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Abstract

Purpose—In this work, we aimed at producing chitosan based nanofiber mats capable of 

delivering insulin via the buccal mucosa.

Methods—Chitosan was electrospun into nanofibers using poly (ethylene oxide) (PEO) as a 

carrier molecule in various feed ratios. The mechanical properties and degradation kinetics of the 

fibers were measured. Insulin release rates were determined in vitro using an ELISA assay. The 

bioactivity of released insulin was measured in terms of Akt activation in pre-adipocytes. Insulin 

permeation across the buccal mucosa was measured in an ex-vivo porcine transbuccal model.

Results—Fiber morphology, mechanical properties, and in vitro stability were dependent on 

PEO feed ratio. Lower PEO content blends produced smaller diameter fibers with significantly 

faster insulin release kinetics. Insulin showed no reduction in bioactivity due to electrospinning. 

Buccal permeation of insulin facilitated by high chitosan content blends was significantly higher 

than that of free insulin.

Conclusions—Taken together, our work demonstrates chitosan based nanofibers have the 

potential to serve as a transbuccal insulin delivery vehicle.
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Introduction

As of 2011, almost 6 million Americans were already using exogenous insulin to manage 

diabetes, and the majority of these patients administered insulin through invasive means, 

usually subcutaneous injection or infusion pump (1). These methods, however, may cause 

serious side effects including, but not limited to, allergic reactions and lipohypertrophy (2). 

Importantly, neither is an optimal solution for pediatric patients, a rapidly growing group (3, 

4), for whom insulin is the mainstay of diabetes therapy. These problems and the poor 

patient compliance associated with them have driven considerable research into alternative 

delivery methods, including oral, nasal, and pulmonary therapies (5). There are obvious 

advantages of oral insulin delivery compared to injections, but enzymatic and chemical 

processes in the GI tract limit the bioavailability of orally delivered insulin to a degree where 

traditional drug delivery materials and methods are not viable (6). One possible solution to 

this problem is to bypass the GI tract and hepatic portal system by absorbing insulin through 

the oral mucus membranes (7–10). A material capable of enhancing rapid uptake of insulin 

across the buccal mucosa would be able to combine the rapid and predictable dosing of 

subcutaneous injection with the patient comfort and safety of a pill.

The buccal mucosa itself is comprised of a layer of epithelial cells around 40–50 cells thick 

that make up the inner lining of the cheeks (11). Besides its ready accessibility, several other 

aspects of this tissue make it an attractive drug delivery route. The buccal mucosa is 

estimated to be as much as 4000 times more permeable than skin epithelium (11). The area 

is highly vascularized, so absorbed materials reach the systemic circulation rapidly. Also, 

cell growth is very rapid, with complete turnover occurring every 5–8 days, limiting any 

acute cytotoxic effects caused by high drug concentrations at the delivery site (12). Despite 

these advantages, hydrophilic drugs and especially proteins do not usually diffuse across the 

mucosa fast enough for this to serve as a viable alternative to subcutaneous injection. 

Common strategies to increase transbuccal drug delivery include permeation enhancers that 

loosen the junctions between epithelial cells and mucoadhesive polymers capable of holding 

compounds at high local concentrations long enough to allow diffusion to take place, but 

very few materials meet the level of biocompatibility necessary to be used for long term 

insulin therapy.

Chitosan (CS), is one such material. Chitosan is the partially N-deacetylated derivative of 

chitin, the major structural component of crustacean and insect shells. While similar to other 

structural polysaccharides such as cellulose in both biocompatability and natural abundance, 

chitin is uniquely cationic. The combination of these properties makes it an attractive 

research target in a number of diverse biomedical applications including transmembrane 

drug delivery. This work is hindered by chitin’s insolubility in most solvents, but Processing 

into CS somewhat improves the solubility of the material. Once dissolved, nanofabrication 

methods such as electrospraying or electrospinning can produce materials capable of 

transmembrane drug delivery (13). CS based nanoparticles have been investigated for oral 

insulin delivery by several groups (14–20), but there are physical limitations to handling and 

packaging nanoparticles. Electrospun fibers on the other hand have many of the 

advantageous physical properties of polymeric films and textiles while maintaining the high 
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surface area to volume ratios of nanoparticles that make them such potent drug delivery 

vehicles.

