
CHAPTER VI
IN VITRO AND IN VIVO BIOLOGICAL EVALUATION OF SILVER- 

CONTAINING ELECTROSPUN FIBROUS MEMBRANES FOR TISSUE 
ENGINEERING AND WOUND DRESSING APPLICATIONS

6.1 Abstract

This study was designed to determine the in vitro and in vivo 
biocompatibility of e-spun fibrous membranes of gelatin and gelatin that contained 
0.75-2.50% silver nitrate (AgNC>3) or silver nanoparticles (Agnano) and poly(L- 
lactic acid) (PLLA), polycaprolactone (PCL) and 1,6-disiocyanatohexane-extended 
poly( 1,4-butylene succinate) (PBSu-DCH) biodegradable aliphatic polyesters. In 
vitro human monocyte/macrophage cultures were used with the MTT test for cell 
viability and confocal microscopy to determine the adherent cell density on the 
respective materials at day 0 (2h), 3, 7 and 10. Statistical analyses were performed 
comparing the results of e-spun fibrous membranes o f gelatin containing 0.75- 
2.50%AgNO3 or Agnano at each time point with e-spun gelatin fibrous membranes. 
Only the 0.75%Agnano e-spun fibrous membranes were statistically comparable to 
the e-spun gelatin fibrous membranes. Based on the adherent cell density and cell 
viability data, all other AgN03 and Agnano were considered to be non
biocompatible or toxic. Statistical analysis demonstrated that the Agnano materials 
were less toxic than the AgN03 materials. In vitro adherent cell density and cell 
viability results showed that the three polyesters were statistically comparable and 
biocompatible.

For the in vivo study, samples o f the materials were subcutaneously 
implanted in rats for 7, 14, and 28 days. After sacrifice, the tissue implant sites were 
histologically evaluated for inflammatory, foreign body reaction, and wound healing 
responses. Results from the in vivo studies were comparable to those from the in 
vitro studies with the e-spun gelatin fibrous membranes and the 0.75%Agnano 
demonstrating the earliest rapid resolution of the acute and chronic inflammatory 
responses with mild foreign body reactions and mild to moderate fibrous capsule 
formation at 14 and 28 days. The three polyester materials demonstrated
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biocompatibility with comparable inflammatory, foreign body reaction, and wound 
healing responses. As expected, the polyester materials demonstrated early evidence 
of biodegradation.

(Keywords: Biocompatibility, Silver-containing e-spun fibrous membrames, E-spun 
gelatin fibrous membranes, E-spun polyester fibrous membranes)

6.2 Introduction

The development of novel biomaterials, biomedical devices or tissue 
engineered constructs requires a thorough understanding of the biological responses 
to the materials upon their implantation. In response to the implantation, the host 
tissue undergoes a sequence of events: injury, cellular infiltration, acute 
inflammation, chronic inflammation, granulation tissue, foreign body reaction 
(FBR), and fibrous capsule formation [1], Injury also results in infiltration of cells to 
the site of the implant, setting off inflammation and wound healing events. Acute 
inflammation occurs over a short period of days where polymorphonuclear cells 
(PMNs) predominate and act to phagocytose and eliminate pathogens and foreign 
particles. PMNs of acute inflammatory phase are replaced by monocytes, 
macrophages, plasma cells and lymphocytes as the response progresses to chrome 
inflammation. The extent of these responses determines the biocompatibility of the 
implant materials. Implantation of synthetic biomaterials also elicits a foreign body 
reaction consisting of monocyte adhesion, differentiation to macrophages and 
subsequent macrophage fusion to form foreign body giant cells (FBGCs) [2-7],

Concurrent to the events in the region around the implant is the series of 
events at the material/tissue interface called the foreign body reaction. The fusion of 
macrophages to form FBGCs occurs in an attempt to remove the offending foreign 
material and can persist for the lifetime of the implant. FBGCs have been shown to 
mediate degradation of biomaterial surfaces through the release of reactive oxygen 
intermediates (ROIs, oxygen free radicals), degradative enzymes and acid into the 
privileged zone between the cell membrane and biomaterial surface [8-9], As the 
tissue around the implanted material progresses to the healing response, granulation
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tissue forms involving neovascularization and progressive increase in fibroblast 
activity. Fibroblasts proliferate and the synthesis of extracellular matrix (ECM) 
increases to support the healing, thus the formation of new tissue at the implant site. 
Granulation tissue is the precursor to fibrous capsule formation and it is separated 
from the implant or biomaterial by the cellular components of the foreign body 
reaction [5,6],

Normally, cells most likely do not interact directly with the foreign material 
but rather they recognize the implanted material via the layer of absorbed proteins on 
the surface [10,11], The adsorbed blood protein-modified material surface is the 
substrate with which the recruited monocytes/macrophages encounter and interact. 
Monocytes/macrophages play an integral part in not only the inflammation and 
wound healing responses at the implant site but also the tissue response at the 
tissue/material interface. Monocytes migrate from the blood circulation to the 
implantation site, adhere to the surface of a biomaterial and differentiate into 
macrophages to initiate the foreign body reaction [4-7], The inflammatory, wound 
healing and foreign body responses can all act to determine whether an implant such 
as a tissue-engineered scaffold will fail or be able to perform its intended functions.

In recent years, electrospinning process has attracted a great deal of attention 
due to its ability to produce ultrafme fibers with diameters in the nano- to 
micrometer range [12], Because of their physical uniqueness (e.g., a high surface 
area to mass or volume ratio, a small inter-fibrous pore size with a high porosity of 
the fiber mat), the proposed use for electrospun (e-spun) polymeric fibers is in areas 
such as filtration [13-14], optical and chemical sensors [15-17], electrode materials 
[18-20], and biomedical fields [21-23], Some potential uses of e-spun fibrous 
membranes in biomedical fields are, for example, immobilization o f enzymes [24], 
tissue-engineered scaffolds [25,26], wound dressing materials [27-31] and delivery 
carriers for DNA [32] and drugs [33-36], For a successful application to a specific 
target, the e-spun fibrous scaffolds must exhibit suitable physical and biological 
properties closely matching the desired requirements. For example, in tissue 
engineering, the e-spun fibrous scaffolds should physically resemble the fibrous 
features of the ECM with suitable mechanical integrity [37], It should also be able to 
promote cell adhesion, spreading and proliferation. For wound dressing, the e-spun
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fibrous scaffolds should not only serve as substrates for tissue regeneration, but also 
may deliver suitable bioactive agents, including drugs (e.g., antibiotic agent such as 
silver nanoparticles [28,29]), in a controlled manner during healing. The fabrication 
of such functional e-spun fibrous scaffolds for biomedical applications often requires 
an approach combining physics (e g., mechanical modulus and strength), chemistry 
(e.g., hydrophilicity), biology (e.g., biodegradability and biocompatibility) and 
engineering.

Most importantly, the basic requirements for materials with intended uses in 
tissue engineering and wound dressing are biocompatibility and biodegradability. 
Among the many biodegradable polymers, various polyesters, such as 
polycaprolactone (PCL) [38-42], poly(L-lactic acid) (PLLA) [43-44], poly(glycolic 
acid) (PGA) [46,47], poly(3-hydroxybutyrate) (PHB) [48], poly(3-hydroxybutyrate- 
co-3-hydroxyvalerate) (PHBV) [48,49], and poly(butylene succinate) (PBSu) [50], 
have attracted a great deal of attention. They can be used as bone scaffolding 
materials owing to their potentially hydrolysable ester bonds and their slow 
degradation rate that are suitable for bone regeneration. E-spun fibrous membranes 
of poly(ethylene-co-vinyl alcohol) [51], collagen [52], gelatin [53], polyurethane 
[54], chitin and chitosan [55], cellulose acetate [56] and silk fibroin [57] have been 
investigated for use as wound dressings. Historically, certain polyesters (e.g., PCL, 
PLLA, PGA, PHB, PHBV and PBS) and proteins (e.g., collagen, gelatin, chitin and 
chitosan) in the form of e-spun fibrous membranes have been investigated for the in 
vitro responses with a number of cell lineages, such as human osteoblasts (SaOS-2) 
[38,50], human dermal fibroblasts [40], mouse fibroblasts (L929) [50,55], neural 
stem cells (NSCs) [44], Schwann cells [48] and normal human kératinocytes [52], 
However, detailed investigations on biocompatibility and immune responses in vivo 
(i.e., inflammation and wound healing responses) of these biomaterials are still 
lacking. It is, therefore, our intention to comprehensively study and report in vitro 
and in vivo biological evaluation of e-spun fibrous membranes o f some of the 
mentioned materials with intended uses as tissue scaffolds and/or wound dressings.

