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ABSTRACT 

Chronic wounds affect millions of people annually and have emotional and financial Implications in 
addition to health issues. The current treatment for chronic wounds involves the repeated use of 
bandages and drugs such as antibiotics over an extended period. A cost-effective and convenient 
solution for wound healing is the development of drug-incorporated bandages. This study aimed to 
develop a biocompatible bandage made of drug-incorporated poly (lactic-co-glycolic acid) (PLGA) 
microparticles (MPs) and eggshell membrane (ESM) for cornea wound healing. ESM has desirable 
properties for wound healing and can be isolated from eggshells using acetic acid or 
ethylenediaminetetraacetic acid (EDTA) protocols. Fluorescein isothiocyanate-labelled Bovine Serum 
Albumin (FITC-BSA) was used as a model drug, and the PLGA MPs were fabricated using a solvent 
extraction method. The MPs were successfully attached to the fibrous layer of the ESM using NaOH. 
The surface features of the ESM samples containing MPs were studied using a field emission scanning 
electron microscope (FESEM) and compared with blank ESM images. The findings indicated that the 
MPs were attached to the ESM fibres and had similar shapes and sizes as the control MPs. The fibre 
diameters of the MPs samples were assessed using Fiji-ImageJ software, and no significant changes 
were observed compared to the blank ESM. The surface roughness, Ra values, of the MPs 
incorporated ESM samples were evaluated and compared to the blank ESM, and no significant 
changes were found. Fourier transform infrared (FTIR) spectroscopy was used to analyse the chemical 
Composition of the bandage, and the spectra showed that the FBM were effectively incorporated 
into the ESM. The FTIR spectra identified the major peaks of the natural ESM and the PLGA polymer 
in the bandage. The bandage was transparent but had a reduced visibility in the waterproof test card 
method. The bandage achieved sustained drug release up to 10 days and was found to be 
biocompatible and non-toxic in a chorioallantoic membrane (CAM) assay. Overall, the drug-
incorporated PLGA MPs-ESM bandage has great potential for treating chronic wounds.



1. INTRODUCTION

Current approaches to accelerate wound closure and aid the healing process for both dermal and 
ophthalmological ailments include bandages and topically administered drugs (1-3). However, these 
methods have limitations such as poor bioavailability, the need for repeated application, and poor 
patient compliance. To overcome these shortfalls, technologies and protocols exploring the use of 
controlled drug delivery systems such as hydrogels, nanoparticles, microparticles, implants, 
dendrimers, microneedles, mucoadhesive polymers, and iontophoresis have been considered (4-8). 
In essence, these approaches aim to improve the bioavailability and therapeutic efficiency of 
pharmaceutical formulations, with minimal toxicity, side effects as well as ensuring patient 
compliance and easing the logistical manipulation by the end-user (4-6,9). Microparticles, in 
particular, have shown promising results for both skin and ocular drug delivery in various studies as 
well as optimal characteristics for formulation development (5-6). 

Skin and cornea wound healing are similar as both involve a complex sequence of cellular and 
molecular events aimed at repairing and regenerating damaged tissue. In both cases, the wound 
healing process can be divided into three overlapping phases: inflammation, proliferation, and 
remodelling (1, 10-12). During the inflammation phase, immune cells are recruited to the site of injury 
to remove debris and prevent infection. In the proliferation phase, new blood vessels and connective 
tissue are formed, and cells such as fibroblasts and keratinocytes proliferate to fill in the wound bed. 
Finally, during the remodelling phase, the tissue is remodelled and strengthened to restore its original 
structure and function (1, 10-15). In addition to these broad similarities, there are also some specific 
similarities between skin and cornea wound healing. For example, both skin and cornea have an outer 
layer that serves as a barrier to the external environment, and both have specialized cells such as 
keratinocytes and epithelial cells that play important roles in the healing process. Furthermore, both 
skin and cornea are exposed to environmental stresses that can interfere with wound healing, such 
as ultraviolet (UV) radiation and microbial infection. Finally, both skin and cornea wounds can result 
in scarring, which can have functional and cosmetic consequences (1-2, 11-14).

In a simplistic overview, the optimal wound healing process requires a moist and permeabilised 
environment to ensure the correct cellular processes and matrix deposition required. An ideal 
biomaterial for chronic wound bandages should be biocompatible, non-toxic, transparent, 
comfortable for the patient, and easy to apply (16). Researchers are exploring the use of various 
biomaterials, including natural and synthetic polymers, to develop effective bandages: the more 
advanced/enhanced versions being  “smart”- being able to respond to the rapidly changing 
microenvironment, deliver therapeutic agents, and favourable to the end-user. As such, number of  
candidate materials have been investigated which include animal/non-animal derivatives, drug 
incorporated therapeutic dressings, hydrocolloids and semi-permeable hydro-films (17-20). 
Moreover, advancements in nanotechnology, stem cell research, and gene therapy may provide new 
opportunities to enhance corneal wound healing and reduce the need for corneal transplantation 
(21-22). 

The eggshell membrane (ESM) is a naturally occurring sustainable materially formed from bio-
polymeric fibres that is gaining attention for its potential biomedical applications. It has a unique 
structure and is readily available as a resource (23-27). The ESM is the clear film lining the eggshell 
and consists of two distinguishable sides: the inner side, also known as the limiting membrane (LM), 



is non-fibrous and smooth, while the outer side is made up of two layers, the inner shell membrane 
(IM) and the outer shell membrane (OM), which is firmly attached to the eggshell (23, 27). The outer 
shell membrane can only be detached by dissolving the calcium carbonate in the eggshell (23).

The ESM contains various biochemical components such as collagen, hyaluronic acid, glucosamine, 
glycosaminoglycans, and fibronectin, which are responsible for its biological, physical, and 
mechanical properties (22-26, 29-33). Proteome analysis by Ahmed et al., (26) identified a total of 
251 different proteins in ESM, giving a huge diversity of chemical structure on the membrane. There 
are three different methods of separating ESM from the eggshell: manual peeling, chemical 
treatment, and mechanical extraction (23-24,27, 34-39). The mode of application of ESM is 
dependent on the extraction method. Manual peeling and chemical treatment generate an intact 
membrane, while the mechanical method produces fragments of the membrane (24-26). However, 
these separation methods have some limitations associated with them, such as effects on physical 
and chemical characteristics, long chemical reaction time, and long separation period (23,26 and 30).