In this work we have developed electrospun chitosan fibers blended with polyethylene oxide 

(PEO). The fiber diameter, mechanical properties, degradation rates, and insulin release 

kinetics of these fiber blends were first characterized. To ensure insulin entrapped in the 

fibers remains bioactive during the electrospinning process, Akt-1 phosphorylation in pre-

adipocytes exposed to CS fiber scaffolds was quantified. An ex-vivo porcine model was used 

to measure the buccal permeability of insulin released from each fiber blend. The results 

presented herein support that this new formulation has the potential to serve as a cost 

effective platform for transbuccal insulin delivery.

Materials and Methods

Materials

Chitosan (CS, product#448869, batch#SLBH5874V), poly (ethylene oxide) (PEO, MW 

900kDa, product#189456 batch#0741DD), and human insulin (INS, lyophilized powder, 

product#I2643, batch#SlBK6641V) were purchased from Sigma Aldrich (St. Louis, MO). 

1,1,1,3,3,3-hexafluoro-2-propanol (HFP) was purchased from Oakwood Chemicals (Estill, 

SC). Insulin ELISA assay kit (product#IS130D) was purchased from Calbiotech (Spring 

Valley, CA).

Electrospun fiber production

CS and PEO were dissolved in HFP at the concentrations indicated in Table 1. The solution 

was stirred for 72 hours at room temperature, allowing all solid components to completely 

solubilize. INS was then added at a final concentration of 0.4 mg/ml. At the given 

concentration, insulin dissolved rapidly to produce a translucent solution of uniform color 

and viscosity. The solution was electrospun into solid fiber mats under the following 

conditions: 15 kV DC offset, 17 cm air gap, 18 ga. blunted needle, and 3 ml/h flowrate. A 

typical spinning run used 5 ml of solution and a round collecting mandrel (6.5 mm 

diameter). Scaffolds were dried under vacuum 3 hours to remove residual solvent before any 

further testing.

Mechanical tests

Uniaxial tensile testing of electrospun scaffolds was performed as previously described (21, 

22). Briefly, dogbone shaped punches of all fiber blends were taken longitudinally oriented 

with the predominant fiber alignment. Scaffold thickness over the gauge length was 

measured with precision calipers and the samples were loaded into a MTS Bionix 200 

testing frame. Samples were uniaxially extended at 10mm/min until failure.

In vitro stability

Fiber stability under physiologic conditions was assessed quantitatively by mass loss and 

qualitatively by SEM imaging. Briefly, 10 mg fiber samples were incubated in 1 ml of PBS 

at 37°C. At predetermined time points, the samples (n = 3) were spun down and the 

degradation media removed. Scaffolds were then washed briefly in diH2O, lyophilized and 
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weighed. One sample from each time point was then mounted and gold coated for SEM 

imaging. SEM images were taken on a JEOL LV-5610 scanning electron microscope. The 

diameters of fabricated fibers were measured by using ImageJ software, to analyze at least 

150 randomly chosen fibers in each SEM image as previously reported (23, 24).

In vitro insulin release

Circular samples 8mm in diameter of each fiber blend were weighed and hydrated in 10 ml 

of phosphate buffered saline at 37°C. At specified time points the tubes were vortex stirred 

briefly and 100 µL samples taken of the release medium. A sandwich ELISA assay was then 

used to quantify insulin concentrations.

Insulin bioactivity

To ensure insulin was not denatured during electrospinning Akt phosphorylation of cells 

exposed to fiber release media was measured by western blot. 3T3-L1 preadipocyte cells 

were seeded in 6-well tissue culture plates and allowed to reach confluence. Growth medium 

was removed and replaced with either fresh growth medium, insulin containing medium 

(200 µIU/ml), or fiber release medium (CS:PEO20 0.15mg/mL for 6 hours). After 

incubating for 10 minutes at room temperature, cells were lysed and western blot analysis 

was performed as previously described (22). Briefly, cell lysates were separated on an SDS-

PAGE gel (10% w/v) and transferred onto a PVDF membrane using Bio-Rad Mini-Blot 

transferapparatus. The membrane was blocked for 2 h in Tris-buffered saline (TBS) 

containing non-fat dried milk (5% w/v). Phosphorylated Akt-1 on the membrane was 

determined by incubating with a primary antibody overnight at 4 °C with shaking. The 

membrane was washed and then incubated in a 1:3000 dilution of a secondary antibody at 

room temperature for 1 hour in washing buffer (TBS containing 0.5% w/v Tween 20). The 

specific antigen-antibody interactions were detected using enhanced chemiluminescence. 