In the present contribution, the e-spun fibrous membranes o f gelatin and 
gelatin that contained silver nitrate (AgNC>3)/silver nanoparticles (Agnano), poly(L- 
lactic acid) (PLLA), polycaprolactone (PCL) and 1,6-diisocyanatohexane-extended
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poly( 1,4-butylene succinate) (PBSu-DCH) were evaluated for their in vitro and in 
vivo biocompatibility. The in vitro response of monocytes with various types of e- 
spun fibrous membranes has been evaluated. The cell viability and the adherent cell 
density on e-spun fibrous membranes were investigated by using MTT assay and 
Confocal microscopy, respectively. Additionally, in vivo tissue responses were also 
investigated by subcutaneously implanting these e-spun fibrous membranes in rats 
with subsequent histological evaluation.

6 .3  M a te r ia ls  a n d  m e th o d s

6.3.1 Materials
Gelatin powder (type A; porcine skin; 170-190 Bloom) was purchased 

from Fluka (Switzerland). Silver nitrate (AgNCL; 99.998% purity) was purchased 
from Fisher Scientific (USA). Glacial acetic acid (CH3COOH) was purchased from 
Mallinckrodt Chemicals (USA). An aqueous solution of glutaraldehyde (GTA; 5.6 
M or 50 vol.%) was purchased from Fluka (Switzerland). Poly(L-lactic acid) (PLLA; 
Mw = 80,000g/mol), polycaprolactone (PCL; Mw = 80,000g/mol) and poly (1,4- 
butylene succinate) extended with 1,6-diisocyanatohexane (PBSu-DCH; Mw = 
412.4g/mol) were purchased from Sigma-Aldrich (USA). Dichloromethane (DCM) 
Analytical Reagent (CH2CI2; Fisher Scientific, UK), A/TV-dimethylformamide (DMF) 
Analytical Reagent (C3H7NO; Lab Scan), trifluoroacetic acid (TFA) (C2HF3O2; 
Fluka, Switzerland) are used as a solvent. All chemicals and reagents were used 
without further purification.

6.3.2 Preparation of electrospun fibrous membranes
6.3.2.1 Preparation o f neat, AgN03- and A gnano-containmg e-spun 

fibrous membranes
AgNC>3 or Agnano was first dissolved in a quantity of 70:30 

v/v glacial acetic acid/distilled water. A metered weight of gelatin powder was then 
added into the as-prepared AgNC>3 solution. Slight stirring was used to expedite the 
dissolution and homogenize the solution. The concentration of the base gelatin 
solution was fixed at 22% w/v (based on the volume of the mixed solvent) and the 
amount of AgNC>3 or Agnano was varied at 0.75, 1.00 and 2.50% พ/พ (based on the
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weight of the gelatin powder) [28], The Agnano particles used in this work were 
synthesized according to a method proposed by He et al. [58] using NaBH4 as the 
reducing agent.

The base gelatin solution and the 0.75, 1.00 and 2.50% 
AgNCVcontaining gelatin solutions that had been aged for 12 hr were fabricated into 
neat and AgNCE-containing gelatin fibrous membranes by e-spinning. The 0.75, 1.00 
and 2.50%Agnano-containing gelatin solutions that had been stirred for 1 hr were 
fabricated into Agnano-containing gelatin fibrous membranes by e-spinning, Each of 
the as-prepared solutions was loaded in a standard 10-mL glass syringe, the open end 
of which was attached with a blunt gauge-20 stainless steel hypodermic needle (OD 
= 0.91 mm), used as the nozzle. Both the syringe and the needle were tilted ~45°c 
from a horizontal baseline. A piece of aluminum (Al) sheet wrapped around a 
rotating cylinder (OD and width « 15 cm; -50-60 rpm) was used as the collecting 
device. A Gamma High-Voltage Research ES30P-5W DC power supply (Florida, 
USA) was used to charge the solution by attaching the emitting electrode of positive 
polarity to the nozzle and the grounding one to the collecting device. A fixed 
electrical potential of 15 k v  was applied across a fixed distance between the tip of 
the needle and the outer surface of the collecting device (i.e., collection distance, 
measured at right angle to the surface of the collecting device) o f 20 cm. The e-spun 
fiber mats were collected continuously for 48 hr. The thickness of the neat, the 
AgNC>3- and Agnano-containing gelatin fiber mats were measured by a Mitutoyo 
digital micrometer. The thickness of these fiber mats were 200±20 pm.

Cross-linking of the neat, the AgNC>3- and the Agnano- 
containing gelatin fibrous membranes was carried out by clamping each o f the fiber 
mat samples between a pair of supporting stainless steel frames (4.5 cm X 10 cm) 
with adhesive tapes in a sealed chamber saturated with the vapor from 20 ml o f the 
as-received GTA aqueous solution. The temperature of the chamber was maintained 
at 37°c and each fiber mat sample was exposed to the moist GTA vapor for 0.5 hr. 
After exposure, the sample was heat-treated in a heating oven at 110°c for 24 h to 
enhance the cross-linking reaction and to remove moisture and the unreacted GTA.

6.3.2.2 Preparation o f poly(L-lactic acid) (PLLA), polycaprolactone
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(PCL) and poly (1,4-butylene succinate) extended with 1,6-diisocyanatohexane 
(PBSu-DCH) e-spun fibrous membranes

E-spun PLLA, e-spun PCL and e-spun PBSu-DCH were 
prepared by e-spinning from a 10% w/v PLA solution in 7:3 v/v DCM/DMF [59], a 
12% w/v PCL solution in 50:50 v/v DCM/DMF [38] and a 22% w/v PBSu-DCH in 
90:10 v/v DCM/TFA [50], respectively. The as-prepared PLLA, PCL and PBSu- 
DCH solution was contained in a glass syringe, the open end of which was 
connected to a blunt gauge-20 stainless steel hypodermic needle (OD = 0.91 mm) 
used as the nozzle. Both the syringe and the needle were tilted ~45°c from a 
horizontal baseline. An A1 sheet wrapped around a rotating cylinder (OD and width 
« 15 cm; -50-60 rpm) was used as the collector. The distance from the tip of the 
needle to the surface o f the A1 sheet defining the collection distance was fixed at 18 
cm (e-spun PLA), 10 cm (e-spun PCL) and 20 cm (e-spun PBSu-DCH). A gamma 
high-voltage research D-ES30PN/M692 power supply was used to generate a high 
dc potential (i.e., 20 k v  (e-spun PLLA), 21 k v  (e-spun PCL) and 22 k v  (e-spun 
PBSu-DCH). The emitting electrode of positive polarity was connected to the 
needle, while the ground electrode was connected to the collector. The e-spun fiber 
mats were collected continuously for 24 hr. The thickness o f these fiber mats were 
measured by a Mitutoyo digital micrometer and were 180±20 pm.

6.3.3 Sterilized materials for in vitro and in vivo study
Materials were immersed in 0.1% Triton X-100 and sonicated for 10 

min and then washed twice with sterilized distilled water. Materials were then placed 
in sterile 24-wells plates sterilized with 70% ethanol for 30 min and washed twice 
with sterile phosphate-buffered saline without Ca++ and Mg++ (PBS", GIBCO). 
Materials were air-dried under sterile conditions.

6.3.4 In vitro study
In vitro studies utilizing the MTT test for cell viability and confocal 

microscopy to determine the adherent cell density on the respective materials were 
carried out. In vitro specimens with adherent cells were evaluated at Day 0 (2h), Day 
3, Day 7 and Day 10.

6.3.4.1 Monocyte isolation and culture
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Peripheral blood monocytes were isolated from healthy adult 
blood donors by a non-adherent centrifugation method utilizing a Percoll gradient as 
previously described [5], Separated monocytes was washed twice with phosphate- 
buffered saline with Ca++ and Mg++ (PBS++, GIBCO), resuspended in serum free 
media (SFM, InVitrogen, Grand Island, NY) supplemented with L-glutamine, 
antibiotics and antimycotics, and kept at 4°c prior to plating. Before monocyte 
plating, materials were immersed in phosphate-buffered saline without Ca++ and 
Mg++ (PBS", GIBCO) overnight in order to allow the materials to become 
completely swollen. Monocytes were plated on the different materials in 24-well 
plates and modified with RGD (Fibronectin-like protein polymer; Sigma-Aldrich 
USA) as control. Cells were plated at lx lo 6 cells per well in 0.5 ml per well of 
serum-free medium (SFM, InVitrogen, Grand Island, NY) supplemented with 20% 
autologus serum and incubated at 37°c with 5% CO2. After 2h, the medium was 
replaced in 1 ml per well with fresh SFM and cells were re-incubated at 37°c with 
5% CO2 for 3, 7 and 10 days. On day 3, the medium in plate day 7 and day 10 were 
replaced with the same volumes of SFM supplemented with 5% heat-treated (56°c 
for lh) autologus serum/95% SFM and re-incubated at 37°c with 5% CO2. On day 7, 
the same medium exchange was carried out.

