bcys 

coiled-coil bridges between GNPs, and hence impaired GNP aggregation (Figure 9).  On 

the other hand, reducing the packing density of cysA-cysB by conjugating these proteins 

in the presence of β-mercaptoethanol, a small thiolate that competes with thiol-mediated 

protein binding to the GNP surface, eliminated GNP colloidal stability (promoted 

aggregation: Figure 10), most likely due to the increased distance between cysA and cysB 

conjugates, and hence prevention of intraparticle cysA-cysB heterodimerization. These 

observations highlight the importance of both protein orientation and packing density on 

particle behavior. 

2.4 Discussion 

While previous work introduced the use of coiled-coil proteins to drive self-

assembly of inorganic nanoparticles into larger hierarchical structures71–73, this is the first 

demonstration that orientational discrimination of biomolecular recognition can control 

self-assembly versus colloidal stability of inorganic nanoparticles. In particular, colloidal 

stability has not been shown previously to be controlled by coiled-coil proteins. The 

tendency of cysA-Bcys conjugated GNPs to self-assemble and the colloidal stability of 

cysA-cysB conjugated GNPs as observed in these experiments suggest that interparticle 

and intraparticle coiled-coil heterodimerization is energetically favorable for these two 

types of GNPs, respectively, verifying the material design illustrated in Figure 1.  

The cysA-Bcys conjugated GNPs could be stored in a colloidally stable state in the 

presence of a large excess of solubilized coiled-coils, and their aggregation could be 

triggered upon reduction in the concentration of solubilized coiled-coils. These might be 

important properties in practical applications, such as detection technologies.30–32,35,43 
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Future studies may include investigation of the aggregation kinetics of cysA-Bcys 

conjugated GNPs as a function of nanoparticle or solubilized coiled-coil concentration. In 

addition, the coiled-coils presented here can be easily modified with bioactive ligands or 

targeting moieties for both self-assembling and stable nanoparticles, via protein 

engineering. Thus, this approach can be tuned to create colloidally stable or self-

assembling nanoparticles while maintaining the bioactivity and targeting ability of the 

ligands. 

2.5 Conclusions 

In summary, we report that orientational discrimination of biomolecular 

recognition can be harnessed as a molecular engineering tool to control nanoparticle self-

assembly and stability. We demonstrated that when a pair of heterodimerizing coiled-coils 

was conjugated on the nanoparticle surface, simply flipping the orientation of one of the 

coiled-coils led to two completely different particle properties: one driving the 

nanoparticles into large aggregates and the other keeping them colloidally stable. 
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Figure 1. The molecular design of the nanoparticles. (a) When coiled-coils A and B are 

conjugated on nanoparticles in anti-parallel orientation, A and B on adjacent particles are 

parallel and form interparticle heterodimers that promote nanoparticle self-assembly. (b) 

When coiled-coils A and B are conjugated on nanoparticles in parallel orientation, A and 

B on the same particle form intraparticle heterodimers, and the nanoparticles remain 

colloidally stable.  
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Table 1. Sequences of proteins used here. The coiled-coil domains are highlighted in blue. 

The cysteine residues are highlighted in red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bcys MRGSHHHHHHGSDDDDKWASGTSGDLKNKVAQLKRKVRSLKD
KAAELKQEVSRLENEIEDLKAKIGDHVAPRDTSMGGC 

cysB MRGSHHHHHHGSDDDDKASSGSGCSGSGTSGTSGDLKNKVAQ
LKRKVRSLKDKAAELKQEVSRLENEEDLKAKIGDHVAPRDTSW 

cysA MRGSHHHHHHGSDDDDKASSGSGCSGSGTSGDLENEVAQLERE
VRSLEDEAAELEQKVSRLKNEIEDLKAEIGDHVAPRDTSW 

nA MRGSHHHHHHGSDDDDKASGDLENEVAQLEREVRSLEDEAAEL
EQKVSRLKNEIEDLKAEIGDHVAPRDSW 

nB MRGSHHHHHHGSDDDDKASGTSGDLKNKVAQLKRKVRSLKDK
AAELKQEVSRLENEIEDLKAKIGDHVAPRDTSW 
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Table 2. DLS and UV-Vis results. The properties of unmodified and protein-conjugated 

GNPs characterized with DLS and UV-Vis spectrophotometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Dynamic Light Scattering UV-Vis spectrophotometry 

Sample Size (nm) Polydispersity Maximum SPR (nm) 

Unmodified GNPs 20.5±0.7 0.077±0.02 518 

cysA-Bcys GNPs 35.2±0.4 0.069±0.018 524 

cysA-cysB GNPs 35.7±0.4 0.077±0.009 524 
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Figure 2. UV-Vis spectra of GNPs. The UV-Vis spectra for unmodified GNPs (a), cysA-

Bcys conjugated GNPs (b), and cysA-cysB conjugated GNPs (c) reveal a red-shift of the 

maximum SPR peak from 518 nm for unmodified GNPs to 524 nm for protein-conjugated 

GNPs. 



26 

 

  

 

 

 

 

 

Figure 3. Self-assembly vs. stability of GNPs. (a) The suspension of cysA-Bcys 

conjugated GNPs exhibited visible large aggregates on day 10, while the suspension of 

cysA-cysB conjugated GNPs did not show any visible changes. (b) UV-Vis spectra of 

protein-conjugated GNPs over a time course of 10 days. The spectra of cysA-Bcys 

conjugated GNPs showed a broadening and a red-shift in the maximum SPR peak over 

time (left). The spectra of cysA-cysB conjugated GNPs remained almost unchanged 

(right). All spectra are normalized to the absorbance at 450 nm.  
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Figure 4. TEM images of self-assembled vs. stable GNPs. TEM images of cysA-Bcys 

GNPs (a-c) and cysA-cysB GNPs (d-f) on day 0 (a, d), day 5 (b, e), and day 10 (c, f). 

Scale bar is 100 nm. 
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Figure 5. SAXS profiles for cysA-Bcys and cysA-cysB conjugated GNPs on day 10. The 

maximum peak in the spectrum of cysA-Bcys conjugated GNPs revealed a d-spacing 

(center-to-center distance) of 26.8 nm in the aggregates as calculated by d = 2π/q, where d 

is the d-spacing and q is the scattering vector. 
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Figure 6. Guinier plot for the SAXS data collected from unmodified GNPs. 
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Figure 7. Disassembly of protein-conjugated GNPs. UV-Vis spectra of protein-conjugated 

GNPs on day 0, day 10, and day 10 followed with heat treatment at 80 °C for cysA-Bcys 

GNPs (a) and cysA-cysB GNPs (b). After heat treatment, broadening of the SPR peak of 

cysA-Bcys GNPs disappears, and the maximum SPR peak is consistent with that before 

assembly, suggesting that self-assembled cysA-Bcys GNPs can disassemble upon protein 

denaturation. 
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Figure 8. Packing density of protein-modified GNPs. The packing density, or number of 

proteins per GNP, for cysA-Bcys GNPs and cysA-cysB GNPs as determined by ICP-OES 

and TOC analyses. Students t-test, p-value<0.1, n=5. 
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Figure 9. Behavior of GNPs with high packing density. UV-Vis spectra of cysA-Bcys 

conjugated GNPs prepared without non-cysteinated proteins examined over 10 days. The 

UV-Vis spectrum does not show broadening or a shift of the maximum SPR peak for both 

types of GNPs. 
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Figure 10. Behavior of GNPs with low packing density. The particle behavior of cysA-

cysB GNPs prepared with varying concentrations of β-mercaptoethanol (βME) on day 0. 

The samples prepared with high concentrations of βME showed instability quickly, as 

revealed from the color of the particle suspensions (a) and the broadening and shift of the 

SPR peak (b). 



34 

 

Chapter 3: Development of self-assembling, multivalent viral entry inhibitors to block 

HIV-1 infection 

Synopsis 

This work aims to develop a new approach to HIV-1 viral entry inhibition by 

efficiently blocking the virus from entering host cells. HIV-1 enters host cells via 

interactions between its glycoprotein gp120 and the host cell receptor CD4 and co-

receptors CXCR4 or CCR5. As a novel antiviral, we developed a nanoparticle-based 

system that displays many copies of a targeting ligand for gp120. After binding, the 

antiviral nanoparticles will “link up” on the virus surface, forming a cage around the virus, 

ultimately attenuating infection. To do this, we designed gold nanoparticles (GNPs) 

decorated with proteins that exhibit two unique features: (1) an antiviral targeting sequence 

and (2) complementary crosslinks known as coiled-coils that drive GNP self-assembly 

(described in Chapter 2). First, this chapter provides a brief review of viral entry inhibitors. 

Next, the design and structure of protein-conjugated GNPS for HIV-1 entry inhibition are 

described. Lastly, the ability of protein-conjugated GNPs to inhibit HIV-1 infection is 

reported.  

3.1 Introduction 

3.1.1 Viral Entry Inhibitors 

Viruses establish infection in hosts through a multi-step process, starting with initial 

attachment and entry into host cells, followed by genome release and replication, viral 

protein synthesis, and the release of new viral particles.94 Viral entry, the first step in 

infection, involves multiple interactions between proteins on the virus and host cell, 
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resulting in attachment and fusion of the virus with the host cell membrane.94,95 Preventing 

viral entry into host cells serves as a target for antiviral therapies.  

Entry inhibitors are a class of antiviral therapies that prevent viruses from entering 

cells. One mechanism entry inhibitors employ is competitive inhibition, where an antiviral 

blocks the interactions between viral proteins and target cell receptors preventing viral 

attachment to host cells. These entry inhibitors can target either viral proteins or host cell 

receptors.95,96  

3.1.2 Multivalent Viral Entry Inhibitors 

Multivalency results when multiple weak interactions with low binding affinity 

occur simultaneously, resulting in a high avidity interaction.97 Multivalent viral entry 

inhibitors are more effective than their monovalent counterparts. This was first 

demonstrated with a multivalent display of sialic acid, an influenza entry inhibitor, in which 

polymers displaying sialic acid in a multivalent fashion were better inhibitors of influenza 

than monovalent sialic acid.98 These multivalent competitive inhibitors increased the 

avidity of binding, minimized exposed surface area of viruses, and reduced the number of 

potential binding regions due to steric hindrance.97,98 Since this finding, numerous 

platforms have been used for multivalent display of entry inhibitors, including polymers, 

polyglycerols, cyclodextrins, dendrimers, fullerenes, and nanoparticles to inhibit many 

different viruses, such as influenza, vesicular stomatitis virus, human immunodeficiency 

virus, and Ebola.99–103  

Examples of polymers that have been developed as multivalent viral entry 

inhibitors include linear, dendritic, comb-branched, and dendrigraft polymers.104–106 

Spaltenstein and Whitesides, the first to develop multivalent entry inhibitors, used a linear 
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copolymer consisting of sialic acid-modified acrylamide and acrylamide derivatives to 

form influenza entry inhibitors.104 Sialic acid is a cellular receptor for influenza virus, and 

monovalent sialic acid acts as a competitive inhibitor for hemagglutinin proteins on 

influenza. Whitesides et al. reported that displaying multiple sialic acid residues on a linear 

polymer chain mimics the polyvalency of natural host cell receptors and improves 

inhibition.104 Also, Whitesides et al. proposed two different mechanisms through which 

viral inhibition occurs: 1) cooperative interactions, which occur when many sialic acid 

moieties are presented on the same polymer chain, and 2) steric stabilization, which makes 

the viral surface physically inaccessible to host cell receptors due to the bulky polymer.104 

Whitesides et al. then introduced different side chains in the polymer to study the effects 

of various polymer properties on viral inhibition, including size, charge, and 

hydrophobicity.105 Side chains that increased a polymer's affinity for the viral surface 

improved inhibition due to steric stabilization.105 Additional properties, such as polymer 

molecular weight, polymer topology, sialic acid distribution, and sialic acid content have 

been found to be key parameters in developing effective viral entry inhibitors, as discussed 

by Bianculli et al.107  

Although linear polymers are effective viral entry inhibitors, the toxicity of 

poly(acrylamide)-based inhibitors presents an issue. As an alternative to linear polymers, 

dendritic polymers have been used as multivalent viral inhibitors because they have a high 

degree of functionality.106,108 Dendritic polymers encompass a wide range of structures, 

including spheroidal (dendrimer), linear-dendron, comb-branched, and dendrigraft 

polymers.106 Reuter et al. studied the effects of various dendritic structures on influenza 

infection and found that comb-branched and dendrigraft polymers were the most effective 



37 

 

inhibitors of influenza.106 Papp et al. synthesized multivalent inhibitors from dendritic 

hyperbranched polyglycerols and polyglycerol nanogels decorated with sialic acid to 

evaluate the effects of size and degree of functionalization on viral inhibition. Papp found 

that size and sialic acid functionalization were optimal when matched to the virus size and 

receptor multiplicity. Additionally, larger dendrimers were found to improve inhibition 

compared to smaller dendrimers. Furthermore, too many sialic acid moieties on the same 

polymer size decreased viral inhibition, demonstrating the importance of optimizing ligand 

density.108 

Host cell receptors also serve as targets for multivalent inhibitors. DC-SIGN, a host 

cell receptor, contributes to the transmission of Ebola, HIV, and Dengue virus. 

Dendrimeric scaffolds presenting bis-benzylamide were shown to bind DC-SIGN with 

high affinity and inhibit HIV and Dengue virus in infection models.109 Overall, many 

different polymeric-based systems have been well characterized as viral entry inhibitors 

for targeting both viral and host cell receptors.  

  Gold nanoparticles (GNPs) have also been explored for viral entry inhibition due 

to their ease of characterization and functionalization.110–113 Using GNPs as a core, peptide 

triazoles, a class of entry inhibitors that target HIV-1 by binding the viral glycoprotein 

gp120, have been presented in a multivalent fashion. The multivalent presentation of the 

peptide triazole, KR13, on GNPs was found to inhibit HIV-1 infection in vitro. KR13 

peptides conjugated on GNPs were better inhibitors than KR13 alone due to their ability to 

bridge multiple viral proteins, highlighting one of the benefits of multivalent display.114  

GNPs of various sizes have been functionalized with sialic acid-terminated glycerol 

dendrons for targeting influenza virus. Papp et al. demonstrated that larger GNPs (14 nm 
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in diameter) were more effective inhibitors of influenza than 2 nm GNPs. Smaller GNPs 

have less surface area for interactions with the viral surface, resulting in fewer multivalent 

interactions.110 

 GNPs can be well controlled for size and degree of functionalization, and therefore 

have been used to systematically explore viral entry inhibitor properties. Using GNPs 

decorated with polysulfates to target vesicular stomatitis virus (VSV), Vonnemann et al. 

demonstrated that nanoparticles larger than the virus formed virus-inhibitor aggregates and 

were effective inhibitors. In contrast, nanoparticles smaller than the virus diameter were 

found to decorate individual viruses, did not form aggregates, and were ineffective 

inhibitors.115 Many GNP-based systems have been used to elucidate the mechanisms of 

multivalent viral entry inhibition.  

3.1.3 Novel self-assembling viral entry inhibitor design 

Although many multivalent viral entry inhibitors have been designed, in situ self-

assembly has not been used for viral inhibition. Here, we describe novel GNP-based viral 

entry inhibitors that exhibit two key features: (1) multivalent presentation of a viral 

targeting ligand and (2) in situ self-assembly. After binding the virus, inhibitors are 

expected to “link up” and form a stable “cage” around the virus. This self-assembly is 

expected to enhance cooperativity and binding affinity of the entry inhibitors, requiring a 

lower concentration to cover the viral surface and attenuate viral infection.116 

To test our hypothesis that self-assembly improves viral entry inhibition, we used 

human immunodeficiency virus type-1 (HIV-1) as a model virus. HIV-1 displays multiple 

copies of the viral glycoprotein envelope on its surface. The external subunit of envelope, 

gp120, interacts with the host cell receptor, CD4, and co-receptor, CXCR4 or CCR5.117 
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Here, GNPs are conjugated with two coiled-coil proteins “A” and “B”, which have been 

previously shown to heterodimerize and drive nanoparticle self-assembly in Chapter 

2.78,118,119 A targeting ligand for gp120, anti-gp120, is fused to coiled-coil “A” and 

displayed on the exterior of modified GNPs. Our viral entry inhibitors are expected to bind 

HIV-1 with anti-gp120 and link up on the virus in a multivalent and cooperative manner to 

attenuate viral infection. 

3.2 Experimental Section 

3.2.1 Recombinant protein expression 

Recombinant protein expression was completed using the pqE-9 expression vector 

and was previously reported for cysA, Bcys, cysB, nA, and nB (see section 2.2.1).78,118,119 

The cysAlgp120 vector was transformed into E.coli strain SG13009 for expression induced 

by isopropyl β-D-1-thiogalactopyranoside (IPTG). After the expression of recombinant 

proteins, histidine-tagged recombinant proteins were purified using a Ni-NTA affinity 

column. The proteins were then characterized using SDS-PAGE and MALDI mass 

spectrometry on a 5800 MALDI/TOF Mass Spectrometer (AB-SCIEx). Circular dichroism 

(CD) spectroscopy (Jasco J-815 Spectropolarimeter) was completed to verify the 

secondary structure of the proteins. The sequence for cysA fused with anti-gp120, or 

cysAlgp120, is shown in Figure 12a, and sequences for all other proteins were previously 

reported (see Table 1).119 Protein structures of cysA and cysAlgp120 were predicted using 

the Phyre2 server.120 

3.2.2 Synthesis and characterization of GNPs 

The Frens-Turkevich method79 was used to synthesize GNPs as previously 

described119 (see section 2.2.2). GNPs with a diameter of 100 nm were kindly provided by 
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Dr. Li Zhan from Dr. John Bischof's laboratory (University of Minnesota). The GNPs were 

characterized using dynamic light scattering (DLS) and UV-Vis spectrophotometry.  

3.2.3 Surface modification of GNPs with proteins 

The surface of GNPs was modified with either cysA and cysB (cysA-cysB GNPs); 

cysA and Bcys (cysA-Bcys GNPs); cysAlgp120 and cysB (cysAlgp120-cysB); or 

cysAlgp120 and Bcys (cysAlgp120-Bcys) through gold-thiol reaction. The surface 

modification of cysA-cysB and cysA-Bcys GNPS is described previously119 (see section 

2.2.3). The cysAlgp120-cysB GNPs and cysAlgp120-Bcys GNPs were prepared similarly. 

Briefly, the solution of each cysteinated protein (50 µм) was prepared in the presence of 

its non-cysteinated heterodimerizing partner (75 µм) to form heterodimers 

(cysAlgp120/nB, cysB/nA, Bcys/nA). Each solution was prepared in 40 mм HEPES buffer 

with 5 mм TCEP (pH 7.8) and incubated for 12 hours at 4 °C. To modify GNPs, the 

solutions of cysB/nA and cysAlgp120/nB or the solutions of Bcys/nA and cysAlgp120/nB 

were mixed at a 1:1 ratio and then added dropwise to the GNP suspension at a 1:3 ratio 

while stirring, followed by stirring overnight. The protein-conjugated GNPs were stored at 

4⁰C until further use and were characterized using dynamic light scattering (DLS) and UV-

Vis spectrophotometry.  

3.2.4 Characterization methods for protein-modified GNPs 

GNPs were analyzed using DLS and UV-Vis spectrophotometry. Samples were 

filtered through a 0.2-micron filter, and particle size was measured using a 90Plus Particle 

Size Analyzer (Brookhaven) at the 90° scattering angle. The average hydrodynamic 

diameter was determined using the method of cumulants, and polydispersity values lower 

than 0.08 were considered to be monodisperse. UV-Vis spectra were collected from 350 to 
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750 nm on a Cary Win 300 UV-Vis spectrophotometer (Agilent Technologies) at a 

scanning rate of 600 nm min-1 and a 1 nm resolution.  

3.2.5 Determining GNP concentration after protein modification 

 The unmodified GNP concentration was determined using UV-Vis 

spectrophotometry as previously reported by Haiss et al. (refer to section 2.2.7).121 During 

protein conjugation, the GNPs were diluted at a ratio of 2:3, and this dilution factor was 

used to determine the concentration of GNPs after protein conjugation.  

3.2.6 Live/dead assay 

U373-MAGI-CXCR4 cells (obtained from Michael Emerman through the NIH 

AIDS Reagent Program, Division of AIDS, NIAID, NIH) were cultured in Dulbecco's 

modified Eagle's medium (DMEM; Cellgro) plus 10% FetalClone III (FC3; Hyclone) and 

1% penicillin/streptomycin (Invitrogen). 1 mL of MAGI cells at a density of 35,000 cells 

mL-1 were added to a well of a 24-well plate. 24 hours after seeding, 2 mL of protein-

conjugated GNPs were sterile filtered through a 0.2 µm filter into protein low-binding 

microcentrifuge tubes (Eppendorf). The GNPs were then centrifuged at 5.6krcf for 1 hour, 

followed by removing 1.7 mL of the supernatant and adding 500 or 800 µL of MAGI cell 

medium. The GNPs were then added to MAGI cells at final concentrations of 7.35 x 1010 

and 6.30 x 1010 particles mL-1, respectively, followed by culturing cells for 5 days. After 5 

days, cells were stained with ethidium homodimer and calcein AM (0.1% v/v) for 30 min, 

washed once with PBS, and imaged in PBS using a 2.5× objective on a Zeiss Axio Observer 

inverted fluorescence microscope equipped with 470/525 and 550/650 excitation/emission 

filters. 
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3.2.7 Production of HIV-1 pseudotyped particles 

Vector viruses were produced via transient transfection of HEK-293T17 cells as 

previously described.122,123 Briefly, 10 mL 293T17 cells were seeded at a density of 4 x 105 

cells mL-1 in a 10-cm dish. The polyethyleneimine (PEI) method was used to transfect 

DNA: 10 μg pNL43-MIG plasmid DNA, 5 μg of HIV-1 CXCR4-envelope plasmid DNA 

(from Dr. Eric Freed, HIV Drug Resistance Program, Frederick National Laboratory for 

Cancer Research, Frederick, MD, USA), and 44 µL of 1 mg/mL PEI were diluted to a total 

volume of 1 mL in serum-free DMEM. 1 mL of plasmid DNA/PEI solution was added to 

each 10-cm dish. 24 hours post-transfection, the medium was removed and replaced with 

6.5 mL fresh medium. The cell culture supernatants were collected 48 hours post-

transfection, centrifuged at 1000 rpm for 5 minutes, and stored at -80 °C until further use. 

