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Abstract

Despite significant progress over the past few decades, creating a tissue-engineered vascular graft 

with replicated functions of native blood vessels remains a challenge due to the mismatch in 

mechanical properties, low biological function, and rapid occlusion caused by restenosis of small 

diameter vessel grafts (<6 mm diameter). A scaffold with similar mechanical properties and 

biocompatibility to the host tissue is ideally needed for the attachment and proliferation of cells 

to support the building of engineered tissue. In this study, pectin hydrogel nanofiber scaffolds 

with two different oxidation degrees (25 and 50%) were prepared by a multistep methodology 

including periodate oxidation, electrospinning, and adipic acid dihydrazide crosslinking. Scanning 

electron microscopy (SEM) images showed that the obtained pectin nanofiber mats have a nano-

sized fibrous structure with 300–400 nm fiber diameter. Physicochemical property testing using 

Fourier transform infrared (FTIR) spectra, atomic force microscopy (AFM) nanoindentations, and 

contact angle measurements demonstrated that the stiffness and hydrophobicity of the fiber mat 

could be manipulated by adjusting the oxidation and crosslinking levels of the pectin hydrogels. 

Live/Dead staining showed high viability of the mesenchymal stem cells (MSCs) cultured on 

the pectin hydrogel fiber scaffold for 14 days. In addition, the potential application of pectin 

hydrogel nanofiber scaffolds of different stiffness in stem cell differentiation into vascular cells 

was assessed by gene expression analysis. Real-time polymerase chain reaction (RT-PCR) results 

showed that the stiffer scaffold facilitated the differentiation of MSCs into vascular smooth muscle 

cells, while the softer fiber mat promoted MSC differentiation into endothelial cells. Altogether, 

our results indicate that the pectin hydrogel nanofibers have the capability of providing mechanical 
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cues that induce MSC differentiation into vascular cells and can be potentially applied in stem 

cell-based tissue engineering.
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1. INTRODUCTION

Although significant progress has been made, creating tissue-engineered vascular grafts 

with replicated mechanical properties and biological functions of native blood vessels 

remains challenging.1–4 Native blood vessels are composed of a single layer of endothelial 

cells (ECs) on the luminal surface and multiple layers of vascular smooth muscle cells 

(VSMCs) embedded in a fibrous extracellular matrix (ECM) in the middle layer of the 

blood vessel wall.5 A scaffold with similar mechanical properties and biocompatibility 

to the natural blood vessel wall is ideally needed for cell attachment and proliferation 

to support vessel graft formation. At present, the major sources of fibrous vessel 

scaffolds are decellularized vascular ECM scaffolds6–8 and electrospun polymer nanofiber 

scaffolds.9,10 Both scaffolds have their respective advantages and limitations when applied 

in vascular tissue engineering.5,9–12 Decellularized ECM scaffolds provide not only 

excellent mechanical strength and biocompatibility, but also beneficial bioactive components 

for cell growth and stem cell differentiation in tissue engineering and regenerative 

medicine.13–15 Challenges of using decellularized ECM scaffolds, however, include the 

potential risk of infection and disease transmission, and potential host immune rejection to 

the cellular debris retained in the ECM scaffolds during the decellularization process.11,12,16 

Compared to the native decellularized ECM scaffolds, synthetic scaffolds are of low cost 

and can avoid donor site injury, which frequently creates additional wound and pain for the 

donor and/or at-risk patient.10 However, similar to acellular synthetic grafts, low biological 

function limits the application of the synthetic scaffolds in vascular tissue engineering.17,18

An ideal scaffold should have specific physicochemical and physiological properties similar 

to native tissue (i.e., mechanical strength and biological functions) to provide sufficient 

binding sites for cellular growth, proliferation, ECM secretion, and tissue formation.19–

23 Electrospinning has been reported as a powerful technique for creating biomimetic 
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scaffolds with nanoscale fibrous structures similar to native ECM proteins.24,25 The 

mechanical properties of polymeric fibrous scaffolds can be potentially tuned by varying 

the composition of the polymer solution to provide appropriate mechanical properties 

and surface characteristics, which may guide cellular responses and determine cell fate in 

tissue engineering.10,26,27 Pectin is a heteropolysaccharide obtained from sunflower heads 

and citrus fruits and is mainly composed of partially esterified/amidated galacturonic acid 