6.3.4.2 M TT assay
The viability of the cells cultured at each time point was 

determined with the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide 
(MTT) assay (R&D Systems Inc., Minneapolis, USA), with the viability of the cells 
cultured in 24-wells plate modified with RGD used as control. The MTT assay is 
based on the reduction o f the yellow tétrazolium salt to purple formazan crystals by 
dehydrogenase enzymes secreted from the mitochondria of metabolically-active 
cells. The amount of purple formazan crystals formed is proportional to the number 
of viable cells. First, 0.5 ml of culture medium was aspirated and replaced with 50 
fiL/well o f MTT solution for a 24-wells plate. Secondly, the plate was incubated for 
2 hr at 37°c with 5% CO2. The solution was then aspirated and 0.5 ml/well of 
DMSO was added to dissolve the formazan crystals. Finally, after 3 min o f rotary 
agitation, the absorbance at the wavelength of 550 nm representing the viability of
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the cells was measured using an EL808 Ultra Microplate Reader (BIO-TEK 
INSTRUMENTS, INC.)

6.3.4.3 Confocal Microscopy
Each time point, the cells on materials were fixed for 20 min 

with 3.7%formaldehyde and washed with phosphate-buffered saline with Ca++ and 
Mg++ (PBS++, GIBCO). Cells were permeabilized with 0.5%Triton X-100 for 2 min 
and washed with PBS++ and then incubated with RNAse (Ribonucléase A) (100 
pg/ml) for 1.5h at 37°c with 5% CO2. After that, the cells were stained with Alexa 
Fluor® 568 phalloidin (InVitrogen, Grand Island, NY) diluted 1:100, and YO-YO- 
488 (InVitrogen, Grand Island, NY) diluted 1:10,000 that was added 0.5 ml/well for 
1 hour at room temperature and washed with PBS++. Finally, the stained cells on the 
respective materials were held by using cover glass slips.

6.3.5 In vivo study
6.3.5.1 Surgical implantation

All procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) and NIH Animal Care Guidelines of Case 
Western Reserve University and used as described in a previously published protocol 
[60], Samples of each materials ( 1 x 2  cm, ท=2) were implanted subcutaneously, two 
per animal, in the posterior back areas of female Sprague-Dawley rats 12 weeks old 
(Charles Rivers Laboratories, North Wilmington, MA). Aerrane (Baxter, Deerfield, 
IL) was used in a continuous analgesic steam to keep the animals unconscious during 
implantation. The rats were shaved and their skin scrubbed with surgical grade 
Betadine (The Purdue Frederick Co., Stamford, CT). An incision 1.0-1.5 cm long 
was made in the skin about 2 cm above the tail and along the midline. Blunt 
dissection was used to prepare an implant pocket in the facial plane beneath the 
paniculous carnosus muscle from the underlying tissue from the incision to just 
above the hip. The sterilized material was then introduced through the incision and 
positioned within the pocket and away from the incision site. The incision was then 
closed with 9 mm stainless steel surgical wound clips (Becton Dickinson, Spark, 
MD) and washed with Betadine. Then, 0.5% Marcaine solution (Abbott 
Laboratories, North Chicago, IL), a local anesthetic, was applied onto the incision to 
minimize post-operative discomfort. Sterile surgical techniques were observed. In
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this study, sterilized e-spun gelatin fibrous membranes were implanted into the rats 
as controls. The rats were maintained on Purina Rat Chow and water adlibitum at the 
Animal Research Facilities of Case Western Reserve University on 12 h light/dark 
cycles.

6.3.5.2 Histological Evaluation
Histological analysis was performed on the explanted tissue at 

7, 14, and 28 days using a previously described protocol [61], Following carbon 
dioxide euthanasia, the tissue enclosing the implant was carefully removed ( 5 x 5  
cm), the fibrous capsule exposed, and the tissue samples pinned into a paraffin block 
submerged into 10% buffered formalin solution (Fisher Scientific, Fair Lawn, NJ). 
The material with the fibrous capsule surrounding it was cut into 2-3 mm wide 
sections that were embedded into paraffin blocks. Sections of 4 pm thickness then 
were cut and mounted onto slides. The slides were stained with either Hematoxylin 
and Eosin (H&E) or Masson’s Trichrome (University Hospital of Cleveland, 
Histopathology Laboratory, Cleveland, OH). The stained sections were visualized 
using the Nikon-ACT Software Imaging System® (Nikon Corporation, Melville, 
NY) and photographs of all sections were taken.

Each section was scored on all phases of the inflammatory 
and wound healing response (acute inflammatory, chronic inflammatory, granulation 
tissue, and foreign body reaction), and fibrous capsule structure (organization, 
density, and vascularization). The qualitative characterization of the fibrous capsule 
structure employed analysis of H&E, as well as Masson’s Trichrome stained tissue 
sections. The scoring system assigned a number, from 0 to 4, to each section at each 
time point, where 0 = none, 1 = minimal, 2 = mild, 3 = moderate, and 4 = extensive. 
Each section was scored using comparative analysis of explanted tissue at the same 
time point.

In this animal model, early time point (day 7) are normally 
characterized by acute or chrome inflammation, limited granulation tissue and 
foreign body reaction. At late time points (day 28), acute and chrome inflammatory 
are absent, while granulation tissue has significantly decreased from peak values 
usually reached by 21 days.
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In determining the performance of the e-spun fibrous 
membranes of gelatin and gelatin that contained silver nitrate (AgNCb) or silver 
nanoparticles (Agnano), poly(L-lactic acid) (PLLA), polycaprolactone (PCL) and
1,6-diisocyanatohexane-extended poly( 1,4-butylene succinate) (PBSu-DCH) against 
competing constructs, the fibrous capsule structure and inflammatory and wound 
healing responses described above were summarized, for each sample at each time 
point, allowing for a comprehensive characterization of the in vivo behavior of these 
materials.

6.3.6 Statistical analysis
Multiple human donors were utilized to account for donor variability. 

In vitro studies, all results were obtained by repeating experiments 5 times utilizing 
different donors and presented as an average ± the standard error of the mean (ท=5). 
Statistical analysis was preformed utilizing the student1 ร two-tailed t-test on 
StatView™ software (JMP Software, Cary, NC). A /7-value of less than 0.05 was 
considered statistically significant.

6.4 Results

6.4.1 In vitro study
6.4.1.1 Cell viability and monocyte adhesion

We utilized the MTT assay and immunocytochemical staining 
approach with confocal microscopy to quantitatively evaluate monocyte viability and 
adhesion on the material surfaces, respectively. All surfaces were examined after 
Day 0 (2h), Day 3, Day 7 and Day 10. In this study, the RGD-peptide coated on 24- 
well plates was used to ensure the cell plating methods in the MTT assay were 
working because of their general irrelevance beyond use as positive controls. A 
majority of the in vitro results were significant (p < 0.05) between materials 
compared within the same time point using the student’ร two-tailed t-test.

In general, cell viability and adherence were seen to decrease 
over time. Cell viability and adherence were nearly always highest on the surfaces of 
the e-spun gelatin fibrous membranes initially and then showed a marked decrease 
until the 10 day time point. Although different donors displayed different cell
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viabilities and adherent cell densities, they all showed similar kinetics over time as 
moderately decreasing exponential curves. Day 0 (2h) and Day 3 trends showed the 
cell viability and adherence occurring in a similar ranking order: gelatin ~ 
0.75%Agnano > 1.00%Agnano »  0.75%AgNO3 > 2.50%Agnano > 1.00%AgNO3 > 
2.50%AgNO3. Day 7 trends showed the cell viability and adherence occurring in the 
following rank order: gelatin -  0.75%Agnano > 1.00%Agnano »  2.50%Agnano > 
0.75%AgNO3 ~ 1.00%AgNO3 -  2.50%AgNO3. Day 10 trends showed the following 
rank order: gelatin -  0.75%Agnano > 1.00%Agnano »  0.75%AgNO3 ~ 
1.00%AgNO3 -  2.50%AgNO3 -  2.50%Agnano. These changes over time can be 
seen in Figures 6.1a and 6.2a

