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Abstract

Green manufacturing has emerged across industries, propelled by a growing awareness of the 

negative environmental and health impacts associated with traditional practices. In the 

biomaterials industry, electrospinning is a ubiquitous fabrication method for producing nano- to 

micro-scale fibrous meshes that resemble native tissues, but this process traditionally utilizes 

solvents that are environmentally hazardous and pose a significant barrier to industrial scale-up 

and clinical translation. Applying sustainability principles to biomaterial production, we have 

developed a ‘green electrospinning’ process by systematically testing biologically benign solvents 

(U.S. Food and Drug Administration Q3C Class 3), and have identified acetic acid as a green 

solvent that exhibits low ecological impact (global warming potential (GWP) = 1.40 CO2 eq. 

kg/L) and supports a stable electrospinning jet under routine fabrication conditions. By tuning 

electrospinning parameters, such as needle-plate distance and flow rate, we updated the fabrication 

of widely utilized biomedical polymers (e.g. poly-α-hydroxyesters, collagen), polymer blends, 

polymer-ceramic composites, and growth factor delivery systems. Resulting ‘green’ fibers and 

composites are comparable to traditional meshes in terms of composition, chemistry, architecture, 

mechanical properties, and biocompatibility. Interestingly, material properties of green synthetic 
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fibers are more biomimetic than those of traditionally electrospun fibers, doubling in ductility 

(91.86 ± 35.65 vs. 45 ± 15.07%, n = 10, p < 0.05) without compromising yield strength (1.32 ± 
0.26 vs. 1.38 ± 0.32 MPa) or ultimate tensile strength (2.49 ± 0.55 vs. 2.36 ± 0.45 MPa). Most 

importantly, green electrospinning proves advantageous for biofabrication, rendering a greater 

protection of growth factors during fiber formation (72.30 ± 1.94 vs. 62.87 ± 2.49% alpha helical 

content, n = 3, p < 0.05) and recapitulating native ECM mechanics in the fabrication of 

biopolymer-based meshes (16.57 ± 3.92% ductility, 33.38 ± 30.26 MPa elastic modulus, 1.30 ± 
0.19 MPa yield strength, and 2.13 ± 0.36 MPa ultimate tensile strength, n = 10). The eco-

conscious approach demonstrated here represents a paradigm shift in biofabrication, and will 

accelerate the translation of scalable biomaterials and biomimetic scaffolds for tissue engineering 

and regenerative medicine.
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1. Introduction

In the late 20th century, a series of legislation was passed in the United States establishing 

corporate manufacturing requirements related to emitted air pollution, wastewater 

management, hazardous waste disposal, and chemical usage. The Toxic Substances Control 

Act, first implemented in 1976 and continuously amended to-date, limits industrial use of 

chemical substances that pose an unreasonable risk to human health or to the environment. 

In response, manufacturing methods have evolved to adhere to such governmental regulation 

while also considering the Planetary Boundaries Framework, which sets quantifiable limits 

on global environmental disturbances that are caused by human activity [1–3]. For example, 

in the textile industry, businesses that adopt green manufacturing and management methods 

such as a circular supply chain, recycling, and upcycling [4] have a demonstrated 

competitive advantage with lower production costs, expanded customer bases, improved 

company image, and innovative fabrication strategies [5]. In contrast, in the biomaterials and 

medical device industry, recently estimated to total 156 billion globally with 40% located in 

the United States [6], eco-friendly manufacturing practices remain nascent. Given the pivotal 

role biomaterials play in healthcare and the treatment of cardiovascular, musculoskeletal, 

and neurodegenerative disorders [7], there is a significant need as well as opportunity to 

implement large-scale green manufacturing of biomaterials in the medical device field.

The demand for eco-friendly and translatable scale-up of biomaterial production is 

underscored by the emergence of biofabrication or ‘building with biology’, pertaining to the 

use of cells, extracellular matrix (ECM), and/or biomaterials to produce intricate living or 

non-living biological products [8]. In 2009, one of the largest awards in the history of the 

National Science Foundation was granted to build a statewide alliance for biofabrication in 

South Carolina [9]. A natural application of biofabrication is tissue engineering, where 

biodegradable scaffolds formed via popular fabrication methods such as electrospinning are 

used to guide cell-mediated regeneration of grafts to replace tissue lost from injury or 
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disease [10]. Outside of tissue engineering, bio-manufactured products have been broadly 

applied in drug screening, environmental toxicology studies and more recently, complex in 
vitro models of diseased and healthy tissues [11, 12]. Moreover, biofabrication has already 

entered the green technology market with biofuels being produced as a sustainable energy 

source [13], and bio-based food [14] and leather [15, 16] emerging as alternatives to animal-

based products that otherwise exemplify poor stewardship. Implementation of green 

biofabrication processes will undoubtedly accelerate this revolution in biodesign and 

manufacturing.

After its first demonstration in the 1990s to generate nanoscale fibers [17, 18], 

electrospinning has become the pre-eminent method for producing nanometer- to 

micrometer-diameter fibers that can be seeded with cells for tissue engineering or other 

biofabrication applications [19–21]. This method is unique in its ability to produce meshes 

with organization and/or architecture comparable to the native ECM, such as a collagen 

fibril (nm) or fiber (μm). In the past decade, over 500 PubMed-indexed scientific papers 

describing such electrospun technologies have been published (supplemental figures 1(a) 

and (b) (available online at stacks.iop.org/BF/13/035049/mmedia)). These functionalized 

polymeric fibers are designed for a variety of clinical applications, such as biofabrication of 

biological tissues [22–26], modeling of the ECM [27, 28], or serving as platforms for T-cell 

therapy [29]. Coupled with a burgeoning industry of manufacturers located across the globe 

[30], electrospinning has become a mainstay in biofabrication for tissue regeneration.

Traditional electrospinning methods begin with solubilizing a polymer in common industrial 

solvents such as trifluoroethanol (TFE), dimethylformamide (DMF), or dichloromethane 

(DCM). The resulting polymer melt is prepared in a syringe fitted with an electrically 

charged micrometer-diameter needle, and the syringe plunger is advanced at a specified rate. 

As the applied electric field overcomes the surface tension of extruded droplets, fibers are 

ejected from the needle onto a collecting plate which grounds the electrical charge [17, 18]. 

Ultimately, a porous mesh made of fibers with a high surface area to volume ratio is formed 

[31, 32]. Parameters such as the polymer flow rate, voltage, needle-collecting plate distance, 

needle gauge, and relative humidity of the surrounding environment have a great impact on 

fiber diameter and morphology [33, 34]. These may be tuned to produce fibrous matrices 

composed of several functionalizable polymers including polylactide-co-glycolide (PLGA), 

poly-ε-caprolactone (PCL), and collagen (e.g. gelatin) [35]. Furthermore, it has been 

demonstrated that growth factors such as bone morphogenetic protein 2 (BMP-2) [36, 37], 

insulin-like growth factor 1 (IGF-1) [38], and transforming growth factor β3 (TGF-β3) [39], 

as well as ceramic nanoparticles including hydroxyapatite [40, 41] and calcium deficient 

apatite (CDA) [42], can be incorporated into electrospun scaffolds during fiber formation 

with some maintenance of their bioactivity.