The collected cell culture supernatants containing the virus are referred to as the virus stock 

solutions.  

3.2.8 ELISA assay to determine the concentration of HIV-1  

The concentration of HIV-1 was determined using an ELISA assay to quantify 

HIV-1 p24 protein (Advanced Biosciences Laboratory, Inc). The p24 concentration 

corresponds to the number of viral particles, where 1 ng of p24 is equivalent to 1 x 107 

viral particles.124 It is important to note that the concentration determined through this 

method is the total concentration of virions, including both infectious and non-infectious 

virions. 

3.2.9 In vitro infectivity assays  

 U373-MAGI-CXCR4 cells were used for HIV-1 infectivity assays, following 

previously reported methods.122 One day before infection, 1 mL of MAGI cells were plated 
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at a density of 35,000 cells per mL in a 24 well plate. The cell medium was removed 

immediately before infection, and virus stock (100 µL to 500 µL) was diluted to a total 

volume of 1 mL with fresh medium and added to each of the wells. The medium was 

replaced at 24 hours post-infection, and cells were collected at 72 hours post-infection for 

flow cytometry.   

3.2.10 Preparation of GNPs for infectivity assays 

2 mL of protein-conjugated GNPs were sterile filtered through a 0.2 µm filter into 

protein low-binding microcentrifuge tubes (Eppendorf). The GNPs were then centrifuged 

at 5.6krcf for 1 hour, and 1.7 mL of supernatant was removed. The concentrated GNPs 

were then mixed with virus stock at the desired concentrations, incubated for 30 minutes, 

and diluted to a total volume of 1 mL. This solution was then added to MAGI cells, and 

viral infection was evaluated using the previously described assay. A control experiment 

was conducted without adding GNPs (i.e., only HIV-1 was added to MAGI cells).  

3.2.11 Flow cytometry 

After viral infection, cells were washed in phosphate-buffered saline (PBS) and 

resuspended in 200 µL of 2% FC3-PBS. Expression of mCherry and eGFP was analyzed 

using a BD LSR-II flow cytometer (BD Biosciences). Gates were selected based on a 

forward scatter channel and a side scatter channel with a minimum of 10,000 gated cells 

per sample. mCherry and eGFP were excited with a 488-nm laser and a 561-nm laser, 

respectively. The percent infection was determined by dividing cells positive for both 

mCherry and eGFP by the total number of cells determined by flow cytometry. The relative 

infection (%) was determined by dividing the percent of infected cells in the presence of 

inhibitors by the percent of HIV-1 infected cells (without inhibitors).  
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3.3 Results and Discussion 

3.3.1 Design of protein-modified GNPs 

The design of the nanoparticles is illustrated in Figure 11. A and B proteins were 

previously shown to heterodimerize in the parallel direction through hydrophobic and 

electrostatic interactions.77 Fusion of the anti-gp120 protein to the A protein allows for 

interactions between the GNPs and viral surface through the viral glycoprotein, gp120. We 

previously demonstrated that immobilizing A and B in anti-parallel orientation on the same 

nanoparticle promotes nanoparticle self-assembly, and immobilizing A and B in parallel 

orientation on the same nanoparticle promotes colloidal stability.119 To investigate the 

effects of nanoparticles that target the virus and self-assemble along the viral surface, the 

A protein with anti-gp120 ligand and the B protein were immobilized in the anti-parallel 

orientation to make self-assembling nanoparticles (denoted as cysAlgp120-Bcys). The 

colloidally stable nanoparticles (denoted as cysAlgp120-cysB), with A and B protein in the 

parallel direction, were evaluated as a control.   

3.3.2 Design and synthesis of cysAlgp120 protein 

 To introduce a viral targeting ligand, the anti-gp120 peptide ligand, referred to as 

lgp120, was fused to the cysA protein. Lgp120 has previously been reported to bind HIV-

1 and competitively inhibit binding of HIV-1 gp120 to CD4.125 The sequence of the cysA 

protein fused with lgp120 (denoted as cysAlgp120) is shown in Figure 12a, in which the 

cysteine residue (used for conjugation) is shown in red, the coiled-coil sequence is shown 

in blue, and the lgp120 sequence is shown in green. Lgp120 is located on the C-terminus, 

opposite the cysteine residue, and should appear on the exterior of GNPs after conjugation. 

After protein synthesis and purification, MALDI-MS and SDS-PAGE were used to 
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confirm the molecular weight, which was expected to be 10994 Da (Figure 12b). 

Additionally, the predicted theoretical protein structures for cysA and cysAlgp120 are 

shown in Figure 12c.120 The addition of a short linker chain and the lgp120 peptide 

sequence was not expected to disrupt the coiled-coil structure required for nanoparticle 

self-assembly. CD spectroscopy was used to evaluate the secondary structure of 

cysAlgp120. The CD spectrum (Figure 12d) indicates a coiled-coil structure, as evidenced 

by two minima at 208 nm and 222 nm.126 All other proteins used in this work were 

previously described.77,78  

3.3.3 Conjugation of cysAlgp120 to GNPs with diameters of 20 and 100 nm 

The conjugation of proteins was completed as previously described for cysA-Bcys 

GNPs and cysB-cysA GNPs (see section 2.3.3).119 Three cysteinated coiled-coil proteins, 

cysAlpg120, Bcys, and cysB, and two non-cysteinated coiled-coil proteins, nA and nB, 

were synthesized (see Table 1 and Figure 12a for sequences). Protein solutions were 

prepared with both a cysteinated and non-cysteinated protein partner as previously 

described,119 including cysAlgp120 and nB (cysAlgp120/nB), nA and cysB (nA/cysB), and 

nA and Bcys (nA/Bcys). These heterodimers were then conjugated to GNPs of either 20 or 

~100 nm through a gold-thiol reaction. The solutions of nA/Bcys and cysAlgp120/nB or 

nA/cysB and cysAlgp120/nB were mixed at a 1:1 ratio and added to a GNP suspension at 

a 1:3 ratio while stirring. Like our previous nanoparticle design, GNPs modified with 

cysAlgp120 and Bcys (denoted as cysAlgp120-Bcys GNPs) had the two coiled-coils 

conjugated on the surface in anti-parallel orientation (and thus would self-assemble). In 

comparison, GNPs modified with cysAlgp120 and cysB (denoted as cysAlgp120-cysB 
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GNPs) had the two coiled-coils on the surface in parallel orientation (and thus would be 

colloidally stable). 

Immediately following protein conjugation, DLS was used to evaluate the change 

in nanoparticle size. The hydrodynamic diameters of 20 nm GNPs after protein conjugation 

were approximately 36-37 nm for cysAlgp120-Bcys and cysAlgp120-cysB GNPs (Table 

3). The change in hydrodynamic diameter from 20 nm for unmodified GNPs to 36-37 nm 

for protein-conjugated GNPs suggests an approximately 8-8.5 nm thick corona, consistent 

with our previous finding of approximately 7.9 nm119 and the additional anti-gp120 peptide 

sequence. The polydispersity of the protein-conjugated GNPs was the same as that of 

unmodified GNPs, demonstrating that aggregation did not occur during or after the 

conjugation procedure. The protein-conjugated GNPs were also characterized using UV-

Vis spectrophotometry. The maximum SPR peak of the UV-Vis spectra shifted from 518 

nm for unmodified GNPs to 524 nm for both cysAlgp120-Bcys and cysAlgp120-cysB 

conjugated GNPs (Figure 13). The red-shift in the SPR peak suggested that proteins were 

bound to the GNP surface.127 

For larger GNPs, the average size after protein modification was ~97 nm (Table 3), 

with a starting size of ~88 nm. These GNPs were more disperse than the 20 nm GNPs for 

both unmodified and modified GNPs.   

3.3.4 Protein-modified GNPs are non-toxic to MAGI cells 

 The cytotoxicity of protein-conjugated GNPs was evaluated before completing in 

vitro infectivity assays. cysAlgp120-Bcys (self-assembling) and cysAlgp120-cysB (stable) 

GNPs were added 24 hours after seeding MAGI cells, a cell line designed for in vitro 

studies of HIV-1 infection.128 After 5 days, the cells were stained with live/dead staining 
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and imaged (Figure 14). Few dead cells were observed for both cysAlgp120-Bcys and 

cysAlgp120-cysB. Additionally, the cell morphology was similar between untreated and 

nanoparticle-treated cells. These results suggest that protein-modified GNPs are not 

cytotoxic to MAGI cells after 5 days of exposure, consistent with other reports that indicate 

GNPs are biocompatible and non-cytotoxic.129–131 

3.3.5 HIV-1 is not inhibited by 20 nm cysAlg120 modified GNPs 

 Next, HIV-1 viral particles were produced containing HIV-1 NL4-3 MIG vector 

(which results in a single cycle of infection and expression of mCherry and eGFP in 

infected cells) and pseudotyped with HIV-1 envelope protein (which contains gp120) for 

viral infectivity assays.122,123 An enzyme linked immunosorbent assay, or ELISA, was used 

to determine the total number of viral particles by quantifying the amount of p24 protein, 

an HIV-1 structural protein.124 It is interesting to note that not all viral particles produced 

are infectious. The ELISA assay determines the total number of viral particles but does not 

distinguish infectious virions from non-infectious virions. Therefore, infection was 

assessed before completing nanoparticle dose-response curves to determine an optimal 

virus concentration (>15% infected cells determined by flow cytometry). 

To evaluate the inhibitory effects of cysAlgp120-Bcys GNPs (self-assembling) and 

cysAlg120-cysB GNPs (stable) (20 nm GNPs), nanoparticles were incubated with HIV-1 

for 30 minutes and added to MAGI cells (Figure 15a). After 72 hours post-infection, the 

percent of infected cells was determined using flow cytometry. The percent of infected 

cells was normalized to infected cells not treated with GNPs. Additionally, the inhibitory 

effects of cysAlgp120-Bcys and cysAlgp120-cysB GNPs were compared to GNPs without 
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lgp120 (i.e., cysA-Bcys and cysA-cysB GNPs) to ensure inhibitory effects were due to the 

anti-gp120 ligand. 

First, the maximum possible concentration of protein-conjugated GNPs for in vitro 

infectivity assays was determined. A concentration of 7.70 x 1011 GNPs mL-1 cysA-cysB 

GNPs (without anti-gp120 ligand) inhibited HIV-1 infection by ~37%, while a 

concentration of 3.85 x 1011 GNPs mL-1 had almost no effect (0.5 mL of the virus was 

added for a concentration of 2.56 x 108 virions mL-1). This suggested that high 

concentrations of protein-modified GNPs inhibit viral infection non-specifically, and thus 

a maximum concentration of 3.85x 1011 GNPs mL-1 was used for all future studies.  

The inhibitory effects of cysAlgp120-Bcys, cysAlgp120-cysB, cysA-Bcys, and 

cysA-cysB were then evaluated (Figure 15b). A virus concentration of 2.56 x 108 virions 

mL-1 and GNP concentrations of 3.85 x 1011, 1.92 x 1011, and 7.70 x 1010 GNPs mL-1 were 

used. Protein-modified GNPs with the anti-gp120 ligand increased viral infection instead 

of inhibiting infection. The percent of infected cells increased ~2.1 times and ~2.4 times 

for cysAlgp120-Bcys GNPs and cysAlgp120-cysB GNPs (3.85 x 1011 GNPs mL-1), 

respectively, as compared to virus infected cells. CysA-Bcys and cysA-cysB GNPs showed 

little to no effect on infection. 

3.3.6 HIV-1 is not inhibited by 100 nm cysAlg120 modified GNPs 

Previous reports have shown that larger nanoparticles used for viral inhibition are 

more effective inhibitors than smaller nanoparticles. Vonneman et al. demonstrated that 

smaller nanoparticles were weak viral inhibitors, while larger nanoparticles resulted in 

virus-nanoparticle clusters and were stronger viral infection inhibitors.115 Therefore, 

protein-modified GNPs with a diameter of ~100 nm were examined for their inhibitory 



49 

 

effects (Figure 15c). For this assay, nanoparticle concentrations of 8.25 x 108, 4.30 x 108, 

and 1.65 x 108 particles mL-1 were evaluated (with a virus concentration of 2.17 x 109 

virions mL-1). It was observed that cysAlg120-Bcys and cysAlgp120-cysB GNPs did not 

inhibit viral infection and had similar infectivity levels to the control GNPs without lgp120 

(cysA-Bcys and cysA-cysB). Overall, these results showed that 100 nm GNPs with the 

anti-gp120 peptide were not effective inhibitors of HIV-1 infection. Additionally, an 

increase in infection was not observed for 100 nm cysAlg120-cysB or cysAlgp120-Bcys 

GNPs, as was observed for 20 nm GNPs.  

3.3.7 Cellular internalization is not responsible for the increase in HIV-1 infection 

20 nm GNPS are known to be readily internalized by cells.132 To evaluate if the 

increase in infection observed in Figure 15b was due to internalization or specific 

interactions between HIV-1 gp120 and CD4 cell receptors, the viral infectivity assay was 

completed with cells lacking the HIV-1 receptor CD4. The fibroblast cell line, 3T3, and 

human embryonic kidney cell line, HEK-293T17, which both lack the CD4 receptor, were 

used.  In this assay, 2.17 x 109 viral particles mL-1 (0.5 mL of virus stock) was used, and  

cysAlgp120-cysB and cysA-cysB GNPs at a concentration of 3.85 x 1011 GNPs mL-1 were 

evaluated (cysAlgp120-cysB GNPs showed the greatest increase in infectivity in Figure 

15b). Neither 3T3 nor HEK-293T17 cells were infected with virions as determined by flow 

cytometry (Table 4). These results suggest that the increase in viral infection observed with 

MAGI cells is cell type-specific and does not occur from non-specific cellular uptake of 

nanoparticles bound to virions.  

Additionally, an increase in viral infection for MAGI cells was not observed in this 

experiment, as previously observed (section 3.3.5 and Figure 15b). Instead, a slight 
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decrease in infection was observed for cysA-cysB GNPs and cysAlgp120-cysB GNPs. In 

these two studies, the volume of virus stock solution and the concentration of GNPs were 

controlled. However, the concentrations of virus stocks were different: this virus stock had 

a much higher concentration of virions than the previous study. However, the percent 

infection was similar between cells infected with only the virus in both studies (i.e., without 

GNPs), indicating differences in the percent of infectious virions. This resulted in 

differences between the ratio of GNPs to HIV-1 in each study (Table 5), suggesting that 

the ratio of GNPs to viral particles needs to be optimized and could be a key parameter in 

assessing inhibition of viral infection. 

3.3.8 CysAlgp120 peptide inhibits viral infection 

 The viral infectivity assays with protein-conjugated GNPs showed little to no viral 

inhibition. Therefore, the cysAlgp120 peptide (not conjugated to GNPs) was evaluated for 

viral inhibition using the in vitro viral infectivity assay. Either cysAlgp120 or cysA was 

incubated with HIV-1 for 30 minutes and added to MAGI cells. After 72 hours post-

infection, the cells were analyzed using flow cytometry. The inhibitory effects of 

cysAlgp120 and cysA peptides are presented in Figure 16. 100 µм of the cysAlgp120 

peptide inhibited viral infection to ~70%, while 100 µм of cysA peptide promoted viral 

infection (~126%). These results suggest that the anti-gp120 ligand can inhibit viral 

infection. However, high concentrations of this peptide are required, which may present 

challenges in using this peptide to design viral entry inhibitors.  

3.4 Discussion 

 This work aimed to develop a new approach to HIV-1 viral inhibition. The 

molecular design of the GNPs proposed here utilized a GNP-based platform to display an 
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antiviral ligand for HIV-1 multivalently. After binding the virus, the inhibitors were 

expected to link up and form a stable cage around the virus due to the heterodimerizing 

coiled-coils conjugated to the GNPs. The modified GNPs were expected to exhibit high 

affinity binding to gp120 further stabilized by the in situ self-assembly, blocking the virus 

from entering the cell. However, we observed that protein-conjugated GNPs with the anti-

gp120 ligand did not inhibit viral infection.  

One possible reason for this is that HIV-1 virions have very few envelope 

glycoproteins (or gp120 protein) expressed on the surface (in the range of 7 to 14 envelope 

protein per virus).133,134 Therefore, there are very few sites in which the anti-gp120 

conjugated GNPs could bind. Other viruses, such as influenza virus, have a much larger 

number of proteins on their exterior (influenza has ~400 hemagglutinin proteins).134,135 

These viruses may present an easier target to evaluate the self-assembling viral entry 

inhibitors. To test this, ADA-CM-V4 cells, designed to produce HIV-1 virus-like particles 

with varying amounts of gp120 protein, could be used.136 Infectious viral particles may be 

produced using the ADA-CM-V4 cells with higher levels of gp120, and the inhibitory 

effects of the self-assembling entry inhibitors could be evaluated. 

Another possible reason that the viral entry inhibitors designed here are ineffective 

is the protein-ligand used in these studies. Viral inhibition of cysAlgp120 protein was 

evaluated, and this protein was found to have a concentration at 50% inhibition (or IC50) 

greater than 100 µм. Different peptide ligands can first be screened for their inhibitory 

effects for future studies, followed by fusion to the “A” protein and conjugation to GNPs. 

The following peptide inhibitors have previously been explored for inhibition of HIV-1 

and could be alternative peptides for conjugation to GNPs: 
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1. WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL137 

2. LLQLTVWGIKQLQARIL138  

3. NNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ138 

4. AAAAKILGNQGSFLTKGPSKLAAAA139  

5. SHTTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELL140  

6. HKQPWYDYWLLR141 

These peptide inhibitors could replace the anti-gp120 ligand and be screened for their 

inhibitory effects, as they may be more effective inhibitors of HIV-1 than the anti-gp120 

reported in this work.  

3.5 Conclusions 

 In summary, protein-conjugated GNPs were designed to exhibit self-assembly and 

viral targeting with an anti-gp120 ligand. Towards this, a coiled-coil “A” protein was fused 

to an anti-gp120 ligand (cysAlgp120). Both 20 nm and 100 nm GNPs were conjugated 

with the heterodimerizing coiled-coil proteins, cysAlgp120 and Bcys or cysB, which were 

previously shown to exhibit either self-assembly or stability, respectively. Additionally, 

the protein-conjugated GNPs were used to inhibit HIV-1 infection; however, the GNPs 

showed negligible inhibition. After observing this, the inhibitory effects of cysAlgp120 

protein were assessed and shown to require high concentrations to inhibit viral infection. 

Overall, using a different virus to evaluate the viral entry inhibitors or incorporating other 

targeting peptide ligands in the viral entry inhibitors may be possible approaches to 

overcome the minimal inhibitory effects observed here.   
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Figure 11. Design of viral entry inhibitors. The self-assembling cysAlgp120-Bcys GNPs 

are shown on the left, and the colloidally stable cysAlg120-cysB GNPs are shown on the 

right. The anti-gp120 ligand is shown in red, the cysA protein is shown in blue, and the B-

related proteins are shown in green. HIV-1 image modified from Hedestam et al.142 
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Figure 12. Structure and characterization of cysAlgp120. (a) The sequence of cysAlgp120 

protein. (b) The predicted theoretical protein structures of cysAlgp120 and cysA.120 The 

coiled-coil is shown as a helix in these structures. (c) MALDI-MS data for cysAlgp120 to 

confirm the molecular weight. The inset is SDS-PAGE results confirming the molecular 

weight. (d) CD spectroscopy of cysAlgp120 protein to confirm the coiled-coil structure is 

not disrupted after fusion of the anti-gp120 protein. 
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Table 3. DLS of modified and unmodified GNPs. Dynamic light scattering results of 20 

nm and 100 nm GNPs before and after modification with proteins. The size and 

polydispersity are reported here. 

Dynamic Light Scattering 

 20 nm unmodified GNPs 100 nm unmodified GNPs 

 Size (nm) Polydispersity Size (nm) Polydispersity 

Unmodified GNPs 20.8 0.008 88.8 0.227 

cysAlgp120-Bcys 37.2 0.070 93.6 0.215 

cysA-Bcys 37.6 0.044 92.8 0.235 

cysAlgp120-cysB 36.4 0.029 107.7 0.240 

cysA-cysB 34.6 0.054 93.5 0.250 
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Figure 13. UV-vis spectra before and after conjugation of GNPs. The maximum surface 

plasmon resonance peak is labeled for each spectrum. The unmodified GNPs have an SPR 

peak at 518 nm while the SPR peak for cysAlgp120-Bcys and cysAlgp120-cysB GNPs are 

shifted to 524 nm. 

 



57 

 

 

Figure 14. Cytotoxicity of protein-conjugated GNPs. Live/dead assay of protein-

conjugated GNPs incubated with MAGI cells. Live cells are shown in green and dead cells 

are shown in red. The scale bar is 500 µm. 
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Figure 15. Inhibition of viral infection using protein-conjugated GNPs. (a) In vitro viral 

infection assay used. GNPs and HIV are preincubated for 30 minutes and added to MAGI 

cells. After 72 hours, flow cytometry is used to analyze the percent of infected cells. (HIV-

1 image modified from Hedestam et al.142) (b) Inhibition of viral infection with 20 nm 

protein-conjugated GNPs. (c) Inhibition of viral infection with 100 nm protein-conjugated 

GNPs. Relative infection (%) is determined by dividing the percent of cells infected after 

adding GNPS and HIV-1 by the percent of cells infected after adding only HIV-1. The 

error bars represent standard deviation, n=3. 
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Table 4. Inhibition of HIV-1 infection with different cell types. Relative infection (%) is 

determined by dividing the percent of cells infected after adding GNPs and HIV-1 by the 

percent of cells infected after adding only HIV-1. Results are reported as average ± 

standard deviation, n=2. 