The percentage of cell viability of the e-spun fibrous 
membranes of gelatin and gelatin that contained AgNC>3 or Agnano over time can be 
seen in Figure 6.3a. At day 0 (2h), the cell viability of e-spun gelatin fibrous 
membranes (-98%) was similar to the control, while the 0.75%Agnano and 
1.00%Agnano-loaded e-spun gelatin fibrous membranes presented cell viability 
ranging between -94%  and . -67%, respectively. The cell viability was -59%, and 
-52%  for the 0.75%AgNO3 and 2.50%Agnano-loaded e-spun gelatin fibrous 
membranes, respectively. The 1.00-2.50%AgN03 e-spun gelatin fibrous membranes 
showed -46%  and -23%  cell viability, respectively. At day 3, the e-spun gelatin 
fibrous membranes showed -83%  cell viability, while the 0.75-2.50%Agnano- 
loaded e-spun gelatin fibrous membranes presented at -76%, -55%  and -29%, 
respectively. The cell viability of the 0.75-2.50%AgNO3-loaded e-spun gelatin 
fibrous membranes was -33% , -23%  and -17%, respectively. At day 7, the cell 
viability of the e-spun gelatin fibrous membranes remained at -74%, while the 0.75- 
2.50%Agnano-loaded e-spun gelatin fibrous membranes showed -66%, -49%  and 
-25%  cell viability. For the 0.75-2.50%AgNO3-loaded e-spun gelatin fibrous 
membranes, the cell viability was less than 10%. At day 10, the e-spun gelatin 
fibrous membranes and 0.75-1.00%Agnano-loaded e-spun gelatin fibrous 
membranes showed -58%, -52%  and -33%  cell viability, respectively. For the 0.75- 
2.50%AgNC>3 and 2.50%Agnano-loaded e-spun gelatin fibrous membranes, the cell 
viability was less than 2%. . Representative confocal microscopy images were
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assessed for monocyte adhesion and fusion for each unique sample/time point 
combination. Figures 6.4-6.7 (a-g) are examples of the images produced on different 
e-spun gelatin fibrous membrane surfaces after different culture times. Adherence 
was decreased with increasing time periods. This result was consistent with the cell 
viability from the MTT assay. With 0.75-2.50%AgN03 and 2.50%Agnano-loaded e- 
spun gelatin fibrous membranes, the cytoplasm (actin) of monocytes on these 
material surfaces did not appear on the confocal images.

For the e-spun polyester fibrous membranes, the cell viability 
and adherence were also seen to decrease over time. At day 0 (2h) and day 3, the cell 
viability and adherence showed a similar trend: PLLA > PCL -  PBSu-DCFF At day 
7, the cell viability and adherence were showed the following trend: PBSu-DCFl > 
PLLA > PCL, and at day 10, the cell viability and adherence were as follows: PBSu- 
DCFl > PCL > PLLA. These changes over time can be seen in Figures 6.1b and 6.2b.

The percentage of cell viability of the biodegradable 
polyesters; PLLA, PCL and PBSu-DCH over time can be seen in Figure 6.3b. At day 
0 (2h), the cell viability of PLLA, PCL and PBSu-DCH was -91% , -87%  and -87%, 
respectively. The cell viability of PLLA, PCL and PBSu-DCH was -71%, -69%  and 
-69%  at day 3, respectively. At day 7, PLLA, PCL and PBSu-DCH showed -58, 
-56  and -59%  of the cell viability, while that of PLLA, PCL and PBSu-DCH at day 
10 remained at -44%, -45%  and -46%, Representative confocal microscopy images 
were assessed for monocyte adhesion and fusion for each unique sample/time point 
combination. Figures 6.4-6.7 (h-j) are examples of the images produced on different 
biodegradable polyester surfaces after different culture times. Adherence was seen to 
decrease over time and this result was consistent with the cell viability from the 
MTT assay

6.4.2 In vivo study
6.4.2.1 Inflammatory, Wound Healing, and Fibrous Capsule

Responses 
Day 7 (week 1)
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Based on the assigned scores (Table 6.1), acute inflammation was 
presented for e-spun fibrous membranes o f gelatin and gelatin that contained 0.75- 
2.50%AgNO3 and 0.75-2.50%Agnano. The scores of these e-spun fibrous 
membranes were similar, +1, minimal. Chronic inflammation showed the following 
trend: 2.50%AgNO3 = 2.50%Agnano > gelatin = 0.75%AgNO3 = 1.00%AgNO3 = 
0.75%Agnano = 1.00%Agnano. Granulation tissue showed the following trend: 
2.50%Agnano > 2.50%AgNO3 > gelatin = 0.75%AgNO3 = 1.00%AgNO3 = 
0.75%Agnano = 1.00%Agnano. As a result, at 7 days post-implantation, the best to 
worst inflammatory response was: gelatin = 0.75%AgNO3 = 1.00%AgNO3 = 
0.75%Agnano = 1.00%Agnano > 2.50%AgNO3 = 2.50%Agnano. The best to worst 
wound healing response was: gelatin = 0.75%AgNO3 = 0.75%Agnano = 
1.00%AgNO3 = 1.00%Agnano > 2.50%AgNO3 > 2.50%Agnano. The foreign body 
reaction and fibrous capsule responses o f e-spun fibrous membranes of gelatin and 
gelatin that contained 0.75-2.50%AgNOs or 0.75-2.50%Agnano were similar. These 
images can be seen in Figures 6.8 (a-j) and 6.9 (a-e).

For the e-spun polyester fibrous membranes, acute inflammation was 
not presented (see in Table 6.1 and Figure 6.9 (e-j)) but chronic inflammation 
showed the same score. Granulation tissue and foreign body reaction showed the 
following trend: PBSu-DCH > PCL > PLLA. As a result, at 7 days post
implantation, the best to worst wound healing response was: PCL > PLLA > PBSu- 
DCFI. However, the fibrous capsule response was similar among all materials.
Day 14 (week 2)

For the e-spun fibrous membranes of gelatin and gelatin that 
contained 0.75-2.50%AgNC>3 or 0.75-2.50%Agnano, acute inflammation was absent, 
while chrome inflammation of 1.00-2.50%AgN03 or 0.75-2.50%Agnano-containing 
e-spun gelatin fibrous membranes was still present (see in Figures 6.10 (a-j) and 6.11 
(a-d)). The ranking o f these materials based on chronic inflammation was: 
2.50%Agnano > 2.50%AgNC>3 = 1.00%AgNO3 = 0.75%Agnano > 1.00%Agnano > 
0.75%AgNC>3. With granulation tissue and foreign body reactions, the following 
trend was observed: 2.50%Agnano > 0.75%Agnano > 2.50%AgNO3 = 1.00%AgNO3 
= 1.00%Agnano > 0.75%AgNO3. However, the fibrous capsule response of gelatin 
and gelatin that contained 0.75-2.50%AgNC>3 or 0.75-2.50%Agnano was similar.
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Therefore, the best to worst wound healing response was: gelatin = 0.75%AgNO3 > 
0.75%Agnano = 1.00%Agnano > 1.00%AgNO3> 2.50%AgNC>3> 2.50%Agnano.

For the e-spun polyester fibrous membranes, acute inflammation and 
chronic inflammation were not present, while granulation tissue and foreign body 
reactions showed the following trend: PLLA > PCL > PBSu-DCH. The fibrous 
capsule response showed a similar trend. Thus, the best to worst wound healing 
response was: PBSu-DCH > PCL > PLLA.
Day 28 (week 4)

At this time point, there was no acute or chronic inflammation for any 
of the materials except for the 2.50%AgNO3-containing e-spun gelatin fibrous 
membrane. No granulation tissue was identified with any of the materials, while the 
foreign body reaction showed the following trend: 2.50%Agnano = 2.50%AgNO3 > 
1.00%AgNO3 > 1.00%Agnano = 0.75%AgNO3 = 0.75%Agnano = gelatin. Fibrous 
capsule formation showed the following trend: 1.00%Agnano > 1.00%AgNO3 > 
2.50%AgNO3 = 2.50%Agnano = 0.75%AgNO3 = 0.75%Agnano = gelatin. The best 
to worst wound healing response was: gelatin = 0.75%Agnano = 0.75%AgNO3 > 
2.50%Agnano = 2.50%AgNO3> 1.00%AgNO3 = 1.00%Agnano (see in Figures 6.12 
(a-j) and 6.13 (a-d)).

There was no acute or chrome inflammation for any of the polyester 
materials. Granulation tissue and the foreign body reaction showed the following 
trend: PLLA > PCL > PBSu-DCH. Fibrous capsule formation was similar. The best 
to worst wound healing response was: PBSu-DCH > PCL > PLLA (see in Figure 
6.13 (e-j)).

6.5 Discussion

6.5.1 In vitro study
Even though silver nano-based wound dressings have received 

approval for clinical applications their potential dermal toxicity is reported to be a 
matter of concern [62], The intended use of silver particles is also for the treatment 
of wounds in the form of a topical dressing. Because of their biocompatibility and 
biodegradability in the human body, aliphatic polyesters such as PLLA, PCL and
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PBSu-DCH have attracted much attention recently in tissue engineering. Therefore, 
toxicity and biocompatibility evaluation (both in vitro and in vivo) of these materials 
is essential.