The ESM exhibits high surface area, semi-permeability, and porosity together with its non-toxic 
nature, biodegradability, anti-inflammatory, and anti-bacterial properties (23,29 and 33). All these 
unique properties make ESM a valuable biomaterial for various applications, including skin wound 
healing and regeneration, bone, nerve, and cartilage applications. Furthermore, ESM has the 
potential to be used as a drug delivery device for drugs or nanoparticles (25, 27-31 and 40). Recently, 
Araujo and colleagues (41) analysed the use of ESM as a biopolymer in drug delivery studies. The 
results showed that nimesulide, a hydrophobic drug, was incorporated into the ESM, and although 
the drug loading results were not promising, the ESM was confirmed to be a potential biomaterial 
for pharmaceutical formulations due to its biocompatibility and biodegradability. Li et al.  (40) and 
Briggs et al, (25) have reported bandages consisting of silver nanoparticles (AgNP) and ESM for skin 
wound care. The results indicated that AgNP was successfully deposited on the ESM, was non-toxic, 
and had suitable surface area, pore size, and release profile. The aim of this study is to take this 
promising material formulate and evaluate a potential novel bandage comprising of drug 
incorporated poly(lactic-co-glycolic acid) (PLGA) MPs and ESM for chronic wound healing applications 
(Figure 1) herein, and after, referred to as “DIMES”. 



Figure 1. Schematic representation of DIMES fabrication. A summary of the proposed biomedical 
bandage development to generate the novel wound healing dressing consisting of drug incorporated 
PLGA microparticles and eggshell membrane. MP–microparticles, ESM-eggshell membrane and PLGA- 
Poly lactic-co-glycolic acid. Model drug: Fluorescein isothiocyanate-labeled Bovine Serum Albumin 
(FITC-BSA)

2. MATERIALS AND METHODS
2.1 Materials

PLGA copolymers with lactic: glycolic acid ratios of 1:1 (MW: 29-38 kDa) were purchased from Evonik 
(Darmstadt, Germany). 99+ % hydrolysed poly (vinyl alcohol) (PVA) (MW: 89-98 kDa), PBS, FITC-BSA, 
QuantiPro Bicinchoninic Assay (BCA) kit and VEGF were obtained from Sigma-Aldrich (Poole, Dorset, 
UK). Ethyl acetate (≥ 99.5 %) and acetic acid (≥ 99%) were purchased from Fisher Scientific 
(Loughborough, Leicester, UK). Free-range brown chicken eggs (British Blacktail) were purchased 
from a local supermarket (Waitrose, London, UK). Fertilized hens’ eggs were purchased from Henry 
Stewart and Co Ltd (Norfolk, UK). Ethylenediaminetetraacetic acid (EDTA) was supplied by Agar 
Scientific (Stansted, Essex, UK). The Visking Dialysis Tubing membrane, a regenerated cellulose 
membrane (MW:12-14 kDa, dry thickness: 20 µm) was purchased from Medicell membrane Ltd 
(Greenwich, London, UK). All other reagents and chemicals were obtained from Merck (Poole, Dorset, 
UK) unless otherwise stated. Fresh porcine eyes were kindly donated by the Royal Veterinary Collage 
(Hertfordshire, Hatfield, UK).

2.2 Methods



2.2.1 Preparation of drug-incorporated microparticle ESM

Fresh eggs were carefully washed in deionised water before being submerged in 0.5 M acetic acid for 
44 h (ESM-A) or 0.9 M EDTA for 20 h at room temperature (19 °C) (ESM-E). The extracted membranes 
were collected and extensively washed in DI water to remove the albumen and yolk after the calcium 
carbonate shell had completely dissolved (40). The ESM was manually removed from the eggshell 
using tweezers as a control (ESMstrip). To avoid dehydration, all extracted ESM samples were fully 
immersed in PBS and stored in a refrigerator (4 °C) before use. The drug incorporated was generated 
using the in-house method developed (Mensah et al, 23). Briefly, 20 mg FITC-BSA (model drug) or 20 
µg VEGF was dissolved in 5 ml of ethyl acetate in which 1 g of PLGA polymer was completely pre-
dissolved. A primary emulsion of FITC-BSA/PLGA/EAc or VEGF/PLGA/EAc and PVA solutions were 
formed and vortexed to create the MPs. Following that, the emulsion was added to a hardening bath 
to allow for complete evaporation (24h). The hardening bath was completely covered with aluminium 
foil to exclude light. The supernatant was collected before the formulated MPs were filtered, washed, 
and freeze-dried.

The loading capacity (LC%) and the encapsulation efficiency of the generated MPs were examined by 
an indirect technique that involved the use of the Micro-QuantiPro™ BCA Assay Kit (Sigma-Aldrich, 
Poole, Dorset, UK) to determine the amount of FITC-BSA or VEGF present in the supernatant collected 
after the filtration and washing of the formulated MPs. To ascertain the amount of FITC-BSA or VEGF 
that was encapsulated, a mass balance calculation was executed. The EE% and LC% were calculated 
using Equation (1) and (2) respectively below:

  𝐿𝐶% =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 

 
𝑡𝑜𝑡𝑎𝑙 𝑚𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 

(Equation 1)

    𝐸𝐸% =
𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 ― 𝑓𝑟𝑒𝑒 𝑢𝑛𝑒𝑛𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
 (Equation 2)

Prior to loading the drug incorporated microparticles to the outer layers of the ESMs (OESM), a 
preliminary structural study was performed using both the OESM and inner layer of the ESM (IESM). 
The outer layers were identified as the ideal layer to load the MPs. To prepare the FITC-BSA 
incorporated MPs (FBM), or VEGF incorporated MPs (VM) OESMs, 50 mg of the generated MPs were 
immersed in 1 ml of aqueous 0.2 M NaOH, alkaline-catalyzed hydrolysis for 30 seconds (modified 
method adapted from Amoyav and Ofra, (42), Figure 2A). The modified MPs were washed three times 
with dH20 (i.e. three cycles of centrifugation at 3000rpm for 2min per solvent change) to remove the 
NaOH residue. The MPs were incorporated onto the outer layer (fibrous side) of 3 x 3 cm2 membranes. 
Using a spatula, the MPs were spread on the outer layer of the ESM samples (Figure 2B). The 
generated FBM incorporated OESMs samples (FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E) and 
VM incorporated OESMs samples (VM-OESMstrip, VM-OESM-A and VM-OESM-E) were washed to 
remove excess MPs, freeze-dried at room temperature (19 °C) and stored at 4 °C for characterisation. 
The residue from the washing process was filtered, and the MPs collected were air-dried and weighed 
to determine the quantity of MPs incorporated on the ESMs. 