(GalA) residues.28 As researchers continue to discover the potential therapeutic advantages 

of pectin, e.g., antitumor and anti-inflammation effects, there has been growing interest 

in the application of pectin in the biomedical field.29–31 Multiple pectin formulations, 

including hydrogels, films, nanoparticles, and nanofiber mats, have been developed for 

biomedical applications,32–34 such as drug delivery,35 tissue engineering,36 and wound 

healing.37

The EC layer provides multiple antithrombogenic functions for native blood vessels; the lack 

of EC lining on the vessel graft lumen is considered a major problem that could potentially 

cause poor patency of the resulting engineered vessel grafts.4,38–40 In our previous study, 

EC-like cells obtained by the on-site differentiation of mesenchymal stem cells (MSCs) 

on decellularized ECM scaffolds demonstrated that it could potentially overcome this 

drawback in engineered vessel grafts.7 The capability of decellularized carotid vessel 

scaffold in facilitating MSC–VSMC differentiation has also been reported previously.13 The 

underlying mechanism by which the decellularized ECM scaffold promotes MSC-vascular 

cell differentiation may lie in the bioactive component proteins in the ECM, such as laminin, 

fibronectin, vitronectin, collagen, and gelatin, among others.41–43 Additionally, an ideal 

mechanical support provided by each side of the native vascular ECM (soft in the lumen 

side and stiff in the adventitial side) might be another reasonable interpretation for the 

inductive effect on MSC differentiation exerted by the ECM. A similar finding was reported 

by Wingate et al. that lineage commitment of MSCs toward specific vascular cells could 

be controlled by carefully designing the substrate modulus.44 However, in terms of the 

underlying mechanism, how mechanical cues regulate the differentiation of MSCs into 

vascular cells is still not fully understood.

In this study, we aimed to fabricate adipic acid dihydrazide (ADH)-crosslinked pectin 

hydrogel into a nanofiber mat to replicate the mechanical properties and fibrous 

architecture of the natural blood vessel wall ECM using electrospinning technology. The 

biocompatibility and potential application of the obtained pectin fiber mats with different 

mechanical properties were assessed by culturing MSCs on the pectin hydrogel fiber 

scaffolds and inducing them to differentiate into VSMCs and ECs.

2. MATERIALS AND METHODS

2.1. Materials.

Pectin from citrus peel (CP, degree of esterification = 70.2%) was supplied by Sigma-

Aldrich (Shanghai, China). Adipic acid dihydrazide (ADH), hydroxylamine hydrochloride, 

methyl orange, and poly(ethylene oxide) (PEO, Mν = 5000 kDa) were purchased from 

Aladdin Reagents (Shanghai, China). Triton X-100 was supplied by Dingguo Biotech 
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(Beijing, China). Sodium periodate (NaIO4) and dimethyl sulfoxide (DMSO) were obtained 

from Xilong Chemicals (Guangzhou, China).

2.2. Synthesis of Oxidized Pectins (OCPs).

Pectin solution (5% w/w) was prepared by dissolving pectin with water overnight and 

then mixed with NaIO4 solution in water. The final concentration of pectin in the reaction 

solution was 2% (w/w). The molar ratios between NaIO4 and galacturonic acid units (GalA) 

of pectin were set at 30:100 and 50:100, respectively. After being stirred in the dark at 

ambient temperature (25 °C) for 16 h, the solutions were transferred to dialysis tubes with 

a cutoff molecular weight of 3.5 kDa and dialyzed against a large amount of water. The 

purified solutions were then lyophilized to obtain oxidized pectins (OCPs). The content of 

the aldehyde groups, degree of oxidation, and molecular weight of OCPs were determined as 

described in our previous work.34,45

2.3. Electrospinning of OCPs.

PEO, a flexible polymer, was used to enhance molecular chain entanglements of OCPs 

and facilitate the production of OCP nanofibers using electrospinning.46 Solutions of OCP 

(2% w/w) and PEO (5% w/w) were prepared separately by dissolving the polymers with 

water. The OCP solutions were then mixed with the PEO solution. The mass ratio between 

OCP and PEO was 80:20. Triton X-100, dimethyl sulfoxide, and water were then added 

to the mixtures to reach a final concentration of Triton X-100 and dimethyl sulfoxide of 1 

and 5% w/w, respectively. The mixed solutions were stirred for 2 days and then fed into 

a 5 mL disposable syringe capped with a 9-gauge stainless-steel needle. A DC voltage of 

9 kV (High DC power supply, Dalian Dingtong Technology, China) was applied between 

the syringe tip and a grounded flat collector covered with an aluminum foil. The distance 

between the syringe tip and the grounded flat collector was 15 cm. All electrospinnings were 

carried out at a temperature of around 30 °C and humidity of around 30%.