RELATIVE INFECTION (%) 

 MAGI 293T17 3T3 

cysAlgp120-cysB GNPs 93.0±9.4 0.0±0.0 0.0±0.0 

cysA-cysB GNPs 88.9±6.4 0.0±0.0 0.1±0.1 

 

 

 

 

 

 

 

 

 

 

 

 



60 

 

Table 5. Variation in viral inhibition studies. The concentration of GNPs and volume of 

virus were controlled in these experimental replicates; however, the viral stocks in each 

replicate had different concentrations and amounts of infectious viral particles, resulting in 

differences in the ratio of GNPs to HIV-1. Results are reported as average ± standard 

deviation.  

 Replicate 1 Replicate 2 

Ratio of GNPs:HIV-1 1504 177 

% Infection with cysAlgp120-cysB GNPs 218.1±10.0% 93.0±9.4% 

% Infection with cysA-cysB GNPs 107.3±0.6% 88.9±6.4% 

Virus only 100.0±4.8% 100.0±12.2% 

 

 

 

 

 

 

 

 

 

 



61 

 

 

Figure 16. Inhibition of viral infection with free (unconjugated) cysAlgp120. Inhibition of 

viral infection with different concentrations of cysAlgp120 (black) and cysA (red) 

peptides. Relative infection (%) is determined by dividing the percent of cells infected after 

adding peptides and HIV-1 by the percent of cells infected after adding only HIV-1. The 

error bars represent standard deviation, n=3. 
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Chapter 4: Gold nanoparticle immunolabeling of HIV-1 and HTLV-1 virus-like 

particles 

Synopsis 

Envelope glycoproteins, or Env, of human immunodeficiency virus-type 1 (HIV-

1) and human T-cell leukemia virus-type 1 (HTLV-1), are essential for viral entry into host 

cells and potential targets for both vaccine development and new antiviral therapeutics. 

The native distributions and stoichiometries of Env on HIV-1 and HTLV-1 virions have 

not been explored extensively. As an approach to characterize Env glycoproteins, a gold 

nanoparticle immunolabeling strategy was used, followed by imaging with electron 

microscopy. In this work, HIV-1 virus-like particles and HTLV-1 virus-like particles were 

used to optimize the nanoparticle labeling strategy. Ultimately, we aimed to elucidate the 

distribution and quantify Env on both HIV-1 and HTLV-1. 

4.1 Introduction 

According to the Joint United Nations Program for HIV/Acquired 

Immunodeficiency Syndrome (UNAIDS), human immunodeficiency virus (HIV) 

continues to be a severe public health challenge, with approximately 38 million people 

worldwide living with HIV and an estimated 1.7 million newly infected individuals in 

2019.143 Although great strides have been made to elucidate the physical and molecular 

structures of the virus and in therapy development, new infections among adults globally 

have not decreased significantly.144 Vaccines are one of the most promising methods to 

reduce the number of new infections.145 The HIV-1 envelope glycoprotein, or Env, serves 

as the primary target for vaccine development as it is the viral target for neutralizing 

antibody attacks.146,147 Understanding the structure and function, as well as the distribution 
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and quantity of Env on the viral surface, is critical to the development of new therapeutic 

targets and effective vaccines.147  

The primary function of HIV-1 Env is cell entry. HIV-1 Env is essential for the 

virus replication cycle as it mediates attachment to host cell receptors and co-receptors. 

After receptor and co-receptor binding, a conformational change occurs, resulting in fusion 

between the virus and host cells.148 Env is synthesized first as a polyprotein precursor, 

known as gp160 in the endoplasmic reticulum. This polyprotein is cleaved by cellular 

proteases into a transmembrane glycoprotein, gp41, and a surface glycoprotein, gp120. 

Gp120 and gp41 remain associated via non-covalent interactions to form gp120/gp41 

complexes, which are trafficked to the plasma membrane and either incorporated in 

budding virions or recycled back into the cell.134,147 Three copies of gp120/gp41 are 

incorporated as a trimer into budding virions to form the protein known as Env. Env 

initiates the infection process in which gp120 interacts with cell receptors and gp41 

mediates fusion with host cells.149 The structures of gp120 and gp41 on HIV-1 have been 

well explored, and the mechanisms Env uses to traffic to the cell surface have been 

studied.150–155 However, many aspects of Env are unknown, such as how HIV-1 Env is 

incorporated into nascent virions.134 Additionally, the native distribution of Env on HIV-1 

has not been broadly explored, and the distribution and quantification of Env on HIV-1 

produced from different cell types has not been evaluated.133 Because HIV-1 Env is critical 

for viral entry and is a target for vaccine development, studying the native Env distribution 

on HIV-1 is of interest.  

Human T-cell leukemia virus type 1 (HTLV-1), which also has Env glycoproteins 

and is a member of the retrovirus family, is known to cause adult T-cell leukemia and 
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HTLV-1 associated myelopathy (or tropical spastic paraparesis).156 Approximately 5 to 20 

million people are infected with HTLV-1, and about 5% of those cases develop adult T-

cell leukemia.157  HTLV-1 enters cells through interactions between Env and host cell 

receptors, with CD4+ T-cells being the primary target cell in vivo.156 For efficient entry of 

HTLV-1 into T-cells, heparan sulfate proteoglycans (HSPGs) are required.156 

Additionally, the glucose transporter type 1 (GLUT-1) and VEGF-165 receptor Neuropilin 

1 (NRP-1) are necessary for viral entry. However, HTLV-1 preferentially infects new cells 

through direct cell-to-cell transmission, as opposed to cell-free viral infection (i.e., viruses 

are released from cells into the surrounding fluid and then move to infect the next cell158), 

which poses a significant challenge to HTLV-1 research.159  

In HTLV-1 infection, Env is synthesized as a precursor protein, gp62, which is then 

cleaved into the gp46 and gp21 subunits. The gp21 subunit is the transmembrane unit, 

while gp46 is the surface subunit.159 While a crystal structure for gp21 has been solved, the 

structure of gp46 is still unknown. Also, the native distribution of gp46 on the viral surface 

has not been explored for HTLV-1.160 Characterizing the structure and distribution of gp46 

may benefit vaccine development, as gp46 is a potential vaccine candidate for HTLV-1.161  

This chapter presents an approach to characterize the distribution of Env 

glycoproteins on both HIV-1 and HTLV-1 using a gold nanoparticle (GNP)-based 

immunolabeling strategy. Ultimately, this work intended to develop a gold 

immunolabeling strategy as a robust and facile method to study Env distribution, which 

could further be used to understand the distribution of Env on both HIV-1 and HTLV-1. 

Completing these studies would broaden our understanding of the distribution, location, 
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and quantity of gp120 and gp46 on HIV-1 and HTLV-1, respectively, which could have 

implications in developing antiretroviral therapies and vaccine development. 

4.2 Experimental Section 

4.2.1 Materials 

The anti-HIV-1 gp120 monoclonal antibody, 2G12, was obtained from the NIH 

AIDS reagent database (Cat# 1476). 6-nm Colloidal Gold-AffiniPure Goat Anti-Human 

IgG (EM grade) and 6-nm Colloidal Gold-AffiniPure Donkey Anti-Mouse IgG (EM 

Grade) were purchased from Jackson ImmunoResearch. Anti-HTLV-1 gp46 Antibody 

((65/6C2.2.34): sc-57865) was purchased from Santa Cruz Biotechnology. All plasmids 

and HEK-293T17 cells were obtained from Dr. Louis Mansky’s lab at the University of 

Minnesota. 

4.2.2 Production of HIV-1 VLPs 

HEK-293T17 cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM; Cellgro) plus 10% FetalClone III (FC3; Hyclone) and 1% penicillin/streptomycin 

(Pen-Strep; Invitrogen). Virus-like particles (VLPs) were produced via transient 

transfection of HEK-293T17 cells using GenJet following the manufacturer’s instructions. 

Briefly, 10 mL 293T17 cells were seeded at a density of 9×106 cells/mL in a 10-cm dish. 

24 hours after cell seeding, the medium was changed and replaced with 5 mL of medium 

one hour before transfection. For each 10-cm dish, 15 µL of GenJet was added to 235 µL 

of serum-free medium, and 4 µg of HIV-1 Gag plasmid and 0.4 µg codon-optimized HIV-

1 Env plasmid were added to a final volume of 250 µL per plate. The GenJet and plasmid 

DNA solutions were mixed and added to the cells. After 24 hours post-transfection, the 

supernatant was collected, centrifuged at 1800 rpm for 5 minutes, and filtered using a 0.22 
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µm filter. The VLPs were then centrifuged over an Optiprep gradient using high speed 

ultracentrifugation, as previously described.162  

4.2.3 Production of ADA-CM-V4 VLPs 

ADA-CM-V4 cells were provided by Michael B. Zwick (Scripps Institute) and 

maintained in DMEM with 10% FC3, 1% Pen-Strep, and 2 µg/mL puromycin. VLPs were 

produced via transient transfection of ADA-CM-V4 cells using GenJet and 4 µg of HIV-1 

Gag plasmid as described above. These VLPs (denoted as V4-VLPs) were purified using 

the same method as described above.   

4.2.4 Production of HTLV-1 VLPs 

HTLV-1 VLPs were produced via GenJet transfection of 293T cells as described 

above with a 10:1 (m/m) ratio of HTLV-1 Env: HTLV-1 Gag plasmid DNA and purified 

as described above.  

4.2.5 Gold immunolabeling of virus-like particles 

Gold immunolabeling was completed following reported methods.163 Briefly, TEM 

grids (TedPella, Carbon Type B, 300 mesh) were glow discharged. 4 µL of VLPs diluted 

in PBS were added to the TEM grid and incubated for 5 minutes. The excess solution was 

then removed using filter paper. A 20 µL droplet of Milli-Q water was added to a piece of 

Parafilm. The TEM grid was placed on the droplet of water face down. In a humidified 

chamber, a 20 µL droplet of blocking buffer [99 mL PBS, pH 7.4 (Hyclone), 100 μL Tween 

20 (Sigma Aldrich), and 1 mL 30% bovine serum albumin (BSA, IgG free: Sigma Aldrich)] 

was added to a piece of Parafilm. The EM grid was transferred to this droplet face down 

and incubated for 15 minutes. A 20 µL droplet of primary antibody (either anti-HIV-1 

gp120 or anti-HTLV-1 gp46 antibodies) prepared in blocking buffer was then added to the 
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humidified chamber, and the EM grid was incubated on this droplet for 1-2 hours. The 

excess liquid was then removed, and the EM grid was washed by placing it on a droplet of 

washing buffer [100 mL PBS, pH 7.4 (Hyclone), 100 μL Tween 20 (Sigma Aldrich), and 

100 µL 30% bovine serum albumin (BSA, IgG free: Sigma Aldrich)]. The grid was 

incubated for 3 minutes, and the excess liquid was then removed—this step was repeated 

a total of five times. Next, the EM grid was added to a droplet of secondary antibody 

prepared in blocking buffer for 1 hour (either 1:20 v/v dilution in blocking buffer of 6-nm 

colloidal gold AffiniPure Goat Anti-Human IgG or 1:20 v/v dilution in blocking buffer of 

6-nm colloidal gold AffiniPure Donkey Anti-Mouse IgG). The EM grid was washed three 

times in Milli-Q water as described above. Lastly, negative stain (either 2% uranyl acetate 

or 2% uranyl formate) was added to the EM grid for 45 seconds, and the excess negative 

stain was removed using filter paper. The EM grid was then allowed to dry for 2 minutes 

before storage.  

4.2.6 Transmission electron microscopy (TEM) 

VLPs (without immunolabeling) were prepared by dropping 3 µL of VLPs onto an 

EM grid (carbon type B, 300 mesh grid; TedPella), followed by negative staining with 2% 

uranyl acetate or uranyl formate. To negative stain, a sample was washed in uranyl acetate 

or uranyl formate twice, followed by incubating the EM grid in uranyl acetate or formate 

for 45 to 120 seconds. The EM grid was further dried for 12 hours. TEM images were 

collected on a Tecnai T12 instrument operated at 80kV or an FEI Tecnai G2 F30 Field 

Emission Gun Cryo-TEM. 
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4.3 Results 

4.3.1 Gold immunolabeling strategy to quantify gp120 and gp46  

 We proposed gold immunolabeling as a method to quantify the number of gp120 

and gp46 proteins on the surfaces of HIV-1 and HTLV-1, respectively. The gold 

immunolabeling strategy (Figure 17) first involved labeling with a primary antibody that 

targets Env protein (either gp120 on HIV-1 or gp46 on HTLV-1). Next, a GNP-conjugated 

secondary antibody was introduced. The immunolabeled samples were then imaged using 

TEM, as GNPs are readily visualized due to their high electron density.164 The goal was 

first to validate the gold immunolabeling strategy using HIV-1 virus-like particles (VLPs) 

with varying amounts of Env, followed by structural evaluations of HIV-1 and HTLV-1.  

4.3.2 HIV-1 Env on V4-VLPs can be visualized with and without immunolabeling  

HIV-1 VLPs with varying amounts of Env were first made to validate the gold 

immunolabeling method. The ADA-CM-V4 cell line was used to produce VLPs with high 

levels of Env (denoted as V4-VLPs), while the 293T cell line was used to produce VLPs 

with low levels of Env.136 The V4-VLPs are reported to have an average of approximately 

127 Env trimers per VLP (as determined by TEM), while HIV-1 VLPs from 293T cells 

have an average of roughly 2 Env trimers per VLP.136  

As a control, we followed the methods of Stano et al. to determine the number of 

Env proteins without immunolabeling.136 The V4-VLPs were negatively stained with 2% 

uranyl acetate and imaged using TEM, as shown in Figure 18. From these images, the 

presence of Env can be directly visualized using negative staining due to the high number 

of Env proteins present. However, quantification from these images proved difficult due to 
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the collapsed structure of the VLPs, which  frequently occurs due to drying of the EM grid 

or different ionic concentrations.165,166  

The V4-VLPs were then gold immunolabeled for Env (Figure 19).  Gold 

immunolabeling was completed using different primary antibody (2G12) dilutions, 

including 1:100 and 1:1000 dilutions in blocking buffer (v/v) and a secondary antibody 

dilution of 1:20 in blocking buffer (v/v). A dense coating of GNPs was observed on the 

surface of some VLPs, consistent with the unlabeled VLPs and previous results showing a 

high level of Env on the VLP surface.136 However, some VLPs did not exhibit a uniform 

coverage of GNPs. GNPs were not observed on the background of the EM grid and, without 

primary antibody, no GNPs were observed on the VLPs (Figure 19e), suggesting specific 

labeling of Env. The average number of Env per VLP was found to be 147±45 (the GNPs 

were manually counted on VLPs that exhibited uniform immunolabeling, and the resulting 

number was doubled to account for both faces of the VLPs). This number was consistent 

with the 127±31 Env per VLP previously reported.136   

4.3.3 Gold immunolabeling of HIV-1 VLPs is not robust  

 The number of Env proteins on VLPs produced from 293T cells (~2±4 Env per 

VLP) is more similar to native HIV (~7-14) as compared to the V4-VLPs 

(127±31).133,135,136,167 For this reason, VLPs produced from 293T cells were also gold 

immunolabeled. The HIV-1 VLPs were immunolabeled with varying concentrations of the 

2G12 primary antibody, including dilutions of 1:10, 1:100 (v/v in blocking buffer), and 

without primary antibody. A corresponding secondary antibody dilution of 1:20 (v/v in 

blocking buffer) was used for all conditions. The immunolabeled HIV-1 VLPs are shown 

in Figure 20. For the 1:10 2G12 dilution, no immunolabeling of Env was observed on the 
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HIV-1 VLPs (Figure 20a). The 1:100 2G12 dilution showed very few GNPs on VLPs; 

however, most VLPs did not have immunolabeled Env (Figure 20b). Additionally, no 

immunolabeling was observed without the primary antibody (Figure 20c). These data 

indicated that the immunolabeling of HIV-1 VLPs was not robust, which may be due to 

the low number of Env proteins on HIV-1 VLPs produced from 293T cells. More work 

needs to be completed to optimize the immunolabeling procedure.    

4.3.4 Gold immunolabeling of HTLV-1 VLPs is not robust  

 HTLV-1 or HTLV-1 VLPs have not been previously examined for the quantity and 

distribution of Env. Here, HTLV-1 VLPs were gold immunolabeled using a primary 

antibody targeting gp46 with dilutions in blocking buffer (v/v) of 1:10 and 1:50 and a 

corresponding GNP secondary antibody concentration of 1:20 (v/v in blocking buffer). The 

immunolabeled HTLV-1 VLPs are shown in Figure 21. EM images at both primary 

antibody concentrations did not show evidence of specific immunolabeling of Env on the 

VLPs, similar to the results observed for HIV-1 VLPs.   

4.4 Discussion 

 The goal of this work was to quantify Env on HIV-1 and HTLV-1 using a gold 

immunolabeling strategy. The quantification and distribution of Env glycoprotein on HIV-

1 virions have previously been studied using high-resolution 3D cryo-electron 

tomography.133,167 However, this technique requires specialized equipment. Therefore, 

gold immunolabeling labeling was used because it is a more facile method as GNPs are 

readily visualized through TEM at lower resolutions. Gold immunolabeling was expected 

to allow higher throughput analyses to explore the glycoprotein distributions on HIV-1 and 

HTLV-1.  
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To validate the gold immunolabeling strategy, VLPs with varying numbers of Env 

were immunolabeled. V4-VLPs, which exhibit a high number of Env, were amenable to 

immunolabeling, and the number of Env per VLP was consistent with previously reported 

values.136 However, HIV-1 VLPs and HTLV-1 VLPs produced from 293T cells did not 

show specific immunolabeling. This suggests that the number of Env trimers per VLP may 

be too low to observe consistent labeling, or incorporation of Env in VLPs may be non-

homogenous. These results suggest that the gold immunolabeling procedure may need to 

be optimized, which is further discussed.  

Optimization of the immunolabeling procedure may be necessary to quantify Env 

on HIV-1 and HTLV-1. As an alternative to electron microscopy, future work should first 

use fluorescence microscopy. Fluorescence microscopy offers a faster imaging method to 

screen different parameters for immunolabeling, as it has a wider field of view during 

imaging. Fluorescently conjugated secondary antibodies are commercially available, and 

VLPs with fluorescently labeled Gag have previously been developed.152,158  

Colocalization events of the fluorescently labeled antibody and VLP would allow a facile 

method to screen antibodies and antibody concentrations. Although the fluorescent-based 

system would not be quantitative, this approach would show whether VLPs are 

immunolabeled and the corresponding percentage of labeled VLPs. This would be a better 

method to optimize the parameters of immunolabeling as gold immunolabeling and 

imaging with TEM are more costly and time-consuming. 

 An alternative to gold immunolabeling for determining the quantities of Env on 

HIV-1 and HTLV-1 virions is to use high-resolution imaging methods. Previous studies 

with HIV-1 virions have been completed using high-resolution 3D cryo-electron 
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tomography. Cryo-reconstructions of HIV-1 and simian immunodeficiency virus (SIV) 

were conducted to show the distribution and quantify Env.133,167 Additionally, high-

resolution fluorescence imaging, such as stimulated emission depletion super-resolution 

fluorescence microscopy (sSTED-FCS), is another approach to quantify Env and 

determine Env distribution on virions.169,170 Previous work by Chojnacki et al. determined 

the distribution of Env on budding virions and quantified the number of Env on HIV-1.170 

Access to high-resolution imaging instrumentation is limited, but nevertheless, these are 

promising methods to quantify Env on HIV-1 and HTLV-1.  

4.5 Conclusions 

  Overall, this work aimed to quantify Env on HIV-1 and HTLV-1 and characterize 

its distribution using a GNP immunolabeling strategy. In this work, V4-VLPs, which have 

high levels of Env, were robustly immunolabeled. Additionally, the number of GNPs on 

the surface of the V4-VLPs were consistent with the quantity of Env previously reported. 

On the other hand, HIV-1 and HTLV-1 VLPs had no specific immunolabeling events, 

which may be due to the low quantity of Env on the viral surface. These findings indicate 

that gold immunolabeling has potential but may require further optimization for 

biologically relevant viral particles with low levels of Env protein.   

 

 

 

 



73 

 

 

Figure 17. Scheme for nanoparticle immunolabeling strategy. VLPs are first deposited on 

an EM grid, followed by blocking with a blocking buffer, incubating with primary and 

secondary antibodies, and negative staining. Inset shows gold immunolabelled VLP. The 

grids were then imaged using TEM. This image was adapted from “Negative-Stain 

Transmission Electron Microscopy” by BioRender.com (2021). Retrieved from 

https://app.biorender.com/biorender-templates.  
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Figure 18. Negative staining of V4-VLPs. The negatively stained V4-VLPs allow for 

visualization of Env. The less electron dense regions (white regions) on each VLP are Env 

protein. Scale bar is 100 nm. 
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Figure 19. Gold immunolabeled V4-VLPs. V4-VLPs immunolabeled with (a) 1:100 

and (c) 1:1000 primary antibody dilutions in blocking buffer. Higher magnification 

images of gold immunolabeled V4-VLPs with (b) 1:100 and (d) 1:1000 primary 

antibody. Red arrows are used to highlight the GNPs. (e) V4-VLPs immunolabeled 

without primary antibody (negative control). Scale bar is 100 nm. 
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Figure 20. Gold immunolabeled HIV-1 VLPs produced from 293T cells. VLPs 

immunolabeled with (a) 1:10 and (b) 1:100 primary antibody dilutions in blocking buffer. 

(c) VLPs immunolabeled without primary antibody (negative control). Scale bar is 100 nm. 
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Figure 21. Gold immunolabeled HTLV-1 VLPs produced from 293T cells. VLPs were 

immunolabeled with (a) 1:50 and (b) 1:10 primary antibody dilutions in blocking buffer. 

Scale bar is 200 nm. 
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Chapter 5. A novel biodegradable and implantable elastomer 

This work is from the following: Allison Siehr, Craig Flory, Trenton Callaway, Robert 

Schumacher, Ronald A. Siegel, and Wei Shen. “A novel biodegradable and implantable 

elastomer.” (2021), in submission. 