Despite research success, the clinical translation of electrospun technologies is severely 

hindered by a myriad of challenges in scaling up for biomanufacturing, ranging from the 

environmental risks of volatile solvent storage and disposal at large volumes, to meeting 

health and safety standards during both fabrication and implementation [43]. The ecological 

damage associated with solvents used in the electrospinning process is often overlooked. 

Moreover, electrospun fibers may contain trace amounts of solvents post-fabrication, and 

Mosher et al. Page 3

Biofabrication. Author manuscript; available in PMC 2022 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://stacks.iop.org/BF/13/035049/mmedia


common solvents used for electrospinning such as TFE, DMF, or DCM are restricted from 

use in pharmaceuticals by the U.S. Food and Drug Administration (FDA) [44]. To mitigate 

these risks, we aim to develop a method for green electrospinning, which will facilitate 

scale-up and clinical translation of electrospun technologies that are safe for manufacturers 

and patients, while minimizing manufacturing impact on the environment. In the following 

sections, we describe green electrospinning of biopolymer nanofibers and synthetic polymer 

microfibers that act as matrices to support cell-based biofabrication. Additionally, we show 

that green electrospun fibers can be incorporated with ceramic nanoparticles or growth 

factor in a manner that is similar or, in many aspects, better than traditionally electrospun 

fibers, with broader applications in tissue engineering and biofabrication. Taken together, 

these data demonstrate that green electrospinning represents a new paradigm for 21st 

century biomaterial and scaffold manufacturing.

2. Materials and methods

2.1. Solvent impact analysis

For each solvent of interest (table 1), manufacturing impacts pertaining to ecological 

damage, human health damage, and resource depletion were determined by life cycle 

assessment (LCA) methodology using Sustainable Minds® Life Cycle Assessment software 

and the EcoInvent database. All impacts were calculated assuming a functional unit of 1 liter 

solvent manufactured, with the overall impact weighted across categories and expressed in 

relative mPts/L for direct comparison where one point (Pt) represents an average 

individual’s annual share of the total environmental impact in the United States. A cradle-to-

gate partial product life cycle was performed from resource extraction (cradle) to the factory 

gate which includes manufacturing of the solvents, with use and disposal omitted; such 

assessments are often used as the basis for environmental product declarations.

2.2. Fiber fabrication

Micro- and nano-fibers were fabricated by electrospinning with a custom device [17, 20]. 

Briefly, the synthetic polymers polylactide-co-glycolide (PLGA 50:50, DL, Mw ≈ 106kDa, 

IV = 0.6/0.8 dL/g, Lakeshore Biomaterials) and poly-ε-caprolactone (PCL, 

Mn ≈ 70 − 90kDa, PDI < 2, Sigma-Aldrich) were solubilized at a 5:1 weight ratio in a 2:3 

mixture of N,N-dimethylformamide (DMF, Sigma-Aldrich) to dichloromethane (DCM, 

Sigma-Aldrich) for traditional electrospinning, or as listed in table 1, FDA Q3C Class 3 

solvents such as glacial acetic acid (Sigma-Aldrich) for ‘green electrospinning’. The 

resulting polymer melt (32% w/v) was vortexed (Vortex Genie 2, Scientific Industries) for 1 

h. For all solvents tested, a stable electrospin is defined as spinning for at least 1 h without 

needing to unclog the needle or clear its opening of debris.

For ceramic incorporation, calcium deficient apatite (CDA, Sigma-Aldrich) particles were 

mixed with the solvent, sonicated (80 W, Ultrasonic Cleaner FS20, Thermo Fisher 

Scientific) for 1 h, and added to the polymer melts described previously (10, 15, or 20% w/w 

CDA/polymer). Resulting melts (41% w/v) were vortexed for 2 h and electrospun using the 

same parameters described for ceramic-free PLGA/PCL fibers (figure 3(a)). To incorporate 

growth factor within the microfibers, bovine serum albumin (BSA, 5% w/w, Sigma-Aldrich) 
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was combined with the PLGA/PCL polymer melt described above for 1 h of vortexing, 

followed by the addition of insulin-like growth factor-1 (IGF-1, 100 μg, 5 ng/mL, Gibco 

Laboratories) and an additional 1 h of mixing. Traditional and green solutions were 

electrospun using the parameters listed in figure 4(a). Last, biopolymer nanofibers were 

fabricated by solubilizing gelatin (porcine-derived, ~300 g bloom, type A, Sigma-Aldrich) in 

TFE (7% w/v, Sigma-Aldrich) or 50% v/v acetic acid in water (20% w/v gelatin) for 

traditional and green electrospinning, respectively. Resulting solutions were vortexed for 1 h, 

and electrospun using the parameters listed in figure 5(a).

2.3. Fiber characterization

Fibrous scaffolds were characterized using discs (Ø = 10 mm) measuring 100 ± 20 μm in 

thickness that were cut from electrospun meshes with a biopsy punch (Sklar Surgical 

Instruments). Fiber diameter and morphology were evaluated by performing scanning 

electron microscopy (SEM, 5 kV, Zeiss Sigma VP) on samples that were pre-coated with 

gold-palladium (4 nm) to reduce charging effects (108 Auto, Cressington Scientific). Fiber 

diameter was quantified via ImageJ (National Institutes of Health) analysis of resulting SEM 

micrographs (5000X, n = 50 fibers/group) [27]. Energy dispersive x-ray analysis (EDXA, 

XFlash® 6 × 30 Detector, Esprit 2.1 software, Bruker) was performed for 300 s at 10 kV to 

obtain quantitative spectra and colorized micrographs for the elements carbon (green), 

calcium (blue), and phosphorus (red). Additionally, intensity profiles for calcium and 

phosphorus were measured through individual fibers.

Scaffold contact angle (n = 5) in ambient conditions was determined by ellipsometry (Fiber-

Lite® Model 190, Dolan-Jenner Industries), by placing the sample upon a stage, depositing a 

10 μl deionized water droplet the scaffold surface, and immediately measuring the angle 

between the convex drop profile and the flat scaffold using a fiber optic illuminator fixed to 

a protractor telescope lens apparatus.

Chemical composition was assessed using Fourier transform infrared spectroscopy in 

attenuated total reflectance mode (FTIR-ATR, n = 3, Spectrum 100, Perkin Elmer). The 

spectra were collected (100 scans, spectral resolution 4 cm−1) and analyzed for characteristic 

PLGA [46–48], PCL [49], or gelatin [50–52] peaks.

Crystal structure of as-fabricated scaffolds was analyzed by x-ray diffraction (XRD, n = 3, 

PANalytical XPert3 Powder XRD, Malvern Panalytical). Samples were loaded onto a zero-

diffraction plate (silicon, p-type, β-doped, MTI Corporation, Richmond, CA) and scanned 

through a 1 cm nickel-based beam mask from 20–30° (2θ) with a step size of 0.029° and a 

beam path utilizing 1/4° anti-scatter and 1/8° divergence slits. Resulting x-ray 

diffractograms were analyzed for semi-crystalline peaks corresponding to the orthorhombic 

planes present in PCL [53], as well as the crystal planes characteristic of CDA (JCPDS 9–

432). Gelatin fibers were evaluated for a broad characteristic peak representing amorphous 

gelatin [54], with additional crystalline planes identified [55].