2.4. Crosslinking of the Electrospun OCP Nanofibers with Adipic Acid Dihydrazide (ADH).

ADH solution was prepared by dissolving ADH in water and followed by mixing with 

ethanol to reach an ADH concentration of 50 mM and a volume content of ethanol of 80%. 

OCP nanofibers (5 mg) were placed into the ADH solutions (5 mL). The mixtures were then 

shaken at 100 rpm for 8 h at room temperature. The crosslinked nanofibers were washed 

with a large amount of water to remove the excess ADH and PEO as well, rinsed with 

ethanol, and dried with chloroform.

2.5. Composition Characterization.

The Fourier transform infrared (FTIR) spectra were collected with an FTIR spectrometer 

(iS10, Thermo Scientific Nicolet) equipped with a photomultiplier detector. The samples 

were homogeneously mixed with KBr at a weight ratio of 1:80 and pressed into pellets. 

Spectra were obtained by recording 48 scans between 2000 and 800 cm−1 with a resolution 

of 4 cm−1.
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2.6. Morphology Observations.

The morphologies of the nanofibers were observed through a scanning electron microscope 

(SEM, XL-30 ESEM FEG, Micro FEI Philips) at an acceleration voltage of 20 kV. The 

samples were attached to sample stages with conductive tapes and sputter-coated with a thin 

layer of gold before measurements.

2.7. Water Wettability.

To visualize the wettability of the pectin hydrogel nanofiber scaffolds, a 2 μL drop of 

deionized water was dropped onto each scaffold through a micropipette needle. Videos were 

recorded until the drop was completely absorbed by the scaffolds with a contact angle 

measuring instrument (Drop Shape Analyzer, KRUSS, DSA100).

2.8. Degradation.

The pectin hydrogel nanofiber scaffolds (10 mg) were incubated in simulated body fluid 

(SBF, 10 mL) at 37 °C. At certain time points, the scaffolds were taken out, washed with 

distilled water six times to remove the remaining inorganic salts in the nanofiber scaffolds, 

rinsed with ethanol and chloroform, and then air dried for 24 h. The morphologies of the 

samples were observed by SEM (XL-30 ESEM FEG, Micro FEI Philips). The mass was 

weighed with an analytical balance with a readability of 0.01 mg (Mettler Toledo XSE). 

Three samples were tested in parallel.

Scaffold degradation under cell culture conditions was also monitored by incubating 

scaffolds in MSC culture medium (ATCC) supplemented with an MSC growth kit (ATCC) at 

37 °C. Scaffolds were imaged at various time points by a dissection microscope (Olympus, 

SZX10) with an Olympus DP22 Digital Camera.

2.9. Stiffness Measurement Using Atomic Force Microscopy.

Scaffolds were incubated in complete MSC medium at 37 °C and stiffness was measured 

at various time points. The atomic force microscope (AFM, model: MFP-3D BIO, Asylum 

Research, Santa Barbara, CA) mounted on an inverted microscope (model: IX73, Olympus 

America Inc) was used to quantify the elastic modulus. A 5 μm glass sphere attached 

to a silicon nitride tip (0.03 N/m) (MLCT-O10, Bruker, Santa Barbara, CA) was used to 

probe the material surface at an indentation speed of 2 μm/s. At least five different spots 

per sample material for three different samples were measured. The Young’s modulus was 

estimated by fitting a modified Hertz model onto the AFM indentation curve using the 

built-in function of the AFM software (Asylum Research).47,48

2.10. Cell Maintenance Culture and Differentiation.

Human bone marrow derived MSCs were cultured in MSC medium (ATCC) supplemented 

with the MSC growth kit (ATCC). MSCs were subcultured when the cell density reached 

90% confluence and the medium was refreshed every 2 days.