Synopsis 

Biodegradable and implantable materials having elastomeric properties are highly 

desirable for many biomedical applications. Here we report that poly(lactide)-co-poly(β-

methyl-δ-valerolactone)-co-poly(lactide) (PLA-PβMδVL-PLA), a thermoplastic triblock 

poly(α-ester), has combined favorable properties of elasticity, biodegradability, and 

biocompatibility. This material exhibits excellent elastomeric properties in both dry and 

aqueous environments. Elongation at break is approximately 1000% and stretched 

specimens completely recover to their original shape after force is removed. The material 

is degradable both in vitro and in vivo; it degrades more slowly than poly(glycerol sebacate) 

and more rapidly than poly(caprolactone) in vivo. Both the polymer and its degradation 

product show high cytocompatibility in vitro. Histopathology analysis of PLA-PβMδVL-

PLA specimens implanted in the gluteal muscle of rats for 1, 4, and 8 weeks revealed 

similar tissue responses as compared with poly(glycerol sebacate) and poly(caprolactone) 

controls, two widely accepted implantable polymers, suggesting that PLA-PβMδVL-PLA 

has favorable in vivo biocompatibility as an implantable material. The thermoplastic nature 

allows this elastomer to be readily processed, as demonstrated by facile fabrication of 

substrates with topographical cues to enhance muscle cell alignment. These properties 

collectively make this polymer potentially highly valuable for applications such as medical 

devices and tissue engineering scaffolds.  
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5.1 Introduction  

Biodegradable and implantable materials having elastomeric properties are highly 

desirable for many biomedical applications such as medical devices, tissue engineering 

scaffolds, and drug delivery devices.171–174 Biocompatible and biodegradable polyesters, 

such as polycaprolactone (PCL), polylactic acid (PLA), polyglycolic acid (PGA), and their 

copolymers, have been used in many FDA-approved implantable devices.171,175–177 

However, these materials are stiff and non-elastomeric.171,178,179 They have high Young’s 

moduli (PCL: 0.15-0.33 GPa; PLA: 1.9-2.4 GPa; PGA: 7-14 GPa; PLGA: 1.4-2.8 GPa)171 

and small yield strains (PCL: 7.0%; PLA: 1.8-4.0%; PLGA: 0.4-2%),180–183 beyond which 

the materials do not recover from deformation. Elongation at break values are low for PLA 

(2-6%), PGA (15-25%), and PLGA (3-10%).171,180 The mechanical properties of these 

polyesters are not ideal for applications in which materials interface with soft tissues, which 

have elastic moduli on the order of 0.1 kPa to 1 MPa,184,185 and particularly with those 

subjected to large and dynamic strains. Mechanical mismatch between tissue and an 

adjacent implant could greatly affect post-implantation healing and remodeling processes, 

possibly leading to failure of the implant.55,171,186,187 Soft and elastomeric materials that can 

be easily stretched with a large, recoverable strain are highly desirable to address this 

problem.183,186,188–190 

Poly(glycerol sebacate) (PGS) and poly(diol citrate) (PDC) are two of the most 

widely reported materials having collective properties of elasticity, biodegradability, and 

biocompatibility.171,191 However, PGS and PDC are both thermosetting polyesters 

synthesized through polycondensation and curing by the reaction between carboxyl and 

hydroxyl groups, which is typically conducted at a relatively high temperature under 
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vacuum for an extended period of time.171,188,191 The thermosetting nature of PGS and PDC 

imposes limitations on material processing; the harsh synthesis conditions make it 

challenging to incorporate bioactive molecules required for certain applications.172,191–193 

In addition, it has been reported that PGS with low modulus exhibits cytotoxicity.194 

Finally, materials synthesized by different authors under similar conditions do not have 

consistent properties, suggesting that such processes offer poor synthetic control.195 

Elastin-based elastomers are also biodegradable, and they have been studied for 

various biomedical applications.196–199 2These elastomers are prepared by chemically 

crosslinking animal-derived soluble elastin, recombinant human tropoelastin, or elastin-

like polypeptides. Therefore, elastin-based elastomers are also thermosetting materials. 

These protein-based elastomers are expensive to produce. In addition, when protein-based 

materials are used as implantable materials, they generally raise concerns of 

immunogenicity, which needs to be carefully addressed.171  

Thermoplastic polymers potentially have advantages over thermosetting polymers 

in allowing more facile material processing and better synthetic control,171 and therefore 

thermoplastic elastomers that can be used as implantable materials are highly attractive. It 

has been reported that random copolymerization of caprolactone with glycolic acid or lactic 

acid yields elastomers, in which chain entanglements possibly serve as physical 

crosslinks.171,200–202 However, random copolymers typically have poorly controlled 

molecular structures and broad molar mass distributions.203 Thermoplastic multiblock 

poly(ester-urethane)s composed of PLLA and PCL blocks have also been reported to be 

elastomers.187 However, these materials have Young’s moduli greater than 30 MPa,187 

much stiffer than soft tissues.184,185  
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Thermoplastic poly(lactide)-co-poly(β-methyl-δ-valerolactone)-co-poly(lactide) 

(PLA-PβMδVL-PLA) triblock polyesters exhibit elastomeric properties.204 These 

materials are highly stretchable and recover nearly completely after force is removed. The 

elastomeric properties are provided by the PβMδVL midblock, which is amorphous and 

has a low glass transition temperature (-51 °C). The PLA endblocks form physical 

junctions and provide mechanical strength and modulus. These polymers can be 

synthesized using well controlled ring opening transesterification polymerization, which 

allows molecular architecture, molar mass, and composition of triblock polymers to be well 

controlled and easily tuned.204,205 This further allows controllable and tunable material 

properties, including mechanical properties and polymer degradation rates.204 In addition, 

PLA-PβMδVL-PLA polymers can be synthesized through an economically viable route,204 

and their thermoplastic nature makes these polymers easily processable.171  

However, it has never been reported whether PLA-PβMδVL-PLA polymers are 

suitable for biomedical applications, particularly as implantable materials. We 

hypothesized that these polyester-based materials would retain elastomeric properties in an 

aqueous environment and exhibit biocompatibility comparable to that of PGS and PCL. In 

this study, we examined the elastomeric properties of a PLA-PβMδVL-PLA polymer that 

has a Young’s modulus of approximately 1 MPa in both dry and PBS conditions. We also 

examined degradation and biocompatibility of this material in vitro and in vivo. To 

demonstrate the ease of material processing, we fabricated cell culture substrates with 

topographical cues and examined muscle cell alignment on these substrates. 
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5.2 Experimental Section 

5.2.1 Synthesis of β-methyl-δ-valerolactone  

β-methyl-δ-valerolactone (βMδVL) was synthesized from 3-methyl-1,5-

pentanediol as previously reported.206 Briefly, 3-methyl-1,5-pentanediol (1 L; TCI 

America) and copper chromite (50 g, Sigma Aldrich) were added to a 2L two neck, round 

bottomed flask. The flask was fitted with a thermometer adapter in one neck and a Dean-

Stark apparatus coupled to a condenser in the other neck. The condenser was connected 

with a bubbler filled with silicone oil. The flask was heated to 240 °C while stirring, and 

the reaction was continued for 20 hours.  

After cooling, the product was purified via four fractional distillations under 

reduced pressure; during each distillation, the initial distillate collected at 38 °C-54 °C and 

53.3 Pa (approximately 5%) was discarded, and the βMδVL product was collected at 55 

°C and 53.3 Pa. The first fractional distillation was performed for the crude product over 

copper chromite. To further remove a minor impurity, 4-methyl-3,4,5,6-tetrahydro-2H-

pyran-2-ol (which could be detected at 5.3 ppm in 1H NMR spectrum), phosphorus 

pentoxide (5 g, Sigma Aldrich) was added to the product collected in the first distillation 

and stirred at 120 °C for 12 hours to dehydrate the impurity, followed by a second fractional 

distillation. To thoroughly remove water, the collected βMδVL was dried over calcium 

hydride for 2 days, followed by another fractional distillation; this drying step was repeated 

twice. 1H NMR was used to confirm high purity of βMδVL. 1H NMR shifts for βMδVL 

(500 MHz, CDCl3, 25 °C): δ 4.40 (−O-CH2-CH2−); 4.26 (−O-CH2-CH2−); 2.66 (−CO-

CH2-CH(CH3)−); 2.12 (−CO-CH2-CH(CH3)−); 2.10 (−CO-CH2-CH(CH3)−); 1.95 

(−CH(CH3)-CH2-CH2-); 1.54 (−CH(CH3)-CH2-CH2−); 1.08 (−CH(CH3)-CH2-CH2−). 
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5.2.2 Synthesis and purification of poly(β-methyl-δ-valerolactone)  

Poly(β-methyl-δ-valerolactone) (PβMδVL) was synthesized through solvent-free 

ring-opening polymerization of βMδVL at room temperature as previously reported.205 All 

the reagents and glassware were dried thoroughly prior to use, and the reaction was set up 

in a glove box with inert atmosphere. The monomer βMδVL (100 g) and the initiator 1,4-

benzenedimethanol (BDM, Acros Organics, 138 mg) were added to a pressure vessel and 

stirred until BDM was completely dissolved, followed by addition of the catalyst diphenyl 

phosphate (DPP, Sigma Aldrich) at a monomer:catalyst molar ratio of 400:1. The amount 

of BDM added in the reaction mixture was determined from the desired molar mass of 100 

kDa for PβMδVL and an assumption of 85% conversion. The pressure vessel was sealed 

and polymerization was continued for 20 hours at room temperature, followed by 

quenching with triethylamine (Macron Fine Chemicals) at a triethylamine:catalyst molar 

ratio of 5:1. To purify PβMδVL, the reaction mixture was dissolved in dichloromethane 

and the solution was added in cold methanol dropwise while stirring to precipitate the 

polymer, followed by drying the polymer under vacuum for 48 hours. Success of 

polymerization and polymer purity were verified by 1H NMR.  The percentage of monomer 

conversion was determined from the 1H NMR spectrum of unpurified product according 

to the following equation:  

𝐼𝑛𝑡𝑟𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑃𝛽𝑀𝛿𝑉𝐿 𝑝𝑒𝑎𝑘

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝛽𝑀𝛿𝑉𝐿 𝑝𝑒𝑎𝑘𝑠 + 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑃𝛽𝑀𝛿𝑉𝐿 𝑝𝑒𝑎𝑘 
∗ 100 = % 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛     Equation 7 

in which the PβMδVL peak at 4.12 ppm corresponds to the two methylene protons (−O-

CH2-CH2−) and the βMδVL peaks at 4.40 ppm and 4.26 ppm correspond to the two 

methylene protons adjacent to the ester group (−O-CH2-CH2−). Size exclusion 

chromatography coupled with multi-angle laser light scattering (SEC-MALLS) was used 
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to determine molar mass of synthesized PβMδVL. 1H NMR shifts for PβMδVL (500 MHz, 

CDCl3, 25 °C): δ 4.12 (−O-CH2-CH2−); 2.31 (−CO-CH2-CH(CH3)−); 2.18 (−CO-CH2-

CH(CH3)−); 2.08 (−CH2-CH(CH3)-CH2−); 1.70 (−CH(CH3)−CH2−CH2−); 1.53 

(−CH(CH3)-CH2-CH2−); 0.98 (−CH2-CH(CH3)-CH2−). 13C NMR shifts for PβMδVL (126 

MHz, CDCl3, 25 °C): δ 172.63 (-CH2-CO-O-); 62.30 (-CH2-CH2-O-); 41.50 (-CH(CH3)-

CH2-CO-); 35.11 (-CH2-CH2-CH(CH3)-); 27.42 (-CH2-CH(CH3)-CH2-); 19.51 (-CH2-

CH(CH3)-CH2-). 

5.2.3 Synthesis of PLA-PβMδVL-PLA 

PLA-PβMδVL-PLA was synthesized by extending the bifunctional telechelic 

PβMδVL (having one hydroxyl group on each end and serving as a macroinitiator) through 

ring-opening polymerization of lactide as previously reported.205 Polymerization was 

conducted in a glove box with inert atmosphere. A solution of D,L-lactide (1M, Ortec) was 

prepared in anhydrous toluene (Sigma Aldrich) and added to PβMδVL in a pressure vessel 

(38.5 g PβMδVL, 9.2 g lactide, 98 mL toluene), and the mixture was heated to 145 °C 

while stirring until PβMδVL was fully dissolved. The catalyst tin (II) ethylhexanoate 

(Sigma Aldrich) was dissolved in anhydrous toluene (6.87 mg/mL) and added to the 

reaction mixture to a final mass of 20.7 mg. The reaction was carried out at 140 °C for 6 

hours and quenched by cooling to room temperature.  

To purify PLA-PβMδVL-PLA, the reaction mixture was dissolved in 

dichloromethane and the solution was added to cold methanol dropwise to precipitate the 

polymer. The precipitated polymer was dissolved in chloroform, followed by addition of 

activated charcoal (Sigma Aldrich) to thoroughly remove the catalyst. The charcoal was 

removed through filtration, first through Coarse Porosity Filter Paper (Fisher, P8) and then 
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through Glass Microfiber Filter Paper (GE Healthcare Life Sciences Whatman, 0.1 µm 

pore size), and the polymer was precipitated in cold methanol. Purification with activated 

charcoal was repeated twice. The polymer was dried for 24 hours in a fume hood, followed 

by drying under vacuum (101.5 kPa) for a minimum of 3 days to thoroughly remove the 

solvent.  

PLA-PβMδVL-PLA synthesis was characterized by SEC-MALLS, 1H NMR, and 

13C NMR. SEC-MALLS was used to determine molar mass of the synthesized polymer 

and its distribution; an increase in molar mass as compared with that of PβMδVL and a 

unimodal distribution were expected for successfully synthesized PLA-PβMδVL-PLA. 1H 

NMR and 13C NMR were used to confirm the presence of PLA endblocks. The weight 

percentage of PLA endblocks was determined from the 1H NMR spectrum according to the 

following equation: 

(𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑃𝐿𝐴 𝑝𝑒𝑎𝑘 ∗144.1)

(𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑃βMδVL 𝑝𝑒𝑎𝑘∗114.2)+(𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑃𝐿𝐴 𝑝𝑒𝑎𝑘∗144.1)
= % 𝑃𝐿𝐴    Equation 8 

in which the PLA peak at 5.16 ppm corresponds to the methine protons (-O-CH(CH3)-CO-

) and the PβMδVL peak at 4.12 ppm corresponds to the methylene protons (−O-CH2-

CH2−). 1H NMR shifts for PLA-PβMδVL-PLA (500 MHz, CDCl3; 25 °C): δ 5.16 

(−O−CH(CH3)−CO−); 4.12 (−O-CH2-CH2−); 2.31 (−CO-CH2-CH(CH3)−); 2.18 (−CO-

CH2-CH(CH3)−); 2.08 (−CH2-CH(CH3)-CH2−); 1.70 (−CH(CH3)−CH2−CH2−); 1.58 

(−O−CH(CH3)−CO−); 1.53 (−CH(CH3)-CH2-CH2−); 0.98 (−CH2-CH(CH3)-CH2−). 13C 

NMR shifts for PLA-PβMδVL-PLA (126 MHz, CDCl3, 25 °C): δ 172.63 (-CH2-CO-O-); 

169.40 (-CO-CH(CH3)-); 69.00 (-CO-CH(CH3)-O); 62.30 (-CH2-CH2-O-); 41.50 (-
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CH(CH3)-CH2-CO-); 35.11 (-CH2-CH2-CH(CH3)-); 27.42 (-CH2-CH(CH3)-CH2-); 19.51 

(-CH2-CH(CH3)-CH2-); 16.65 (-CO-CH(CH3)-O-). 

5.2.4 NMR Spectroscopy 

1H NMR and 13C NMR spectroscopy was performed at 25 °C on a 500 MHz Bruker 

Avance III HD with a SampleXpress spectrometer. 1H NMR spectra were acquired with 

64 scans, and 13C NMR spectra were acquired with 128 scans. Solutions were prepared in 

99.8% CDCl3 with 1% (v/v) tetramethylsilane (TMS, Cambridge Isotope Laboratories) or 

D2O (Cambridge Isotope Laboratories). Chemical shifts are reported in ppm with respect 

to the TMS standard (set to 0.00 ppm) or D2O (set to 4.70 ppm) as a reference.  

5.2.5 Size Exclusion Chromatography 

Molar masses and dispersity of polymers were characterized by SEC-MALLS. The 

SEC instrument was equipped with three successive Phenomenex Phenogel-5 columns, a 

Wyatt Technology DAWN DSP multi-angle laser light scattering (MALLS) detector, and 

a Wyatt Optilab EX RI detector. Polymer samples were prepared at a concentration of 2 

mg/mL, and 100 µg of polymer was injected for each analysis, which was performed at 25 

°C with THF as the mobile phase (at a flow rate of 1 mL/min). Molar mass and dispersity 

were determined from chromatograms using Astra software (Wyatt Technologies). The 

dn/dc value of PLA-PβMδVL-PLA used for the analysis was 0.059 mL/g, as calculated 

from the weighted average of the dn/dc values of the PβMδVL and PLA blocks (0.0625 

mL/g205 and 0.042 mL/g,207 respectively) using the weight percentages determined by 1H 

NMR.  
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5.2.6 Polymer fabrication  

Polymer films (approximately 0.3 mm thick) were fabricated for examining 

mechanical properties, in vitro cytotoxicity, and in vitro degradation. PLA-PβMδVL-PLA 

(1 g) was sandwiched between two Teflon sheets and compressed at 120 °C and 454 kg for 

5 mins in a Carver press (Carver 4386 hot press) to yield a film. To fabricate PCL (Sigma 

Aldrich, Mn=45kDa) or PLA (NatureWorks, Mn=80kDa) controls, 10 mL of polymer 

solution (20% w/v, dissolved in chloroform) was poured into a 9-cm petri dish, followed 

by drying in a fume hood for 48 hours and then in a vacuum oven (101.5 kPa) for 3 days. 

The dried PCL or PLA was sandwiched between two Teflon sheets and compressed at 60 

°C (for PCL) or 180 °C (for PLA) and 454 kg for 5 mins in the Carver press to yield a film. 

To fabricate the PGS control, 0.8 grams of Regenerez poly(glycerol sebacate) resin (Secant 

Group) was placed in a 5-cm glass petri dish and cured in a vacuum oven (101.5 kPa) at 

130 °C for 3 days to yield a film. Specimens for mechanical testing were cut from films 

using a dog bone shaped dye (14 mm gauge length), and specimen thicknesses were 

measured with a caliper. Specimens for evaluating in vitro cytocompatibility and 

degradation were cut using 8 mm or 6 mm biopsy punches.  

PLA-PβMδVL-PLA cell culture substrates with a microgroove surface topography 

were fabricated by thermocompression. A micropattern (10 µm groove/ridge width; 1 µm 

depth) was fabricated on a silicon wafer and transferred to poly(dimethyl siloxane) 

(PDMS) through molding as previously reported.208 To transfer the micropattern from 

PDMS to PLA-PβMδVL-PLA, the patterned PDMS mold and a PLA-PβMδVL-PLA film 

(placed on a 18 mm×18 mm glass coverslip), respectively, were heated to 180 °C for 10 

min on a platen of a Carver Press. The hot PDMS mold was then placed on the hot PLA-
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PβMδVL-PLA film immediately (the patterned side of PDMS interfaced with PLA-

PβMδVL-PLA), and a 250 g weight was placed on the top of the PDMS until cooled to 

room temperature, resulting in a patterned PLA-PβMδVL-PLA film. Non-patterned PLA-

PβMδVL-PLA controls were fabricated through a similar thermocompression procedure 

in which the patterned PDMS was replaced with flat PDMS.  

 Disk shaped specimens (6 mm in diameter and 3 mm thick) of PLA-PβMδVL-PLA 

and controls (PGS and PCL) were fabricated for animal studies. To prepare PLA-PβMδVL-

PLA specimens, 3 g of the polymer was placed in a mold cavity (16 mm in diameter and 3 

mm high) sandwiched between two Teflon sheets and heated to 180 °C for 5 min in a 

Carver press (Carver 5370 AutoFour/4819 ASTM Molding Laboratory Press), followed by 

pressing at 363 kg for 10 min and with 2268 kg for 5 min sequentially. The polymer was 

cooled in the press using water injected cooling to room temperature, and then removed 

from the mold. PLA-PβMδVL-PLA disks were cut to size using a 6-mm biopsy punch. To 

prepare PCL specimens (Sigma Aldrich, 45kDa), polymer pellets were placed in a mold 

cavity (6 mm in diameter and 3 mm high) sandwiched between two Teflon sheets and 

heated to 85 °C for 5 min in the Carver press, followed by pressing at 363 kg for 10 min 

and at 2268 kg for 5 min sequentially. The polymer was cooled in the press using water 

injected cooling. To prepare PGS specimens, 8 g of Regenerez poly(glycerol sebacate) 

resin was placed in a 5 cm glass petri dish and cured in a vacuum oven (101.5 kPa) at 130 

°C for 3 days to yield a 3 mm thick product. Disks 6 mm in diameter were punched out 

using a biopsy punch.  
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5.2.7 Tensile testing 

Uniaxial extension tests of dry and wet specimens were performed at a strain rate 

of 10 mm/min on a Shimadzu AGS-X tensile tester to reveal elongation at break and 

ultimate tensile strength. Wet specimens were incubated in PBS at 37 °C for 24 hours and 

removed from the solution and patted dry with a KimWipe immediately prior to mechanical 

testing. 

Tensile hysteresis tests in both dry and wet conditions were performed on a 

TestResources 100Q Tensile Tester equipped with a liquid bath. To perform tests in the 

wet condition, specimens were incubated in PBS at 37 °C for 24 hours, and then loaded in 

tensile tester grips and submerged in a bath filled with PBS for measurement. Tests were 

performed with a maximum strain of 50% and a strain rate of 10 mm/min for 20 cycles. 

