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1. Intro duc tion

Bio ma te ri als for tis sue engi neer ing pro vide a three-dimen-

sional envi ron ment that allows cells to develop new tis sues with 

appro pri ate struc ture and func tion [1]. These mate ri als are usu-

ally designed to rep li cate the bio logic and phys i cal func tion of the 

native extra cel lu lar matrix (ECM) found in the body to enhance 

tis sue for ma tion. Thus, an ideal bio ma te rial should be bio com pat i-

ble and sup port tis sue growth with out induc ing severe inflam ma-

tory pro cesses [2] that lead to for eign-body giant cell for ma tion 

or fibrous scar ring. In addi tion, the bio ma te rial should pro vide 

ade quate struc tural sup port to the neo-organ dur ing tis sue devel-

op ment and degrade grad u ally over time as cells undergo spa tial 

orga ni za tion. This is espe cially impor tant for the engi neer ing of 

hol low organs such as blood ves sels, esoph a gus and blad ders, 

where bio ma te ri als serve as a sep a ra tor that inter faces with the 

con tent of the cav ity and the vis cera. There fore, bio ma te ri als which 

con sti tute a scaf fold ing sys tem for these organs should serve as a 

bar rier while accom mo dat ing suf  cient amounts of cells that facil-

i tate tis sue devel op ment.

Tra di tion ally, two main clas ses of bio ma te ri als have been uti-

lized for the engi neer ing of hol low organs; acel lu lar matri ces 

derived from donor tis sues [3–8], (e.g., blad der sub mu cosa (lam-

ina pro pria) and small intes ti nal sub mu cosa), and syn thetic poly-

mers such as poly gly col ic acid (PGA) [9,10], poly lac tic acid (PLA), 

and poly(lac tic-co-gly colic acid) (PLGA). These mate ri als have 

been tested in respect to their bio com pat i bil ity in the host tis sues 

[11,12]. Each type of bio ma te ri als has desir able traits which are 

exclu sive of the other. Acel lu lar tis sue matri ces pos sess the desired 

bio com pat i bil ity [11–13], con tain bio mi metic fac tors [14–16] that 

pro mote tis sue devel op ment and have adhe sion domain sequences 

(e.g., RGD) that may assist in retain ing the phe no type and activ ity 

of many types of cells [17]. These matri ces are known to slowly 

degrade upon implan ta tion and are usu ally replaced and remod-

eled by ECM pro teins syn the sized and secreted by trans planted 

or ingrow ing cells [18–25]. In con trast, syn thetic poly mers can 

be man u fac tured repro duc ibly on a large scale with con trolled 

prop er ties of their strength, deg ra da tion rate and ultra struc ture 

[26,27]. Both clas ses of bio ma te ri als have been used either with 

or with out cells for the tis sue engi neer ing of hol low organs and 

tis sues, includ ing the blad der [5,6,10], ure thra [3,4,9], ure ter [7], 

esoph a gus [8,28], intes tine [28], uterus [29], vagina [29,30] and 

blood ves sels [31,32].

Most hol low organs are organized in a sim i lar fash ion, con-

sist ing of epi the lium or endo the lium on the lumen sur rounded 

by a col la gen rich con nec tive tis sue and muscle layer. Epi the lial 

or endo the lial layer serves as a bar rier that pre vents the con tent 

of the lumen from per me at ing into the body cav ity. The col la gen 

rich layer and muscle tis sue sur round ing the epi the lium/endo the-

lium main tain the struc tural integ rity of the organ. The cells com-

pos ing these lay ers inter act with each other and other pro teins to 

reg u late cel lu lar dif fer en ti a tion and func tion [14,33]. Thus, an ideal 
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bio ma te rial must pro vide an envi ron ment in which cor re spond-

ing cell types could inter act with each other to guide appro pri ate 

reg u la tion that gov erns adhe sion, pro lif er a tion, migra tion, and dif-

fer en ti a tion can occur. There fore, multiple cell types are required 

to cre ate a hol low organ with the appro pri ate “lay ered” struc ture. 

Since each of these cell types favors dif fer ent con di tions for opti-

mal growth and dif fer en ti a tion, ideal tis sue engi neer ing strat e gies 

must take these fac tors into account.