To evaluate the effect of two different nanofiber scaffolds on the differentiation of MSCs 

into VSMCs, MSCs were seeded on different scaffolds in a 24-well plate (Corning) 

with a final concentration of 4 × 104 cells/well and cultured in complete MSC medium 

Li et al. Page 5

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 24.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript



supplemented with 10 ng/mL transforming growth factor-β 1 (TGFβ1, Invitrogen) for 

14 days. The differentiation of MSCs into ECs was also studied as a similar strategy 

described above. MSCs were seeded on different scaffolds in a 24-well plate (Corning) with 

a final concentration of 2 × 104 cells/well and cultured in complete EC medium (ATCC) 

supplemented with 50 ng/mL vascular endothelial growth factor (VEGF, Invitrogen) for 14 

days.

2.11. Cell Viability Measurement.

To evaluate VSMC-like or EC-like cell viability in different nanofiber scaffolds, fiber mats 

with cells attached on and cultured for 14 days were incubated with calcein-AM/ethidium 

homodimer (EthD-1) solution (Invitrogen) at 37 °C for 1.5 h. After being washed twice with 

phosphate-buffered saline (PBS), the fiber samples were then examined using a confocal 

laser scanning microscope (IX83 FV1200, Olympus). Only live cells were distinguished 

by the presence of ubiquitous intracellular esterase activity that can digest nonfluorescent 

calcein-AM into fluorescent calcein emitting green fluorescence, whereas dead cells with 

damaged membranes allow the entrance of EthD-1 that produces bright red fluorescence 

upon binding to nucleic acids.

2.12. Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR) Analysis.

For gene expression analysis with real-time RT-PCR, total cellular RNA from the constructs 

cultured for 14 days was extracted using TRIzol reagent (Invitrogen) following supplier’s 

instructions and total RNA concentration was determined by spectrophotometric analysis 

at 260 nm. A portion of 200 ng of RNA was subjected to reverse transcription in a 

20 μL reaction mixture using a High Capacity cDNA Reverse Transcript kit (Applied 

Biosystems, Forster City, CA). Real-time PCR was performed with Taqman gene expression 

assays (Applied Biosystems) through an Applied Biosystems 7500 Fast Real-Time PCR 

instrument. The relative mRNA expression level for α-actin (Hs00426835), calponin 

(Hs00206044), smoothelin (Hs00199489), CD31 (Hs01065279), von Willebrand factor 

(vWF, Hs01109446), and fetal liver kinase-1 (Flk-1, Hs00911700) were normalized to 

β-actin (Hs01060665). Each sample was analyzed in triplicate.

3. RESULTS AND DISCUSSION

3.1. Preparation of Pectin Hydrogel Nanofiber Scaffolds.

Pectin hydrogel nanofiber scaffolds were prepared by a multistep methodology including 

periodate oxidation, electrospinning, and ADH crosslinking (Figure 1a). Pectin was first 

oxidized by NaIO4 to form dialdehyde groups on its molecular chains. Hydroxylamine 

hydrochloride titration results showed that at NaIO4/GalA molar ratios of 30:100 and 

50:100, the oxidation degrees of pectin are 25 and 50%, respectively. The chemical structure 

of the obtained pectin hydrogel nanofiber scaffolds is illustrated in Figure 1b. These results 

indicate that the periodate oxidation of pectin is highly efficient. FTIR results confirmed the 

formation of aldehyde groups in oxidized pectins (OCPs). Pristine pectin showed infrared 

absorbance at 1630 and 1740 cm−1, which were assigned to the C=O stretching of the 

carboxylate and methyl ester groups, respectively (Figure 1c). OCP25 and OCP50 show 

significantly decreased absorbance at 1740 cm−1 and increased absorbance at 1630 cm−1, 
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suggesting that some ester groups of pectin were hydrolyzed into carboxylate during the 

process of oxidation. The hydrolysis of ester groups of pectin in aqueous conditions was 

observed in our previous study.49 The aldehyde groups in OCPs were attributed to the 

absorbance at 1740 cm−1, which was compromised by the hydrolysis of ester. In addition, 

OCPs exhibited a remarkable increase in the absorbance at 1100 cm−1, possibly due to some 

aldehyde groups generated by periodate oxidation reacted with adjacent hydroxyl groups in 

sugar rings to form acetals or hemiacetals in the solid state for FTIR measurement. We also 

observed higher absorbance at 1740 and 1100 cm−1 from the spectrum of OCP50 than that 

of OCP25 due to more aldehyde groups in OCP50.