Young’s modulus was determined from the low strain region (0‒5%) of the extension curve 

in the first cycle.209 Hysteresis loss was calculated by dividing the area between the 

extension and contraction curves by the total area under the extension curve.206  

Tensile set was measured for dry and wet specimens on a TestResources Q100 

Tensile Tester following ASTM standard D412-16.210 Specimens were stretched to 50% 

strain within 15 seconds, held at 50% strain for 10 minutes, and retracted to the starting 

position at a rate of 10 mm/min. After the grip was returned to its starting position, 

specimens were removed from the tensile tester followed by measuring specimen length 

using a caliper immediately and every 10 minutes afterwards. Tensile set was calculated 

by dividing the change in specimen length (with respect to the initial length) by the initial 

length. 
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5.2.8 In vitro degradation of PLA-PβMδVL-PLA  

The initial mass of each polymer film (8 mm in diameter and approximately 0.3 

mm thick) was recorded. Each film was soaked in Pen-Strep (5%) for 2 hours for 

sterilization, washed with PBS three times, placed in 6 mL of PBS or PBS containing 2000 

IU/mL lipase from T. lanuginosus (Sigma Aldrich, >100,000 IU/mL), and incubated at 37 

°C on a rotational shaker. PBS and lipase solution were both adjusted to pH 7.2 and 

sterilized by filtration prior to use. The solution in each sample was changed weekly. At a 

predetermined time point, a sample was rinsed with water, patted dry, and dried under 

vacuum to constant weight (no weight change for 3 days). The mass of the dried sample 

was recorded and compared with the initial mass. The sample was then dissolved in THF 

and subjected to SEC-MALLS analysis to reveal the change in molar mass.  

5.2.9 In vitro cytocompatibility of PLA-PβMδVL-PLA  

 In vitro cytocompatibility of PLA-PβMδVL-PLA was examined by live/dead 

staining and Alamar Blue assay. PGS, PCL, PLA, and standard tissue culture polystyrene 

(TCPS) were used as controls. For live/dead staining, polymer films (8 mm in diameter) 

were adhered to glass coverslips with a thin layer of autoclaved vacuum grease, soaked in 

Pen-Strep (5%) for 2 hours for sterilization, washed with PBS three times, and placed in a 

well of a 24-well plate. The films and TCPS were soaked in culture medium (DMEM with 

10% FBS and 1% Pen-Strep) overnight, followed by seeding NIH 3T3 fibroblasts at a 

density of 50,000 cells per well. Cells were cultured for 24 hours and stained with ethidium 

homodimer and calcein AM.  

For Alamar Blue assay, polymer films (6 mm in diameter) were soaked in Pen-

Strep (5%) for 2 hours for sterilization and washed with PBS three times. The films were 
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each affixed to the bottom of a well in 96-well plates by a thin layer of autoclaved vacuum 

grease. The films and TCPS were soaked in cell culture medium overnight, followed by 

seeding 3T3 fibroblasts or C2C12 cells at a density of 5,000 cells per well. The cells were 

cultured in 100 µL of phenol red-free culture medium for 24 hours, followed by Alamar 

Blue assay. 

The result from Alamar Blue assay performed for cells cultured for 24 hours reflects 

combined effects of the material cytocompatibility and the cell adhesive property of a 

material. To decouple these effects and evaluate only material cytocompatibility, PLA-

PβMδVL-PLA films and controls were coated with Matrigel (130 µg/mL in PBS) at 4 °C 

overnight, followed by seeding 3T3 fibroblasts at a density of 5,000 cells per well. In 

addition, culture medium was changed at 4 hours after cell seeding to remove non-adherent 

cells for all the samples, and Alamar Blue assay was performed at both 24 hours and 4 

hours (as a normalization reference). The increase in cell number between 4 hours and 24 

hours (the ratio of the Alamar Blue signals at these two time points) reflected material 

cytocompatibility. Experiments were performed in triplicate. 

5.2.10 In vitro cytocompatibility of the degradation product of PβMδVL 

The degradation products from complete hydrolysis of PβMδVL and PCL are 5-

hydroxy-3-methyl-pentanoic acid and 6-hydoxy-caproic acid (or the carboxylate salts 

depending on the pH), respectively. To evaluate their cytocompatibility, these two 

compounds were synthesized through hydrolysis of β-methyl-δ-valerolactone and ε-

caprolactone, respectively, as previously reported.211 To synthesize sodium 5-hydoxy-3-

methyl-pentanoatate, 0.117 mL of βMδVL was slowly added to 1.116 mL of aqueous 

solution containing 0.0077 moles of NaOH while stirring (1/5 of the βMδVL was added 
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every 30 minutes). To synthesize sodium 6-hydoxycaproate, 0.171 mL of ε-caprolactone 

was slowly added to 1.147 mL of aqueous solution containing 0.0077 moles of NaOH in a 

similar manner. Each mixture was stirred for 24 hours, and the pH value was checked to 

confirm complete consumption of NaOH. To remove unreacted lactone, the reaction 

mixture was mixed with dichloromethane (the volume ratio of DCM to the reaction mixture 

was 3:1) thoroughly in a separatory funnel, and allowed to separate for 6 hours. The 

carboxylate salt product in the water fraction was collected and lyophilized. Purity of the 

product was confirmed by 1H NMR. 1H NMR shifts for sodium 5-hydroxy-3-

methylpentanoate (500 MHz, D2O; 25 °C): δ 3.56 (-OH-CH2-CH2); 2.12 (-CH(CH3)-CH2-

CO-); 1.86-1.90 (-CH(CH3)-CH2-CO-) and (-CH2-CH(CH3)-CH2-); 1.48 (-CH2-CH2-

CH(CH3)-); 1.35 (-CH2-CH2-CH(CH3)-); 0.83 (-CH2-CH(CH3)-CH2-). 
1H NMR shifts for 

sodium 6-hydroxycaproate (500 MHz, D2O; 25 °C): δ 3.51 (-HO-CH2-CH2-); 2.10 (-CH2-

CH2-CO-); 1.49 (-OH-CH2-CH2-CH2-); 1.47 (-CH2-CH2-CH2-CO-); 1.25 (-CH2-CH2-

CH2-).  

Cytocompatibility of sodium 5-hydroxy-3-methyl-pentanoate and sodium 6-

hydoxy-caproate was evaluated by examining dose response curves of cell viability. 

Fibroblasts (3T3) were seeded in 96-well plates at a density of 5,000 cells per well and 

cultured in 100 µL of medium for 24 hours. The medium was replaced with serum-free 

DMEM medium containing a test compound or no test compound (control), and the 

samples were incubated for an additional 24 hours, followed by Alamar Blue assay. 

Fluorescence intensity of each sample containing a test compound was normalized to that 

of the control. A dose–response curve of normalized cell viability was plotted, and TD50 
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(median toxic dose) was determined using GraphPad Prism 9.0. Experiments were 

performed in triplicate. 

5.2.11 Live/dead staining and Alamar Blue assay 

 For live/dead staining, cells were incubated with ethidium homodimer and calcein 

AM (0.1% v/v) for 30 min in the dark, followed by washing with PBS. Samples were 

imaged with a 5× objective on a Zeiss Axio Observer inverted fluorescence microscope 

equipped with 470/525 and 550/650 excitation/emission filters. Polymer films were placed 

on a glass slide, with the side having cells facing down, for imaging. Cells cultured on 

TCPS were imaged directly in culture wells.  

 For Alamar Blue assay, cells were cultured in 96-well plates in 100 µL of phenol 

red-free culture medium. Alamar Blue reagent (Bio-Rad, 11 µL) was added to each well, 

followed by incubation in a tissue culture incubator for 4 hours. The culture medium in 

each sample (100 µL) was transferred to a new 96-well plate, and fluorescence intensity 

was measured at excitation/emission wavelengths of 560/590 nm using a BioTek Cytation 

3 Cell Imaging Multi-Mode plate reader.   

5.2.12 Characterization of C2C12 cells cultured on micropatterned PLA-PβMδVL-PLA 

Patterned and non-patterned PLA-PβMδVL-PLA films processed through 

thermocompression were cut to 9 mm×9 mm in size, sterilized in 5% Pen-Strep for 2 hours, 

and washed with PBS three times. Each film was placed in a well of a 24-well plate and 

coated with Matrigel (130 µg/mL in PBS) at 4 °C overnight. The TCPS control was treated 

with Matrigel in the same manner. C2C12 cells were seeded at a density of 475,000 cells 

per well and cultured in growth medium (DMEM with 20% FBS, 1% Pen-Strep, and 1% 

Glutamax) for 24 hours, and then switched to differentiation medium (DMEM with 2% 
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Horse serum and 1% Pen-Strep) to initiate differentiation. Medium was changed gently 

every 2 days. At pre-determined time points, live/dead assay or immunofluorescent 

staining for myosin heavy chain (MHC) were performed.  

For immunofluorescent staining, cells were fixed with 4% paraformaldehyde, 

permeabilized with 0.01% Triton X-100, and blocked with 5% bovine serum albumin. 

Samples were incubated with the primary antibody MF20 (targeting MHC, 1:100, 

Developmental Studies Hybridoma Bank) at 4 °C overnight, followed by washing with 

PBS three times. Samples were then co-stained with AlexaFlour-488 conjugated donkey 

anti-mouse IgG (1:50, Jackson ImmunoResearch) and Hoechst 33342 at room temperature 

for 2 hours, followed by washing with PBS three times. Samples were imaged with a 5× 

objective on a Zeiss Axio Observer inverted microscope equipped with 365/445 and 

470/525 excitation/emission filters.  

 Fusion index, length, and alignment of myotubes were analyzed from the acquired 

images. Fusion index (the ratio of nuclei within myotubes that contain three or more nuclei 

to the total nuclei) was determined using MyoCount software.212 Myotube length was 

characterized by manually drawing a line along a myotube between its two endpoints in 

FIJI/ImageJ and measuring the length of the line segment. Quantitative analysis of cell 

alignment with respect to microgroove direction was performed as previously reported.208 

5.2.13 In vivo biocompatibility and degradation 

Disk shaped specimens (6 mm in diameter and 3 mm thick) of PLA-PβMδVL-PLA 

and controls (PGS and PCL) were each weighed and sterilized with ethylene oxide gas. 

Specimens were implanted under the fascia of the right or left gluteal muscles of female 

Sprague-Dawley rats; animals having a PLA-PβMδVL-PLA specimen implanted on one 
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side had either a PGS or a PCL control on the other side. The surgical procedures and 

animal care followed an approved IACUC protocol in compliance with the regulations of 

the University of Minnesota and the NIH. Briefly, analgesic buprenorphine SR-LAB was 

administered for post-operative pain relief and the animals were anesthetized with 

isoflurane. In a sterile field, an incision was made in the skin of the flank over the gluteal 

muscle to expose the muscle, and a polymer specimen was implanted into the muscle. The 

incision was closed with a suture. Shams were performed with identical surgical procedures 

except that no specimen was implanted. At predetermined time points, animals were 

sacrificed, and specimens were harvested for examination of in vivo biocompatibility or 

degradation.  

For biocompatibility evaluation, three specimens, each with surrounding gluteal 

muscle attached, were harvested at every time point for each polymer. Specimens were 

fixed in 10% neutral buffered formalin and stained with Hematoxylin and Eosin (H&E), 

followed by histopathologic evaluation performed by a board-certified veterinary 

pathologist who was blinded to the identity of each slide. Samples were evaluated for 

inflammation, granulation tissue formation, foreign body giant cell formation, and 

thickness of the fibrovascular connective tissue capsule surrounding the implant. 

For in vivo degradation evaluation, specimens were explanted (four for each 

polymer at every time point) and the surrounding tissue was completely excised. Each 

sample was washed with water extensively, patted dry with a KimWipe, and dried in a 

desiccator to constant weight (no weight change over 3 days). The mass of each sample 

was recorded and compared to the pre-implantation mass to determine mass loss. The 
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specimen was then dissolved in THF and subjected to SEC-MALLS analysis to assess 

change in molar mass of the explanted polymer. 

5.2.14 Statistical analyses  

Statistical analyses were performed using GraphPad Prism 9.0. Unpaired Welch’s 

t-test, Welch’s one-way ANOVA followed by Dunnett’s multiple comparison post hoc test, 

Welch’s one-way ANOVA followed by Games-Howell multiple comparison post hoc test, 

or two-way ANOVA followed by Tukey’s HSD multiple comparison post hoc test was 

performed, as indicated in figure legends. Statistical significances are indicated as *p < 

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.  

5.3 Results and Discussion 

5.3.1 A soft PLA-PβMδVL-PLA polymer was designed and synthesized  

The objective of this study was to examine the feasibility of using PLA-PβMδVL-

PLA elastomers for biomedical applications in which these polymers may interface with 

soft tissues or organs. It has been reported that matching mechanical properties between 

tissue and an adjacent implant benefits implant function.55,190,213 Therefore, we focused on 

a soft PLA-PβMδVL-PLA material with Young’s modulus of approximately 1 MPa, which 

could potentially interface with many soft tissues.172,214–216 Mechanical properties of PLA-

PβMδVL-PLA elastomers are affected by block compositions, and it has been reported that 

the Young’s modulus of a PLA-PβMδVL-PLA polymer having a 70 kDa midblock and 

16.8 kDa endblocks is 1.93 MPa.204 We expected that a PLA-PβMδVL-PLA polymer with 

a 100 kDa midblock and 10 kDa endblocks would be softer.  

The PLA-PβMδVL-PLA polymer with this designed structure was synthesized 

using a two-step method as reported previously.204,205 The rubbery midblock, PβMδVL, 
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was synthesized through ring opening polymerization of βMδVL, followed by ring opening 

polymerization of lactide with the bifunctional telechelic PβMδVL as a macroinitiator to 

yield PLA-PβMδVL-PLA (Figure 22). The βMδVL monomer was synthesized from 3-

methyl-1,5-pentanediol, as confirmed by 1H NMR (Figure 23). Successful synthesis of 

PβMδVL from βMδVL was confirmed by 1H NMR (Figure 24 and 25): the peaks 

corresponding to the two βMδVL methylene protons (−O-CH2-CH2−) at 4.40 ppm and 

4.26 ppm decreased, and a single resonance peak corresponding to the two PβMδVL 

methylene protons (−O-CH2-CH2−) at 4.12 ppm was detected. The percentage of monomer 

conversion was 92%, as calculated from the 1H NMR spectrum of the non-purified sample 

(Figure 24) according to Equation 7. Successful synthesis of PβMδVL was further 

confirmed by 13C NMR (Figure 26). SEC-MALLS characterization of purified PβMδVL 

revealed the molar mass (Mn=97.4 kDa, Mw=116.3 kDa, Ð=1.19), which was close to the 

targeted molar mass of 100kDa. 

Successful synthesis of PLA-PβMδVL-PLA was confirmed by 1H NMR, 13C NMR, 

and SEC-MALLS. The presence of PLA in the triblock polymer was confirmed by the 

chemical shift at 5.3 ppm corresponding to the methine proton in the 1H NMR spectrum 

(Figure 27), and was further confirmed by three chemical shifts in the 13C NMR spectrum 

(169.40 ppm (-CO-); 69.00 ppm (-CH(CH3)-); 16.65 ppm (-CH(CH3)-)) (Figure 28). The 

SEC chromatogram shifted to a shorter elution time (corresponding to larger molar mass) 

as compared with that of PβMδVL and showed a unimodal distribution, suggesting that 

PLA blocks were linked to the telechelic PβMδVL as opposed to formation of PLA 

homopolymer (Figure 29). The molar mass of PLA-PβMδVL-PLA revealed by SEC-

MALLS (Mn=123.2 kDa, Mw=143.1 kDa, Ð=1.16) was close to the targeted molar mass 
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(10 kDa for each PLA endblock). The weight percentage of the PLA block determined 

from the 1H NMR spectrum was 15.9% according to Equation 8.  

5.3.2 The PLA-PβMδVL-PLA polymer exhibits elastomeric properties in both dry and wet 

environments 

All mechanical property tests were performed in both dry and wet (PBS) conditions. 

Tensile hysteresis tests of 20 cycles, the stress-strain curves of which are shown in Figure 

30a, revealed Young’s modulus and hysteresis loss. Young’s moduli were 1.11 ± 0.20 MPa 

and 0.715 ± 0.10 MPa for the dry and wet conditions, respectively, as determined in the 

low strain region (0‒5%) of the extension curve in the first cycle. These values are on the 

same order of magnitude as the moduli of many soft tissues.172,214 In the dry condition, 

hysteresis loss was 40% after the first cycle and then stabilized at around 34% after the 

second cycle, a trend also observed for conventional rubber bands217 (Figure 30b). 

Hysteresis loss of the polymer in the wet condition exhibited a similar trend, with values 

slightly higher than those in the dry condition: it was 44% after the first cycle and then 

stabilized at around 37% after the second cycle (Figure 30b). 

Uniaxial extension tests were performed to characterize ultimate tensile strength 

and elongation at break. The stress-strain curves shown in Figure 30c revealed ultimate 

tensile strengths of 1.12 ± 0.24 MPa and 0.934 ± 0.05 MPa and elongation at break values 

of 1065 ± 65.9 % and 931.7 ± 100.0 % for dry and wet conditions, respectively.  

Tensile set, defined as the remaining strain after a specimen has been stretched and 

allowed to retract in a specified manner,210 was measured to assess whether PLA-PβMδVL-

PLA specimens could recover their shape completely after stretching. According to ASTM 

standard D412-16,210 each specimen was stretched to 50% strain within 15 seconds, held 
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at 50% strain for 10 minutes, and retracted to the starting position at a rate of 10 mm/min.  

The specimen was removed from the tensile test apparatus, and remaining strain was 

measured at subsequent time points (Figure 30d). Initial tensile sets were 10% and 13% for 

the dry and wet conditions, respectively. After 10 minutes, tensile sets were approximately 

4% for both conditions. Complete recovery was observed at approximately 40 minutes for 

both conditions. 

Previous studies only reported mechanical properties of PLA-PβMδVL-PLA in the 

dry condition.204 In the present study, we characterized mechanical properties of the 

polymer in dry and wet conditions in parallel to evaluate its potential use in biomedical 

applications, such as implantable devices and tissue engineering scaffolds. We found that 

Young’s modulus, ultimate tensile strength, and elongation at break were slightly lower in 

the wet condition as compared with those in the dry condition, which may result from water 

plasticization as previously reported for wet amorphous poly(lactide-co-glycolide).218 

Importantly, we found that PLA-PβMδVL-PLA retained elastomeric properties in wet 

environments, as hysteresis loss and tensile set were similar between dry and wet 

conditions.  

5.3.3 The PLA-PβMδVL-PLA elastomer exhibits excellent in vitro cytocompatibility 

Cytocompatibility of PLA-PβMδVL-PLA was first examined by live/dead assay. 

Three biocompatible polymers, PCL,54 PGS,191,219 and PLA,53 and standard tissue culture 

polystyrene (TCPS) were evaluated as controls. NIH 3T3 fibroblasts cultured for 24 hours 

on PLA-PβMδVL-PLA films exhibited high viability and normal morphology, similar to 

cells cultured on TCPS, and cell coverage was uniform across each entire culture substrate 

(Figure 31a). Cells cultured on PGS showed high viability and normal morphology in some 
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regions (as shown in Figure 31a), but cell coverage was not uniform on PGS substrates. 

Live/dead assay revealed that cells cultured on PLA-PβMδVL-PLA have similar or better 

viability as compared with those cultured on the controls (Figure 31a), suggesting that 

PLA-PβMδVL-PLA is highly cytocompatible in vitro.  

In vitro cytocompatibility of PLA-PβMδVL-PLA was further quantitatively 

examined by Alamar Blue assay. Both 3T3 fibroblasts and C2C12 myoblasts cultured for 

24 hours on PLA-PβMδVL-PLA films showed similar Alamar Blue fluorescence signals 

to those on PLA or TCPS controls (Figure 31b). 3T3 cells cultured on PLA-PβMδVL-PLA 

showed a slightly lower signal than those on PCL, but C2C12 cells showed similar signals 

on these two polymers. Interestingly, both cell types showed higher Alamar Blue signals 

on PLA-PβMδVL-PLA than those on PGS, a widely reported biodegradable and 

elastomeric material for biomedical applications. It has been reported that PGS with low 

Young’s modulus (<0.5 MPa) exhibits some level of cytotoxicity.194,195 In the current 

study, PGS was prepared under high vacuum (101.5 kPa) at 130 °C for 72 hours, and 

Young’s modulus in the range of 1.0‒1.2 MPa was expected.189,194,195 However, PGS 

synthesis and processing have been reported to be highly variable and similar conditions 

have resulted in different material properties when carried out in different labs.195  

The Alamar Blue fluorescence signal is related to the total cell number at the time 

of evaluation and reflects combined effects of material cytocompatibility and cell adhesive 

property of a material. To evaluate material cytocompatibility, all substrates were coated 

with Matrigel to minimize differences in cell adhesion. In addition, culture medium was 

changed 4 hours after cell seeding to remove non-adherent cells, and Alamar Blue assay 

was performed at both 24 hours and 4 hours (as a normalization reference). At 4 hours the 
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Alamar Blue signal on PLA-PβMδVL-PLA was similar to those on the controls; at 24 hours 

the Alamar Blue signal on PLA-PβMδVL-PLA was similar to those on TCPS, PCL, and 

PLA, but higher than that on PGS (Figure 31c). The increase in cell number between 4 

hours and 24 hours (the ratio of the Alamar Blue signals at the two time points) on PLA-

PβMδVL-PLA was similar to that on TCPS, PCL, and PLA and  higher than that on PGS 

(Figure 31d), suggesting that PLA-PβMδVL-PLA supports cell viability as well as the 

biocompatible controls used in the study.  

5.3.4 The PβMδVL degradation product is non-cytotoxic 

To use degradable polymers as implantable materials, not only must the polymers 

themselves be biocompatible, but their degradation products must also be non-cytotoxic. 

The hydrolysis product of the endblocks, PLA, has been well studied and is generally 

regarded as safe by the FDA.220 However, cytotoxicity of the degradation product from 

hydrolysis of PβMδVL has not been evaluated previously. In the current study, we 

examined cytotoxicity of sodium 5-hydroxy-3-methyl-pentanoate, which is the final 

product of PβMδVL degradation at physiological pH. The PCL degradation product, 

sodium 6-hydroxy-caproate, was evaluated as a control. These two compounds were 

synthesized by hydrolysing β-methyl-δ-valerolactone and ε-caprolactone, respectively, in 

NaOH solution as previously reported (Figure 32).211 The chemical structure and purity of 

the products were confirmed using 1H NMR (Figures 33 and 34).  