The ASTM International standard test method for tensile properties of plastics (D638-14) 

was used to perform uniaxial tensile testing [20, 56]. Briefly, scaffolds (6 × 1 cm, n = 10) 

were mounted with custom clamps onto a microtester device (Instron, Model 5848) with an 
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average gauge length of 3 cm, and evaluated to failure at a strain rate of 5 mm/min. Scaffold 

yield strength, ultimate tensile stress, and ductility were determined, with elastic modulus 

calculated as the slope of the linear region of resulting stress–strain curve.

To assess degradation, as-fabricated PLGA/PCL scaffolds were immersed in ITS media at 

37 °C and 5% CO2. The ITS media consists of Dulbecco’s Modified Eagle’s Medium 

(DMEM, Thermo Fisher Scientific) supplemented with 1% insulin, transferrin, selenous acid 

(ITS+) premix (BD Biosciences), 1% penicillin–streptomycin (P/S, 10 000 U/mL penicillin, 

10 mg/mL streptomycin), 0.1% gentamicin sulfate, 0.1% antifungal (250 μg/mL 

amphotericin B), and 40 μg/mL L-proline (Sigma-Aldrich). All antibiotics and antifungals 

were purchased from Corning Inc. At selected time points (up to 16 weeks), samples were 

rinsed in distilled water, dried in a CentriVap Concentrator (Labconco Co.) until completely 

dry, and weighed to evaluate fiber degradation.

The mineral content of as-fabricated scaffolds was assessed with thermogravimetric analysis 

(TGA, n = 3, Q50, TA Instruments). Briefly, samples were loaded into calibrated platinum 

pans, suspended beneath a thermocouple within a furnace, and heated in nitrogen by 20 

°C/min to 100 °C. The temperature was then increased in oxygen to 700 °C, followed by an 

increase to 900 °C in nitrogen. As PLGA (50:50) and PCL completely degrade at 500 °C 

[57] and 489 °C [58], respectively, the residual weight corresponded to the weight of mineral 

remaining in the scaffold. Thus, weight percent mineral content was determined by dividing 

the ash weight by the original scaffold weight. To evaluate mineral particle size and 

distribution, machine learning was employed (supplemental figures 3(a)–(d)). Briefly, 

EDXA images of CDA particles (n = 15) were rotated 360° in 10° intervals with mirrored 

edges, and corresponding label maps were created (n = 540). Sematic segmentation of the 

images and maps was performed, and 70% were used for training (n = 378) with 30% used 

as the test set (n = 162). A custom built convolutional neural network consisting of 91 layers 

was trained, validated with the test set, and used to evaluate EDXA images of CDA-

containing fibers (n = 10). The output segmentation results quantified the size and spatial 

distribution of the CDA particles embedded within the fibers.

2.4. Cells and cell culture

Neonatal (1–7 d old) bovine tibiofemoral joints were acquired from a local abattoir (Green 

Village Packing Co.), and primary articular chondrocytes and synovium-derived stem cells 

were isolated following published protocols [59, 60]. Prior to harvest, the joints were soaked 

in detergent for 40 min followed by 70% ethanol for 20 min to sterilize. In an aseptic 

environment, a #22 scalpel blade (feather, Thermo Fisher Scientific) was used to remove the 

muscle, subcutaneous fascia, collateral ligaments, patellar tendon, adipose tissue, and medial 

and lateral menisci covering the cartilage, and the joint capsule was opened. Following, full 

thickness cartilage was extracted from the femoral groove and condyles, minced with the 

scalpel blade, and digested for 16 h in digestion medium at 37 °C and 5% CO2. Digestion 

medium consisted of 0.1% (w/v) collagenase II (Worthington Biochemical Corporation) in 

DMEM supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals), 2% P/S, 

0.2% gentamicin sulfate, and 0.2% antifungal. After 16 h, isolated cells were passed through 

a sterile 30 μm nylon macroporous filter (Spectra/Mesh®, Cole-Palmer Instrument Co.) to 
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remove ECM components, and resulting full thickness chondrocytes were maintained in 

high-density culture (4 × 105 cells cm−2) in fully-supplemented DMEM containing 10% 

FBS, 1% non-essential amino acids, 1% P/S, 0.1% gentamicin sulfate and 0.1% antifungal 

for 3 d before seeding.

For stem cell isolation, the synovial membrane lining the femoral condyles was harvested 

and digested for 4 h at 37 °C and 5% CO2 in digestion medium with similar composition to 

that above, but with a Minimum Essential Medium Alpha (αMEM, Corning) base. The 

digested slurry was filtered and centrifuged, and synovium-derived stem cells were cultured 

(1.8 × 103 cells cm−2) in fully-supplemented αMEM. To eliminate synovium-derived 

macrophages and obtain a homogeneous stem cell population, cells were subsequently 

expanded on tissue culture plastic (up to passage 4) [39] prior to seeding onto fibers.

To seed isolated cells onto fibrous scaffolds, 10 μl of concentrated cell suspension was 

pipetted onto each scaffold to achieve a seeding density of 100 000 cells cm−2 and allowed 

to attach for 25 min at 37 °C and 5% CO2. Following, cell-laden scaffolds were submerged 

in 1.5 mL ITS media (chondrocytes) or fully-supplemented αMEM (stem cells) and cultured 

at 37 °C and 5% CO2, with media refreshed three times weekly.

2.5. Biocompatibility and phenotypic cell response

Cell viability—Cell viability (n = 2) on the scaffolds was visualized using Live/Dead 

staining (Molecular Probes) following the manufacturer’s protocol. Stained samples were 

rinsed in phosphate buffered saline (PBS, Thermo Fisher Scientific) and immediately 

imaged under confocal microscopy (Olympus Fluoview IX70) at excitation and emission 

wavelengths of 488 nm and 515 nm, respectively. To evaluate cell proliferation (n = 5), a 

Quanti-iT™ PicoGreen® dsDNA assay kit (Molecular Probes) was used following the 

manufacturer’s suggested protocol on lysed, ultrasonicated, and papain-digested (18 h) 

cellular scaffolds. Fluorescence was measured with a microplate reader (Tecan SpectraFluor 

Plus) at excitation and emission wavelengths of 485 nm and 535 nm, respectively. Measured 

fluorescence intensity was correlated to a DNA standard curve, and a conversion factor of 

7.7 pg DNA/cell [61] was used to determine the total cell number in each sample.

Total collagen and proteoglycan synthesis were quantified from sample lysates digested to 

solubilize the matrix proteins. For collagen content (n = 5), a hydroxyproline assay [62] was 

used. Briefly, aliquots of the sample digest were mixed with 2N sodium hydroxide (Sigma-

Aldrich) and heated to 250 °C for 25 min in order to hydrolyze the collagen. The 

hydrolysate was then oxidized at room temperature for 25 min with buffered Chloramine-T 

reagent (Sigma-Aldrich) prior to the addition of Ehrlich’s reagent (15% p-

dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid, Sigma-Aldrich). 