Figure 2 (A) Schematic diagram of the fabrication of DIMES using the chemical treatment method: 
alkaline-catalysed hydrolysis. They were immersed in 0.2 M NaOH for 30 minutes, the MPs were 
washed three times to remove excess NaOH. The modified MP were then spread on the ESM, washed, 
air- dried at room temperature (19 °C) and stored at 4 °C. The microparticles were incorporated onto 
the outer layer (fibrous side) of the membranes. (B) Photograph of the preparation of the drug 
incorporated microparticles ESM. The microparticles were washed with NaOH before spreading on the 
membrane. OESM represents the outer layer of eggshell membrane, FITC-BSA represents Fluorescein 
isothiocyanate-labeled bovine serum albumin and MP represents microparticles. 

2.2.2. Characterisation

2.2.2.1. Surface Morphology. Freshly made FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E were 
fixed for 24 hours at 4 °C in 3 % (w/v) glutaraldehyde in 0.1 M cacodylate buffer. The fixed membranes 
were then dehydrated for 2 minutes in a series of graded ethanol solutions (v/v): 1 x 70%, 1 x 90%, 
and 3 x 100%. The membranes were then subjected to critical point drying by immersing them in 



hexamethyldisilane (HMDS) for 2 minutes. The dried membranes were adhered to 12 mm carbon 
tabs (Agar Scientific, Stansted, UK) that were pre-mounted onto 0.5 mm aluminium spectrum stubs 
(Agar Scientific, UK) before being sputter-coated with gold/palladium (Polaron E500, Quorum 
Technology, UK). The morphological characteristics of the FITC-BSA MPs, VEGF MPs and the FITC-BSA 
MPs incorporated ESMs were measured using Philips XL30 FESEM (UK) at an operating voltage of 5 
kV, spot size 3. The samples were examined at a magnification of 500x. The particle size distributions 
of the FITC-BSA MPs and VEGF MPs, and fibre diameters of the blank OESMs and FITC-BSA MPs 
incorporated OESMs in the FESEM images were evaluated via Fiji-ImageJ software and OriginLab 
Origin 2021. Using the FESEM images at Magnification of 500x generated for OESMstrip, OESM-A and 
OESM-E, FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E, the surface roughness was examined. 
Surface topography and surface roughness plots were generated using Fiji-ImageJ software. Based 
on the surface topography and profile plots, the surface roughness (Arithmetical mean deviation, Ra) 
was deduced via SurfCharJ-1q plugin in the Fiji-ImageJ software. 

2.2.2.2. Transparency tests. To determine the transparency qualities of FBM-OESMstrip, FBM-OESM-
A and FBM-OESM-E, the samples were soaked in PBS for 24 hours to equilibrate, and the wet samples 
were placed over a standardised waterproof test card. The images of the samples were taken with a 
Samsung Galaxy S9 plus 12 MPS Super Speed Dual Pixel AF sensor camera (OIS, FOV: 77, Dual 
Aperture: F1.5 mode/ F2.4 mode) (Chau et al,39; Mensah et al, 19). Further transparency of the 
samples was examined by measuring light transmittance through wet samples with a T80 UV-VIS 
spectrophotometer (PG instrument Ltd., Leicester, UK) over a wavelength range of 400 to 1000 nm 
(method adapted from Mensah et al, 23).

2.2.2.3. Fourier-transform infrared spectroscopy. A PerkinElmer FTIR operating in the Attenuated 
Total Reflectance mode (SensIR Technologies, UK) was used to determine the elements and 
functional groups of the FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E. The samples were 
scanned in the infrared range 600–4000 cm–1 and measured at 19 °C. Before analysing the samples, 
the spectrometer was calibrated by taking a background spectrum.

2.2.2.4. Porosity. A previously reported liquid displacement method was employed to determine the 
porosity of the FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E (19, 41). In brief, the samples were 
air dried for 24 hours at room temperature (~19 °C) and weighed. The dried samples were then 
immersed in 5 ml of PBS for 24 hours at 34 °C before being weighed after patting the surfaces with a 
paper towel. The total pore volume was calculated using the average thickness (mm) and diameter 
of the FBM-incorporated ESM samples (Equation 3). The porosity was calculated as shown in 
Equation 4 below (n=3).

𝑉° = (ℼ x 
𝐷
2)

2
𝑥 𝐻 Equation 3



              Equation 4ℰ (%)
𝑊𝑤 𝑥 𝑊𝑑

𝜌 𝑥 𝑉°
𝑥 100

Where, Vo is the total pore volume, D is the diameter, H is the thickness, Ww and Wd are the wet and 
dry weights of the samples, ɛ is the porosity and ρ is the density of PBS. The thickness of the FBM-
incorporated OESMs and blank MP OESMs were measured by sandwiching them between two 
known-thickness microscopic slides. The total thickness of the samples was measured to the nearest 
0.01 mm using a Moore and Wright Outside micrometre (Zoro, Leicester, UK). Each sample's 
thickness was measured at six random locations, and the average values were reported as the 
membrane thickness (40).

2.2.2.5. Wettability. The contact angle of a PBS solution droplet (~2.0 µL) was measured using an 
optical contact angle meter (200 CAM, KSV Instruments Ltd, Finland) to assess the surface wettability 
of FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E at room temperature (~19 °C). using the static 
sessile drop method as previously described Mensah et al., (23). In short, a small droplet of PBS 
solution (~2.0 µL) was deposited on the horizontal membrane surface and a side view phot was taken 
using 200 CAM optical contact angle meter (KSV Instruments Ltd, Finland) at room temperature (~19° 
C) to measure the contact angle at 10 seconds (Figure S1). Each value of the contact angle was 
calculated as an average of three different readings taken under the same conditions.