Bio ma te ri als for hol low organs should pro vide struc tural 

 sup port for dis tinct cell lay ers, includ ing an ade quate sur face for 

sta ble attach ment of epi the lial/endo the lial cells. It should also 

pro vide ade quate bio me chan i cal sup port to har bor a high den sity 

of smooth muscle cells on the exte rior sur face with out col laps ing 

pre ma turely. The devel op ment of spe cial ized bio ma te ri als con sist-

ing of these com po nents might improve cur rent tis sue engi neer ing 

tech niques. Herein, we designed and fab ri cated a novel com pos ite 

scaf fold that uti lizes both the acel lu lar tis sue matrix and syn thetic 

poly mers. This scaf fold sys tem was cre ated by bond ing the two 

het er o ge neous mate ri als together with threaded col la gen fiber 

stitches to form a dual lay ered struc ture. Spe cifi  cally, the acel lu lar 

tis sue matrix serves as a bar rier that would pre vent the lumi nal 

con tent from per me at ing to the vis cera while pro vid ing opti mal 

sur face for epi the lial cell adher ence. The syn thetic poly mer layer 

with large pores is designed to accom mo date suf  cient num bers 

of muscle cells and main tain struc tural integ rity of the scaf fold at 

the same time. In this study, we exam ined the valid ity of com pos-

ite scaf folds using a blad der tis sue model for their pos si ble util ity 

in engi neer ing of other hol low organs.

2. Descrip tion of meth ods

2.1. Prep a ra tion of com pos ite bio ma te rial

Com pos ite scaf fold was cre ated by using 2 dif fer ent mate ri als: 

acel lu lar blad der matrix (ABM) and poly gly col ic acid (PGA, US Sur-

gi cal Corp. Nor walk, CT, USA). Both mate ri als have been shown to be 

bio com pat i ble and safely used clin i cally [11,12,34,35]. Acel lu lar tis-

sue matrix, obtained from por cine blad ders, was pro cessed using a 

multiple-step deter gent wash pro to col devel oped in our lab o ra tory 

[12,16]. Each por cine blad der was rinsed with run ning tap water, and 

placed in a ¡20 °C freezer over night. The blad der was thawed in cool 

water, opened with sharp scis sors, and placed flat on a table. The 

muscle layer was micro-dis sected and removed with sharp scis sors 

while the epi the lial cell layer was removed by mechan i cally scrap ing 

the epi the lium with a No. 10 sur gi cal blade. The remain ing tis sue, 

con sist ing mainly of lam ina pro pria, was placed in a con tainer filled 

with 0.9% nor mal saline fol lowed by con tin ued agi ta tion on an ellip-

ti cal shaker at 4 °C. The acel lu lar matrix was treated with dis tilled 

water for 2 days to lyse the cells resid ing within the tis sue. Dis tilled 

water was changed twice each day. Sub se quently, the tis sues were 

treated with 1% Tri ton X100 and 0.1% ammo nium hydrox ide in a stir-

ring flask at 4 °C for 7 days. The deter gent was exchanged daily. Sub-

se quently, the blad der matrix was rinsed with dis tilled water at 4 °C 

for 2 days fol lowed by a treat ment with phos phate buf fered saline 

(PBS) for 24 h. Small matrix sam ples were cut and ana lyzed by hema-

tox y lin and eosin. A sec ond round of deter gent wash pro ce dure was 

used if the matri ces were not entirely free of cel lu lar con tent. The 

blad der matrix was trimmed to the desired size and stored fro zen at 

¡80 °C until needed.

To bond the ABM to the PGA, we ini tially used a heat bond ing 

tech nique at 200 °C for 80 min, fol lowed by lyoph i li za tion and ster-

il i za tion. How ever, the heat and lyoph i li za tion dena tured the col-

la gen which may have influ enced the bio log i cally active mol e cules 

asso ci ated with the matrix [16]. There fore, we decided to keep the 

bio ma te rial in liquid [36] dur ing the pro cess and use a phys i cal 

stitch ing method instead.

The ABM was placed on a pre-con fig ured PGA non-woven felt 

(60 mg/cc, 123 denier 56 fil a ment, US Sur gi cal Corp. Nor walk, CT, 

USA) and stretched uni formly until the dimen sion remained rea-

son ably con stant. A light scrim of PGA was placed on the lumen 

side (top) of the col la gen. This scrim was com posed of a one layer 

PGA mesh and is used to pre vent the lock ing fiber from cut ting 

through the ABM. This ensures that both mate ri als are sta bly 

stitched together. The entire struc ture was held together by the 

fric tional grip of these fibers lock ing the col la gen matrix into the 

sys tem. The com pos ite struc ture was then fed into a Hunter 1199 
Nee dle loom tacker (Hunter Inc., Res ton, VA). The loom tacker 

passed barbed nee dles through the com pos ite struc ture, pull ing 

indi vid ual fil a ments through in the “Z” direc tion. The com pos ite 

was then turned over and passed through the nee dle loom a sec-

ond time to strengthen the bond ing. Dur ing man u fac tur ing of the 

com pos ite scaf fold, care was taken to main tain the cor rect ori en-

ta tion of the ABM layer. The final com pos ite bio ma te rial con sisted 

of a two lay ered struc ture with a thick PGA layer on one side and 

an ABM layer on the other. This bio ma te rial has excel lent sur gi cal 

han dling qual i ties, is highly flex i ble and can be su tured eas ily.