The membranes were then stripped and re-probed for total expression of Akt-1 to use as the 

loading control.

Transbuccal permeation

Fresh porcine heads were purchased from Animal Biotech Industries (Danboro, PA). 

Immediately upon arrival buccal membranes were removed and cleaned of any loose 

connective or adipose tissue to a thickness of approximately 1mm. Buccal membranes were 

loaded into a Franz diffusion cell (Permegear, Cranford, NJ) with the epithelial side facing 

the donor chamber. The acceptor chamber was filled with 5.2 ml of PBS and maintained at 

37 °C. A 10mm fiber sample was placed on the buccal tissue in the donor chamber and 0.5 

ml of simulated salival fluid (SSF) was added (25). At predetermined time points 100 µl 

samples were taken from the acceptor chamber and the fluid was replaced with fresh PBS. 

The insulin concentration in the acceptor chamber fluid was measured using ELISA assay as 

previously described. The permeability coefficient, P, of insulin was calculated using the 

following equation:
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where dQ/dt is the steady-state slope of a cumulative flux curve, C is the loading 

concentration of insulin in the donor chamber, and A is the effective cross-sectional area 

(0.785 cm2) available for diffusion (19).

Statistical analysis

All the data are expressed as mean ± standard error. Significant differences were determined 

using a one way analysis of variance followed by a one sided Students t-test in JMP 

software.

Results

Electrospun fiber production

Electrospinning of neat chitosan was not successful due to the lack of sufficient chain 

entanglements (26). The addition of PEO enabled production of smooth fibers. But mixed 

beading due to fiber rupture was observed at polymer concentrations less than 20% (wt/wt). 

A mixed population of sub-micron (~200 nm) and larger (1–2 µm) fibers were seen under 

SEM for high PEO content blends (Figure 1). Mandrel shape was important in producing 

fiber mats with consistent thickness and density and an even distribution of insulin 

throughout the fibers. Early experiments using a flat rectangular mandrel showed wide 

variability in both the thickness of fibers deposited and the weight ratio of insulin trapped 

within the fibers. Both of these problems were corrected by switching to a cylindrical 

collecting mandrel. Mechanical tests confirmed mechanical properties of the fibers changed 

predictably with the composite ratios of CS and PEO. High CS content fibers showed a 

significantly higher maximum stress but also a reduced strain at failure compared to the 

more ductile high PEO blends (Table 2).

Physiological stability

Mass measurements and SEM micrographs were used to evaluate how fiber mats degraded 

when hydrated. These experiments showed CS:PEO fiber solubility in physiologic 

conditions can be predicted by blend ratio (Figure 2A). When hydrated fibers lose most of 

their bulk mass of PEO within 15 minutes, but show no significant mass loss over the next 6 

hours. SEM images were consistent with these measurements, with significant changes in 

fiber diameter from 0 to 15 minutes, but no changes for the duration of the degradation 

period (Figure 2B&C).

In vitro insulin release

Short and long term insulin release under physiologic conditions was measured for all fiber 

blends. Insulin release kinetics was highly dependent on the polysaccharide content of 

electrospun fiber mats (Figure 3). Higher chitosan content blends released insulin 

significantly faster than lower chitosan content blends. By six hours CS:PEO20 and 

CS:PEO33 blends showed no significant difference and by 24 hours all fibers showed the 

same level of insulin release. The release profile for all three fiber blends could be fit to a 

simple model of Fickian diffusion, and the fit was not improved by incorporating a term for 

scaffold degradation (Table 3).
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Insulin bioactivity

3T3L-1 preadipocytes treated with 6 hour release medium showed significantly greater ratio 

of activated Akt than both negative (culture medium) and positive (insulin containing) 

controls (Figure 4). This indicates there is no loss of insulin bioactivity due to dissolution in 

HFP, electrospinning, or dry storage at room temperature for several weeks.