OCPs were readily electrospun into smooth nanofibers of uniform size (Figure 2a, the 

as-spun OCP25 and OCP50 nanofibers). The degree of oxidation seems to have little effect 

on the size and morphology of the nanofibers. The OCP nanofibers were then crosslinked 

with ADH. The nanofibrous morphology of the OCP nanofibers was not changed by 

ADH crosslinking (Figure 2a, ADH-crosslinked OCP25 and OCP50 nanofibers). The size 

of the nanofibers seemed slightly greater than the as-spun ones but remained uniform. 

In comparison with OCPs, the crosslinked OCP nanofibers (Figure 1, OCP25-ADH and 

OCP50-ADH) showed significantly decreased infrared absorbance at 1740 and 1100 cm−1, 

as well as new absorbance at 1670 and 1550 cm−1. These results confirmed that ADH 

reacted with aldehyde groups of OCP, forming dihydrazone crosslinkers between pectin 

chains. The water wettability of pectin nanofiber mats was tested using contact angle 

measurements. When water drop contacted pectin hydrogel nanofiber scaffolds, OCP25-

ADH exhibited a contact angle of 26° and absorbed the water drop completely in 1 s. In 

contrast, OCP50-ADH exhibited a contact angle of 50° and took 2 s to absorb the water 

drop completely (Figure 2b). These results indicate that OCP50-ADH has a relatively lower 

water wettability than OCP25-ADH, because the crosslinking reagent ADH has hydrophobic 

alkyl units and more hydrophobic units are incorporated into the pectin hydrogel nanofiber 

scaffold at a higher oxidation degree.

3.2. Stiffness and Degradation Properties of the Pectin Hydrogel Nanofiber Scaffolds.

The pectin hydrogel nanofiber scaffolds lost their mass almost linearly in SBF (Figure 

3a). The OCP25-ADH nanofiber scaffold degraded completely in 10 days, while OCP50-

ADH still retained 27% of their initial mass after 14 days. It should be noted that the 

OCP25-ADH nanofiber scaffolds demonstrated no significant morphological changes after 

10 days incubation in SBF but completely dissolved after washing with distilled water four 

to five times (Figure S1). Pectin hydrogel is much more unstable in pure water than the cell 

culture medium and buffer solution such as SBF and PBS. Therefore, part of the weight 

loss in this degradation experiment resulted from exhaustive washing with distilled water. 

The nanofibrous morphology of the scaffolds was retained during the process of degradation 

(Figure 3b). These results demonstrated that the ADH-crosslinked nanofiber scaffolds were 

degradable, and they could retain the nanofibrous feature during degradation and mass 

loss, which would potentially benefit cell attachment and proliferation on the nanofiber 

scaffolds in tissue engineering. The slower degradation rate for the OCP50-ADH with a 

higher oxidation degree was mainly due to the higher crosslinking density.
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To examine the degradation behavior of pectin nanofiber scaffolds in the MSC culture 

medium, a parallel study was conducted by monitoring the changes in the morphology 

and stiffness of pectin nanofiber scaffolds incubated in MSC culture medium at 37 °C. 

After incubation in complete MSC medium, no obvious degradation was observed for both 

ADH-crosslinked nanofiber scaffolds after 14 days (Figure 4a). This indicates that the slow 

degradation of scaffolds in MSC culture medium would have no significant effect on cell 

proliferation and differentiation during the 14 days experiments. The E-moduli of nanofiber 

mats were tested using AFM at different time points over 14 days of incubation. OCP25-

ADH pectin hydrogel nanofibers demonstrated a relative low E-modulus compared to the 

OCP50-ADH nanofibers (Figure 4b). The higher stiffness of the OCP50-ADH nanofibers 

resulted from its higher oxidation degree and thus the higher crosslinking density. The 

E-moduli of OCP25-ADH nanofiber scaffolds started to decrease after 10 days incubation, 

while no obvious decrease in E-moduli of OCP50-ADH scaffolds was observed after 14 

days.

3.3. Cell Viability of VSMC-like Cells and EC-like Cells.

High cell viability is a crucial requirement for MSC differentiation.50 Live/Dead staining 