Absorbance was measured at 555 nm with a microplate reader (Tecan SpectraFluor Plus) 

and hydroxyproline content for each sample was determined by correlating measured optical 

density to a bovine collagen I solution (Biocolor) standard curve. For glycosaminoglycan 

(GAG) quantification (n = 5), a modified 1,9-dimethylmethylene blue (DMMB) dye-binding 

assay [63, 64] was used. Samples were mixed with the DMMB dye (pH 3.5) and absorbance 

was immediately measured (μQuant, Bio-Tek) at both 540 nm and 595 nm, with the 

difference between these measurements used to improve the signal detection sensitivity. 

Mosher et al. Page 7

Biofabrication. Author manuscript; available in PMC 2022 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Proteoglycan content was determined by correlating measured absorbance to a 

chondroitin-6-sulfate (Sigma-Aldrich) standard curve.

For matrix distribution, histology samples (n = 3/stain) were rinsed with PBS and 

chemically fixed for 24 h at 4 °C in 10% neutral buffered formalin containing 1% 

cetylpyridinium chloride (Sigma-Aldrich). The samples were again rinsed in PBS, then 

soaked overnight in 5% (w/v) polyvinyl alcohol (PVA, Sigma-Aldrich) followed by frozen 

sectioning with a cryotome (7 μm, CM3050 S, Leica Biosystems). Slides were cleared of 

PVA by soaking in deionized water for 30 min, and the distribution of collagen was 

visualized by staining in 0.1% picrosirius red for 1 h and rinsing in 0.01 M HCl. The 

proteoglycan matrix was stained with safranin-o for 20 min, Weigert’s hematoxylin for 7 

min, and fast green counterstain for 12 min. Coverslipped (Cytoseal XYL) samples were 

imaged under light microscopy (Olympus DP72).

Cell mineralization potential—Cell mineralization potential was assessed by 

quantifying alkaline phosphatase (ALP) activity (n = 5), measured using a colorimetric assay 

based on the dephosphorylation of p-nitrophenyl phosphate (pNP-PO4) to p-nitrophenol 

(pNP) [65]. Prior to sample digestion, an aliquot of the sample lysate was mixed with pNP-

PO4 solution (Sigma-Aldrich) at a 1:1 v/v ratio and incubated at 37 °C for 10 min. 

Following, absorbance was measured (Tecan SpectraFluor Plus) at 405 nm. The ALP 

activity of each sample was determined by correlating measured optical density to a pNP 

standard curve.

2.6. Protein structure and release

The helical structure of a model protein, BSA, was evaluated in simulated electrospinning 

conditions using circular dichroism spectroscopy. Briefly, ground BSA was solubilized in 

filtered (0.22 μm, Thermo Fisher Scientific) deionized water or the electrospinning solvents 

of interest (DMF:DCM or acetic acid) at the same concentration described above for 

spinning IGF-1-containing fibers (see Fiber Fabrication). These solutions were vortexed for 

1 h to mimic to the electrospinning protocol, and dried completely via evaporation under 

airflow. All samples were reconstituted in filtered deionized water (0.1 mg/mL), and 3 scans/

sample (0.85 s/point) were obtained from 180 to 250 nm at 25 °C with a 1 nm step size and 

a 1 nm bandwidth using quartz cells with a 0.5 mm path length (ProData Chirascan V100, 

Applied Photophysics). The water contribution to each spectrum was subtracted, the spectra 

were averaged (n = 3 per solvent), and data were expressed in terms of mean residue 

ellipticity (MRE, degree * cm2/dmol), with the α helical content of BSA in each solvent 

quantified using the 222 nm method [66].

Additionally, IGF-1 was incorporated into electrospun fibers and its release was quantified. 

Fibrous scaffold discs (Ø = 10 mm) were cored from an IGF-1-containing mesh (100 μg) 

using a biopsy punch, and sterilized via exposure to ultraviolet light (15 min/side). The discs 

were immersed in ITS media (~2.2 mg/mL) and incubated for 3 weeks at 37 °C and 5% 

CO2, with media collected and replaced every 3 d such that perfect sink conditions were 

maintained. Supernatant IGF-1 concentration was quantified via enzyme-linked 

immunosorbent assay (ELISA, n = 5, R&D Systems) according to the manufacturer’s 
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protocol. Briefly, samples were added directly to assay diluent in a prepared plate and 

incubated for 2 h at 4 °C. Each well was washed four times before incubation for 1 h with 

IGF-1 conjugate at 4 °C. The conjugate was removed, the wells were washed four times, and 

substrate solution was added to each well and allowed to react in the dark. Stop solution was 

added after 30 min, absorbance was measured at 450 nm and 570 nm with a microplate 

reader (Tecan SpectraFluor Plus), and the difference was used to calculate IGF-1 

concentration based on a standard curve.

2.7. Statistical analyses

Results are presented as mean ± standard deviation, with ‘n’ equal to the number of samples 

analyzed per study group. Multiple trials were conducted to ensure reproducibility and only 

data from the same representative trials are shown. All data were tested for normality and 

equal variance between groups. One-way analysis of variance (ANOVA) was performed to 

determine the effect of solvent type on fiber diameter, tensile mechanical properties, contact 

angle, scaffold ash weight, ceramic particle size and spatial distribution, BSA α helical 

content, and IGF-1 incorporation. Two-way ANOVA was used to determine the temporal 

effects of solvent type on scaffold degradation, (fold-change in) cell number, population 

doublings, doubling time, ALP activity, GAG and collagen deposition, and IGF-1 release. 

The Tukey–Kramer post-hoc test was then used for all pair-wise comparisons with 

significance attained at p < 0.05. All statistical analyses were performed using JMP IN 

statistical software (SAS Institute).

3. Results and discussion

3.1. Green electrospinning: solvent selection criteria

Traditional material synthesis and fabrication practices have resulted in significant 

environmental and human health consequences, precipitating the design challenge to 

develop green manufacturing processes within the fields of implantable biomaterials and 

regenerative medicine. In particular, electrospinning methods for fabricating nano- and 

micro-scale fibrous scaffolds must be revamped for clinical translation, as traditional 

solvents prevalent in the literature are highly carcinogenic, elicit extreme eutrophication, and 

are related to global warming. The first step in implementing green electrospinning is the 

identification of a non-volatile solvent that is able to solubilize the polymer and enable the 

formation of a fibrous mesh, maintain bioactivity, support biocompatibility, and facilitate 

scale-up with minimal negative impacts on health and the environment. Solvent selection is 

critical here as, while most of the solvent used will evaporate or be removed post-

electrospinning, the solvent-polymer interactions during fabrication will affect not only 

resultant polymer crystallinity and scaffold structure, but also the functionality of 

incorporated biomolecules and proteins. We began with an extensive review of all published 

electrospinning studies in the past decade, and found that DMF or its blend with DCM 

represents the most popular traditional solvent, used in more than half of publications in the 

last ten years for electrospinning PCL, also the most commonly electrospun polymer. This is 

followed by TFE, which is routinely used to electrospin collagen (Fig. S1a–b). Interestingly, 

there is a small number of publications (<10%) exclusively using water, formic acid or 

acetic acid alone or in combination, which are potential green solvent candidates.
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Next, we categorized the known electrospinning solvents and green solvent candidates 

according to FDA Q3C standards [44]. While adherence to Q3C standards does not 

constitute FDA approval, these are established FDA recommendations for solvent limits in 

drugs and biomedical products. This classification system is based on published data 

describing solvent genotoxicity, carcinogenicity, reproductivity toxicity, and metabolism in 

mice, rats, and humans, as well as environmental impact when supporting data was 

available. The solvents are separated into three classes with decreasing toxicity, where Class 