Buccal permeation

High chitosan content is needed to induce transbuccal insulin delivery. Lower chitosan 

content blends CS:PEO50 and CS:PEO33 did not outperform dissolved insulin in the 6 hour 

test, although all three groups saw negligible concentrations of transbuccal insulin (less than 

1% of the total) (Figure 5). CS:PEO20 fibers on the other hand delivered on average around 

1/3 of their total insulin into the acceptor chamber after 6 hours. Permeability coefficients 

for the lower chitosan content blends were 5 and 10 fold lower than naked insulin 

respectively while CS:PEO20 fibers had a permeability coefficient over 10 fold higher than 

the same control (Table 4).

Discussion

Electrospun fiber production

In this work we developed chitosan-based electrospun fiber scaffolds for oral insulin 

delivery. Nanostructured materials benefit from extremely high surface area to volume ratios 

that provide more space for both drug diffusion and interaction with the given biologic 

environment or surface. Transbuccal insulin delivery is an ideal application to take 

advantage of these properties. Chitosan-based nanoparticles have shown promise in a 

number of transbuccal drug delivery applications, but there are practical drawbacks to 

producing and utilizing nanoparticles in a clinical setting. Electrospun fiber mats overcome 

many of these physical limitations by combining the workability of polymer films with the 

high surface area of nanoparticles. The structure of chitosan however presents several 

problems for electrospinning. Solubility was the first hurdle, as the solvent system used 

needed to efficiently dissolve chitosan without denaturing insulin. A number of solvent 

systems have been investigated for electrospinning pure chitosan, most commonly dilute 

acetic acid solutions but insulin is known to rapidly lose bioactivity at low pH (27). Highly 

polar fluorinated solvents, such as HFP had previously been shown to readily dissolve chitin 

and chitosan, as well as insulin without permanent structural changes (22, 28). Neat chitosan 

solutions in HFP can be readily electrosprayed into nanoparticles, but the rigid, charged 

polysaccharide molecules do not readily form the chain entanglements that are needed for 

stable fiber formation (29). High-molecular-weight PEO is readily electrospun, has excellent 

biocompatibility, and has been theorized to form hydrogen bonds with the amine groups on 

chitosan (26). These hydrogen bonds encourage the chain entanglement that improve the 

overall spinning efficiency of the polymer solution, but also significantly increases the fiber 

diameter of the final composite fiber material. Preliminary work then focused on finding the 

minimum amount of PEO needed to reliably form composite fiber scaffolds, and 

characterizing the material properties of different CS:PEO blend ratios. CS:PEO50 and 

CS:PEO33 blends efficiently produced mats of continuous fibers as previously reported (30). 

At blend ratios with lower PEO content than CS:PEO20 fibers ruptured before solidifying, a 
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phenomenon known as beading. Beading was intermittent in CS:PEO20 mats but could be 

minimized by adjusting spinning parameters.

Mechanical tests confirmed the composition of deposited fiber scaffolds matched that of the 

initial spinning solution, and neither component was disproportionately lost during fiber 

formation. As expected, increasing polysaccharide concentration in the spinning solution 

resulted in more brittle fiber scaffolds, with an increased peak stress and decreased strain at 

failure.

For this work, it was desirable for fibers to adhere, swell, and release loaded insulin but not 

to degrade significantly over the 3–6 hours they will be attached to the application site. 

While both components of the scaffolds have very good biocompatible properties it is 

always still preferable to limit the amount of polymer delivered into the circulation in case 

there are any unknown tissue specific effects or unanticipated drug interactions. Degradation 

experiments show when hydrated the different CS:PEO blends lose approximately 15, 20, 

and 50% of their bulk mass rapidly depending on the blend ratio, but there is no significant 

mass loss over the next 6 hours. This suggests the majority of PEO incorporated into the 

fiber mats dissolves rapidly leaving behind primarily chitosan fibers. While chitosan is 

stable enough in aqueous solvents that no significant amount dissolves during the test 

period, the dissolution of PEO does appear to have a major impact on the final morphology 

of the fiber mat. Prior to hydration, median fiber diameter was not dependent on blend ratio, 

but when hydrated higher PEO content blends saw a significantly larger increase in fiber 

diameter. This means while all three fiber blends may have a similar chemical composition a 

few minutes after application, they maintain unique physical properties.