Dose response curves of cell viability were similar for the two degradation products 

(Figure 35). The TD50 values for sodium 5-hydroxy-3-methyl-pentanoate and sodium 6-

hydroxycaproate are 203.7±1.05 mM and 172.3±1.05 mM, respectively. PCL is a widely 

accepted implantable material used in many FDA approved products54 and its degradation 
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product has been reported to be non-cytotoxic.221 The higher TD50 value for sodium 5-

hydroxy-3-methyl-pentanoate indicates that the PβMδVL degradation product is also non-

cytotoxic. In addition, the degradation product from hydrolysis of PLA, lactic acid, has a 

TD50 value of 46.18 mM and is generally regarded as safe,220,222 further suggesting that the 

PβMδVL degradation product is non-cytotoxic. 

5.3.5 PLA-PβMδVL-PLA can be readily micropatterned to support C2C12 cell alignment 

The thermoplastic nature of PLA-PβMδVL-PLA was expected to allow the 

polymer to be readily processable into a wide range of geometries and to enable facile 

incorporation of various topographical features. To demonstrate this advantage in material 

processing, we fabricated PLA-PβMδVL-PLA substrates with microgrooves (10 µm in 

groove and ridge width; 1 µm in depth) by pressing a mold of the desired pattern on a pre-

processed PLA-PβMδVL-PLA film at an elevated temperature. The pattern was 

successfully transferred to the PLA-PβMδVL-PLA film through this simple 

thermocompression method (Figure 36a).  

PLA-PβMδVL-PLA substrates with microgroove topography were used to culture 

C2C12 cells, an immortalized cell line of murine skeletal myoblasts. Live/dead assay for 

cells cultured for 5 days in differentiation medium revealed high cell viability on both 

patterned and non-patterned PLA-PβMδVL-PLA (Figure 36b), further confirming 

cytocompatibility of the polymer. Cells cultured on patterned substrates aligned along the 

groove direction throughout the entire culture area (9 mm×9 mm), consistent with previous 

reports that C2C12 cells align along 10 µm grooves on other materials.223 Cells cultured 

on non-patterned substrates showed random orientations (Figure 36b). These results 
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suggest that the topography introduced through the simple thermocompression method was 

retained in culture medium and mediated cell behavior.  

C2C12 cells cultured on patterned PLA-PβMδVL-PLA were further examined by 

immunofluoescence staining for total myosin heavy chain (MHC, a muscle differentiation 

marker), and cells cultured on non-patterned PLA-PβMδVL-PLA and TCPS were 

evaluated as controls. MHC+ myotubes were observed on all the culture substrates on day 

7 (Figure 36c). Quantitative analyses of myotube length, myogenic fusion index, and 

myotube alignment angles were performed on immunochemically stained samples. No 

statistical difference was observed in myogenic fusion index between different culture 

substrates, but myotube length on patterned PLA-PβMδVL-PLA was greater than that on 

the two controls (Figure 36d,e). Furthermore, myotubes aligned along the groove direction 

with an average angle of 4.03° ± 2.21, while those on the controls oriented randomly 

(Figure 36f and 37). These results further confirmed that the topography introduced 

through thermocompression was retained in cell culture medium and mediated cellular 

contact guidance responses to facilitate myotube formation and alignment.  

5.3.6 The PLA-PβMδVL-PLA elastomer is degradable in vitro and in vivo 

PLA-PβMδVL-PLA is a polyester and was expected to be hydrolysable. We first 

examined degradability of the PLA-PβMδVL-PLA elastomer by incubating specimens in 

PBS at 37 °C over 8 weeks, and PCL and PGS were used as controls. The decrease in molar 

mass between 0 and 8 weeks was insignificant for both PLA-PβMδVL-PLA and PCL 

(Figure 38a; PGS is a thermoset and was not evaluated for changes in molar mass). At 8 

weeks mass loss was approximately 0.5%, 4.5%, and 10.7% for PLA-PβMδVL-PLA, PCL, 

and PGS, respectively (Figure 38a, Figure 39).  
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Since it is known that lipase accelerates hydrolysis of polyesters,224,225 we further 

examined degradation of these polymers in lipase solution (lipase from Thermomyces 

lanuginosus, 2000 U/mL). Both PCL and PGS were completely degraded in lipase solution 

at 4 weeks, while little mass loss was observed for PLA-PβMδVL-PLA at 8 weeks (Figure 

38b). However, a significant decrease in molar mass was observed for PLA-PβMδVL-PLA 

in lipase solution (approximately 32% decrease between 0 and 8 weeks, p-value<0.05), 

suggesting that hydrolysis occurred (Figure 38b). The slower degradation of PLA-

PβMδVL-PLA in lipase solution as compared with PCL and PGS is likely related to its 

chemical structure, as it has been reported that enzymatic hydrolysis with fungal lipases is 

slower for polyesters with methyl groups.226 It is worth noting that the in vitro enzymatic 

hydrolysis rate of a polyester does not necessarily correlate with its in vivo degradation 

rate. It has been reported that PCL specimens placed in a solution containing lipase from 

Pseudomonas cepacia completely degraded within 4 days, while the shape of PCL products 

implanted in rats remained unchanged after 24 months.227–229 

 We further examined degradation of PLA-PβMδVL-PLA specimens implanted in 

the gluteal muscle of rats for 1, 4, and 8 weeks. PCL and PGS specimens implanted for 8 

weeks were evaluated as controls. At 8 weeks post-implantation, mass loss of PLA-

PβMδVL-PLA was small, while the decrease in molar mass was evident, suggesting that 

biodegradation occurred in vivo (Figure 40). Most PGS specimens implanted for 8 weeks 

degraded, consistent with previous studies reporting rapid degradation of PGS in vivo.183 

The PCL control implanted for 8 weeks showed negligible degradation. These results 

suggest that PLA-PβMδVL-PLA degrades more slowly than PGS and more rapidly than 

PCL in vivo.  
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5.3.7 The PLA-PβMδVL-PLA elastomer exhibits in vivo biocompatibility 

 Histopathology analysis performed for polymer specimens implanted under the 

fascia of the gluteal muscle revealed that PLA-PβMδVL-PLA has in vivo biocompatibility 

comparable to that of PCL and PGS controls, two widely accepted implantable 

materials.54,183,224 At 4 and 8 weeks, all the samples were present within the perimysium 

and surrounded by a thin capsule, which generally consisted of an outer layer of dense 

fibrovascular connective tissue with scant individual inflammatory cells (neutrophils 

and/or eosinophils, and lesser lymphocytes) and an inner layer of less organized, loose 

fibrovascular connective tissue admixed with variable numbers of histiocytes (Figure 41 

and Figure 42). The only notable difference between samples was that PGS specimens 

tended to stimulate a more robust lymphocytic inflammatory response at 4 weeks (with 

prominent perivascular infiltrates in the perimysium and the outer layer of the fibrous 

capsule). The more notable tissue response of PGS is likely related to its faster degradation 

and production of a large amount of acidic degradation products during a relatively short 

period of time.183,230 Capsule thickness was quantitatively assessed at 1, 4, and 8 weeks and 

also showed comparable results for the three polymers (Figure 43). A descriptive and semi-

quantitative report of the assessment of inflammation, granulation tissue formation, foreign 

body reaction, and foreign body giant cell formation is shown in Table 6. Overall, healing 

and biocompatibility are similar for the three polymers, suggesting that PLA-PβMδVL-

PLA has favorable in vivo biocompatibility as an implantable material.  

5.4 Conclusions 

A PLA-PβMδVL-PLA triblock polymer having Young’s modulus of 

approximately 1 MPa, which is similar to the stiffness of many soft tissues, was 
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synthesized. This material exhibits elastomeric properties in both dry and wet 

environments. Elongation at break is approximately 1000%, and specimens stretched with 

a strain of 50% could completely recover to their original shape after force is removed. The 

elastomer is degradable both in vitro and in vivo; it degrades more slowly than PGS and 

more rapidly than PCL in vivo. Both PLA-PβMδVL-PLA films and the PβMδVL 

degradation product show excellent cytocompatibility in vitro. The tissue responses of 

PLA-PβMδVL-PLA specimens implanted in the gluteal muscle of rats are similar to those 

of PLA and PGS controls, suggesting that PLA-PβMδVL-PLA has favorable in vivo 

biocompatibility as an implantable material. In addition, the thermoplastic nature of this 

elastomer enables facile material processing. These properties collectively make this 

material potentially highly valuable for applications such as medical devices and tissue 

engineering scaffolds. 
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Figure 22. Synthesis of PLA-PβMδVL-PLA. PβMδVL was synthesized through ring 

opening polymerization of β-methyl-δ-valerolactone, followed by ring opening 

polymerization of lactic acid with the telechelic PβMδVL macroinitiator to yield PLA-

PβMδVL-PLA. 
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Figure 23. 1H NMR spectrum of β-methyl-δ-valerolactone.  1H NMR shifts for β-methyl-

δ-valerolactone (500 MHz, CDCl3, 25 °C): δ 4.40 (−O-CH2-CH2−); 4.26 (−O-CH2-CH2−); 

2.66 (−CO-CH2-CH(CH3)−); 2.12 (−CO-CH2-CH(CH3)−); 2.10 (−CO-CH2-CH(CH3)−); 

1.95 (−CH(CH3)-CH2-CH2-); 1.54 (−CH(CH3)-CH2-CH2−); 1.08 (−CH(CH3)-CH2-

CH2−). 
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Figure 24. 1H NMR spectrum of PβMδVL before purification. The percentage of monomer 

conversion is calculated from this spectrum according to Equation 7. 
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Figure 25. 1H NMR spectrum of PβMδVL after purification. 1H NMR shifts for PβMδVL 

(500 MHz, CDCl3, 25 °C): δ 4.12 (−O-CH2-CH2−); 2.31 (−CO-CH2-CH(CH3)−); 2.18 

(−CO-CH2-CH(CH3)−); 2.08 (−CH2-CH(CH3)-CH2−); 1.70 (−CH(CH3)−CH2−CH2−); 

1.53 (−CH(CH3)-CH2-CH2−); 0.98 (−CH2-CH(CH3)-CH2−). 
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Figure 26. 13C NMR spectrum of PβMδVL after purification. 13C NMR shifts for PβMδVL 

(126 MHz, CDCl3, 25 °C): δ 172.63 (-CH2-CO-O-); 62.30 (-CH2-CH2-O-); 41.50 (-

CH(CH3)-CH2-CO-); 35.11 (-CH2-CH2-CH(CH3)-); 27.42 (-CH2-CH(CH3)-CH2-); 19.51 

(-CH2-CH(CH3)-CH2-). 
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Figure 27. 1H NMR spectrum of PLA-PβMδVL-PLA.  1H NMR shifts for PLA-PβMδVL-

PLA (500 MHz, CDCl3, 25 °C): δ 5.16 (−O−CH(CH3)−CO−); 4.12 (−O-CH2-CH2−); 2.31 

(−CO-CH2-CH(CH3)−); 2.18 (−CO-CH2-CH(CH3)−); 2.08 (−CH2-CH(CH3)-CH2−); 1.70 

(−CH(CH3)−CH2−CH2−); 1.58 (−O−CH(CH3)−CO−); 1.53 (−CH(CH3)-CH2-CH2−); 0.98 

(−CH2-CH(CH3)-CH2−). 
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Figure 28. 13C NMR spectrum of PLA-PβMδVL-PLA. 13C NMR shifts for PLA-PβMδVL-

PLA (126 MHz, CDCl3, 25 °C): δ 172.63 (-CH2-CO-O-); 169.40 (-CO-CH(CH3)-); 69.00 

(-CO-CH(CH3)-O); 62.30 (-CH2-CH2-O-); 41.50 (-CH(CH3)-CH2-CO-); 35.11 (-CH2-

CH2-CH(CH3)-); 27.42 (-CH2-CH(CH3)-CH2-); 19.51 (-CH2-CH(CH3)-CH2-); 16.65 (-

CO-CH(CH3)-O-). 
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Figure 29. Size exclusion chromatogram overlay for PβMδVL and PLA-PβMδVL-PLA. 

The shift to a shorter elution time confirms addition of PLA endblocks to the PβMδVL 

midblock. 
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Figure 30. Mechanical properties of PLA-PβMδVL-PLA in dry and PBS conditions. (a)  

Representative stress-strain curves for tensile hysteresis tests. (b) Hysteresis loss calculated 

from tensile hysteresis tests. (c) Representative stress-strain curves for uniaxial tests.  
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Figure 31. Evaluation of cytocompatibility of the PLA-PβMδVL-PLA polymer, with tissue 

culture polystyrene (TCPS), polycaprolactone (PCL), polylactic acid (PLA), and 

polyglycerol sebacate (PGS) as controls. (a) Live/dead assay for 3T3 cells cultured for 24 

hours. Substrates were soaked in cell culture medium overnight prior to cell seeding. Scale 

bar is 200 µm (b) Alamar Blue assay for 3T3 cells and C2C12 cells cultured for 24 hours. 

Substrates were soaked in cell culture medium overnight prior to cell seeding. (c) Alamar 

Blue assay for 3T3 cells cultured on Matrigel-coated substrates for 4 and 24 hours. Non-

adherent cells in all the samples were removed at 4 hours by a medium change. (d) Increase 

in cell number between 4 and 24 hours calculated from the data in (c). Error bars represent 

standard deviation, ns=not significant, ***p-value<0.001, **p-value<0.01, *p-value<0.05, 

Welch’s one-way ANOVA followed by Dunnett’s multiple comparison post hoc test, n=3. 
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Figure 32. Synthesis of sodium 5-hydroxy-3-methylpentanoate (a) and sodium 6-

hydroxycaproate (b). 
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Figure 33. 1H NMR of sodium 5-hydroxy-3-methylpentanoate synthesized from β-methyl-

δ-valerolactone. 1H NMR shifts for sodium 5-hydroxy-3-methylpentanoate (500 MHz, 

D2O, 25 °C): δ (500 MHz, D2O, 25 °C): δ 3.56 (-OH-CH2-CH2); 2.12 (-CH(CH3)-CH2-

CO-); 1.86-1.90 (-CH(CH3)-CH2-CO-) and (-CH2-CH(CH3)-CH2-); 1.48 (-CH2-CH2-

CH(CH3)-); 1.35 (-CH2-CH2-CH(CH3)-); 0.83 (-CH2-CH(CH3)-CH2-). 
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Figure 34. 1H NMR of sodium 6-hydroxycaproate synthesized from ε-caprolactone. 1H 

NMR shifts for sodium 6-hydroxycaproate (500 MHz, D2O, 25 °C): δ 3.51 (-HO-CH2-

CH2-); 2.10 (-CH2-CH2-CO-); 1.49 (-OH-CH2-CH2-CH2-); 1.47 (-CH2-CH2-CH2-CO-); 

1.25 (-CH2-CH2-CH2). 
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Figure 35. Dose response curve of cell viability when exposed to the degradation products 

of PβMδVL (sodium 5-hydroxy-3-methyl-pentanoate, black circles) and PCL (sodium 6-

hydroxycaproate, red squares). Cell viability was normalized to a non-treated control. 

Nonlinear regression analysis was performed using GraphPad Prism 9.0 (presented as 

curves) and used to calculate TD50. Error bars represent standard deviation. n = 3.  
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Figure 36. Micropatterned PLA-PβMδVL-PLA substrates support C2C12 cell alignment. 

(a) Bright-field images of patterned and non-patterned PLA-PβMδVL-PLA processed by 

thermocompression. (b) Live/dead assay for cells cultured on patterned and non-patterned 

PLA-PβMδVL-PLA (cells were cultured in differentiation medium for 5 days). Groove 

direction is indicated by the red arrow. (c) Immunofluorescent staining of total myosin 

heavy chain (green). Nuclei were counterstained with Hoechst 33342 nuclear stain (blue). 

(d) Myotube length. Error bars represent standard deviation. ****p-value<0.0001, Welch’s 

one-way ANOVA followed by Games-Howell’s multiple comparison post hoc test, n>299. 

(e) Fusion index. Error bars represent standard deviation. ns=not significant (p-

value>0.05), Welch’s one-way ANOVA followed by Dunnett’s multiple comparison post 

hoc test, n=6. (f) Alignment angle. Scale bar in all images is 200 µm. Cells in (c), (d), and 

(e) were cultured in differentiation medium for 7 days. 
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Figure 37. Probability density histograms for C2C12 myotube orientations on patterned 

PLA-PβMδVL-PLA (a), non-patterned PLA-PβMδVL-PLA (b), and tissue culture 

polystyrene (c). 
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Figure 38. Degradation of PLA-PβMδVL-PLA and PCL in (a) PBS and (b) in lipase 

solution (Thermomyces lanuginosus). PCL was completely degraded at 4 weeks in 

lipase solution. Error bars represent standard deviation. ns=not significant (p-value 

is greater than 0.05), two-way ANOVA followed by Tukey’s HSD multiple 

comparison post hoc test for (a), n=3. 
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Figure 39. Mass loss of poly(glycerol sebacate) (PGS) in PBS at 4 and 8 weeks. PGS 

degraded completely at 4 weeks in a solution of Thermomyces lanuginosus lipase. PGS is 

a thermoset and thus was not evaluated for changes in molar mass. 
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Figure 40. Degradation of PLA-PβMδVL-PLA implanted in the gluteal muscle of rats for 

1, 4, and 8 weeks. PCL implanted for 8 weeks was evaluated as a control. Error bars 

represent standard deviation. ns=not significant, *p-value<0.05, Unpaired Welch’s t-test, 

n=4. 
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Figure 41. H&E stained images of PLA-PβMδVL-PLA, PCL, and PGS implanted under 

the fascia of the gluteal muscle. Scale bars: 100 µm. Blue arrows indicate implant-tissue 

interfaces; red arrows indicate capsules consisting of fibrovascular connective tissue. 
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Figure 42. H&E stained images of PLA-PβMδVL-PLA, PCL, and PGS implanted under 

the fascia of the gluteal muscle. Scale bars: 500 µm. Asterisks indicate locations of polymer 

implants. 
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Figure 43. The range of capsule thicknesses for PLA-PβMδVL-PLA, PCL and PGS 

implanted in the gluteal muscle of rats. PGS samples were not measured at 8 weeks because 

the capsule area was not present in some samples due to rapid degradation of the material. 

Error bars represent standard deviation. ns=not significant (p-value is greater than 0.05), 

two-way ANOVA followed by Tukey’s HSD multiple comparison post hoc test, n=3. 
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Table 6. Semi-quantitative scoring of pathologic findings.  

Scoring: 0 = no response, 1 = minimal; 2 = mild; 3 = moderate; and 4 = marked.  

Abbreviations: FVCT = fibrovascular connective tissue; FVT = fibrovascular tissue; MNGC = multinucleated giant cell.  

A dash signifies that the sample could not be assessed due to the absence of identifiable evidence of the material being present.

  1 weeks 4 weeks 8 weeks 

  

Sham 
PLA-

PβMδVL-PLA 
PCL PGS Sham 

PLA-
PβMδVL-

PLA 
PCL PGS Sham 

PLA-
PβMδVL-

PLA 
PCL PGS 

Inflammation 

Lymphoid 
Inflammation 

0 0 0 0 0 0 1 1 0 1 0 0 1 0 0 0 1 0 0 1 2 3 3 0 0 0 0 1 2 1 1 3 - 2 

Granulocytic 
Inflammation 

1 1 2 0 2 1 1 2 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 0 0 2 1 1 1 1 1 1 - 1 

Signs of infection 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 0 

Muscle 
Damage 

Loss of 
muscle/replacement 
with adipose tissue 

0 0 0 0 0 0 0 0 1 0 0 1 2 1 1 1 1 2 2 2 1 1 2 1 0 1 1 0 0 1 2 1 1 0 

Myocyte Necrosis 1 1 2 1 2 1 2 2 2 2 2 2 2 0 1 2 2 1 1 0 2 1 1 1 2 1 2 1 2 1 2 2 2 2 

Myocyte 
Regeneration 

2 2 0 2 1 0 1 3 2 1 1 2 0 0 0 1 2 0 0 2 0 0 1 2 2 2 2 2 1 1 2 2 2 2 

Interstitial 
Inflammation 

1 0 2 1 2 1 4 3 3 3 3 2 1 1 2 1 1 1 1 0 3 3 2 1 2 0 1 1 2 1 2 2 1 2 

Granulation 
Tissue 

Dense FVCT 1 1 1 1 1 1 1 1 1 1 0 1 2 1 1 2 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 0 - 0 

Loose FVCT 0 1 2 2 2 2 2 2 3 2 2 2 1 1 2 1 1 2 1 2 2 3 1 0 0 1 1 1 1 1 1 1 - 1 

Edematous FVT 0 0 2 1 2 0 3 3 2 3 3 2 0 0 0 0 0 0 0 0 1 0 1 2 1 0 1 1 3 1 2 1 - 3 

Capsule Thickness 0 0 1 1 2 1 2 2 2 2 2 2 0 0 1 1 1 1 2 2 2 3 2 0 0 1 1 1 1 2 1 3 - 1 

Foreign Body 
Response 

Histiocytic 
Inflammation 

0 1 2 2 3 1 4 3 3 3 3 2 1 1 1 2 1 2 1 2 3 2 3 0 0 2 1 1 2 1 2 3 - 2 

MNGC 0 1 1 0 1 0 1 1 2 1 1 2 1 0 2 1 1 2 1 2 1 1 0 0 0 3 1 1 2 0 2 1 - 0 
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Chapter 6: Conclusions 

Biomaterials are indispensable to the medical field today and have been used in 

applications including biosensors, medical implants, and drug delivery devices. Overall, 

this thesis focused on the development and applications of two different types of 

biomaterials: gold nanoparticles (GNPs) and elastomeric polymers.  