1 solvents are inherently toxic and should only be used if they impart significant therapeutic 

effects. Traditional electrospinning solvents including DMF and DCM are designated Class 

2, indicating inherent toxicity with the permitted daily exposure (PDE) limited to 8.8 and 6.0 

mg/d, respectively. Consequently, the search for a green solvent candidate was restricted to 

those in Class 3, as they are designated as biologically benign and non-hazardous for 

pharmaceutical use by the FDA with allowable PDE of up to 50 mg/d. Moreover, greater 

exposure to Class 3 solvents is considered acceptable under good manufacturing practice, 

with acetic acid’s PDE established at 3200 mg/d.

Following classification of the solvent candidates (table 1), the ability of each to solubilize 

common polymers such as PLGA and PCL, as well as to produce a stable electrospin from 

the polymer blend solution (5:1, 32% w/v), as defined by drawing of a fiber from the syringe 

and subsequent formation of a 100 μm thick mesh, was evaluated. Notably, acetic acid was 

the only Class 3 solvent tested that was capable of sufficient polymer solubilization and 

subsequent fiber formation. While polymer melts formed in acetone and formic acid, stable 

electrospins were not possible within routine fabrication parameters [38] used for 

electrospinning (voltage, needle-plate distance, needle gauge, relative humidity, and flow 

rate, figure 1(a)). It is likely that with its boiling point and conductivity falling between those 

of DMF and DCM, the polymer melt formed with acetic acid is likely better suited for 

electrospinning. Moreover, with sufficient similarities in solvent and polymer chemistry, it is 

anticipated that acetic acid can readily solubilize the poly(α-hydroxyester) family of 

polymers (PLA, PGA, PLGA, PCL) as well as other polymers (e.g. polyester, polyethylene, 

nylon) that are widely utilized as biomaterials or for tissue regeneration.

To evaluate the ecological impacts of solvents, we performed LCA within the EcoInvent 

database [67]. Ecological damage is comprised of acidification (kg SO2 eq), ecotoxicity 

(CTUe), eutrophication (kg N eq), global warming (kg CO2 eq), and ozone depletion (kg 

CFC-11 eq). Human health damage includes carcinogenics and non-carcinogenics (both in 

units of CTUh), respiratory effects (kg PM2.5 eq, fine particulates), and smog (kg (ground 

level) O3 eq), while resource depletion exclusively refers to diminution of fossil fuels (MJ 

surplus). It was found that the popular electrospinning solvents (DCM, DMF, TFE) are 

detrimental to both environmental and human health (figures S2(a) and (b), results expressed 

in relative mPts of impact per liter of solvent), especially during manufacturing. For 

instance, given its documented carcinogenicity, the manufacturing of DCM is a significant 

contributor to human health damage, responsible for the majority of the solvent’s 0.32 

mPts/L total impact score. In contrast, the much higher total impact score of 0.80 mPtsL for 

DMF arises predominately from ecological damage attributed to solvent-induced 

eutrophication of water systems. Eutrophication, in which excess nutrient salts cause algae 

and cyanobacteria to bloom, leads to the formation of dead zones where the concentration of 
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dissolved oxygen is too low to support life. Moreover, these dead zones release methane and 

nitrous oxide into the atmosphere which have about 36- and 300-fold greater GWP than 

carbon dioxide, respectfully [68]. Furthermore, according to the Planetary Boundary 

Framework, genetic diversity and the biochemical flows of nitrogen and phosphorus have 

already exceeded safe operating limits [2, 3] and contributed to documented global climate 

change [69, 70]. Such consequences are exacerbated by TFE, which exhibits the greatest 

manufacturing impact score of all solvents assessed (5.18 mPts/L), translating to a GWP of 

211.28 CO2 eq. kg/L. Collectively, the significant carcinogenicity, eutrophication, and global 

warming impacts of traditional electrospinning solvents renders them impractical for 

industrial use and biomedical applications. In contrast, non-volatile solvents such as acetic 

acid are associated with relatively minimal manufacturing impacts (0.12 mPts/L), with a 

GWP that is two orders of magnitude lower than that of TFE (1.40 CO2 eq. kg/L). Moreover, 

acetic acid can be produced from natural gas with no emissions and only power as a 

biproduct [71], making it much more scalable and environmentally friendly than traditional 

solvents.

Based on its ability to support stable electrospinning and documented lower health and 

ecological impacts, acetic acid was selected here as a model green solvent for 

electrospinning. To test the efficacy and evaluate the broad applicability of green 

electrospinning, we conducted a series of studies described below aimed at comparing 

polymeric meshes formed through either traditional (TFE, DMF, and DCM) or green (acetic 

acid) electrospinning methods. It is anticipated that both structural organization and material 

properties, as well as biocompatibility of the meshes, will be independent of fabrication 

method. Additionally, given the detrimental properties of traditional solvents, green 

electrospinning will be more favorable for biofabrication, especially in terms of forming 

robust biopolymer fibers and incorporating biofactors.

3.2. Green vs. traditional: synthetic polymer fibers and phenotypic cell response

To test the effects of green manufacturing on synthetic polymer fiber formation, we 

compared a polymeric blend of PLGA and PCL made using traditional and green 

electrospinning (figures 1(a)–(e)). This mesh formulation was selected as it comprises of the 

two most common biodegradable polymers in the field, and has been successfully tested for 

graft-host integration in vitro and in vivo [38]. The traditional 2:3 DMF:DCM solvent 

mixture was used to yield fibers with a diameter measuring 1.21 ± 0.21 μm, while green 

electrospinning with acetic acid resulted in a fiber diameter of 1.28 ± 0.11 μm, with no 

significant difference in either fiber morphology or diameter evident via scanning electron 

microscopy (SEM, figure 1(a)). Of note, the polymer melt viscosity was greater in green 

compared to traditional solvents, and thus the flow rate was slowed in order to ensure the 

spin of a mesh with comparable fiber diameter, although fabrication can also be optimized 

by increasing the applied voltage. After 24 h of drying under a vacuum to remove any 

residual solvent, contact angle was also similar between these groups (n = 5, ^p < 0.05), 

indicating fiber surface energy was unaffected by solvent choice.