In our in vitro and in vivo studies, the known biocompatibility of 
gelatin is confirmed based on the temporal changes in cell adhesion and cell viability 
and comparison to known biocompatible materials such as silicone rubber, 
polyethylene terephthalate (PET), poly(L-lactic acid), polyethylene and others. To 
determine biocompatibility or non-biocompatibility, we have carried out statistical 
analysis comparing the results of each material at each time point with that of 
gelatin, respectively. Therefore, statistical analysis which show no statistically 
significant difference with gelatin, p > 0.05, is considered biocompatible and 
statistical analysis which show statistically significant difference, p < 0.05, compared 
to gelatin, is considered non-biocompatible or bioincompatible.

For the e-spun fibrous membranes of gelatin and gelatin that 
contained AgN03 or Agnano, at both day 0 (2h) and day 3 the cell viability and cell 
adhesion were shown to have the following similar trend: gelatin ~ 0.75%Agnano > 
1.00%Agnano »  0.75%AgNC>3 > 2.50%Agnano > 1.00%AgNO3 > 2.50%AgNO3 ip 
< 0.0001 statistical significance vs. gelatin except for the 0.75%Agnano e-spun 
fibrous membrane). At day 7 trends showed the cell viability and adherence 
occurring in the following rank order: gelatin ~ 0.75%Agnano > 1.00%Agnano »  
2.50%Agnano > 0.75%AgNO3 ~ 1.00%AgNO3 -  2.50%AgNO3 (p < 0.0001 
statistical significance vs. gelatin except for the 0.75%Agnano e-spun fibrous 
membrane), and a comparison of the 0.75-1.00%AgN03 and 1.00-2.50%AgN03- 
loaded e-spun fibrous membranes were statistically insignificant. At day 10 trends 
showed the following rank order: gelatin ~ 0.75%Agnano > 1.00%Agnano »  
0.75%AgNO3 -  1.00%AgNO3 -  2.50%AgNO3 -  2.50%Agnano (p < 0.0001 
statistical significance vs. gelatin except for the 0.75%Agnano e-spun fibrous 
membrane), and a comparison of the 0.75- 1.00%AgN03, 1.00-2.50%AgNO3 and 
2.50%AgN03-2.50%Agnano-loaded e-spun fibrous membranes were statistically 
insignificant. These comparisons can be seen in Table 6.2 and 6.3.
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Normally, it is well known that gelatin is biocompatible polymer. 
Based on these results, the majority of the results were statistically significantly 
lower when comparing the materials with e-spun gelatin fibrous membranes at each 
time point except for the 0.75%Agnano e-spun fibrous membrane. Cell viability and 
cell adhesion were greatest on the surface of e-spun gelatin fibrous membranes and 
then showed a marked decrease until the 10 day time point. Due to its natural gelatin 
protein, the presence of macrophages is identified on the surfaces of e-spun gelatin 
fibrous membranes at longer time points (day 7 and day 10). The cell viability and 
cell adhesion of the 0.75-2.50%AgNO3 and 0.75-2.50%Agnano-loaded e-spun 
gelatin fibrous membranes were seen to significantly decrease over a period of time. 
These results demonstrate that silver particles have a negative, i.e. toxic, effect on 
monocytes. Moreover, at high silver concentrations (AgNC>3 or Agnano), cell 
viability and cell adhesion were less than at low silver concentrations at day 0 (2h) 
and day 3 (p < 0.0001 statistical significance, see in Table 6.3). While a comparison 
of the 0.75-250%AgN03-loaded e-spun fibrous membranes was statistically 
insignificant at day 7 and day 10. AgNC>3 had a greater effect on monocytes than 
Agnano at each time point (p < 0.0001 statistical significance, see in Table 6.3). 
Therefore, we demonstrated that the significant decrease o f cell viability and cell 
adhesion was due to the effect of silver concentrations and types of silver. 
Additionally, from the confocal images, we demonstrated that 0.75-2.50%AgN03 
and 2.50%Agnano-loaded e-spun fibrous membranes were highly toxic to monocytes 
because o f the absence of monocyte cytoplasm.

Supporting our observation, Hidalgo et al. [63] studied the effect of 
AgNC>3 concentrations (4.1, 8.2, 16.5, 32.4, 41.2, 82.4, 164.8 and 323.7 pmol/1) at 
different cellular levels, the toxicity indicators of cell proliferation of human dermal 
fibroblasts were assessed by quantification of total protein content of the cell culture, 
intracellular content of ATP (the prime cellular energy donor) and DNA synthesis. 
They found that 8.2 pmol/1 of AgNC>3 produces a total loss o f cell protein content 
after 8 h of exposure. Poon et al. [64] studied the cytotoxic effects of silver on 
kératinocytes and fibroblasts. They demonstrated that silver is highly toxic to both 
kératinocytes and fibroblasts in monolayer culture and when using optimized and 
individualized culture the fibroblasts appear to be more sensitive to silver than
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kératinocytes. Moreover, Baldi et al. [65] and Hussain et al. [66] demonstrated that 
silver nitrate has shown toxicity with hepatocytes and lymphocytes, respectively. 
Ahamed et al. [67] studied silver nanoparticle induced DNA damage and apoptosis 
response through the p53 pathway in mammalian cells. They found that silver 
nanoparticles induced p53 protein expression, DNA double strand breakage and 
apoptosis responses in mouse embryonic stem (mES) cells and mouse embryonic 
fibroblasts (MEF). However, a comparison of the 0.75%Agnano e-spun fibrous 
membrane with e-spun gelatin fibrous membranes was statistically insignificant at 
every time point. Our results suggest that the 0.75%Agnano e-spun fibrous 
membrane is biocompatible and the use of the Agnano material is safer than AgN03 
material.

For biodegradable polyesters; PLLA, PCL and PBSu-DCH, at day 0 
(2h) and day 3, the cell viability and adherence showed a similar trend: PLLA > PCL 
> PBSu-DCH (p < 0.001 statistical significance vs. PLLA at day 0 (2h)). At day 7, 
the cell viability and adherence showed the following trend: PBSu-DCH > PLLA > 
PCL, and at day 10, they were as follows: PBSu-DCH > PCL > PLLA. These 
comparisons of PLLA, PCL and PBSu-DCH were statistically insignificant at day 3, 
day 7 and day 10 that can be seen in Table 6.4. It demonstrated that these polyesters 
have no difference on cell viability and cell adhesion at day 3, day 7 and day 10 and 
all three polyesters are considered biocompatible.

Cell viability and cell adhesion cultured on the e-spun polyester 
fibrous membranes decreased with increasing time periods. E-spun PLLA fibrous 
membranes started with greater cellular viability and adhesion at day 0 (2h). 
However, these were the lowest by day 10 because some surface degradation had 
occurred and the acidic low-molecular weight degradation products and fragmented 
e-spun PLLA fibrous membranes [68] were lost. Sangsanoh et al. [48] investigated 
the in vitro responses of Schwann cells (RT4-D6P2T) on various types o f e-spun 
fibrous scaffolds. They demonstrated that at 24h after cell seeding, these e-spun 
fibrous scaffolds were non-toxic to Schwann cells and the viability of the attached 
cells on the various substrates could be ranked as follows: PCL film > TCPS > PCL 
fibrous > PLLA fibrous > PHBY film > c s  fibrous ~ c s  film ~ PLLA film > PHB
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film > PHBV fibrous > PHB fibrous. Previous reports showed that e-spun PLLA, 
PCL and PBSu-DCH fibrous membranes and film were also nontoxic to Schwann 
cells (RT4-D6P2T) [58], mouse fibroblasts (L929) [69,70], human osteoblasts 
(SaOS-2) [38,52], and human fibroblasts [71,72], In this study, although the cell 
viability and cell adhesion were seen to decrease over a period of time, these 
polyesters also showed cell binding on the surface. The alignment of e-spun fibrous 
membranes results in greater membrane porosity that allow for cellular penetration 
to the inner side of the membranes. This phenomenon was observed in the confocal 
images. Additionally, macrophages were present on these e-spun polyester fibrous 
membrane surfaces at longer times (day 7 and day 10), implying the biocompatibility 
of these materials toward monocytes and macrophages.