2.2.2.6. In vitro release study with diffusion cell. The drug release profile of the fabricated MPS-
ESMs was examined using an in vitro Franz diffusion cell eye model generated by Shafaie et al, (45). 
The bespoke Franz cell used consisted of three compartments: a donor chamber, a middle chamber 
containing porcine vitreous humour and a receptor chamber (Figure S2). A small incision was made 
on the lateral side of the porcine eye with a scalpel to extract the vitreous humour. Vitreous humour 
was gently separated onto a petri dish, and non-vitreous parts attached to it, such as the iris and lens, 
were separated further. Extracted vitreous was stored in sterile containers at 2-8 °C. The isolated 
vitreous was used within 12 h of the extraction. The middle chamber was filled with vitreous, and the 
top and bottom were covered with a cellulose dialysis membrane. Subsequently, the donor and 
receptor chambers were attached. The set up was occluded with parafilm to prevent evaporation. 
The FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E were trimmed into circular discs of diameter 
10 mm sufficient to cover the diffusion area of the donor chamber. Each membrane sample was 
mounted between the donor chamber and middle chamber with drug incorporated side (outer layer) 
facing upwards. For the study of free FBM (control), the 30 mg sample was introduced directly onto 
the cellulose dialysis membrane at the top. Using a syringe, 3 ml of PBS was introduced into the 
receptor chamber with magnetic stirrer and allowed to equilibrate at 34 °C (natural temperature of 
the eye) for 30 minutes. Thereafter, 1 ml of the PBS was introduced into the donor chamber. FITC-
BSA sample volume of 3 ml were collected though the sampling port of the cell at varying times within 
14 days. The FITC-BSA samples were centrifuged and the concentration of the protein in each sample 
was determined using Micro-QuantiPro™ BCA Assay kit. Each time an equal volume of fresh 
preheated PBS was reintroduced into the receptor chamber to main sink conditions. The air bubbles 
formed were removed by carefully tilting the Franz cell for the bubbles to escape through the 
sampling port. The cumulative percentage released was calculated, and the mean values and 
standard deviations were reported.



2.2.2.7. In ovo chick chorioallantoic membrane (CAM) assay. The in ovo CAM assay was employed, 
as previously described (46) to determine the toxicity and biocompatibility of the drug incorporated 
MPS-ESMs (Figure S3). Fertilized Dekalb White chicken eggs (Henry Stewart and Co Ltd, Norfolk, UK) 
were incubated for four days in a Brinsea Eco incubator at 37 °C and 80 % relative humidity. On the 
fourth day, 5 ml of egg white was extracted with a blunt 18-gauge needle through a hole to reduce 
the volume space within the egg and result in a lower/detachment of the CAM from the top portion 
of the eggshell. In each egg, a 2 x 2 cm square window opening was cut and covered with transparent 
low adhesion tape. The eggs were incubated for an extra day. Blank MP-OESMstrip, blank MP-OESM-
A, blank MP-OESM-E, VM-OESMstrip, VM-OESM-A and VM-OESM-E samples immersed in PBS were 
sterilised under UV irradiation in laminar cell culture for 24 hours- a process that had been optimized 
previously and demonstrated no changes to the stability or chemical composition of the drug-
incorporated MPs (46-47). On the 5th day, the pre- sterilised samples were placed on the CAM. The 
sides without the MPS were placed directly on the CAM. Additionally, 3 x 3 mm Whatman #1 filter 
paper squares, blank MPS, VEGF incorporated MPs and VEGF were sterilized using 70% ethanol. The 
filter papers socked with VEGF incorporated MPs 20 L were placed on the CAM. Using a 100 mm 
micro spatula, 20 µg of blank MPs, 20 µg of VEGF incorporated MPs and 2 µg of VEGF were carefully 
incorporated on the filter papers previously placed on the CAM. All samples were placed on the CAM 
under sterile conditions. The windows of the eggs were sealed and kept in the incubator for an 
additional 5 days and monitored daily. The seal was removed on the tenth day, and photographs 
were obtained using a GX CAM digital camera at X1 magnification. The AngioQaunt programme 
(MATLAB, UK) was used to quantify, analyse, and characterise blood vessels (47). The counting of the 
various vessels in each CAM was random and triplicated.

2.2.3. Statistical analysis
Data are shown as mean ± SD (standard deviation) and compared using 1-way and 2-way ANOVA 
with Tukey’s, Dunnett's or Bonferroni Multiple Comparison Test. Statistical significance is indicated 
with (*) which represents a p < 0.05, (**) which represents a p < 0.01, and (***) which represents a 
p < 0.001. No statistical significance is indicated by p > 0.05. GraphPad software 9.0, Fiji-ImageJ and 
OriginLab Origin 2021 software were utilised in analysing the data.

3. RESULTS 

3.1. Drug-Incorporated Microparticles eggshell membrane (DIMES)

Using the optimised single o/w emulsion method, 10 – 50 µm MPs were formulated with or without 
model drugs: FITC-BSA and VEGF. The loading capacity (LC%) and encapsulation efficiency (EE%) of 
FITC-BSA incorporated in MPs were determined to be 59.03 ± 0.67 and 17.24 ± 0.32, respectively. 
The LC% and EE% of VEGF incorporated in MPs were found to be 52.42 ± 1.13 and 14.17 ± 1.04, 
respectively. The ESMs were extracted using manual peeling, immersion in 0.5M acetic acid and 
immersion in 0.9 M EDTA methods. Drug incorporated microparticles ESMs were generated using 
chemical treatment method. The water obtained from the washing process was filtered and the MPs 
collected was air-dried and weighed to determine the total FITC-BSA MPs incorporated (results 



summarised in Table 1). The results revealed that more than 60% of the MPs were successfully 
attached to the outer layer of OESMstrip, OESM-A, OESM-E. 

Table 1. Percentage incorporated modified MP in FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E. 
samples. OESM represents the outer layer of eggshell membrane and FBM represents Fluorescein 
isothiocyanate-labeled Bovine incorporated microparticles. 