After material characterization, the insulin release kinetics of the fibers needed to be 

measured. Although there are applications for long-acting insulin, for oral delivery it is not 

realistic to expect a material to stay in place for more than a few hours. This makes it critical 

for a transbuccal delivery vehicle to have quick, predictable insulin release. With the two 

phases of degradation occurring over the test period, there were two likely mechanisms of 

insulin release out of the fibers: rapid dissolution along with PEO and slow diffusion out of 

the stable CS microfibers. If rapid dissolution along with PEO dominated, CS:PEO50 would 

have the fastest insulin release kinetics due to the large amount of mass those fibers lose. On 

the contrary, if diffusion out of the fibers was the primary mechanism, CS:PEO20 would 

have the most rapid insulin release because those fibers have the greatest surface area for 

diffusion to take place. The results observed showed diffusion is the dominant mechanism at 

all time points, with the low PEO content blend showing the highest insulin release at 15 

minutes despite undergoing the smallest amount of fiber morphological changes. This 

conclusion is further supported by fitting several common models of soluble drug release to 

the data (31). The simplest equation to fit the data reasonably well for all three materials was 

the Ritger-Peppas model which has the form:
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where the fractional drug release (Mt/M∞), is determined by a kinetic constant k, and a 

diffusional exponent n (32). Use of a more complex model such as the Peppas-Sahlin 

equation which has the form:

in which the added term is designed to account for degradation of the material along with 

Fickian diffusion, did not improve the fit (32). While there were not enough data points 

observed for these results to be considered a robust mathematical analysis, when considered 

along with the results of the characterization experiments it indicates there is little reaction 

between PEO and insulin. Instead almost all insulin contained in the mats is bound to CS 

and released through simple diffusion out of CS nanofibers.

Apart from the rate of insulin release, the bioactivity of the insulin delivered must be 

addressed. Dissolution in HFP, electrospinning, or dry storage could all potentially affect the 

bioactivity of insulin by degrading or denaturing the protein. While there are several 

signaling molecules the insulin signaling pathway that could have been measured, one of the 

major targets of the insulin signaling cascade is protein kinase B (Akt1) phosphorylation. 

Insulin causes Akt activation through insulin receptor substrate 1 (IRS1) phosphorylation, 

which activates phosphoinositide-3 kinase (PI3K). PI3K activates Akt1, which is responsible 

for many of the metabolic and mitogenic cellular responses to insulin stimulation. For this 

reason, cells exposed to bioactive insulin should contain a higher ratio of phosphorylated 

Akt (S473) to total Akt compared to cells exposed to standard culture medium. Adipocytes 

and preadipocytes in particular show a robust response to insulin, given their role as the 

body’s major long term energy store. The response of the preadipocytes used in this study 

showed that insulin dissolved in HFP and electrospun into chitosan fibers undergoes no 

significant decrease in its bioactivity.

Transbuccal permeability was the only property of these fibers tested that did not show a 

dose-dependent relationship with polysaccharide content. In vitro experiments suggested 

that the CS:PEO20 fibers would have the highest short term insulin transport across the 

buccal mucosa simply by diffusion. While this was observed, the trend did not hold true for 

the other fiber blends. CS:PEO33 and CS:PEO50 fibers greatly underperformed the level of 

insulin delivery expected following the in vitro experiments. Hydrophilic compounds must 

cross the epithelium via the paracellular route through tight junctions between cells. 

Chitosan is able to enhance the permeability of epithelial membranes by transiently 

disrupting binding between tight junction proteins without causing cell death (33). 

Compared to synthetic options such as detergents it is considerably safer and more cost 

effective. Therefore, chitosan has been commonly incorporated into transmembrane drug 

delivery formulations as a permeation enhancer. Furthermore, mucoadhesive materials hold 

dissolved compounds in higher concentrations directly adjacent to the epithelium, 

encouraging diffusion across the membrane. While CS:PEO20 fibers were able to deliver 

promising levels of insulin across the buccal mucosa, the variation between samples was 

sub-optimal. It is possible this is a function of the tissues samples used and not the fibers 

themselves. Permeability of the buccal mucosa is known to vary widely throughout the 
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mouth and in ex-vivo studies it can be problematic to keep application sites constant (11). 

Future work will need to confirm this result in a more reproducible way by measuring the 

ability of CS:PEO fibers to lower blood sugar in a suitable animal model.