6.5.2 In vivo study
In the present study we have investigated the tissue responses and in 

vivo biocompatibility of these e-spun fibrous membranes by comparing 
subcutaneous inflammation characteristics and healing response behavior to that of 
available materials used for tissue engineering and wound dressing applications. The 
analyses were separated into two materials groups, the e-spun fibrous membranes of 
gelatin and gelatin that contained AgNC>3 or Agnano and biodegradable polyesters; 
PLLA, PCL and PBSu-DCH.
Day 7 (week 1)

Chronic inflammation and the granulation tissue response were 
greater for 2.50%AgNO3 and 2.50%Agnano at 7 days post-implantation. Foreign 
body reaction and fibrous capsule formation were similar among all materials. No 
cellular infiltration was observed for any of the materials. No surface erosion or 
degradation was identified for any of the materials. The effect o f silver concentration 
was investigated and higher silver concentrations demonstrated higher chrome 
inflammation (see in Table 6.1). The 2.50%Agnano and 2.50%AgNC>3-loaded e-spun 
fibrous membranes showed higher chrome inflammatory responses than the other 
materials. Chronic inflammation most probably occurs due to high silver 
concentrations of silver particles. Supporting our observation, Hussain et al. [73] 
studied the toxicity of different sizes of silver nanoparticles on the rat liver cell line 
(BRL 3A) (ATCC, CRL-1442 immortalized rat liver cells). They found that after an
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exposure of 24 h, the mitochondria of cells displayed abnormal size, cellular 
shrinkage and irregular shapes at higher concentrations of 10-50 pg/ml. Arora et al. 
[74] investigated that silver nanoparticle concentrations of 1.56-6.25 pg/ml were safe 
for the cell lines A431 (human skin carcinoma) and H T-1080 (human fibrosarcoma), 
but at higher concentrations of 6.25-50 pg/ml, cells became less polyhedral, 
shrunken and rounded. Filon et al. [75] has pointed out that silver applied as 
nanoparticles coated with polyvinylpirrolidone were able to permeate damaged skin 
in an in vitro diffusion cell system.

E-spun gelatin fibrous membranes showed the best material-tissue 
interface. Therefore, the overall temporal trend in the best to worst materials 
inflammation and wound healing responses (the biocompatibility of the implant 
materials) was: gelatin > 0.75%Agnano = 0.75%AgNO3 = 1.00%Agnano > 
T.00%AgNO3 > 2.50%AgNO3 = 2.50%Agnano.

In the case of polymeric biomaterials such as polyesters, the degree of 
tissue response such as inflammatory reaction partly depends on the chemical 
structure and surface hydrophilic nature of the polymer [76], In the present study, 
polyesters showed minimal chronic inflammation at 7 days post-implantation, while 
we found that the inflammatory cell infiltration with apparent biodegradation showed 
the following trend: PCL > PLLA > PBSu-DCH. None of the investigated polyester 
materials showed any significant acute or chronic inflammation after 7 days post
implantation. The inflammatory response of surrounding tissues in the e-spun PLLA 
fibrous membrane at the early stage probably occurs due to the acidic low-molecular 
weight degradation products and fragmented e-spun fibrous membranes [68],

An important group of esterases for biodegradation of aliphatic 
polyester are lipases [77,78], These enzymes are known to hydrolyze triacylglycerols 
(fat) to fatty acid and glycerol. The ranking of polyesters in this study based on 
surface erosion or degradation was: PBSu-DCH > PCL > PLLA, due to the effect of 
size of the nanofibers in the fibrous membranes. The average diameter of e-spun 
PBSu-DCH, PCL, and PLLA was 175 nm [50], 0.95 pm [38], and 1.5 pm [48], 
respectively. The average diameter of e-spun PBSu-DCH fibers has the smallest size, 
thus it has the fastest biodegradation rate. It is well known that the biodegradation 
rate of PCL is quite slow in film form, whereas it degrades very fast in nano- or
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microparticles [79,80], For example, a one week conventional enzymatic degradation 
experiment for a PCL thin film becomes a 4 min one for PCL nanoparticles [80],

The foreign body reaction showed the following trend: PBSu-DCH > 
PCL > PLLA, with a single monolayer of macrophages and foreign body giant cells 
present at the interface between the material and the tissue. The form and topography 
of the surface of the biomaterial determine the compositions of the foreign body 
reaction. With biocompatible materialร, composition of the foreign body reaction in 
the implant site may be controlled by the surface properties of the biomaterial, form 
of the implant, and relationship between the surface area of the biomaterial and 
volume of the implant [5], For example, fabrics, porous materials, particulate, or 
microspheres will have higher densities of macrophages and foreign body giant cells 
in the implant site than smooth-surface implants due to high-surface-to-volume 
implants.

Therefore, the overall temporal trend in the best to worst 
biocompatible materials was: PLLA = PCL = PBSu-DCFI.
Day 14 (week 2)

Chronic inflammation showed the following trend: 2.50%Agnano > 
2.50%AgNO3 = 1.00%AgNO3 = 0.75%Agnano > 1.00%Agnano > 0.75%AgNO3 = 
gelatin. Normally, acute and chronic inflammation should be absent after 7 days 
post-implantation, whereas they still occurred due to the presence o f a long-standing 
infection such as silver. High silver concentrations cause damage to cells. 
Granulation tissue response showed the following trend: 2.50%Agnano > 
2.50%AgNO3= 1.00%AgNO3 > 0.75%AgNO3 = 1.00%Agnano = 0.75%Agnano = 
gelatin.

AgNC>3 materials had a greater effect on inflammation and wound 
healing responses than Agnano materials (see in Table 6.1) and AgNC>3 materials 
also showed higher foreign body reactions at the material/tissue interface^than the 
Agnano materials because of the toxicity of nitrate. Supporting our observation, 
Atiyeh et al. [81] reported that nitrate is toxic to wounds and to cells and appears to 
decrease healing, offsetting to some degree the beneficial antibacterial effect of 
silver. Moreover, the reduction of nitrate to nitrite causes oxidant induced cell
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damage. Foley et al. [82] and Li et al. [83] showed that nanosized particles of various 
chemistries can damage mitochondria of cells.

Some degradation was present at the e-spun fibrous membrane 
surfaces after 14 days post-implantation and showed the following trend: gelatin > 
0.75%AgNO3> 0.75%Agnano = 1.00%AgNO3= 1.00%Agnano > 2.50%AgNO3 = 
2.50%Agnano. E-spun gelatin demonstrated the highest degradation rate and cells 
can easily proliferate at the material surface. Foreign body reaction showed the 
following trend: 2.50%Agnano = 2.50%AgNO3 = 1.00%AgNO3 = 1.00%Agnano = 
0.75%Agnano > 0.75%AgNO3 = gelatin. Fibrous capsule formation was similar 
among all materials. Therefore, the overall temporal trend in the best to worst 
biocompatible materials was: gelatin = 0.75%Agnano = 0.75%AgNO3 =
1.00%Agnano > 1,00%AgN03 > 2.50%AgNO3 = 2.50%Agnano.

For polyesters, none of the investigated materials showed any 
significant acute or chronic inflammation after 14 days post-implantation, while cell 
infiltration showed the following trend: PLLA > PCL > PBSu-DCH. Degradation of 
these polyesters due to the effect of fibrous diameter showed the following trend: 
PBSu-DCH > PCL > PLLA. The foreign body reaction showed the following trend: 
PBSu-DCH > PLLA > PCL. The overall temporal trend in the best to worst 
biocompatible materials was: PBSu-DCH = PCL > PLLA.
Day 28 (week 4)

There was no acute or chrome inflammation for any o f the materials 
except for the 2.50%AgNO3-containing e-spun gelatin fibrous membranes after 28 
days post-implantation, which was identified due to the effect of silver concentration 
and the toxicity of nitrate. The foreign body reaction showed the following trend: 
2.50%Agnano = 2.50%AgNO3 = 1.00%AgNO3 > 1.00%Agnano = 0.75%AgNO3 = 
0.75%Agnano = gelatin. Therefore, the overall temporal trend in the best to worst 
biocompatible materials was: gelatin = 0.75%Agnano = 0.75%AgNO3 =
1,00%Agnano > 1.00%AgNO3 > 2.50%AgNO3 = 2.50%Agnano.

None of the polyesters demonstrated any acute or chronic inflammation after 
28 days post-implantation, while degradation showed the following trend: PBSu- 
DCH > PCL > PLLA. The foreign body reaction showed the following trend: PB Su-
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DCH = PLLA = PCL. The overall trend in the best to worst biocompatible materials 
was: PBSu-DCH = PCL = PLLA.

From these results, we can conclude that some surface erosion or 
degradation occurred with the e-spun fibrous membranes of gelatin and gelatin that 
contained AgN03 or Agnano and showed the overall trend: gelatin > 0.75%Agnano 
= 0.75%AgNO3= 1.00%Agnano > 1.00%AgNO3 > 2.50%AgNO3 = 2.50%Agnano. 
Foreign body reaction at the surface of these materials presented the overall trend: 
2.50%Agnano = 2.50%AgNO3 = 1.00%AgNO3 > 1.00%Agnano = 0.75%AgNO3 = 
0.75%Agnano = gelatin. Moreover, the overall biocompatibility of the materials 
showed the following trend: gelatin = 0.75%Agnano = 0.75%AgNO3 > 
1.00%Agnano > 1.00%AgNO3> 2.50%AgNO3> 2.50%Agnano.

For polyesters materials, surface erosion or degradation showed the 
overall trend: PBSu-DCH > PCL > PLLA, and the foreign body reaction at the 
surface showed the overall trend: PBSu-DCH = PCL > PLLA. The overall 
biocompatibility polyester materials are represented as: PBSu-DCH = PCL = PLLA.