(calcein-AM/EthD-1 staining) was applied to evaluate MSC viability during differentiation 

of MSCs into VSMCs or ECs in the current study. As shown in Figure 5, both VSMC-like 

cells and ECs-like cells displayed high viability after 2 weeks of cultivation on the two 

nanofiber scaffolds. This suggests that the two nanofiber scaffolds with different degrees 

of oxidation can provide a desired microenvironment for VSMC-like and EC-like cell 

growth. Our results are consistent with the finding that MSCs derived from adipose tissue 

could effectively adhere to and spread on the highly porous pectin-based three-dimensional 

scaffolds.51 A similar observation for the attachment and spreading of MSCs on silk 

hydrogels with different stiffness has been reported by Floren et al.52

3.4. Gene Expression of VSMC- or EC-Specific Markers in MSC-Derived VSMCs or ECs.

MSCs have been reported to be able to differentiate into VSMC-like or EC-like cells with 

the stimulation of TGFβ1 or VEGF, respectively.53–56 Moreover, it is well recognized that 

angiogenesis is regulated by mechanobiological factors, such as substrate stiffness and 

geometrical confinements.57 Increasing evidence has demonstrated that tissue stiffness and 

mechanical stimuli are the key cellular microenvironment. To compare the effect of two 

nanofiber materials with different stiffness on the differentiation of MSCs promoted by 

TGFβ1 or VEGF into VSMCs or ECs, the mRNA expression levels of three markers specific 

to VSMCs or ECs were determined by real-time RT-PCR, respectively. As shown in Figure 

6, the mRNA expression level of each VSMC-specific marker gene, α-actin, calponin, and 

smoothelin, was significantly higher in VSMC-like cells cultured on OCP50-ADH nanofiber 

mats than those on OCP25-ADH nanofiber materials. These findings indicated that the 

microenvironment provided by OCP50-ADH nanofiber mats was more advantageous for 

TGFβ1-directed differentiation of MSCs into VSMCs. Similar findings were reported that 

MSCs grown on silk fibroin biomaterials with a E-modulus of 33 kPa and treated with 

TGF-β1 had high expression levels of mature VSMC markers including calponin-1 and 

myosin heavy chain 11 (MYH11), compared to the cells cultured on substrates with a 

E-modulus of 6, 20, or 64 kPa.52,58 Our findings are also consistent with a recent report 

Li et al. Page 8

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 24.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript



that MSCs cultured on stiff substrates had higher expression of VSMC markers α-actin 

and calponin.59 With respect to the biophysical mechanisms underlying the fate of stem 

cells under different culture conditions, increasing evidence has demonstrated that higher 

substrate stiffness causes stronger cell contractility, which then induces larger cell traction 

force.60

In addition, three EC-specific marker genes, CD31, vWF, and Flk-1 were also quantitatively 

analyzed at the transcript level by real-time RT-PCR. In contrast to the results of the 

MSC–VSMC differentiation experiment, the mRNA expression levels of vWF and Flk-1 

were downregulated in EC-like cells grown on OCP50-ADH nanofiber mats compared to 

those grown on OCP25-ADH nanofiber mats (Figure 7). This result was consistent with a 

previous report that the endothelial phenotype could be significantly increased for MSCs 

that were cultured on a three-dimensional (3D) nanofiber graft composed of modified 

poly(ethylene glycol) dimethylacrylate with a low compressive modulus (2 kPa) and treated 

with VEGF.58 Moreover, it is reported that a light-emitting diode photopolymerized gelatin 

methacryloyl hydrogel with an average elastic modulus <2 kPa could enhance vasculature 

formation.61 All of these results indicate that the pectin nanofiber scaffolds with different 

stiffness are able to exert different regulatory effects on MSC differentiation into VSMCs 

or ECs. Additionally, the effect of substrate rigidity on cell subtype specification and fate 

decision was also observed on other cell types, such as myofibroblasts, pluripotent stem 

cells, adipose-derived mesenchymal stem cells, and embryonic stem cells.62–67 Additional 

findings reveal the mechanism underlying how MSCs sense local stiffness and make 

decisions based on the sensed stiffness, in which F-actin serves as a bridge for the 

mechanotransduction between the ECM and intracellular transcriptional modulation via 

actin cytoskeleton reorganization.68

4. CONCLUSIONS

In summary, the pectin hydrogel nanofibers at 25 and 50% oxidation levels were prepared 

by periodate oxidation, electrospinning, and ADH-mediated crosslinking of pectin hydrogel 

nanofibers. The stiffness and hydrophobicity of the obtained pectin hydrogel nanofiber 

scaffold increased along with the elevation of oxidation and crosslinking levels of the 

pectin hydrogel. Both the pectin hydrogel nanofiber scaffolds (25 and 50% oxidation) 

demonstrated high biocompatibility to MSCs that were cultured on the pectin hydrogel 

nanofiber scaffolds for 14 days. More interestingly, the mechanical cues provided by 

these two pectin hydrogel nanofiber scaffolds are able to synergistically work with 

biochemical signals to promote the differentiation of MSCs into distinct phenotypes, i.e., 

the stiffer pectin hydrogel nanofiber scaffold (50% oxidation level) facilitated MSC–VSMC 

differentiation, while the softer fiber scaffold induced the MSCs to differentiate into ECs. 