In Chapter 2, we demonstrated that when a pair of heterodimerizing coiled-coils 

was conjugated to the surface of GNPs, simply flipping the orientation of one of the coiled-

coils led to two completely different particle properties: one driving the nanoparticles into 

large aggregates and the other keeping them colloidally stable. Future studies may include 

investigating the aggregation kinetics of self-assembling GNPs as a function of 

nanoparticle or solubilized coiled-coil concentration. Also, the coiled-coils presented here 

can be easily modified with bioactive ligands or targeting moieties via protein engineering, 

making these GNPs highly useful for many biomedical applications. For example, the 

colloidally stable GNPs could be further developed as detection technologies.30–32,35,43 On 

the other hand, the self-assembling GNPs could be explored for use as a nanomaterial-

based platform to cluster ligand receptors on cells. Clustering of cell ligands can be used 

to control cell behavior or function, and the self-assembling GNPs could be used to study 

this in cellular processes, including stem cell differentiation, cancer development, pathogen 

infection, and T-cell activation.231   

In Chapter 3, protein-conjugated GNPs that exhibit both multivalency and self-

assembly were designed as entry inhibitors of HIV-1. In this work, a coiled-coil “A” 

protein was fused to an HIV-1 gp120 targeting ligand (known as cysAlgp120). GNPs were 



131 

 

conjugated with heterodimerizing coiled-coil proteins, previously demonstrated to exhibit 

self-assembly, displaying an HIV-1 gp120 targeting ligand. The protein-conjugated GNPs 

were used to test inhibition of HIV-1 infection; however, the GNPs showed negligible 

inhibition. Future work may include exploring different peptide targeting ligands for HIV-

1 (see section 3.4 for examples). Lastly, HIV-1 has few copies of the gp120 protein on its 

surface,133,134 which may present challenges in developing self-assembling viral entry 

inhibitors to this virus. Therefore, future work may include exploring different viruses, 

such as influenza or SARS-CoV-2,134,135,232 for which this platform may be more suitable. 

In Chapter 4, a GNP immunolabelling strategy was used to elucidate the structure 

of HIV-1 and HTLV-1 Env, which are critical proteins for viral entry and are targets for 

vaccine development.  In this work, we first demonstrated that V4-VLPs could be robustly 

labeled using the gold nanoparticle immunolabeling strategy, and the quantity of Env on 

V4-VLPs determined through this strategy was consistent with previous reports. These 

results suggested that the immunolabeling strategy was suitable for use with HIV-1 and 

HTLV-1. However, our experiments revealed that HIV-1 and HTLV-1 VLPs had no 

specific immunolabeling events, possibly due to the low quantity of Env. These findings 

indicate that GNP immunolabeling has potential for characterizing viruses or other 

biological systems that have relatively high levels of proteins on the surface. For example, 

SARS-CoV-2 and influenza virus are estimated to have ~50-100 spike proteins and ~400 

hemagglutinin proteins, respectively.134,135,232 Conversely, HIV-1 has ~7-14 Env proteins 

on its surface.133,134 Future work may include adapting the GNP immunolabeling strategy 

developed here to complete structural evaluations of these viruses. Additionally, the GNP 
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immunolabeling strategy could be used as a facile method to characterize key proteins on 

emerging viruses.   

In Chapter 5, a triblock polymer, PLA-PβMδVL-PLA, was synthesized and found 

to exhibit elasticity, degradability, biocompatibility, and processability. The elastomer 

retained elastomeric properties in aqueous environments and had a Young’s modulus 

similar to soft tissues. PLA-PβMδVL-PLA was found to have good in vitro 

cytocompatibility and favorable in vivo biocompatibility as an implantable material. In 

addition, we demonstrated that PLA-PβMδVL-PLA is degradable both in vitro and in vivo 

and readily processable due to its thermoplastic nature. Future work may include exploring 

the effects of triblock copolymer architecture on the material degradation rate and 

mechanical properties. Additionally, introducing biologically active components or 

electroactivity within the polymer may render this material suitable for tissue engineering 

or other applications.171,233,234 Overall, the elasticity, degradability, biocompatibility, and 

processability make this polymer valuable for use as an implantable material, and therefore 

this elastomer could be explored in the future for use in applications such as medical 

devices, drug delivery devices, and tissue engineering scaffolds. 

In conclusion, this thesis demonstrates the development and applications of both 

GNPs and elastomeric polymers for use as biomaterials. The biomaterials developed have 

a myriad of potential future uses in a diverse range of biomedical applications, including 

biosensors, medical devices, viral inhibitors, and as tools for evaluating the function or 

structure of biological systems. Overall, the GNPs and elastomeric polymers reported here 

are strong contributions to the field of biomaterials and lay the groundwork for future 

discoveries in the biomedical field. 
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Appendix 1. Effects of SARS-CoV-2 spike protein mutations on syncytia formation  

A1.1 Introduction 

The current pandemic caused by severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) has resulted in over 170 million confirmed cases and 3 million deaths 

worldwide (as of June 1, 2021).235 SARS-CoV-2 infection results in symptoms ranging 

from a flu-like illness to severe pneumonia. SARS-CoV-2 infects ciliated cells, alveolar 

pneumocytes, epithelial progenitor cells, and other cell types in the airway and lungs.236,237 

Destruction of the epithelial lining in the lungs and presence of large, multinucleated 

pneumocytes in patients infected with SARS-CoV-2 is linked with the disease severity of 

COVID-19.236 Specifically, post-mortem lung tissues in ~50% of patients infected with 

COVID-19 (41 patients) showed fused pneumocytes that were confirmed to have SARS-

CoV-2 RNA and spike glycoprotein (denoted as S). This demonstrated that COVID-19 

infection leads to the formation of cell syncytia—large fused multinucleated cells—in 

critical cases.238  

SARS‐CoV‐2 entry into cells is initiated by interactions between SARS-CoV-2 S 

and its receptor, angiotensin‐converting enzyme 2 (ACE2).239 Next, the transmembrane 
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protease serine 2, TMPRSS2, or other surface/endosomal proteases cleave and prime S. 

The S protein, a trimer composed of three S1-S2 subunits, then undergoes conformational 

changes that result in fusion with the host cell membrane.240,241  

The S protein expressed at the plasma membrane of cells can result in the formation 

of large, multinucleated syncytia in the presence of the ACE2 receptor.236,242 This has been 

reported for other coronaviruses, including SARS-CoV-1 and MERS-CoV, in cell culture 

and tissues from infected individuals.236 Cell culture experiments have shown that SARS-

CoV-2 infection results in the expression of S at the cell surface and fusion with 

neighboring cells expressing the ACE2 protein. Expression of S and ACE2 alone is 

sufficient to trigger syncytia formation even without other viral proteins,236,242 and 

therefore, the expression of S and ACE2 in cell culture can be used as an assay to examine 

different mutations in S, as differences in syncytia formation result.242 In addition, the 

expression of TMPRSS2 allows for evaluation of different mutations that affect cleavage 

and priming of S,243 and the effects of fusion inhibitors or antiviral therapies can be 

examined using this cell syncytia assay.244,245  

Here, different mutations in the S protein were examined for their effects on 

syncytia formation (i.e., cell-cell fusion) using a fluorescence-based assay. The mutations 

included F1148R, D1146A, E1151K, and R1000E. The amino acids F1148, D1146, and 

E1151 are in the heptad repeat structure and the linker region upstream of the heptad repeat 

structure in the SARS-CoV-2 S, while R1000 is in the central helix region.246 Based on 

structural analysis of S, the amino acids R1000 and E1151 are expected to form a salt-

bridge. Mutations at these sites are expected to disrupt the salt-bridge and destabilize the S 

post-fusion structure. These mutations are expected to inhibit fusion by destabilizing the S 
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post-fusion structure, and this assay could help identify critical amino acids for this 

conformational change. 

Various mutations in the cleavage site of S were also examined using this assay. As 

previously mentioned, S needs to be primed and cleaved to mediate fusion and entry. The 

mutations P812R, R815P, RR682-3SS, and RR682-3SS P812R, which are in the furin 

cleavage site,247 were evaluated using this cell-cell fusion assay, and the effects of the 

fusion inhibitor, Camostat, and the Cathepsin inhibitor, E64D, were assessed.  

A1.2 Experimental Section 

A1.2.1 Cell-cell fusion assay for mutations in SARS-CoV-2 S 

Vero cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 

Cellgro) plus 10% FetalClone III (FC3; Hyclone) and 1% penicillin/streptomycin (Pen-

Strep; Invitrogen). 24-hours before transfection, Vero cells were seeded at a density of 

100,000 cells per well in 500 µL of Vero cell medium without antibiotics (DMEM with 

10% FC3) in a 24 well plate. Cells were transfected with plasmid DNA using 

Lipofectamine 2000 (ThermoFisher Scientific) following the manufacturer’s instructions. 

For transfection, 0.4 μg of the plasmid encoding mCherry, 0.3 μg of the plasmid encoding 

hACE2, and 0.3 μg of the plasmid encoding wild-type S (WT S) or S mutants were used. 

A control without spike (ΔS) was completed by transfecting cells with 0.4 μg and 0.3 μg 

of the plasmids encoding mCherry and hACE2, respectively. 24- and 48-hours post-

transfection, the cells were counterstained with Hoechst 33342 nuclear stain (1:1000 

volume dilution in PBS) for 10 minutes. The cells were then washed with PBS three times 

for one minute each. Samples were imaged with a 5× objective on a Zeiss Axio Observer 
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inverted fluorescence microscope equipped with 550/650 and 365/445 excitation/emission 

filters. Each condition was completed in triplicate. 

A1.2.2 Image analysis of cell syncytia 

Image analysis was completed in FIJI (ImageJ) to determine the cell syncytia size. 

8-bit images were processed by first applying the Phansalkar Auto Local thresholding 

method with a radius of 10. The analyze particles function provided by FIJI was then used 

to determine the area of cells. Fluorescence regions with an area smaller than 150 µm2 and 

cells on the edge of images were excluded from analyses. The condition without SARS-

CoV-2 S was used to determine the background level of syncytia formation. A small 

percentage of cells with an area greater than 1000 µm2 were observed for ΔS, so the percent 

of cells with an area greater than 1000 µm2 were reported. A total of 9 non-overlapping 

image areas for each condition were analyzed.  

A1.2.3 Cell-cell fusion assay for mutations in SARS-CoV-2 S cleavage site 

Vero cells (p24) were seeded at a density of 100,000 cells per well in 500 µL 

medium without antibiotics (DMEM with 10% FC3) in a 24 well plate. 24-hours post-

seeding, cells were transfected with plasmid DNA using Lipofectamine 2000 

(ThermoFisher Scientific) following the manufacturer’s instructions. For transfection, 0.4 

μg mCherry plasmid, 0.1 μg hACE2 plasmid, 0.1 μg TMPRSS2 plasmid (when added), 

and 0.4 μg pCG-SARS-CoV-2 S (WT S) plasmid or S mutant plasmids were used. At 3 

hours post-transfection, Camostat or E64D prepared in DMSO were added at 

concentrations of 100 and 40 µM, respectively. At 36 hours post-transfection, the cells 

were imaged with a 5× objective on a Zeiss Axio Observer inverted fluorescence 
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microscope equipped with 550/650 excitation/emission filters. Each condition was 

completed in duplicate. 

A1.3 Results and Discussion 

A1.3.1 Mutations in SARS-CoV-2 S prevent the formation of cell syncytia 

Mutations in the S protein, F1148R, D1146A, E1151K, and R1000E, were 

examined using the cell-cell fusion assay and compared to wild-type S (WT S) and without 

expression of S (ΔS). As shown in Figure 44, Vero cells were transfected with plasmid 

DNA encoding the following: mCherry (to confirm transfection and visualize cell 

syncytia), SARS-CoV-2 S (WT or mutants), and human ACE2 (hACE2). The cells were 

examined at 24- and 48-hours post-transfection.  

After 24 hours, syncytia were observed for WT S and the S mutants D1146A and 

E1151K, while the S mutants F1148R and R1000E did not show syncytia and were similar 

to the ΔS condition (Figure 45). At 48 hours post-transfection, larger syncytia were 

observed (Figure 46). Again, the WT S, D1146A mutant, and E1151K mutant showed large 

syncytia. The F1148R and R1000E mutants did not form cell syncytia and were similar in 

size to the ΔS condition.  

The images collected at 48 hours were used to quantify cell size. From this, the 

percentage of cells with an area greater than 1000 µm2 was determined for each condition 

(this area was used because the ΔS condition had a low percentage of cells (~6%) with a 

size greater than 1000 µm2) (Figure 47). These results suggest Vero cells readily form small 

syncytia, as some syncytia were observed without S protein. ΔS, F1148R, and R1000E had 

a significantly lower percentage of cells with an area greater than 1000 µm2, as compared 
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to WT S. Although some large syncytia were observed, the D1146A mutation had a 

significantly lower percentage of cells with an area greater than 1000 µm2.  

These findings suggest that F1148R and R1000E mutants strongly disrupt binding 

between the S protein and ACE2. In contrast, the D1146A mutant resulted in fewer large 

syncytia, suggesting this mutation may disrupt binding to a small extent, and the E1151K 

mutant does not affect the formation of syncytia. Other quantitative assays, such as cell 

entry or immunofluorescence assays, may provide more insight into the S protein 

mutations. Overall, these results suggest that the mutants F1148R and R1000E may affect 

the post-fusion structure of S, although additional studies should be completed to assess 

whether these mutations result in the expression of functional S at the plasma membrane.  

A1.3.2 Mutations in the SARS-CoV-2 S cleavage site prevent the formation of cell syncytia 

SARS‐CoV‐2 entry is initiated by interactions between S and its receptor ACE2, 

followed by cleavage and priming of S with the surface protease TMPRSS2. Two different 

entry pathways have been proposed for SARS-CoV-2, including early and late pathways.248 

Early entry involves direct fusion with the cell membrane, which TMPRSS2 mediates. In 

contrast, late entry involves endocytosis of the virus, which requires cathepsin, a lysosomal 

protease.248 Camostat mesylate and E64D, known inhibitors of SARS-CoV-2 viral entry, 

inhibit early and late viral infection, respectively.248   

In this assay, Vero cells were transfected with plasmids encoding mCherry, S, and 

hACE2 (Figure 48). Also, cells were transfected either with or without TMPRSS2, as 

shown in Figures 49 and 50, respectively. After 3 hours post-transfection, Camostat and 

E64D were added, followed by imaging the cell syncytia 36 hours post-transfection. 

Images of cell syncytia with TMPRSS2 are shown in Figure 49 with or without inhibitors 
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(Camostat or E64D). The mutant, R815P, inhibited syncytia formation in the presence of 

TMPRSS2, while P812R, RR682-3SS, and RR682-3SS formed syncytia similar to pCG-

SARS-CoV-2 (WT S) when TMPRSS2 was expressed. pCG-SARS-CoV-2 S, RR682-3SS, 

and RR682-3SS P812R had very small to no syncytia with the addition of Camostat. The 

syncytia for P812R were slightly smaller in the presence of Camostat but not completely 

inhibited from forming. With E64D, all cell syncytia looked similar to those without 

inhibitors. Without TMPRSS2 (Figure 50), pCG-SARS-CoV-2 S, P812R, and RR682-3SS 

P812R showed the formation of large syncytia. RR682-3SS and R815P did not show 

syncytia. With the addition of E64D, the syncytia observed for P812R and RR682-3SS 

were smaller.  

In the presence of TMPRSS2, Camostat inhibited cell syncytia with pCG-SARS-

CoV-2 S, but E64D did not affect the cell syncytia. This is consistent with previous work 

showing that TMPRSS2-mediated fusion is the dominant pathway for fusion.248 RR682-

3SS and RR682-3SS P812R were similar to WT S. Also, RR682-3SS did not form cell 

syncytia without the presence of TMPRSS2, suggesting that this mutation relies on 

TMPRSS2 for cell fusion. The P812R mutant did not appear to have a preferential pathway 

for entry and fusion, as neither E64D nor Camostat completely prevented the formation of 

syncytia. Additionally, the P812R mutant restored the formation of the cell syncytia 

without TMPRSS2 in the RR682-3SS P812R mutant (the RR682-3SS mutant did not have 

cell syncytia without TMRPSS2). The R815P mutation, a critical cleavage site for SARS-

CoV-2, disrupted the formation of cell syncytia both with and without TMRPSS2, 

suggesting that this mutation prevents fusion via both pathways. Overall, this work 

identifies key mutations in SARS-CoV-2 S critical to disrupting syncytia formation. 
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Figure 44. Cell-cell fusion assay used to evaluate mutations in SARS-CoV-2 S. The fusion 

assay was completed by transfecting Vero cells with plasmids for mCherry, spike (S, either 

wild-type (WT) or mutants), and human-ACE2 (hACE2) cell receptor. After 24 or 48 

hours, the cell syncytia were imaged using fluorescence microscopy. This image was 

adapted from “AAV Production by Triple Transfection”, by BioRender.com (2021). 

Retrieved from https://app.biorender.com/biorender-templates.  
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Figure 45. The cell-cell fusion assay 24 hours post-transfection SARS-CoV-2 S 

mutants. The pink color is the mCherry protein present in cell syncytia, and the blue 

color corresponds to the cell nuclei counterstain, Hoechst 33342. Scale bar is 200 

µm. 
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Figure 46. The cell-cell fusion assay 48 hours post-transfection SARS-CoV-2 S 

mutants. The pink color is the mCherry protein present in cell syncytia, and the blue 

color corresponds to the cell nuclei counterstain, Hoechst 33342. Scale bar is 200 µm. 
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Figure 47. Percentage of cells with an area greater than 1000 µm2 at 48 hours post-

transfection. The percentage of cells with an area greater than 1000 µm2 were analyzed for 

each mutant. Error bars represent standard deviation, ns=not significant, *p-value<0.05, 

****p-value<0.05, ****p-value<0.0001, Welch’s 1-way ANOVA with Dunnett’s test, 

n=9.  
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Figure 48. Cell-cell fusion assay used to assess mutations in the SARS-CoV-2 S cleavage 

site. The assay was completed by transfecting Vero cells with plasmids for mCherry, spike 

(either wild-type (WT) or mutants), human-ACE2 (hACE2) cell receptor, and TMPRSS2. 

Either E64D or Camostat were added 3 hours post-transfection. After 36 hours, the cell 

syncytia were imaged using fluorescence microscopy.  This image was adapted from 

“AAV Production by Triple Transfection”, by BioRender.com (2021). Retrieved from 

https://app.biorender.com/biorender-templates.  
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Figure 49. Fusion assay for SARS-CoV-2 S cleavage mutants (36 hours post-transfection). 

Cells were transfected with TMPRSS2. The red color corresponds to expression of 

mCherry in transfected cells. The fusion assay was completed with either no inhibitor, 

Camostat, or E64D. Scale bar is 200 µm. 
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Figure 50. Fusion assay for SARS-CoV-2 S cleavage mutants (36 hours post transfection). 

TMPRSS2 was not transfected in this assay. The red color corresponds to expression of 

mCherry in transfected cells. The fusion assay was completed with either no inhibitor or 

E64D. Scale bar is 200 µm. 
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Appendix 2: Development of microfluidic SARS-CoV-2 detection device 

A2.1 Introduction 

The development of SARS-CoV-2 detection methods was imperative at the 

beginning of the COVID-19 pandemic to prevent virus transmission and assure timely 

treatment of infected individuals.249 Additionally, the development of fast and portable 

assays is essential for easy access to testing. Therefore, we designed a microfluidic-based 

SARS-CoV-2 detection device coupled with a cell phone-based fluorescent detection 

system. As shown in Figure 51, the goal of this work was first to develop a 

poly(dimethylsiloxane) (PDMS) microfluidic channel conjugated with antibodies targeting 

the SARS-CoV-2 spike protein (S), a large number of which cover the surface SARS-CoV-

2 (Figure 51a).240 It was expected that samples containing SARS-CoV-2 would be 

specifically captured by the S antibody, thus concentrating the virus in the microfluidic 

channel (Figure 51b). Next, fluorescent microspheres were conjugated with SARS-CoV-2 

S antibodies, and these microspheres would allow for specific detection of SARS-CoV-2 

using fluorescent microscopy (Figure 51c). Ultimately, this microfluidic device would be 

coupled with a cell phone-based detection device. 

The work presented here had two specific aims with the overall goal of developing 

a microfluidic channel: (1) the preparation and evaluation of a microfluidic channel 

decorated with SARS-CoV-2 S antibody for specific capture of SARS-CoV-2 and (2) the 

development of SARS-CoV-2 S antibody conjugated fluorescent beads for detection of 

SARS-CoV-2.  
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A2.2 Materials and Methods 

A2.2.1 Preparation of PDMS microfluidic device and PDMS disks 

The PDMS microfluidic device was prepared as previously reported.250 Briefly, a 

silicon master was first prepared with a 50 mm long, 2 mm wide, and 75 µm high ridge. 

PDMS (Sylgard 184 PDMS precursor and the curing agent mixed at a 10:1 weight ratio) 

was cast against the master to form a microchannel, vacuumed in a desiccator for 1 hr to 

remove air bubbles, and cured at 37 °C for 24 hours. The PDMS channel was then removed 

from the master and further cured for an additional 72 hours at 80 °C. An inlet and outlet 

were punched using a 1.0 mm biopsy punch at each end of the channel. The PDMS channel 

and a glass slide were sonicated in 70% ethanol for 20 minutes and Milli-Q water for 10 

minutes. The channel and slide were rinsed with water and 100% ethanol, followed by 

drying with filtered air and stored in a vacuum desiccator until further use. The PDMS 

channel and glass slide were then plasma treated for 2 mins and bonded to form the 

microfluidic device (Figure 52). 