6.6 Conclusion

In the present paper we report on both in vitro and in vivo biocompatibility 
studies of e-spun fibrous membranes of gelatin and gelatin that contained 0.75- 
2.50% พ/พ (based on the weight of the gelatin powder) A gN03 or Agnano, and 
biodegradable polyesters; PLLA, PCL and PBSu-DCH. In vitro responses of 
monocytes/macrophages on various types of e-spun fibrous membranes were 
evaluated at each time point (day 0 (2h), 3, 7 and 10). Statistical analysis was 
conducted comparing cell viability and cell adhesion on each test material at each 
time point compared to the control e-spun gelatin fibrous membranes. Cell viability 
and cell adhesion were greatest on the surface of e-spun gelatin fibrous membranes 
and showed an expected decrease over the 10 day time period. A comparison o f the 
0.75%Agnano e-spun fibrous membrane with e-spun gelatin fibrous membranes was 
statistically insignificant at each time point (p > 0.05) demonstrating 
biocompatibility. The cell viability and cell adhesion of the 0.75-2.50%AgN03 and 
1.00-2.50%Agnano-loaded e-spun gelatin fibrous membranes were significantly
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lower when compared to the e-spun gelatin fibrous membranes demonstrating 
bioincompatibility or toxicity. Materials with high concentrations o f AgNC>3 
displayed lower cell viability and adhesion than materials with low concentrations of 
AgNC>3 at day 0 (2h) and 3, while these comparisons were statistically insignificant 
at day 7 and day 10. High Agnano concentrations resulted in reduced cell viability 
and adhesion when compared to low concentrations of Agnano at each time point. At 
the same concentration (i.e., 0.75%AgNC>3-075%Agnano, 1.00%AgNO3-
1.00%Agnano, 2.50%AgN03-2.50%Agnano), AgNC>3 had a greater negative effect 
on cell viability and adhesion, i.e. toxicity, than Agnano at each time point, except 
for the 2.50%AgN03-2.50%Agnano at day 10, it was statistically insignificant . 
Therefore, we conclude that the 0.75-2.50%AgN03 and 1.00-2.50%Agnano-loaded 
e-spun fibrous membranes were toxic to monocytes/macrophages, whereas the 
0.75%Agnano-loaded e-spun fibrous membrane is as biocompatible as e-spun gelatin 
fibrous membranes.

In the in vivo study, e-spun gelatin fibrous membranes showed the best 
biocompatibility. Higher silver concentrations caused higher chronic inflammation 
and AgNC>3 material caused increased inflammation and wound healing responses 
compare to Agnano materials. Therefore, we conclude that high concentrations of 
silver particles can cause damage to cells. Nitrate is also shown to be toxic to cells 
and appears to reduce the healing response. Results from the in vivo studies were 
comparable to those from the in vitro studies with the e-spun gelatin fibrous 
membranes and the 0.75%Agnano demonstrating the earliest rapid resolution o f the 
acute and chronic inflammatory responses with mild foreign body reactions and mild 
to moderate fibrous capsule formation at 14 and 28 days.

For the in vitro cell viability and adhesion of e-spun PLLA, PCL and PBSu- 
DCH fibrous membranes results showed that these polyesters were statistically 
comparable and biocompatible. In the in vivo study, these polyester materials 
demonstrated biocompatibility with normal expected and comparable inflammatory, 
foreign body reaction, and wound healing responses.
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T a b le  6.1 Scoring system on all phases of the inflammatory and wound healing 
response and fibrous capsule structure response (week 1, 2 and 4)

Implant
Materials

Acute
Inflammation

Chronic
Inflammation

Granulation
Tissue

Foreign Body 
Reaction (FBR)

Fibrous
Capsule

e-spun gelatin +1 +1 +1 +1 +1
0.75%AgNO3 +1 +1 +1 +1 +1
L00%AgNO3 +1 +1 +1 +1 +1
2.50%AgNO3 +1 +2 +2 +1 +1
0.75%Agnano +1 +1 + 1 +1 +1
1.00%Agnano +1 +1 + 1 +1 +1
2.50%Agnano +1 +2 +3 +1 +1
e-spun PLLA 0 + 1 +1 +2 +1
e-spun PCL 0 +1 +1 +2 +1
e-spun PBSu 0 + 1 +1 +3 +1

Implant
Materials

Acute
Inflammation

Chronic
Inflammation

Granulation
Tissue

Foreign Body 
Reaction (FBR)

Fibrous
Capsule

e-spun gelatin 0 0 0 +1 +2
0.75%AgNO3 0 0 0 +1 +2
1.00%AgNO3 0 1.5 1.5 +2 +2
2.50%AgNO3 0 1.5 1.5 +2 +2
0.75%Agnano 0 15 +2 +2 +2
1.00%Agnano 0 +1 +1 +2 +2
2.50%Agnano 0 +2 2.5 +2 +2
e-spun PLLA 0 0 +3 +4 +3
e-spun PCL 0 0 +1 +3 +2
e-spun PBSu 0 0 0 +2 +2

Implant
Materials

Acute
Inflammation

Chronic
Inflammation

Granulation
Tissue

Foreign Body 
Reaction (FBR)

Fibrous
Capsule

e-spun gelatin 0 0 0 +2 +2
0.75%AgNO3 0 0 0 +2 +2
1.00%AgNO3 0 0 0 2.5 +3
2.50%AgNO3 0 1.5 0 2 5 2.5
0.75%Agnano 0 0 0 +2 +2
1.00%Agnano 0 0 0 +2 3.5
2.50%Agnano 0 0 0 +2.5 +2
e-spun PLLA 0 0 +3 +4 +3
e-spun PCL 0 0 +1 +4 +3
e-spun PBSu 0 0 0 +4 +3

Score: 0 = none; 1 = minimal; 2 = mild; 3 = moderate; and 4 = extensive
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Table 6.2 p  values of comparison between e-spun gelatin fibrous membranes and 
0.75-2.50%AgNO3 and 0.75-2.5 0%Agnano-loaded e-spun gelatin fibrous
membranes on cell viability and cell adhesion

(a) Cell viability from the MTT assay
Materials Comparison to Gelatin, p  value

Day 0 (2h) Day 3 Day 7 Day 10
0.75%AgNO3 0.0001 0.0001 0.0001 0.0001
1.00%AgNO3 0.0001 0.0001 0 0001 0.0001
2.50%AgNO3 0.0001 0.0001 0 0001 0.0001
0.75%Agnano 0.120* 0.072* 0.063* 0.052*
1,00%Agnano 0 0001 0.0001 0,0001 0.0001
2.50%Agnano 0 0001 0.0001 0.0001 0.0001

(b) Cell adhesion from Confocal microscopy
Materials Comparison to Gelatin, p  value

Day 0 (2h) Day 3 Day 7 Day 10
0.75%AgNO3 0.0001 0.0001 0.0001 0.0001
1,00%AgNO3 00001 0.0001 0.0001 0.0001
2 50%AgNO3 0.0001 0.0001 0.0001 0.0001
0.75%Agnano 0.210* 0 084* 0.059* 0.054*
1.00%Agnano 0.0001 0.0001 0 0001 0.0001
2.50%Agnano 0.0001 0.0001 0.0001 0 0001

Considered biocompatible when compared to e-spun gelatin fibrous membranes
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Table 6.3 p  values of comparison between silver concentrations and types of silver 
of on cell viability and cell adhesion

(a) Cell viability from the M TT assay
M aterials p  value

Day 0 (2h) Day 3 Day 7 Day 10
0.75 % AgN O3 -1.0 0% AgN O3 0.0001 0.001 0.067 0.87
1,00%AgNC>3-2.50%AgNC>3 0 0001 0 001 0.082 035
0.75%Agnano-l 00%Agnano 0.003 0.005 0.002 0.001
1.00% Agnano-2.5 0% Agnano 0.001 0.0001 0.0001 0.0001
0 75%AgNO3-0.75%Agnano 0.001 0 0001 0.0001 0 0001
1,00%AgNO3- 1.00%Agnano 0 001 0.0001 00001 0.0001
2.5 0% AgNC>3-2.5 0% Agnano 0.0001 0 0001 0.0001 0.078

(b) Cell adhesion from Confocal microscopy
M aterials p  value

Day 0 (2h) Day 3 Day 7 Day 10
0.75%AgNO3-l ,00%AgNO3 0.0001 0.001 0.056 0.18
1.00%AgN03-2.50%AgN03 0.0001 0.001 0.064 0.27
0.75%Agnano-l .00%Agnano 0.001 0.0001 0.0001 0.0001
1.00% Agnano-2.50% Agnano 0.001 0.0001 0.0001 0.0001
0.75% AgN O3-0.75 % Agnano 0.0001 0.0001 0.0001 0.0001
1,00%AgNO3- 1.00% Agnano 0.0001 0.0001 0.0001 0.0001
2.50% AgN O3-2.5 0% Agnano 0 0001 0.0001 00001 0.053
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Table 6.4 p  values of comparison to biodegradable polyesters; PLLA, PCL and 
PBSu-DCH on cell viability and cell adhesion