Maintenance of chemical structure was also confirmed via ATR (figure 1(c)), where 

characteristic peaks for carbonyl stretching (C=O) in PCL [49] and PLGA [48] were 
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observed at 1726 cm−1 and 1746 cm−1, respectively, with methyl (C–H, 1452 cm−1), ether 

(C–O–C, 1080 and 1183 cm−1), and carbon-oxygen (C–O, 1129 cm−1) stretch peaks 

attributed to the presence of PLGA [46–48] detected in both fiber types. Surprisingly, 

differences in crystal structure were observed with XRD (figure 1(d)). While both fiber types 

exhibited two semi-crystalline peaks at 2θ = 21.4° and 2θ = 23.8°, corresponding to the 

orthorhombic planes (110) and (200) in PCL [53], the traditionally electrospun fibers had an 

extra peak at 2θ = 24.4° attributed to splitting of the (200) plane, not present in the polymer 

pellet control or the green mesh. This suggests that a change in PCL structure occurred after 

interaction with traditional solvents, while the crystal structure was preserved in acetic acid.

Electrospinning has been reported to alter polymer chain arrangement, typically increasing 

crystallinity and associated mechanical properties of the fibers compared to pre-processed 

polymer pellets [72]. The draw ratio, or the ratio of fiber velocity at the collection plate to 

the velocity of the polymer solution ejected from the syringe, can be used to estimate 

molecular orientation. The greater draw ratio required for traditional electrospinning likely 

aligned polymer chains along the fiber axis and lead to the formation of crystallites. This is 

supported by the larger area under crystalline peaks in traditional fiber XRD compared to 

green fibers, as well as the slightly slower degradation in traditional vs. green fibers (0.675 ± 
0.002 vs. 0.721 ± 0.010%mass/day, respectively, n = 5, ^p < 0.05, figure 1(b)). These data 

suggest the crystal structure difference between groups affected hydrolytic degradation rate. 

Interestingly, the lack of biologically relevant ductility that has long plagued synthetic 

polymers is mitigated by green electrospinning, which resulted in a 47% increase in ductility 

accompanied by a 29% reduction in elastic modulus, without compromising either yield 

strength or ultimate tensile strength (n = 10, ^p < 0.05, figure 1(e)). Mechanical behavior of 

the green mesh is thus more representative of the collagen-rich ECM in connective tissues 

such as the skin [73, 74], with an elastic modulus of 32 MPa reported for a human type I 

collagen fibril [75] and a ductility ranging from 42% to 62% reported for human skin [76].

To assess biocompatibility, we compared cell response on traditional and green meshes in 
vitro (figures 2(a)–(d)). While viable on both types of meshes, articular chondrocytes 

proliferated faster with more population doublings when cultured on the green mesh (n = 5, 

*p < 0.05 over time, ^p < 0.05 between groups), resulting in a significantly greater cell 

number by day 7 (figure 2(a)). In terms of matrix production, GAG (figure 2(b)) and 

collagen (figure 2(c)) deposition similarly increased over time on both fiber types (n = 5, *p 
< 0.05), with no differences seen between groups. Histology revealed early matrix 

deposition on the surface of the scaffolds, with GAG and collagen penetrating throughout 

the scaffold depths by day 21 in both fiber types. The ALP activity did not differ between 

groups (figure 2(d)), further confirming maintenance of the articular chondrocyte phenotype. 

Collectively, these data demonstrate that green electrospinning yields comparable microfiber 

meshes that support cell attachment, growth, and phenotypic expression. Notably, green 

electrospinning better preserves polymer crystal structure and produces a more ductile mesh 

that mimics native ECM mechanics. Additionally, the green mesh is biocompatible and 

promotes cell growth, and offers significant functional advantages over traditional 

approaches.
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3.3. Green vs. traditional: composite polymer fibers

Expanding on the applicability of green electrospinning and inspired by the composite 

nature of biological tissues, we next compared polymer-ceramic fiber fabrication using 

green and traditional methods (figures 3(a)–(d)). The ceramic selected was CDA, a mineral 

source with a semi-crystalline, calcium-deficient structure reminiscent of carbonated 

hydroxyapatite (HA) found in native bone [77, 78]. Addition of calcium phosphate has been 

reported to enhance chondrocyte proliferation, matrix deposition, and mineralization 

potential in hydrogels [42], indicating it is an optimal ceramic source for stimulating 

calcification. Applying this strategy to fibrous scaffolds, traditional (DMF/DCM) and green 

(acetic acid) electrospinning were used to fabricate PLGA/PCL fibers containing 20% (w/w) 

CDA, with comparable average fiber diameters of 0.97 ± 0.45 and 0.92 ± 0.19 μm, 

respectively (figure 3(a), SEM, n = 50 fibers/group). Ceramic nanoparticles were well-

distributed within the fibers, and EDXA intensity profiles confirmed Ca and P presence 

along the fiber (blue = Ca, red = P, figure 3(a)). Ceramic incorporation was found to fibers, 

be within 1% (w/w) of target values (19.92 ± 0.44 and 20.14 ± 0.62% for traditional and 

green respectively, figure 3(b)). In terms of crystal structure, semi-crystalline peaks 

corresponding to the (110) and (200) planes inherent in PCL [53], along with the crystal 

planes (002, 211, 300, and 202) characteristic of CDA [42] (JCPDS 9–432) were identified 

with both meshes (figure 3(c)). The fidelity of nanoparticle incorporation and distribution 

(EDXA images, n = 1500+ particles) were evaluated using a convolution neural network 

customized for image segmentation (Fig. S3a–d), as nanoparticle aggregation often leads to 

inhomogeneities in composite meshes. The machine learning algorithm revealed that the 

fibers were doped with predominantly particles with an area between 0 and 0.1 μm2 and the 

particles were consistently spaced along the fiber length (figure 3(d)), with no difference in 

particle size or spatial distribution found between electrospinning methods. When seeded 

with stem cells derived from the knee synovium [39], the green meshes supported cell 

growth over time, with significantly higher cell growth when compared to a ceramic-free 

control (figure S4). Collectively, these results demonstrate that similar to the traditional 

method, green electrospinning can be readily used to generate biocompatible polymer-

ceramic composite fibers with uniform particle size and distribution, without altering mesh 

fiber diameter or architecture.

3.4. Expediting biofabrication: incorporation and release of growth factor

Exercising temporal distribution of key growth factors is essential for high fidelity and 

expedited biomanufacturing, and one of the present challenges in this field is to preserve the 

bioactivity of biomolecules during scaffold fabrication. We compare here the incorporation 

and release of the model growth factor IGF-1 (7.6 kDa) from green and traditional fibers 

(figures 4(a) and (b)), as IGF-1 delivery from an electrospun mesh has been shown to 

enhance chondrocyte migration, proliferation and differentiation [39]. Moreover, insulin-like 

proteins, receptors, ligands, and proteases collectively referred to as the ‘IGF axis’ are 

known to regulate several tissues, including cartilage, bone, and neurons. Bovine serum 

albumin (BSA) has been shown in prior studies to protect bioactivity of growth factors in a 

dose-dependent manner [38, 39, 79, 80], and given that it is similar in protein structure with 

IGF-1, circular dichroism (CD) analysis was performed (figure 4(c)) to identify 

conformational changes when immersed in traditional (DMF/DCM) or green solvents 
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(acetic acid, deionized water). It was observed that the α helical content of BSA, as derived 

from mean residue ellipticity, is significantly greater in acetic acid (72.30 ± 1.94%) and 

water (78.90 ± 4.95%) as compared to DMF/DCM (62.87 ± 2.49%, n = 3, ^p < 0.05), with 

no difference measured between water and acetic acid. These findings confirm the protective 

effects of green solvents, with loss of protein structure only evident in the spectra when 

exposed to volatile chemicals such as DMF and DCM. While interactions with BSA (66.5 

kDa) shield IGF-1 (7.6 kDa) from degradation during electrospinning, it is likely that green 

solvents further preserve secondary structure to allow the factor to remain bioactive once 

released.