Altogether, our findings indicate that pectin hydrogel nanofibers possess the capability 

of providing mechanical cues for inducing MSC differentiation into vascular cells and 

providing mechanical support for the formation of functioning vessel grafts for vascular 

tissue engineering.
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Figure 1. 
(a) Schematic of the preparation of pectin hydrogel nanofiber scaffolds; (b) schematic 

illustration of the chemical structure of the pectin hydrogel nanofibers; (c) FTIR spectra of 

pristine, oxidized pectin, and obtained crosslinked pectin hydrogel nanofibers.
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Figure 2. 
(a) SEM images of the as-spun and ADH-crosslinked OCP nanofibers. No significant 

difference was observed between the OCP25 and OCP50 nanofibers. ADH crosslinking 

did not change the fiber morphology. (b) Water absorption process of the pectin hydrogel 

nanofiber scaffolds. A higher oxidation level leads to lower water wettability of the pectin 

hydrogel nanofiber scaffolds.
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Figure 3. 
Alteration in mass (a) and morphology (b) of pectin hydrogel nanofiber scaffolds that were 

incubated in SBF for various periods of time. Prior to weighing, all samples were washed 

six times with distilled water to remove the buffer (inorganic salts) retained in the nanofiber 

mats, rinsed with ethanol and chloroform, and air dried for 24 h.
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Figure 4. 
(a) Morphology of pectin nanofiber mats after incubation for different time points in MSC 

culture medium. No significant morphology changes were observed for both OCP25-ADH 

and OCP50-ADH after 14 days incubation. (b) E-moduli of the pectin hydrogel nanofibers 

were monitored using AFM at different time points. The E-moduli of OCP25-ADH started 

to decrease after 10 days incubation, while the OCP50-ADH nanofiber scaffold exhibited no 

significant change in E-modulus.
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Figure 5. 
Live/Dead staining showed MSCs cultured on the pectin nanofiber scaffolds with different 

oxidation levels for 14 days. MSCs were cultured with TGFβ1 medium on (a) OCP25-ADH 

and (b) OCP50-ADH scaffolds for 14 days, respectively. MSCs were cultured with VEGF 

medium on (c) OCP25-ADH and (d) OCP50-ADH scaffolds for 14 days, respectively. Both 

the pectin nanofiber mats exhibited high compatibility for MSC growth.
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Figure 6. 
Real-time RT-PCR result for the gene expression of VSMC-specific marker genes, (a) 

α-actin, (b) calponin, and (c) smoothelin. The increase in the oxidation level of the pectin 

hydrogel nanofiber mat enhanced the expression of all three VSMC-specific marker genes (p 
< 0.05). n = 6.

Li et al. Page 19

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 24.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript



Figure 7. 
Real-time RT-PCR result for the gene expression of EC-specific marker genes, (a) CD31, (b) 

vWF, and (c) Flk-1. The increase in the oxidation level of the pectin hydrogel nanofiber mat 

attenuated the expression of EC-specific marker genes vWF (p > 0.05) and Flk-1 (p < 0.05). 

n = 6.

Li et al. Page 20

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 24.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials.
	Synthesis of Oxidized Pectins (OCPs).
	Electrospinning of OCPs.
	Crosslinking of the Electrospun OCP Nanofibers with Adipic Acid Dihydrazide (ADH).
	Composition Characterization.
	Morphology Observations.
	Water Wettability.
	Degradation.
	Stiffness Measurement Using Atomic Force Microscopy.
	Cell Maintenance Culture and Differentiation.
	Cell Viability Measurement.
	Real-Time Quantitative Polymerase Chain Reaction qRT-PCR Analysis.

	RESULTS AND DISCUSSION
	Preparation of Pectin Hydrogel Nanofiber Scaffolds.
	Stiffness and Degradation Properties of the Pectin Hydrogel Nanofiber Scaffolds.
	Cell Viability of VSMC-like Cells and EC-like Cells.
	Gene Expression of VSMC- or EC-Specific Markers in MSC-Derived VSMCs or ECs.

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