SEM and bio me chan i cal test ing was per formed on every batch 

of the mate ri als prior to in vivo use and these tests showed sta-

ble bond ing with a high repro duc ibil ity. The mate rial was stored 

at ¡20 °C until use.

2.2. Cell cul ti va tion and seed ing

We used primary cells har vested from canine blad ders using 

estab lished pro to cols [10,37–39]. Blad der tis sue was mi cro dis-

sect ed, and the muco sal and mus cu lar lay ers were sep a rated.

Approx i mately, 1 £ 1 cm sized muco sal tis sue with the uro the li al 

side fac ing up into a 10 cm cul ture dish. The muco sal sur face was 

gently scraped with a No. 10 scal pel under ster ile con di tions. The 

detached cell clus ters were con firmed using phase micros copy 

and placed in serum-free kerat i no cyte growth medium (Kerat i no-

cyte SFM, Gib co, Grand Island, NY) con tain ing 5 ng/mL epi der mal 

growth fac tor and 50 cLg/mL bovine pitu i tary extract.

The muscle layer was cut in small tis sue frag ments of 1 £ 1 mm 

and placed onto a dry 10 cm cul ture dish. After 10 min, Dul becco’s 

Mod i fied Eagle’s Medium (DMEM; Gib co, Grand Island, NY) sup-

ple mented with 10% fetal calf serum was care fully added. The cells 

were incu bated at 37 °C in a humid i fied atmo sphere con tain ing 5% 

CO2. Both uro the li al and smooth muscle cells were expanded sep-

a rately until desired cell num bers were obtained. In these exper i-

ments, cells less than pas sage 5 were used for seed ing.

The bio ma te rial was cut into 1 £ 1 cm pieces and placed in 

70% alco hol for 6 h in order to min i mize potential bac te rial con-

tam i nants. No per ma nent ster il i za tion was used in this study. The 

expanded uro the li al and smooth muscle cells were tryp sin i zed, 

washed, and col lected as a pellet. Uro the li al cells were seeded onto 

the ABM sur face of the com pos ite bio ma te rial at a con cen tra tion 

of 1 £ 107 cells per cm2 and the con struct was then incu bated in 

serum-free kerat i no cyte growth medium for 2 days. Sub se quently, 

the bio ma te rial was turned over and smooth muscle cells were 

seeded onto the PGA side of the con struct at a con cen tra tion of 

2 £ 107 cells per cm2. The seeded con structs were then placed in 

DMEM sup ple mented with 10% fetal calf serum for an addi tional 2 

days before implan ta tion. Con trols con sist ing of PGA only or ABM 

only were seeded fol low ing the same pro to col.

2.3. Scan ning elec tron micros copy (SEM)

For ultra struc tural anal y sis, com pos ite bio ma te ri als were fixed 

in a 2.5% glu tar al de hyde solu tion con tain ing 0.085 M cac o dyl ate 

buffer for 1 h. All sam ples were dehy drated through a graded series 

of eth a nol and were even tu ally stored at 4 °C. After crit i cal point 
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dry ing, sam ples of mate rial were sput ter-coated with (Hom mur V) 

gold and plat i num and ana lyzed using a scan ning elec tron micro-

scope (SEM, Leo 1450 VP) at var i ous mag ni fi ca tions.

SEM con firmed the bond ing of the two bio ma te ri als (Fig. 1). A 

thick col la gen layer was formed by the ABM. The penetrating fibers 

used to bond the two bio ma te ri als together were clearly vis i ble 

on the SEM images. The non-woven PGA on the oppo site side was 

porous.