Electrospinning was then optimized for fabricating traditional and green meshes pre-loaded 

with IGF-1 (figure 4(a)), again yielding meshes with uniform and comparable fiber diameter 

(1.28 ± 0.24 vs. 1.27 ± 0.23 μm, respectively, n = 50/group). No significant difference in 

contact angle (n = 5) was observed between groups, suggesting that the surface energy of the 

fibers was similar. Interestingly, an ELISA revealed that significantly more IGF-1 was 

incorporated in green meshes (n = 5, ^p < 0.05) and most importantly, the factor remained 

bioactive, further confirming the protective effects of green solvents (figure 4(b)). In terms 

of release kinetics, significantly more IGF-1 was released from green meshes at 24 h (n = 5, 

^p < 0.05), likely due to the faster degradation of the green fibers. By day 4, no significant 

difference in cumulative IGF-1 release between groups was evident with the total amount of 

IGF-1 released comparable between groups by day 22. It is clear that green solvents are not 

detrimental to protein structure and, in fact, result in greater yield of bioactive factor post-

fabrication, making their use more advantageous for growth factor-based biofabrication 

strategies.

3.5. Biomimetic manufacturing: production of ECM-like meshes

Collagen is the most abundant protein in the body, accounting for ~90% of ECM 

composition. Interactions between cells and the collagenous matrix give rise to signaling 

cues that regulate cell behavior including growth and differentiation, and are essential for 

tissue homeostasis and repair [81]. Unsurprisingly, collagen is also one of the first materials 

to be explored as a scaffold for tissue engineering, albeit with little success due to limitations 

in recapitulating its continuous and interwoven fibrous structure; often, the same structure 

and composition that give biopolymers like collagen unique properties also makes them very 

difficult to process into ECM analogs. Consequently, despite its biomimetic potential, the 

use of collagen has been restricted to self-assembled weak hydrogels (1–10 kPa), as well as 

glutaraldehyde crosslinked gels that form sheets with relatively inferior mechanical 

properties and low structural stability in the body. Thus, a persistent challenge in 

biofabrication is the production of biomimetic and functional ECM-like meshes based on 

collagenous fibers.

Harnessing the potential to preserve native ECM composition, gelatin, which is composed of 

soluble protein peptides that are isolated from hydrolyzed collagen, is one of the most 

commonly engineered biopolymers with broad applications in cell and drug delivery, as well 

as skin, bone, cartilage, and cardiovascular tissue engineering [82]. Testing the potential of 

green electrospinning for biopolymer mesh production, gelatin nanofibers were electrospun 
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in either TFE or in acetic acid, and the chemical, structural, and mechanical properties were 

compared between these two methods (figures 5(a)–(d)). Electrospinning parameters such as 

polymer weight percent (7 vs. 20% w/v) and flow rate (2.5 vs. 1.0 mL/h) were optimized to 

ensure no significant difference in fiber diameter between methods, with 149 ± 17 nm and 

149 ± 22 nm measured for traditional and green fibers, respectively (n = 50 fibers/group, 

figure 5(a)). No structural difference between mesh type were detected (ATR, n = 3, figure 

5(b)), with characteristic amide bands A (3306 cm−1), B (3076 cm−1), I (1646 cm−1), II 

(1520 cm−1), and III (1234 cm−1) attributed to gelatin [50–52, 83–85] present in both. In 

terms of crystal structure (n = 3, figure 5(c)), all fibers evaluated by XRD displayed a broad 

peak at 2θ = 21.8°, signifying the presence of amorphous gelatin as reported in literature 

[54] and confirmed by XRD of pure gelatin powder. In both traditional and green gelatin 

nanofiber diffractograms, additional peaks corresponding to the crystal planes (002), (111), 

(310), and (222) [55] are present, suggesting the material becomes more atomically 

organized after electrospinning due to changes in polymer chain arrangement.

Not surprisingly, these changes in crystal structural are reflected in the tensile mechanical 

properties of the electrospun mesh, with much higher mechanical properties evident than 

those reported for self-assembled collagen gels [86, 87]. Interestingly, significant differences 

in material properties were found between the green and traditional groups (figure 5(d)). 

While the Young’s modulus remained unchanged (33.83 ± 2.87 vs. 30.26 ± 4.51 MPa), the 

ultimate tensile strength (2.13 ± 0.36 vs. 0.67 ± 0.03 MPa), yield strength (1.30 ± 0.19 vs. 

0.62 ± 0.04 MPa), and ductility (16.57 ± 3.92 vs. 5.58 ± 1.18%) significantly improved with 

green electrospinning (n = 10, p < 0.05). This unique structure-function augmentation may 

be attributed to carboxymethylation and subsequent covalent crosslinking of the 

biopolymers by acetic acid, which has been shown to enhance elastic and viscous moduli 

previously [88]. Specifically, the trifunctional intermolecular cross-link 

histidinohydroxylysinonorleucine has been reported as a marker of collagen maturation, 

especially in skin [89]. In this context, the increased ductility achieved with green 

electrospinning is clinically advantageous, approximating those of commercially available 

human dermis allografts pre- (AlloPatch®) and post-processing (GRAFTJACKET™) which 

each fail around 60% elongation [90]. Taken together, these results show that green gelatin 

fibers recapitulated traditional nanofiber diameter, chemistry, and crystal structure, albeit 

with significantly improve tensile mechanical properties. Clearly, green electrospinning can 

be used to manufacture biopolymer nanofibers that better mimic the native collagenous 

ECM in structure and function, with the ability to achieve relevant mechanical properties for 

tissue engineering applications.

To our knowledge, this study is the first direct comparison of green and traditional 

electrospinning methods spanning multiple polymer systems and solvents, wherein FDA 

guidelines and LCA are considered collectively and systematically to support industrial 

scale-up and clinical translation. In the literature, the term ‘green electrospinning’ has been 

used to refer to electrospinning water-soluble polymers including chitosan and poly(vinyl 

alcohol) in order to eliminate dangerous organic solvents from the process [91–96], and has 

been expanded here to describe electrospinning with other non-volatile solvents including 

acetic acid and formic acid. While formic acid has been reported for electrospinning of silk 

[97] and PCL fibers [49, 98], it did not yield blends of PLGA and PCL under standard 
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electrospinning conditions in this study, suggesting that further optimization is needed and 

this will be investigated in future studies. In contrast, acetic acid proved particularly facile in 

its ability to solubilize and readily electrospin PLGA/PCL blends, composite fibers, and 

fibers based on biopolymers. Moreover, green electrospinning preserved growth factor 

bioactivity and imparted physiologically relevant mechanical properties to collagen fibers, 

improving both elastic and viscoelastic properties.