Sample Percentage of incorporated MP (%)

FBM MP-OESMstrip 66.22 ± 1.51

FBM MP-OESM-A 62.56 ± 0.98

FBM MP-OESM-E 67.39 ± 1.65

3.2. Surface Morphological analysis of drug incorporated MPS-ESM

The morphologies of the blank OESMs (Figure 3A-C) and FITC-BSA incorporated MPs (FBM) (Figure 
3D) were analysed and compared to the FITC-BSA MPs sample s generated (Figure 3E-G). The images 
showed the presence of MPs adhered to the nanofibers in the ESM (Figure 3E-G). The MPs attached 
to the fibres in the ESM have similar spherical-like shapes as the MPs before attachment (Figure 3D). 
Subsequently, the particle size of the MPs and fibre diameters of the blank OESMs and FITC-BSA MPs 
incorporated OESMs were evaluated via Fiji-ImageJ software and their respective distribution plots 
(Figure 3i-vii) were generated with OriginLab Origin 2021. The fibre diameters of OESMstrip, OESM-
A and OESM-E were deduced as 0.25 to 5 .75 µm, 0.936 to 8.97 µm and 1.02 to 8.88 µm respectively.  
From the data (Figure 3iv), FITC-BSA MPs with particles size ranging from 2.56 to 57.5 µm (mean 
particle size of 17.09 ± 0.25 µm) were incorporated into the ESMs. The fibre diameters of the FBM-
OESMstrip, FBM-OESM-A and FBM-OESM-E were evaluated as 0.28-4.75 µm, 0.84 – 8.97 µm and 1.26 
– 6.87 µm respectively (Figure 3v, vi and vii). The fibre diameters of the MPs incorporated ESM were 
assessed and compared to the fibre diameters of blank ESMs. Figure 3viii displays the mean fibre 
diameter of the drug incorporated ESM and blank ESMs. From the results, no significance changes 
were observed in the MPs incorporated ESM (i.e., FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E) 
compared to their respective blank ESM, p>0.05 (i.e., OESMstrip, OESM-A and OESM-E). This suggests 
that the introduction of the MPs did not alter the fibrous structures.



Figure 3.  Structural analysis of the fibrous network of the Outer layer of Eggshell membrane (A-C) 
represents the FESEM images of OESMstrip OESM-A and OESM-E respectively.  Structural analysis of 
FITC-BSA incorporated Microparticles showing FESEM images at 500x magnification of the FITC-BSA 
incorporated Microparticles (FBM)(D) and the FBM incorporated ESM (G-F) i.e., FBM-OESMstrip, FBM-
OESM-A and FBM-OESM-E0. ‘i-iii’ presents the fibre diameter of OESMstrip, OESM-A and OESM-E 
respectively. ‘iv’ represents the particle size distribution plot for the FBM. ‘v, vi, vii’ represent the fibre 
diameter distribution (n= 100 counts) for OESMstrip, OESM-A and OESM-E respectively. All values are 
expressed as mean ± σ for n=100. FBM: FITC-BSA incorporated microparticles. ’viii’ represents the 
Mean fibre diameter of FITC-BSA incorporated Microparticles. The graph shows the results for the 
comparison of the mean fibre diameter of the OESMstrip to OESM-A and OESM-E to FBM-OESMstrip, 
FBM-OESM-A and FBM-OESM-E. No significance differences were observed (ns, p>0.05). All values are 
expressed as mean ± SD for n=100 (1-way ANOVA with Bonferroni’s multiple comparison post-test 
(p>0.05). FBM: FITC-BSA incorporated microparticles.

The surface roughness of the FITC-BSA MPs incorporated ESM samples were evaluated using the 
FESEM images at magnification of 500x. Figure 4 represent the surface topography of OESMstrip, 
OESM-A, OESM-E, FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E, respectively. The images were 
generated for the surface area of 229 x 330 µm2 via Fiji-ImageJ software. The surface consists of pine-
like surface identical to that of the blank outer layer ESM: OESMstrip, OESM-A and OESM-E. Surface 
of the MPs incorporated ESM were further characterised by measuring the surface roughness area 
value i.e., arithmetical mean deviation, Ra. Prior to that, the surface roughness plot was generated 
via Fiji-ImageJ software. The Ra values obtained for FBM-OESMstrip, FBM-OESM-A and FBM-OESM-
E were compared to the corresponding Ra values of the blank ESMs: OESMstrip, OESM-A and OESM-E 
(Figure 4G). Statistically, no differences were observed between the blank and the MPs incorporated 
ESMs (p>0.05).



Figure 4. Surface roughness analysis. The images A-F are surface topography of OESMstrip, OESM-A, 
OESM-E FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E generated via Fiji-ImageJ surface. Image G 
represents a plot of arithmetical mean deviation, Ra (µm) recorded for outer layers: OESMstrip, OESM-
A and OESM-E, and drug incorporated MP ESM: FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E. 
using FESEM at magnification of 500x on surface area 229.0 X 232.0 µm respectively. The Ra values 
were calculated via Fiji-ImageJ software SurfCharJ 1q plugin. 1-way ANOVA with Bonferroni’s multiple 
comparison post-test (p> 0.05). All values are expressed as mean ± σ for n=10. ns represents no 
significant difference, p>0.05. FBM: FITC-BSA incorporated microparticles.

3.3. Chemical composition

FTIR was employed to characterize the PLGA MPS, the ESMs and the incorporation of the MPS in the 
ESMs (Figure 5). The PLGA MPS spectrum displayed peaks such as the -CH2, -CH3 stretching vibrations 
(2946.72 - 3000 cm-1), the carbonyl C=O stretching vibrations of esters (1746.53 cm-1), asymmetrical 
stretching -CH2, -CH3 (1381.62 cm-1 and 1452.06 cm-1) and the C–O stretching vibrations (1180.38 
cm-1). The spectrum of blank OESM (Figure 5) displays the presence of peaks (in cm-1) at 3289 
(stretching mode of O–H and N–H), 3060, 2932 and 2869 (asymmetric stretching vibrations of the 
C–H bonds present in =CH and =CH2 groups), 1646 (C=O stretch of amide), 1524 and 1240 (CN 
stretching/NH bending modes of amide), 1441 (stretching mode of C=C bond), 1066 (stretching mode 
of C–O bond) and 660 (stretching mode of C–S bond). Figure 5 illustrates that the FTIR spectra of the 
three ESM samples (FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E) containing the FITC-BSA 
incorporated microparticles are similar. In the spectra some peaks came from the polymer CH2-CH3 
stretching vibrations (2946.72 - 3000 cm-1 and 1746.53 cm-1) and these peaks from the ESM :1646 
cm-1, 1524 cm-1,  1441 cm-1 and 1240 cm-1.



Figure 5. FTIR spectra of FITC-BSA incorporated ESM documenting the FTIR spectra of PLGA MP blank 
OESM FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E. FBM: FITC-BSA incorporated microparticles.