PDMS disks were first used to evaluate antibody conjugation and specific capture 

of SARS-CoV-2 via S antibody. PDMS disks were prepared by casting Sylgard 184 PDMS 

precursor and the curing agent at a 10:1 ratio in a 10 cm petri dish, vacuuming in a 

desiccator for 1 hr to remove air bubbles, and curing at 37 °C for 24 hours followed by 80 

°C for 72 hours. PDMS disks were then punched from the 10 cm dish using an 8 mm biopsy 

punch. PDMS disks were sonicated and washed as described above, and plasma treated for 

2 minutes immediately before use.  
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A2.2.2 Conjugation of antibodies to PDMS 

The antibody conjugation to PDMS was described previously.250 A solution of 3-

glycidoxypropyltrimethoxysilane (3-GPTMS, Sigma Aldrich) was prepared with 4.5 mL 

100% ethanol, 0.1 mL acetic acid, and 1 mL 3-GPTMS. PDMS disks were placed in a 24 

well plate and incubated in 3-GPTMS solution for 16 hours. PDMS disks were then washed 

with ethanol and PBS (1X, HyClone, pH 7.2). The SARS-CoV-2 S antibody, 1A9 

(GeneTex), was diluted at a 1:100 volume ratio in PBS with a final concentration of 10 µg 

mL-1 (0.8 mL of antibody solution was added to each well).  PDMS surfaces were then 

passivated with 5% BSA (Fisher Scientific) in PBS for 1 hr before use.  

A2.2.3 Production of fluorescent SARS-CoV-2 virus-like particles 

Fluorescent SARS-CoV-2 virus-like particles (VLPs) displaying the SARS-CoV-2 

S protein were used in this work. HEK-293T17 cells and all plasmids were provided by 

Prof. Louis Mansky’s laboratory at the University of Minnesota. HEK-293T17 cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM; Cellgro) plus 10% 

FetalClone III (FC3; Hyclone) and 1% penicillin/streptomycin (Pen-Strep; Invitrogen). 

VLPs were produced via transient transfection of HEK-293T17 cells using GenJet 

following the manufacturer’s instructions. Briefly, 10 mL 293T17 cells were seeded at a 

density of 9×106 cells/mL in a 10-cm dish. 24 hours after cell seeding, the medium was 

changed and replaced with 5 mL of medium one hour before transfection. For each 10-cm 

dish, 15 µL of GenJet was added to 235 µL of serum-free medium, and 4 µg of HIV-1 Gag 

plasmid, 0.5 µg HIV-1 mcherry Gag plasmid, and 0.5 µg SARS-CoV-2 S plasmid were 

added to a final volume of 250 µL per plate. The GenJet and plasmid DNA solutions were 

mixed and added to the cells. After 24 hours post-transfection, the supernatant was 
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collected, centrifuged at 1800 rpm for 5 minutes, and filtered using a 0.22 µm filter. The 

VLPs were then centrifuged over an Optiprep gradient using high speed 

ultracentrifugation, as previously described.162 

A2.2.4 Conjugation of antibodies to fluorescent microspheres 

0.1 µm red carboxylate-modified polystyrene microspheres (FluoSpheres, 

Invitrogen) were conjugated with SARS-CoV-2 S antibody using the PolyLink Protein 

Coupling Kit (Bangs Laboratories) following the manufacturer’s instructions with slight 

modifications. Namely, BSA, Tween-20, and multiple sonication steps were introduced to 

minimize microsphere aggregation. Microspheres were diluted in PolyLink coupling buffer 

[either 1:2 or 1:4 (volume:volume) dilution with a final volume of 100 µL] and centrifuged 

at 14krcf for 10 mins. The supernatant was then removed, and 32 µL of PolyLink coupling 

buffer was added, followed by sonication for 10 mins and centrifugation as described 

above. 13.6 µL of PolyLInk coupling buffer was added, followed by sonication for 10 mins. 

Next, 10 mg of 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDAC) was prepared in 

50 µL of PolyLink coupling buffer and immediately added to the microspheres at a ratio 

of 0.035 µL EDAC solution per µL of initial microsphere solution. The EDAC solution 

with microspheres was sonicated for 15 mins to activate the EDAC. AlexaFluor 488 

conjugated goat anti-mouse secondary antibody (Invitrogen, 0.4 µL antibody per µL of 

initial microsphere solution) was diluted in PolyLink coupling buffer containing bovine 

serum albumin (BSA; the final concentration of BSA after antibody dilution was 0.1%), 

and 40 µL was added to the microspheres. Samples were incubated for 1 hr and sonicated 

every 10 mins. 100 µL of 0.1% Tween-20 in PolyLink wash/storage buffer was then added 

to the microspheres, followed by centrifugation at 14krcf for 10 mins, removing 
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supernatant resuspension in PolyLink wash/storage buffer with 100 µL 0.1% Tween-20. 

This washing step was repeated twice. 

A2.2.5 Fluorescent imaging 

All images were acquired using a Zeiss LSM 700 confocal microscope with a Plan-

Apochromat 100×/1.40-NA oil objective. 

A2.3 Results and Discussion 

A2.3.1 Microfluidic device for SARS-CoV-2 capture shows non-specific binding 

The PDMS microfluidic channel was conjugated with antibodies for SARS-CoV-2 

S through epoxy chemistry, as shown in Figure 53. The device was then evaluated for 

specific capture of fluorescent SARS-CoV-2 VLPs. PDMS disks conjugated with 

antibodies were first tested for the specific capture of SARS-CoV-2 VLPs. PDMS disks 

after epoxy conjugation or addition of SARS-CoV-2 S antibodies were evaluated for 

specific capture of VLPs, as shown in Figure 54. PDMS surfaces (either epoxy or antibody 

conjugated PDMS) were passivated with BSA for 1 hour for this experiment. BSA has 

previously been shown to minimize non-specific binding to PDMS.251 Next, red 

fluorescent VLPs were added to PDMS disks for 10 minutes and washed once with PBS 

before imaging. From the images, the VLPs can be observed on antibody conjugated 

PDMS surfaces after passivation (Figure 54, top). Additionally, epoxy conjugated PDMS 

surfaces were also evaluated to determine if the capture of VLPs was specific. However, 

non-specific adsorption of VLPs was observed on the epoxy conjugated PDMS surface 

(Figure 54, bottom). 

 Ultimately, methods need to be developed to minimize non-specific adsorption of 

VLPs to the PDMS surface based on this microfluidic device design. BSA has previously 
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been used to minimize non-specific adsorption,251–253. Previous experiments had been 

completed to assess the effects of different solutions on non-specific adsorption of VLPs 

on unmodified PDMS surfaces, including BSA (10% in PBS),252,253 Tween-20 (5% in 

water),254 casein (0.2% in PBS),255 and Pluronic F-127 (10% in water).254 BSA, Tween-20, 

and Casein were found to minimize non-specific adsorption on unmodified PDMS 

surfaces. However, after epoxy conjugation, we observed non-specific adsorption even 

with the addition of BSA, and, therefore, different methods for surface passivation should 

be tested. Possible approaches may include chemically conjugating the surface to prevent 

non-specific adsorption, such as modification with poly(ethylene glycol) or oligo(ethylene 

glycol).251,256,257 

A2.3.2 Antibodies are conjugated to fluorescent microspheres using EDAC coupling 

Conjugation of antibodies to fluorescent microspheres was attempted. A 

commercial kit based on carbodiimide coupling chemistry to conjugate proteins to 

carboxylated microspheres was used for these experiments. A microsphere size of 0.1 µm 

was used here to match the size of the SARS-CoV-2 virus.258 An antibody conjugated with 

AlexaFluor 488 was used to assess the procedure for antibody conjugation, in which red 

and green fluorescent colocalization indicated that the antibody was bound to the 

microspheres. The overall protocol for conjugation of microspheres was as follows: (1) 

washing microspheres, (2) addition and activation of EDAC, (3) antibody conjugation to 

microspheres, and (4) washing antibody conjugated microspheres to remove excess 

antibody. First, different surfactants were tested during the antibody conjugation step, and 

fluorescence microscopy was used to assess for: (1) fluorescent colocalization (indicating 

antibodies were bound) and (2) the degree of microsphere aggregation. The addition of 



173 

 

0.1% BSA solution during antibody conjugation did not minimize aggregation, but 

fluorescent colocalization was observed, suggesting antibodies were bound to the 

microspheres (Figure 55a). The addition of 0.1% Tween-20 minimized microsphere 

aggregation; however, the presence of Tween-20 prevented the conjugation of antibodies 

(Figure 55b). Therefore, an optimized procedure was used here for two different 

microsphere concentrations, in which BSA and Tween-20 were added during the antibody 

conjugation and washing steps, respectively. Yellow and red colocalization was observed 

using this procedure (Figure 56), suggesting antibodies were bound to the microspheres. 

However, the microspheres aggregated during this procedure. Further optimization is 

necessary to minimize aggregation, and additional experiments are required to determine 

the optimal microsphere and antibody concentrations.259 Different surfactants and 

surfactant concentrations may be used to reduce aggregation.259 Also, small microspheres 

(<1 µm) are easily aggregated during washing procedures involving centrifugation.260 

Thus, alternative washing procedures, such as using the commercially available VivaSpin 

devices, may help minimize microsphere aggregation.261 

A2.4 Conclusions 

In this work, we developed a microfluidic-based device for the detection of SARS-

CoV-2. This device was expected to capture SARS-CoV-2 through interactions between 

antibodies targeting the S protein and SARS-CoV-2 S, followed by detection with 

fluorescent microspheres targeting SARS-CoV-2 S. A microfluidic channel was 

developed, and conjugation of the channel with SARS-CoV-2 S antibody was completed. 

However, non-specific adsorption of SARS-CoV-2 VLPs was observed on PDMS 

surfaces, and more work needs to be completed to reduce this. Additionally, a protocol was 
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developed for antibody conjugation to fluorescent microspheres; however, more work 

needs to be completed to minimize the observed microsphere aggregation.  
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Figure 51. Overview of microfluidic device for detection of SARS-CoV-2. The 

microfluidic device is shown on the top right. (a) Antibodies (Ab) targeting SARS-CoV-2 

S are conjugated to the microfluidic channel. (b) Samples containing virus would be 

introduced to the channel, and SARS-CoV-2 would be captured by the antibody. (c) SARS-

CoV-2 S antibody conjugated fluorescent microspheres would be used to detect SARS-

CoV-2 using fluorescence. 
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Figure 52. The fabricated microfluidic device. The PDMS channel adhered to a glass slide 

is shown, and the channel is outlined in red (top). The PDMS microfluidic device with the 

inlet and outlet channels connected to tubing (bottom). 
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Figure 53. Surface modification of PDMS microchannel with antibodies. (a) Plasma 

treatment is completed to introduce hydroxyl groups. (b) 3-

glycidoxypropyltrimethoxysilane (3-GPTMS) is added to introduce reactive epoxy groups 

as sites for antibody binding. (c) Addition of SARS-CoV-2 S antibodies which react with 

the epoxy groups to form an antibody conjugated PDMS channel. 
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Figure 54. SARS-CoV-2 VLPs captured on PDMS. Antibody conjugated PDMS (top) and 

epoxy conjugated PDMS (bottom) both show VLPs (shown in red) on the surfaces, 

suggesting non-specific adsorption of VLPs. Scale bar is 10 µm. 
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Figure 55. The effects of surfactants, BSA and Tween-20, on antibody conjugation to 

microspheres. BSA or Tween-20 were added during the antibody conjugation step. (a) BSA 

solution allowed for conjugation of microspheres (red) with antibody (green) but resulted 

in aggregation of microspheres. (b) Tween-20 minimized the aggregation of microspheres 

but prevented the conjugation of antibodies (green) to microspheres (red). Scale bar is 10 

µm. 
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Figure 56. Effect of microsphere concentration on antibody conjugation. A 1:2 dilution of 

the microspheres resulted in antibody conjugation, but the microspheres were aggregated 

(top). A 1:4 dilution of microspheres resulted in antibody conjugation with larger 

aggregates (bottom). Scale bar is 10 µm.  
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Appendix 3. Cytocompatibility of PLLA-PMCL-PLLA elastomers 

This work was reprinted with permission from Reisman, L.; Siehr, A.; Horn, J.; Batiste, 

D.C.; Kim, H.J.; De Hoe, G.X.; Ellison, C.J.; Shen, W.; White, E.M.; and Hillmyer, M.A. 

“Respirometry and Cell Viability Studies for Sustainable Polyesters and Their Hydrolysis 

Products.” ACS Sustainable Chem. Eng. 2021, (9) 2736-2744. 

pubs.acs.org/doi/10.1021/acssuschemeng.0c08026. Copyright (2021) American Chemical 

Society.  

A3.1 Introduction 

 Significant research effort has been directed toward the development of sustainable 

plastics that are high-performance, bioderived, and/or degrade into nontoxic byproducts in 

natural or engineered environments (i.e., industrial composting facilities). In this work, the 

triblock copolymer, poly(L-lactide)-co-poly(γ-methyl-ε-caprolactone)-co-poly(L-lactide) 

(PLLA-PMCL-PLLA) was examined for potential use as a nontoxic, compostable material 

and for use in biomedical applications. We report the low cytotoxicity of poly(γ-methyl-ε-

caprolactone) (PMCL)-based materials and the hydrolysis product of PMCL, sodium 6-

hydroxy-4-methylcaproate. The concentration of sodium 6-hydroxy-4-methylcaproate that 

leads to 50% cell death (TD50) is 179 mM, a value that is similar to that of the hydrolysis 

product of polycaprolactone and higher than that of the hydrolysis product of polylactide.  

A3.2 Experimental Section 

A3.2.1 Preparation of PLLA−PMCL−PLLA Films 

PLLA−PMCL− PLLA films were processed using a Carver hydraulic press (Carver 

5370 AutoFour/4819 ASTM Molding Laboratory Press). The polymer (1 g) was placed on 

a Teflon sheet and pressed at 180 °C with 700 lbs for 3 min followed by pressing with 3000 
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lbs for 5 min. The film was then rapidly cooled in a water-injected press. Circular samples 

were cut from this film using a biopsy punch. Polycaprolactone (PCL, Sigma Aldrich, 

average Mn = 45 kDa) control films were fabricated in a similar manner.  

A3.2.2 Live/Dead Staining for Cells Cultured on Polymer Films 

Polymer films (0.3 mm thick and 8 mm in diameter) were each attached to a cover 

glass through a thin layer of vacuum grease (the cover glass and vacuum grease were 

autoclaved) and then placed in a 24 well tissue culture plate. The films were soaked in 

Pen−Strep (5%) for 2 hours for sterilization, followed by washing with phosphate-buffered 

saline (PBS) three times. NIH 3T3 fibroblasts were seeded on the polymer films at a density 

of 50,000 cells per well, and cultured in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum and 1% Pen−Strep in a tissue incubator (37 °C, 

5% carbon dioxide, 100% relative humidity). At 24 hours post-seeding, the cells were 

stained with the live/dead reagents, ethidium homodimer and calcein AM (0.1% v/v), for 

30 min in the dark. Each sample was then flipped upside down onto a cover glass slide and 

imaged on a Zeiss Axio Observer inverted microscope with a 5× objective. Cells seeded 

directly on the bottom surface in the culture plate [tissue culture polystyrene (TCPS)] and 

cells seeded on PCL films were examined as controls. 

A3.2.3 Alamar Blue Assay for Cells Cultured on Polymer Films 

Polymer films (0.3 mm thick and 6 mm in diameter) were each attached to the 

bottom of a well in a 96 well tissue culture by applying a thin layer of autoclaved vacuum 

grease underneath the films. The polymer films were soaked in Pen−Strep (5%) for 2 hours 

for sterilization and washed with PBS three times followed by incubation in the cell culture 

medium overnight prior to cell seeding. Fibroblasts were seeded at a density of 5000 cells 
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per well and cultured for 24 hours, followed by the Alamar Blue assay to determine cell 

viability. Fibroblasts seeded on the TCPS and PCL films were examined as controls. To 

perform the Alamar Blue assay, the cell culture medium was replaced with phenol red-free 

DMEM containing 10% v/v Alamar Blue reagent (Bio-Rad), followed by incubation for 4 

hours. The medium of each sample (100 μL) was transferred to a new 96-well plate, and 

the fluorescence signal with excitation/emission at 560/590 nm was measured using a 

BioTek Cytation 3 Cell Imaging MultiMode plate reader. Because the Alamar Blue signal 

is dependent on the total cell number, the differences in cell adhesion properties between 

PLLA−PMCL−PLLA and the controls were expected to cause errors in evaluating their 

relative cytotoxicity. To address this issue, the Alamar Blue assay was also performed for 

samples cultured for 4 hours as a normalization reference, and a medium change was 

conducted at 4 hours for the samples to be evaluated at 24 hours (the cells not adhered to 

material surfaces at 4 hours would be removed during the medium change). The Alamar 

Blue signal at 24 hours normalized to that at 4 hours for each material reveals the increase 

in the cell number between 4 and 24 hours. A higher value of cell number increase 

represents a lower level of material cytotoxicity. The experiments were performed in 

triplicate, and statistical analysis was conducted by unpaired t-tests.  

A3.2.4 Cytotoxicity Evaluation of Polymer Hydrolysis Products 

The cytotoxicity of sodium 6-hydroxy-4-methylcaproate (the hydrolysis product of 

PMCL) and sodium 6-hydroxycaproate (the hydrolysis product of PCL) was evaluated by 

determining the median toxic dose, TD50 (the concentration resulting in 50% cell viability), 

from a dose−response curve of cell viability as previously reported.262 Fibroblasts were 

seeded in a 96 well cell culture plate at a density of 5000 cells per well and cultured for 24 
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hours. The culture medium was then replaced with serum-free DMEM containing the test 

compound at various concentrations, followed by an additional incubation in the tissue 

culture incubator for 24 hours. A control in which no compound was added in serum-free 

DMEM was performed. Cell viability was evaluated using the Alamar Blue assay, and the 

fluorescence intensity of each sample containing a test compound was normalized to that 

of the control. A dose−response curve of normalized cell viability was plotted and the TD50 

was determined using GraphPad Prism 8. The experiments were performed in triplicate. 

A3.3 Results and Discussion 

A3.3.1 Cytotoxicity of Polymer Films 

The cytotoxicity of PLLA−PMCL−PLLA was first evaluated using a qualitative 

live/dead staining assay for fibroblasts cultured on polymer films for 24 hours. Two well-

known noncytotoxic materials, PCL220 and standard TCPS,263 were investigated as 

controls. Fluorescent images revealed that the cells cultured on PLLA−PMCL−PLLA films 

were highly viable, as many green cells were observed and the ratio of green to red cells 

was large (Figure 57a). In addition, the spread morphology was indicative of healthy cells 

and good cell adhesion,264 similar to the cells cultured on TCPS (Figure 57c). The cells 

cultured on PCL films showed a slightly rounded morphology (Figure 57b). These results 

suggest that PLLA−PMCL−PLLA is noncytotoxic.  

The cytotoxicity of PLLA−PMCL−PLLA was further quantitatively evaluated using 

the AlamarBlue assay for fibroblasts cultured on polymer films for 24 hours, with PCL and 

TCPS as controls. To reveal different cell adhesion properties between the three materials 

and eliminate their effects on cytotoxicity evaluation, the AlamarBlue assay was also 

performed for cells cultured for 4 hours post-seeding on each material. For the samples 
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evaluated at 24 hours, a medium change was performed at 4 hours to remove nonadherent 

cells, so that the AlamarBlue signal at 24 hours normalized to that at 4 hours represents the 

increase in the cell number between 4 and 24 hours. The number of cells adhered on 

PLLA−PMCL−PLLA at 4 hours is smaller than that on PCL or TCPS, but the increase in 

the cell number between 4 and 24 hours is greater than that on PCL and similar to that on 

TCPS (Figure 58). Because a greater increase in the cell number indicates a lower level of 

cytotoxicity, these results suggest that PLLA−PMCL−PLLA is similar to TCPS and better 

than PCL in terms of cytocompatibility.  

A3.3.2 Cytotoxicity of Polymer Hydrolysis Products 

The dose−response curves of cell viability when exposed to sodium 6-hydroxy-4-

methylcaproate and sodium 6-hydroxycaproate, the respective hydrolysis products of 

PMCL and PCL, were similar (Figure 59). The TD50 (median toxic dose) values determined 

from these curves were 179.1 ± 2.2 mM for sodium 6-hydroxy-4-methylcaproate and 171.7 

± 1.9 mM for sodium 6-hydroxycaproate. PCL has been used in many FDA-approved, 

implantable medical devices.54 The hydrolysis product is sodium 6-hydroxycaproate220 and 

has been reported to be noncytotoxic.221 Sodium 6-hydroxy-4-methylcaproate has a 

slightly higher TD50 than that of sodium 6-hydroxycaproate suggesting that the PMCL 

hydrolysis product is also noncytotoxic and MCL-based polymers could potentially be 

used for implantable medical devices. Importantly, the TD50 value of sodium 6-hydroxy-

4-methylcaproate is approximately four times higher than that of lactic acid (46.18 mM),265 

the hydrolysis product of PLA. PLA is a widely recognized sustainable and degradable 

plastic, and it has been used in FDA-approved implantable medical devices.53 The 
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significantly higher TD50 value of sodium 6-hydroxy-4-methylcaproate as compared with 

the hydrolysis product of PLA further confirms the excellent cytocompatibility of PMCL.  

A3.4 Conclusions 

Overall, this work has demonstrated the PLLA-PMCL-PLLA copolymers and the 

hydrolysis products of PMCL are noncytotoxic. This has important implications for use of 

this material as a compostable material. Additionally, PMCL based elastomers may be 

potential candidates as sustainable polymers for medical device applications based on these 

results.  
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Figure 57. Live/dead assay for NIH 3T3 fibroblasts cultured for 24 hours on (a) 

PLLA−PMCL−PLLA, (b) PCL, and (c) TCPS. Green and red represent live and 

dead cells, respectively. Scale bar is 200 μm. 
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Figure 58. AlamarBlue assay for fibroblasts cultured on PLLA−PMCL−PLLA, PCL, and 

TCPS. (a) AlamarBlue fluorescence intensity measured at 4 and 24 hours post-cell seeding. 

(b) Increase in the cell number between 4 and 24 hours as calculated by normalizing the 

AlamarBlue signal at 24 hours to that at 4 hours. Error bars represent standard deviations, 

n = 3. **p-value < 0.01, *p < 0.1, and ns = not significant. 
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Figure 59. Dose−response curves of cell viability when exposed to the hydrolysis 

products of PMCL (red squares) and PCL (black circles). The cell viability is 

normalized to a nontreated control. The curves represent the nonlinear regression 

analysis by GraphPad Prism 8 to determine the TD50 value. Error bars represent 

standard deviation, n = 3. 