2.4. Bio me chan i cal test ing

Rect an gu lar tis sue strips mea sur ing 30 £ 10 mm were used 

for bio me chan i cal test ing. The bio ma te ri als were placed in PBS for 

4 h prior to test ing. Ten sile tests (In stron model 5544, MA, USA) 

were per formed by elon gat ing the tis sue strips lon gi tu di nally at a 

speed of 0.05 mm/s with a pre load of 0.2 N until fail ure. The grip-

to-grip spac ing was approx i mately 20 mm. All spec i mens were 

tested at room tem per a ture and kept moist. The max i mum ten-

sile strength (N/cm) and strain forces (MPa), were deter mined and 

ana lyzed. Fur ther, the Young’s mod u lus was cal cu lated to eval u ate 

the stiff ness and elas tic ity of the bio ma te rial. Native blad der wall 

served as a nor mal con trol.

The results showed that the com pos ite bio ma te rial has favor-

able bio me chan i cal char ac ter is tics that are com pa ra ble to those of 

native blad der tis sue (Fig. 2). Five sam ples were mea sured in each 

group. The ten sile strain at fail ure was 1.1 ± 0.1 mm/mm for the 

com pos ite and 1.3 ± 0.2 mm/mm for native blad der. This dif fer ence 

was not sig nifi  cant. The ten sile stress at break was 1.5 ± 0.4 MPa for 

the com pos ite bio ma te rial and 0.77 ± 0.2 MPa for native blad der 

(p = 0.006). The load at break was 35.8 ± 7.1 N for the com pos ite 

bio ma te rial and 18.5 ± 3.2 N for native blad der (p = 0.003). The cal-

cu lated Young’s mod u lus was 0.0020 ± 0.0005 for the com pos ite 

bio ma te rial and 0.0011 ± 0.0003 for native blad der (p = 0.008). The 

sta tis ti cal dif fer ences in the bio me chan i cal tests do not reflect true 

bio log i cal dif fer ences, but rather indi cate nar row stan dard devi-

a tions due to suc cess ful stan dard i za tion of this del i cate pro cess. 

Since bio ab sorb able mate ri als were used in this study a slightly 

stron ger com pos ite is desir able. The deg ra da tion of the bio ma te-

ri als will weaken the mate rial over time until the host begins to 

sup port the con struct by newly syn the sized col la gen fibers.

2.5. Poros ity assess ment

Most hol low organs require a water tight repair. In esoph a-

geal, gas tric, intes ti nal and blad der engi neer ing, leak age from the 

bio ma te rial leads to early inflam ma tion and infec tion which may 

result in the death of the patient. There fore, the poros ity of the bio-

ma te ri als was assessed before seed ing with cells, after cell seed-

ing, and after 14 and 28 days in vivo. We used the flow through 

method [40] which defines poros ity as the flow of water through 

the bio ma te rial per unit time and per unit sur face area at a defined 

pressure.

For this test the bio ma te rial was clamped between two flat 

metal plates with cen tral holes of 0.5 cm2 sur face area. Flex i ble 

tub ing was con nected to one side of the metal plate apply ing static 

water pressure. The static pressure head was defined by the dif-

fer ence in height between the water level and the spec i men. Bio-

ma te ri als were placed in the appa ra tus and sub jected to the static 

pressure for 1 min and leak age flow was col lected in a grad u ated 

cyl in der for quan ti fi ca tion of vol ume. The flow through poros ity 

was defined as the amount of water flow ing through one square 

cen ti me ter of con struct, mea sured in mil li li ters per min ute, at a 

pressure of 120 mmHg. All spec i mens were tested at room tem per-

a ture and kept moist.

The unseeded com pos ite bio ma te rial had a poros ity of 

506.2 ± 7.1 ml/min/cm2 while the PGA-only con trol had a poros ity 

of 714.8 ± 7.7 ml/min/cm2. After cell seed ing, the poros ity declined 

to 481.6 ± 28.4 ml/min/cm2 for the com pos ite bio ma te rial and to 

634.5 ± 18.8 ml/min/cm2 for the PGA-only con trol. The dif fer ences 

between all groups were sig nifi  cant (p > 0.05). The ABM-only con-

trol and all sam ples retrieved from in vivo exper i ments at 2 and 4 

weeks were 100% water tight. The pro cess of sew ing the con structs 

together resulted in numer ous nee dle induced holes into the ABM 

layer, thus increas ing the poros ity and flow. This indi cates that in 

vivo cell pro lif er a tion and tis sue for ma tion is needed to achieve 

the ulti mate goal of water tight ness. Although the poros ity index 

pre sented is a widely used method of com par ing dif fer ent bio ma-

te ri als, it may not pre dict whether or not the com pos ite bio ma te-

rial will leak in vivo.