4. Conclusions

Green electrospinning is shown to have broad applicability while being uniquely suited for 

biofabrication, resolving several key challenges that are unattainable with current 

approaches: from enhancing biomolecule preservation and preservation of raw material 

properties, to the fabrication of ECM analogs with biomimetic mechanical properties. 

Moreover, non-volatile biologically benign solvents (FDA Q3C Class 3) such as acetic acid 

are superior for industrial scale-up with lower manufacturing impact, resulting in more than 

an order of magnitude reduction in ecotoxicity, eutrophication, global warming and ozone 

depletion impacts when compared to traditional solvents utilized in the field. The 

transformation of electrospinning from a process with detrimental environmental and health 

impacts to the scalable, eco-conscious ‘green’ electrospinning demonstrated here is both 

significant and timely, and will engender a paradigm shift in biomaterial fabrication and 

related practices.
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Figure 1. 
Green vs. traditional: electrospinning synthetic polymer fibers. Electrospinning with either 

acetic acid or traditional solvents (2:3 DMF:DCM) is compared in the fabrication of a 

polymer-blend mesh [5:1 polylactide-co-glycolide (PLGA, 50:50):poly-ε-caprolactone 

(PCL)]. (a) Similar fiber morphology and diameter are observed between methods (n = 50 

fibers/group). (b) Green fibers measure a greater mass loss per day than traditional fibers 

(0.721 ± 0.010 vs. 0.675 ± 0.002%/day, n = 5, ^p < 0.05). (c) The representative PLGA and 

PCL chemical groups (C=O, 1746 and 1726 cm−1; C–H, 1452 cm−1; C–O–C, 1183 and 

1080 cm−1; C–O, 1129 cm−1) are present in both green and traditional fibers via Fourier 

transform infrared spectroscopy in attenuated total reflectance mode (FTIR-ATR, n = 3). (d) 

Crystal structure of PCL is preserved only in green solvents, as indicated by the maintenance 

of its orthorhombic planes (110, 21.4°; 200, 23.8°) in x-ray diffraction (XRD, n = 3), with 

no peaks evident for PLGA given its amorphous nature. (e) Mechanical properties of green 
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and traditional fibers were comparable in terms of ultimate tensile strength (UTS) and yield 

strength, while elastic modulus decreased (29%) and ductility increased (47%) significantly 

in green fibers (n = 10, ^p < 0.05), better resembling a collagen matrix compared to a 

traditional mesh.
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Figure 2. 
Green vs. traditional: biocompatibility and cell response. Both the green and traditional 

PLGA/PCL blend fibers are biocompatible, and support comparable cell proliferation and 

matrix production by articular chondrocytes over three weeks of culture. (a) Significantly 

greater cell number and population doublings are measured in the green group by day 7 (n = 

5, ^p < 0.05 between groups), increasing for both groups over time (n = 5, *p < 0.05 over 

time). (b) Glycosaminoglycan (GAG) and (c) collagen matrix deposition also increase over 

time (n = 5, *p < 0.05), with no significant differences between groups (^p < 0.05) evident at 

any time point. These findings are corroborated by Safranin O and Picrosirius Red 

histological staining (n = 3 each) for GAGs and collagen, respectively, which show early 

surface matrix deposition and penetration of the matrix throughout the scaffold depths by 

week 1 and over time. (d) No ectopic mineralization is detected on green or tradition mesh 

(ALP activity, n = 5), suggesting chondrocyte phenotype is maintained.
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Figure 3. 
Green vs. traditional: polymer-ceramic composite fibers. Given the biological significance 

and wide applicability of composite biomaterials, the formation of biomimetic polymer-

ceramic composite fibers is compared with green and traditional electrospinning, 

incorporating calcium-deficient apatite (CDA) into the PLGA/PCL blend fibers. (a) Under 

optimized electrospinning conditions (RH = relative humidity), the resultant fiber 

morphology and diameter are similar between groups (n = 50 fibers/group). Elemental 

composition of the fibers determined via energy dispersive x-ray analysis (EDXA, n = 10) is 

also similar, with line profiles along the long fiber axes exhibiting high Ca and P peaks 

corresponding to CDA particle aggregates. (b) Total ceramic content (20% w/w) is 

confirmed by thermogravimetric analysis (TGA, n = 3). (c) The characteristic crystal planes 

for PCL (110, 21.4°; 200, 23.8°) and CDA (002, 26.0°; 211, 32.3°; 300, 33.0°; 202, 34.2°) 

are detectable in x-ray diffraction (XRD, n = 3). (d) To quantify incorporated ceramic size 
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and distribution, a machine learning algorithm utilizing a multi-layer convolutional neural 

network (CNN) is built to generate histograms of individual CDA nanoparticle area and 

nearest distance to the nearest particle (n = 1500+ particles). No difference is found between 

fabrication methods.
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Figure 4. 
Biomanufacturing: incorporation of growth factor. To demonstrate further applicability for 

biofabrication, the incorporation and release of growth factors such as insulin-like growth 

factor 1 (IGF-1) is evaluated in green vs. traditional electrospinning. (a) No significant 

difference in fiber morphology, diameter (n = 50 fibers/group) or surface energy (n = 5) is 

seen between methods. (b) Significantly greater IGF-1 incorporation is found with green 

electrospinning (n = 5, ^p < 0.05). After an initially higher IGF-1 burst release, a 

comparable amount of the factor release was measured over 3 weeks (n = 5, ^p < 0.05 

between groups, *p < 0.05 over time). (c) Circular dichroism (CD) analysis reveals that the 

secondary structure of BSA, which protects IGF-1 during the electrospinning process, is 

better preserved with green electrospinning. Compared to acetic acid or deionized water, 

harsh solvents such as DMF/DCM deteriorate the α helical content of BSA (222 nm, n = 3, 

^p < 0.05).
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Figure 5. 
Biomanufacturing: electrospinning of biopolymer. Green electrospinning is applied to the 

fabrication of biopolymers abundant in the body, using collagen as a model protein. 

Compared to those formed by traditional methods (7% w/v gelatin in TFE), the green fibers 

(20% w/v gelatin in 50% v/v acetic acid) are comparable in (a) morphology and size (n = 50 

fibers/group), as well as (b) composition (FTIR-ATR, n = 3) and (c) crystallinity (XRD, n = 

3). Characteristic chemical groups for gelatin (Amides A, 3306 cm−1; B, 3076 cm−1; I, 1646 

cm−1; II, 1520 cm−1; III, 1234 cm−1) are present in the FTIR-ATR spectra of both green and 

traditional fibers. An amorphous gelatin peak (2θ = 21.8°) is visible in all XRD 

diffractograms, with additional planes identified (002, 27.4°; 111, 35.6°; 310, 40.3°; 222, 

47.2°) representing an increase in crystallinity after electrospinning with both methods. (d) 

Green fibers measure a significantly greater UTS, yield strength, and ductility than 

traditional fibers, with the Young’s modulus remaining unchanged (n = 10, ∧p < 0.05). The 
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enhancement may be attributed to covalent crosslinking of collagen by acetic acid during 

fabrication, with the resulting mesh better approximating the functional properties of a 

collagenous ECM.
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