Cell viability from the MTT assay
Materials p  value

Day 0 (2h) Day 3 Day 7 Day 10
PLLA-PCL 0.013 0.17 0.073 0.20
PLLA-PBSu 0.0063 0 17 0.059 0.053
PCL-PBSu 0.091 0.092 0.068 0 250

Cell adhesion from Confocal microscopy
PLLA-PCL 0.001 0.062 0 40 0.054
PLLA-PBSu 0 003 0.058 0 27 0.063
PCL-PBSu 0.074 0 081 0.052 0 055
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Day 10

Figure 6.1 Cell viability a) the e-spun fibrous membranes of gelatin and gelatin that 
contained 0.75-2.50%AgN03 and 0.75-2.5 0%Agnano and b) biodegradable 
polyesters; PLLA, PCL and PBSu-DCH as a function of time. Results are expressed 
as the mean of 5 experiments ± the standard error of the mean (ท=5). 1, * 
Statistically significant vs. PLLA, p  < 0.01.
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Time point (Day)

Figure 6.2 Adherent monocyte density a) the e-spun fibrous membranes of gelatin 
and gelatin that contained 0.75-2.50%AgN03 and 0.75-2.50%Agnano and b) 
biodegradable polyesters; PLLA, PCL and PBSu-DCH as a function of time. Results 
are expressed as the mean of 5 experiments ± the standard error of the mean (ท=5). * 
Statistically significant vs. PLLA, p  < 0.001.
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Time point (Day)

Time point (Day)

Figure 6.3 Percentage of cell viability a) the e-spun fibrous membranes of gelatin 
and gelatin that contained 0.75-2.50%AgNO3 and 0.75-2.50%Agnano and b) 
biodegradable polyesters; PLLA, PCL and PBSu-DCH as a function of the time. 
Results are expressed as the mean of 5 experiments ± the standard error of the mean 
(ท=5). * Statistically significant vs. PLLA, p  < 0.01.
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Figure 6.4 Representative confocal images of monocytes/macrophages adhesion at 
day 0 (2h). Scale bar indicates 50 micrometers; (a) the e-spun gelatin fibrous 
membranes.; (b)-(d) the 0.75-2.50%AgN03-loaded e-spun gelatin fibrous
membranes; (e)-(g) the 0.75-2.50%AgN03-loaded e-spun gelatin fibrous
membranes; (h) poly(L-lactic acid) (PLLA); (i) polycaprolactone (PCL) and (j) 1,6- 
diisocyanatohexane-extended poly( 1,4-butylene succinate) (PBSu-DCH).



208

Figure 6.5 Representative confocal images of monocytes/macrophages adhesion at 
day 3. Scale bar indicates 50 micrometers; (a) the e-spun gelatin fibrous membranes; 
(b)-(d) the 0.75-2.50%AgN03-loaded e-spun gelatin fibrous membranes; (e)-(g) the 
0.75-2.50%AgNC>3-loaded e-spun gelatin fibrous membranes; (h) poly(L-lactic acid) 
(PLLA); (i) polycaprolactone (PCL) and (j) 1,6-diisocyanatohexane-extended 
poly( 1,4-butylene succinate) (PBSu-DCH).
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Figure 6.6 Representative confocal images of monocytes/macrophages adhesion at 
day 7. Scale bar indicates 50 micrometers; (a) the e-spun gelatin fibrous membranes; 
(b)-(d) the 0.75-2.50%AgN03-loaded e-spun gelatin fibrous membranes; (e)-(g) the 
0.75-2.50%AgN03-loaded e-spun gelatin fibrous membranes; (h) poly(L-lactic acid) 
(PLLA); (i) polycaprolactone (PCL) and (j) 1,6-diisocyanatohexane-extended 
poly( 1,4-butylene succinate) (PBSu-DCH).
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Figure 6.7 Representative confocal images of monocytes/macrophages adhesion at 
day 10. Scale bar indicates 50 micrometers; (a) the e-spun gelatin fibrous 
membranes; (b)-(d) the 0.75-2.50%AgN03-loaded e-spun gelatin fibrous
membranes; (e)-(g) the 0.75-2.50%AgN03-loaded e-spun gelatin fibrous
membranes; (h) poly(L-lactic acid) (PLLA); (i) polycaprolactone (PCL) and (j) 1,6- 
diisocyanatohexane-extended poly( 1,4-butylene succinate) (PBSu-DCH).
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Figure 6.8 Histology evaluation at 1 week implantation. Subcutaneous implant 
specimens with H&E stain for cellularity and Masson’s Trichrome stain for fibrosis. 
Scale bar indicates 400 microns; A, B Electrospun gelatin, H&E and Trichrome; c ,  
D 0.75% AgNO:,-loaded electrospun gelatin, H&E and Trichrome; E, F 
1,00%AgNO3-loaded electrospun gelatin, H&E and Trichrome; G, H 2.50%AgNC>3- 
loaded electrospun gelatin, H&E and Trichrome; I, J 0.75%Ag nano-loaded 
electrospun gelatin, H&E and Trichrome.
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Figure 6.9 Histology evaluation at 1 week implantation. Subcutaneous implant 
specimens with H&E stain for cellularity and Masson’s Trichrome stain for fibrosis. 
Scale bar indicates 400 microns; A, B 1.00% Agnano-loaded electrospun gelatin, 
H&E and Trichrome; c, D 2.50%Agnano-loaded electrospun gelatin, H&E and 
Trichrome; E, F Electrospun poly(L-lactic acid) (PLLA), H&E and Trichrome; G, H 
Electrospun polycaprolactone (PCL), H&E and Trichrome; I, J Electrospun 1,6- 
diisocyanatohexane-extended poly( 1,4-butylene succinate) (PBSu-DCH), H&E and 
Trichrome.
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Figure 6.10 Histology evaluation at 2 weeks implantation. Subcutaneous implant 
specimens with H&E stain for cellularity and Masson’s Trichrome stain for fibrosis. 
Scale bar indicates 400 microns; A, B Electrospun gelatin, H&E and Trichrome; c, D 
0.75% AgNCb-loaded electrospun gelatin, H&E and Trichrome; E, F 1.00% AgNCf- 
loaded electrospun gelatin, H&E and Trichrome; G, H 2.50% AgNC>3-loaded 
electrospun gelatin, H&E and Trichrome; I, J 0.75% Ag nano-loaded electrospun 
gelatin, H&E and Trichrome.
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Figure 6.11 Histology evaluation at 2 weeks implantation. Subcutaneous implant 
specimens with H&E stain for cellularity and Masson’s Trichrome stain for fibrosis. 
Scale bar indicates 400 microns; A, B 1.00% Ag nano-loaded electrospun gelatin, 
H&E and Trichrome; c , D 2.50% Ag nano-loaded electrospun gelatin, H&E and 
Trichrome; E, F Electrospun poly(L-lactic acid) (PLLA), H&E and Trichrome; G, H 
Electrospun polycaprolactone (PCL), H&E and Trichrome; Electrospun 1,6- 
diisocyanatohexane-extended poly( 1,4-butylene succinate) (PBSu-DCH), H&E and 
Trichrome.
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Figure 6.12 Histology evaluation at 4 weeks implantation. Subcutaneous implant 
specimens with H&E stain for cellularity and Masson’s Trichrome stain for fibrosis. 
Scale bar indicates 400 microns; A, B Electrospun gelatin, H&E and Trichrome; c, D 
0.75% AgNC>3-loaded electrospun gelatin, H&E and Trichrome; E, F 1.00% AgNC>3- 
loaded electrospun gelatin, H&E and Trichrome; G, H 2.50% AgNC>3-loaded 
electrospun gelatin, H&E and Trichrome; I, J 0.75% Ag nano-loaded electrospun 
gelatin, H&E and Trichrome.
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c ---------  D

Figure 6.13 Histology evaluation at 4 weeks implantation. Subcutaneous implant 
specimens with H&E stain for cellularity and Masson’s Trichrome stain for fibrosis. 
Scale bar indicates 400 microns; A, B 1.00% Ag nano-loaded electrospun gelatin, 
H&E and Trichrome; c, D 2.50% Ag nano-loaded electrospun gelatin, H&E and 
Trichrome; E, F Electrospun poly(L-lactic acid) (PLLA), H&E and Trichrome; G, H 
Electrospun polycaprolactone (PCL), H&E and Trichrome; Electrospun 1,6- 
diisocyanatohexane-extended poly( 1,4-butylene succinate) (PBSu-DCH), H&E and 
Trichrome.
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