3.4. Visibility test 

The results of the visual observations of the wet blank ESMs and wet drug incorporated MPS ESMs 
are shown in Figure 6A. The sample test can clearly be seen in the blank ESMs samples: Blank 
OESMstrip, Blank OESM-A and Blank OESM-E. the visibility of the test in FBM-OESMstrip, FBM-OESM-
A and FBM-OESM-E are reduced as compared to the blank ESMs, the MPs incorporated ESM samples 
are visually transparent. The transparencies of the samples were further characterised by measuring 
light transmittance using UV-VIS spectrophotometer (Figure 6B). In the results, the observations 
made in the test card analysis are confirmed. The light transmittance values for FBM-OESMstrip, 
FBM-OESM-A and FBM-OESM-E are lower than Blank OESMstrip, Blank OESM-A and Blank OESM-E. 
This suggests that the presence of the MPs in the FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E 
reduces the visibility. Nonetheless, the light transmittance values for both blank and MPs 
incorporated ESMs were above 70%.



Figure 6. Transparency results. (A) Images representing the visual transparency of the outer and inner 
sides of the ESM samples (B) UV light transmittance profiles of membranes (Blank OESMstrip, Blank 
OESM-A, Blank OESM-E, FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E) O: outer side membrane; 
FBM: FITC-BSA incorporated MP. All values are expressed as mean ± σ for n=6. 1 way ANOVA with 
Tukey's Multiple Comparison Test (p<0.05).

3.5 .Porosity

The fluid handling property of the drug incorporated MPs was assessed by measuring the porosity 
(Figure 7). The average porosity of the FITC-BSA incorporated MPs-ESM samples are significantly 
reduced as compared to the Blank OESM samples (p < 0.001). Comparing the porosity of the drug 
incorporated MPs-ESM produced, the FBM-OESMstrip is significantly lower than the FBM-OESM-A 



and FBM-OESM-E (p <0.01). In the case of FBM-OESM-A and FBM-OESM-E, no significant difference 
was observed (P>0.05).

Figure 7. Porosity measurements drug incorporated MP-ESM. The liquid displacement method was 
employed in measuring the porosity of the Blank OESMstrip, Blank OESM-A, Blank OESM-E, FBM-
OESMstrip, FBM-OESM-A and FBM-OESM-E. (*) which represents a p < 0.05, (**) which represents a 
p < 0.01, and (***) which represents a p < 0.001. No statistical significance (ns) is indicated by p > 0.05. 
All values are expressed as mean ± σ for n=3. 1-way ANOVA with Bonferroni’s multiple comparison 
post-test (p>0.05). FBM: FITC-BSA incorporated microparticles.

3.6. Wettability test

The contacts angles of the blank and drug incorporated MPs ESMs were assessed to study the 
wettability property of the bandage (Figure 8A). The contact angles of the blank ESMs are 
significantly lower than that of the FITC-BSA incorporated MPS-ESMs i.e., Blank OESMstrip vs FBM-
OESMstrip, p< 0.01, Blank OESM-A vs FBM-OESM-A, p < 0.05 and Blank OESM-E vs FBM-OESM-E, 
p < 0.01. Additionally, no significant difference was observed the porosities of FBM-OESMstrip, 
FBM-OESM-A and FBM-OESM-E (p>0.05).

3.7. Drug release study

The in vitro % cumulative drug release profile fabricated membranes and Free PLGA (MPs were 
studied using a novel in vitro Franz cell model with porcine vitreous (Figure 8B). A higher percentage 



of FITC-BSA release was found in the control i.e., FITC-BSA incorporated MPs compared with the 
release from the MPs incorporated ESM i.e., FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E0. 
From the results, FBM-OESMstrip and FBM-OESM-A provided the maximum release of the FITC-
BSA (p>0.05) followed by FBM-OESM-E. The MPs-ESMs showed a good, sustained release 
behaviour. The release of the drug from the ESMs was prolonged up to 10 days whereas in the case 
of the control > 50% was release within 7 days.

3.8. In ovo chorioallantoic membrane test

The angiogenic responses and biocompatibility of the drug incorporated ESMs were suing using 
CAM assay. The results of the samples: no treatment, PBS, VEGF, VEGF incorporated MPS, Blank 
MPs-OESMstrip, blank MPs-OESM-A, blank MPs-OESM-E, VM-OESMstrip, VM-OESM-A and VM-
OESM-E are presented in Figure 8C. On the 10th day, the samples were imaged, and the number of 
branching vessels were counted using AngioQaunt software). From the results, (Figure 8C), the 
VEGF sample was provided as the control group (48.33 ± 17.89, p<0.001). All samples produced 
insignificant mean branch vessel counts (p>0.05) when compared to the control (no treatment, 
except VEGF (p<0.001), VEGF incorporated MPS (p<0.05) and VM-OESM-A (p<0.05). In considering 
the mean branch vessels counts of VEGF vs the VEGF incorporated MPs samples, no significant 
difference was observed in VEGF vs VEGF incorporated MPs, VM-OESMstrip, VM-OESM-A and VM-
OESM-E (p>0.05). Similarly, insignificant branch vessels count was obtained for VEGF incorporated 
MPs vs VM-OESMstrip, VM-OESM-A and VM-OESM-E (p>0.05). In regard to the blank ESMs and 
their respective VEGF incorporated MPs ESMs, the mean branch vessels count was significant in 
OESMstrip/VM-OESMstrip (p<0.01), OESM-A/ VM-OESM-A (p<0.01) whereas the count in OESM-
E0/ VM-OESM-E was insignificantly different (p>0.05). This result shows that the VEGF released 
from the VM-OESM-A was significant enough to increase blood vessels formation.



Figure 8. Additional characterization of the ESM (A) Wettability test. The contact angle of the blank and 
MP incorporated ESM was measuring the sessile drop method. At 10 seconds, the contact angle of the 
PBS droplet on the samples were measured using CAM 200 optical contact angle meter (KSV Instruments 
Ltd, Finland) at room temperature (19 °C). (*) which represents a p < 0.05, (**) which represents a p < 
0.01, and (***) which represents a p < 0.001. No statistical significance (ns) is indicated by p > 0.05. All 
values are expressed as mean ± σ for n=3. 1-way ANOVA with Bonferroni’s multiple comparison post-
test (p>0.05). FBM: FITC-BSA incorporated microparticles (B) The % cumulative release of FITC-BSA 
release of FITC-BSA incorporated microparticles (control) and MP ESMs. Inert % cumulative release for 
the first 24 hours. All values are expressed as mean ± σ for n=3. FBM: FITC-BSA incorporated 
microparticles (C). Angiogenic profile analyses with (i) images summarizing the CAM assay, following 
10 days of incubation at 37°C, and the presence of extracted ESM samples and controls. (ii) histogram 
indicating the number of blood vessel branches measured using AngioQaunt software expressed as 
mean ± σ. * corresponds to p<0.05; *** corresponds to p<0.001; ns: no significant difference (1-way 
ANOVA with Bonferroni’s multiple comparison post-test; p>0.05 for no treatment as control). # 
corresponds to p< 0.001 (1-way ANOVA with Bonferroni’s multiple comparison post-test; p>0.05 for 
VEGF as control). VEGF: vascular endothelial growth factor FBM: FITC-BSA incorporated microparticles 
VM: VEGF incorporated microparticle.