Conclusions

In this work we have developed electrospun chitosan scaffolds designed for oral insulin 

delivery. Poly (ethylene oxide) was added in different ratios to control fiber morphology and 

physical properties. Degradation studies showed PEO dissolves rapidly under physiologic 

conditions leaving behind remodeled CS fibers. Higher chitosan:PEO ratio when spinning 

results in smaller fibers and more rapid insulin release. Insulin released from electrospun 

fiber mats shows no impaired bioactivity. CS:PEO20 fibers have 16 times higher buccal 

permeability compared to free insulin. Taken together, the results of this study suggest 

electrospun chitosan nanofibers can function as a viable vehicle for oral insulin delivery 

deserving of further study.
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Figure 1. At least 20% high molecular weight polymer is necessary for stable fiber formation
Poly (ethylene oxide) (Mw 900kDa) was added to dissolved chitosan electrospinning 

solution in decreasing ratios. At 20% PEO solution content intermittent beading can be 

observed. Scale bar 10µm.
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Figure 2. CS:PEO fibers dissolve slowly under physiologic conditions
10mg samples of CS:PEO fiber blends (n=3) were immersed in 5ml of PBS at 37°C. At 

predetermined time points PBS was removed. Samples were then washed once with diH2O 

and freeze dried overnight. Mass loss approximated PEO content (A). SEM micrographs 

showed no major morphological changes in fibers over the degradation period (B, scale bar 

represents 50 µm). The average fiber diameter measured in these micrographs also showed 

no significant changes within individual fiber blends after hydration (C). (* denotes 

statistically significant difference between all groups p < 0.05)
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Figure 3. Polysaccharide content controls insulin release kinetics
Fiber blends of different chitosan:PEO ratios were immersed in PBS at 37°C. Insulin release 

was quantified at 15 minutes, 6 hours, and 1 day by ELISA assay. Various models were 

applied to fit the data. Curves corresponding to the Ritger-Peppas equation are shown. 

CS:PEO20 fibers show the fastest release profile, but there was no difference observed 

between blends at 24 hours.
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Figure 4. Insulin remains bioactive after electrospun fiber fabrication
3T3-L1 preadipocytes incubated for 10 minutes in either fresh growth medium (control), 6 

hour CS:PEO20 fiber release medium, or insulin containing media (7.98 µg/mL). Western 

blots of cell lysates were run for p-Akt expression then stripped and re-probed for total Akt1 

as loading controls. Cells exposed to fiber release medium showed 3.5 fold higher p-Akt/Akt 

expression ratio than control cells. (* denotes statistically significant difference from all 

other groups p < 0.05)
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Figure 5. Chitosan enhances insulin transbuccal permeability
Insulin transport across the buccal membrane was determined using a Franz diffusion cell. 

Measurements of the insulin concentration of the acceptor chamber showed that membranes 

were largely impermeable to both dissolved insulin and the lower chitosan blend ratios, with 

those groups delivering less than 1% of their total protein over 6 hours. CS:PEO20 fibers 

however showed significantly higher insulin delivery over the other groups at all time points 

over 2 hours. The permeability coefficient of the buccal mucosa to each of these insulin 

compounds was calculated from the steady state flux region of the tests and CS:PEO20 

fibers showed around a 500 fold increase in permeability over the other fiber blends and a 16 

fold increase over naked insulin.
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Table 1

Electrospinning solutions content and final INS content.

Blend ratio CS conc. (mg/mL) PEO conc. (mg/mL) INS conc. (mg/mL)

CS:PEO20 8 2 0.4

CS:PEO33 8 4 0.4

CS:PEO50 8 8 0.4
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Table 2

CS:PEO fiber mechanical properties.

Blend Ratio Peak Stress (Mpa) Strain at Break (%)

CS:PEO20 1.03±0.15 24.8±1.5

CS:PEO33 1.14±0.15 18.3±1.3

CS:PEO50 2.59±0.21 13.7±2.3
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Table 4

The insulin permeability coefficient and R2 of the cumulative flux curve for CS:PEO fiber blends and naked 

insulin.

Blend Ratio Permeability (10−5cm/s) Q-R2

CS:PEO20 0.255 0.74

CS:PEO33 0.127 0.61

CS:PEO50 21.5 0.97

INS 1.27 0.76
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