4. DISCUSSION 

The treatment for chronic wound healing normally calls for the combination of bandages and 
concurrent application of topical drugs. Adherence to regular admiration of topic drugs is a major 
issue, henceforth there is a need to develop a 2-in-1 ocular bandage for convenient and cost-effective 
strategy for skin/ocular chronic wound healing. A drug incorporated bandage is useful in the 
treatment of chronic wounds. Its main indications are to relieve the pain, protect the ocular surface, 
promote corneal healing and epithelial regeneration and deliver ophthalmic drugs on the ocular 
surface (1, 49-52). It is crucial to consider these physical and surface properties such as thickness, 
transparency, modulus, wettability, water content, oxygen permeability and maximise drug loading 
capacity when developing the bandage (50). In this study a MPs were incorporated into ESM to 
produce cheap, effective and rapid wound bandage for patients. The generated bandage was 
characterised by evaluating the physical, mechanical and the biological properties.

Chemical modification is a simple technique through surface hydrolysis with an alkali or aminolysis. 
This method introduces hydrophilic carboxylic acids (-COOH) and hydroxyl (-OH) or amine groups 
through the cleavage of ester bonds which can be used to bind bioactive molecules such as collagen 
and chitosan (53-56). In order to modify the surface of the PLGA MPs, partial alkaline hydrolysis using 
0.2 M NaOH was employed. The modified MPs were washed after the treatment to remove any NaOH 
residue. The modified MPs were successfully incorporated into the ESMs by using a spatula. The 
generated ESMs were washed, freeze dried and stored. The outer layer samples of OESMstrip, OESM-
A, OESM-E, FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E contained more than 60% MPs (Table 
1). The highly interconnected, porous and large surface area of the outer side of ESM allows the inner 



shell membrane of the ESMstrip, and outer shell membrane of the ESM-A and ESM-E act as an 
adsorbent of MPs (23, 35, and 57). The major component of the chicken ESM is collagen protein and 
Nakano, Ikawa and Ozimek (33) pointed out that the main chemical composition is amino acids. 
Thereby, lots of the amino functional groups on the ESMs are available to interact with free –COOH 
and –OH groups on the PLGA MPs surface.

FITC-BSA incorporated MPs with mean particle sizes of 17.09 ± 0.25 µm were incorporated into the 
outer side of ESMs and the structural morphology was analysed and compared with blank ESMs and 
FITC-BSA incorporated MPs. From the evaluations, the MPs were absorbed on the ESMs and verified 
by FESEM (Figure 3). The FESEM images demonstrated no difference in the fibrous structures of the 
blank OESMs (Figure 3A-C) and the MPs incorporated OESMs (Figure 3E-G). This observation was 
confirmed by measuring the fibre diameters of the FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E 
and comparing them with the results of the fibre diameters of OESMstrip, OESM-A and OESM-E. 
Additionally, the MPs seen in the (FITC-BSA incorporated MPS: FBM-OESMstrip, FBM-OESM-A and 
FBM-OESM-E, Figure 3E-G respectively) have similar spherical shapes of varied sizes as the FITC-BSA 
incorporated MPs (FBM, Figure 3D). This establishes that the NaOH did not alter the morphology of 
the drug incorporated MPs.

The surface characteristics of the FITC-BSA MPs incorporated: ESMs: FBM-OESMstrip, FBM-OESM-A 
and FBM-OESM-E were further studies by measuring the surface roughness and compared to their 
respective blank ESMs: OESMstrip, OESM-A and OESM-E to understand their influence. It can be seen 
in Figure 4A-C that the blank ESMs appear rough, similar to the MPs incorporated ESMs (Figure 4D-
F). The peaks or valleys on the sample’s surface were determined by employing a microscopic 
quantitative technique. The mean arithmetical mean deviation, Ra for each ESM sample was deduced 
via Fiji-ImageJ software with SurfCharJ_Iq.class plugin by using FESEM images at magnification of 
500x. The mean plot of FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E and the Rs values produced 
for OESMstrip, OESM-A and OESM-E (Figure 4G) reveals that the surface changes by modifying the 
ESMs were statistically insignificant. This indicates that the incorporation of FITC-BSA MPs into the 
ESMs had no impact on the surface roughness.

The chemical composition of the FITC-BSA MPs incorporated ESM was evaluated by deploying Fourier 
transform infrared (FTIR) spectroscopy. The FTIR study was implemented to study interaction 
between the MPs and the ESM. Figure 5 shows the FTIR spectra of Blank ESM (natural), blank PLGA 
MPs, FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E. From the data, the footprint of the natural 
ESM (i.e., 1646 cm-1, 1524 cm-1, 1441 cm-1 and 1240 cm-1) and PLGA (i.e., 2946.72 - 3000 cm-1 and 
1746.53 cm-1) are identified in the FTIR spectra of the FBM-OESMstrip, FBM-OESM-A and FBM-OESM-
E. The reduction of the -OH peak may be due to the interaction of the amino group in the ESM and 
the ester group in the MPs. This suggests that the FITC-BSA MPs were successfully immobilised on 
the surface of the OESMstrip, OESM-A and OESM-E.

One of the prominent characteristics of the cornea is its transparency, which is an important criteria 
consideration when selecting a material for cornea wound healing (23, 57-59). The transparency of 
wet blank ESMs and drug incorporated MPs ESMs was analysed using waterproof test card method 
(Figure 6A). The samples were placed on the card to determine the visibility of the test through the 
samples. The tests are obviously visible in all the samples however, the visibility in the FBM-
OESMstrip, FBM-OESM-A and FBM-OESM-E is reduced as compared to the OESMstrip, OESM-A and 
OESM-E. The reduction was due to the presence of drug-incorporated MPs. Using UV-VIS 
spectrophotometer, the visibility of the samples was characterised by measuring the light 
transmittance. All the samples recorded light transmittance values above 80% (Figure 6B), however 



the values of the MPs incorporated samples are below their corresponding neat ESMs. The reduction 
may be ascribed to the presence of the MPs.

Some of the main features of biomaterial for cornea wound healing applications such as wettability 
are related to the porosity (60). In this chapter, the fluid handling property of the drug incorporated 
MPs ESMs was evaluated by determining the porosity. The results (Figure 7) reveal that the porosity 
of the FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E were significantly reduced as compared to 
their corresponding blank samples: OESMstrip, OESM-A and OESM-E. The decrease in porosity was 
due to the reduction of the pore size/volume in the bank ESMs samples by the incorporation of the 
FITC-BSA MPs.

Wettability (hydrophilicity and hydrophobicity) of bandages for cornea wound healing plays a role in 
the interaction of the bandages and the cornea tissues (60-61). In this study, the wettable behaviour 
of the FITC-BSA incorporated MPs ESM samples was evaluated by determining the contact angle. The 
data (Figure 8A) revealed that the contact angles of the FBM-OESMstrip, FBM-OESM-A and FBM-
OESM-E increased significantly as compared to their respective blank samples OESMstrip, OESM-A 
and OESM-E. This observation shows that the surfaces of FITC-BSA incorporated MPs ESMs have 
lower hydrophilicity than the blank ESMs. According to Hsieh et al, (62), the contact angle 
measurement can be used to examine the surface roughness of materials. From this investigation, 
the modification of the ESMs by incorporating the FITC-BSA MPS increased the roughness of the 
samples. Intriguingly, the qualitative measurement of the surface roughness (Figure 8) contracts this 
observation as the roughness of the samples after the incorporation of MPs did not significantly alter 
the surface roughness.

The application of ESM as a drug delivery reservoir was examined in this study. The release profile of 
the model drug, FITC-BSA encapsulated in the MPs through ESMs were analysed using a novel in vitro 
France cell eye model constructed with a middle chamber containing porcine vitreous to stimulate 
the in vivo conditions of the eye (44). The FBM-OESMstrip, FBM-OESM-A and FBM-OESM-E achieved 
sustained drug release in vitro up to 10 days (Figure 8B). Sustained drug delivery directly into the 
corneal could circumvent patient compliance issues, the typical short residence time of ophthalmic 
drugs on the ocular surface, and the low efficacy of topical drugs (63-65).

The bioactivity/biocompatibility of the drug incorporated MPs ESMs was examined via the 
chorioallantoic membrane (CAM) assay. The CAM assay was carried out to determine the angiogenic 
profile of the MPs ESMS. Subsequently, vascular endothelial growth factor (VEGF) incorporated MPs 
were incorporated into the ESMs samples. VEGF is a key regular of blood vessel formation hence it 
has been utilized in several studies for the understanding of the angiogenic activity of biomaterials in 
the CAM assay (23, 66-68). The free VEGF, VEGF incorporated MPs (VM incorporated MPs), blank 
PLGA MPs, ESMs with and without VEGF incorporated MPs or blank PLGA MPs were incorporated on 
the CAM and examined on day 10 (Figure 8C). The quantitative analysis of the new blood vessel 
branches formation presented in Figure 8C(ii) shows that the blank PLGA MPs and ESM with or 
without the blank PLGA MPs did not significantly increase the formation of new blood vessel branches 
when contrasted with the control (no treatment, p>0.05). This observation is in a concurrence with 
a study by Zhao et al, 2009 (68), which demonstrated that PLGA MPs on CAM produce normal 
formation of blood vessels. Furthermore, the results attained for the blank ESMs samples validate 
the angiogenic profile of ESMs on CAM in Mensah et al, 2021 (23). Moreover, the VEGF incorporated 
samples on the CAM: the VEGF (positive control), p<0.001, VEGF incorporated MPs, p<0.05 and VM-
OESM-A, p<0.05 had higher new blood vessel branches formation as compared to the control. This 
shows that the VEGF was successfully incorporated into the MPs and retained functionality. The 



release of VEGF from VM-OESMstrip and VM-OESM-E was not adequate to cause a significant 
increase in blood vessel formation (p>0.05). With regards to a biomaterial for corneal wound healing, 
minimal vascularization is beneficial: the cornea is a transparent avascular tissue that accounts for 
excessive blood vessels formation will distort the clearness of the ocular surface.

5. CONCLUSION

In this study, intact and complete eggshell membranes (ESM) were successfully obtained using the in 
house optimised acetic and EDTA extraction methods. FITC-BSA incorporated PLGA MPs were 
fabricated and successfully deposited onto the outer layer of ESMs by a convenient surface 
adsorption and attachment technique. The 2 in 1 bandage consisting of the ESM and drug 
incorporated MPs was characterised accordingly. The incorporated MP was verified via FESEM and 
FTIR. The attachment process did not affect the morphology, fibre diameter, roughness and release 
profile of the FITC-BSA. Again, the presence of the incorporated MPs did not compromise the 
transparency of the bandage. The bandage exhibited a good biocompatibility property and did not 
promote pro-angiogenesis. Although the bandage exhibited promising cornea wound healing 
properties, in vivo wound healing will need to be undertaken to validate its effectiveness.
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7. SUPPLEMENTARY MATERIAL

Figure S1: Photographs of wettability test using the sessile drop method. (a) KSV 200 CAM 
optical contact angle meter showing the mounted drug incorporated MP ESM sample.  (b) 
Sessile drop measurement at room temperature (~19 °C).



Figure S2. In vitro drug release study. (i) Schematic diagram of novel in vitro Franz diffusion 
cell eye model. FBM-OESMstrip, FBM-OESM-A or FBM-OESM-E mounted in the Franz cell eye 
model to evaluate the release s PBS: Phosphate buffer saline (ii) Photograph of Franz diffusion 
cells in water bath at 34°C. OESM represents outer layer of eggshell membrane and FBM 
represents Fluorescein isothiocyanate-labeled Bovine incorporated microparticles.

Figure S3. Angiogenic study. Fertilized eggs were incubated for 10 days to access the 
developed CAM in order to observe and compare the pro-angiogenic responses and release 
of the test samples introduced onto the CAM on day 5.