2.6. In vivo eval u a tion

All pro ce dures were per formed in accor dance with the insti tu-

tion’s Ani mal Care and Use Com mit tee. Twenty-four athy mic mice 

(nu/nu, Charles River Lab o ra to ries Inc. Wil ming ton, MA, USA) were 

ran domly assigned to 3 groups. Group 1 received the seeded com-

pos ite bio ma te rial (n = 16), while Group 2 and 3 served as con trols 

and received seeded PGA con structs (n = 16) and seeded ABM con-

structs (n = 16), respec tively.

All sur ger ies were per formed under gen eral anaes the sia (2% 

iso flu rane). The area of sur gery was dis in fec ted with iodine solu-

tion. A 3 cm long inci sion was made on the dor sum of each mouse. 

In all groups, two seeded con structs were placed sub cu ta ne ously 

between the muscle and skin. The sur gi cal wound was closed using 

absorb able run ning sutures. All ani mals sur vived the sur gi cal pro-

ce dure with out notice able com pli ca tions. Dur ing the first 24 h, the 

mice received rou tine anal ge sia with bu pr enor phine (0.1 mg/kg) 2 

times per day. Ani mals were housed together, allowed free access 

Fig. 1. Ultra struc tural anal y sis. (A and B) Scan ning elec tron micros copy. The com pos ite scaf folds, con sist ing of a nat u rally-derived col la gen-based acel lu lar matrix and 

poly gly col ic acid poly mers, are bonded after fab ri ca tion, and main tained their ultra struc tural prop er ties. Scale bar rep re sents 2 mm (A) and 500 lm (B). (C) Poros ity assess-

ment by the flow-through method. The unseeded com pos ite bio ma te rial shows a poros ity of 506.2 ± 7.1 ml/min/cm2 while the PGA-only con trol dem on strates a poros ity of 

714.8 ± 7.7 ml/min/cm2. The rel a tively high flow-through poros ity of the com pos ite bio ma te rial is likely due to the bond ing tech nique used, which punches hun dreds of tiny 

holes into the ABM for sutur ing. After cell seed ing, the poros ity is reduced to 481.6 ± 28.4 ml/min/cm2 for the com pos ite bio ma te rial and to 634.5 ± 18.8 ml/min/cm2 for the 

PGA-only con trol. All retrieved con structs at 2 and 4 weeks were water tight. The dif fer ences between all groups were sig nifi  cant (p > 0.05).
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to food and water, and were main tained on a light-dark cycle of  

12 h each.

Four ani mals from each group were sac ri ficed on day 14 and 

day 28 after implan ta tion. At the time of sac ri fice, the ani mals were 

eutha nized by CO2 fol lowed by cer vi cal dis lo ca tion. Imme di ately 

after eutha na sia, the implant site was inspected and the engi neered 

tis sue retrieved. The retrieved con structs and the sur round ing tis sues 

were inspected grossly and his to log i cally. Mac ro scop i cally, there was 

no evi dence of infec tion or fibro sis, and the bio ma te rial was inte-

grated into sur round ing con nec tive tis sue. All sam ples showed signs 

of neo-va cu lar iza tion (Fig. 3). Seeded ABM-only grafts were not able 

to form volu mi nous tis sue and remained as a thin layer. PGA and the 

com pos ite bio ma te rial both showed the for ma tion of volu mi nous 

tis sue (Fig. 3). The for ma tion of volu mi nous tis sue is indic a tive of cell 

pro lif er a tion within the con structs. This is only pos si ble if the cells 

are pro vided with suf  cient nutri ents and oxy gen. At 2 weeks, the 

vol ume of tis sue result ing from seeded ABM, com pos ite bio ma te rial 

and PGA were 36.1 ± 4.4 mm3, 99.7 ± 18.0 mm3 and 124.6 ± 8.5 mm3 

(p < 0.014), respec tively. All seeded con structs showed some reduc-

tion in vol ume at 4 weeks with 22.9 ± 7.6 mm3, 79.1 ± 11.0 mm3 and 

104.3 ± 16.0 mm3 for seeded ABM, com pos ite bio ma te rial and PGA 

(p < 0.003), respec tively. Our results indi cate a slight reduc tion in vol-

ume of the com pos ite and the con trols at 4 weeks. This might be due 

to the deg ra da tion of the PGA fiber loops, which starts at the inter-

face to host tis sue, mak ing the retrieved sam ple appear smaller.

2.7. His to log i cal anal y sis

For his to log i cal anal y sis, engi neered blad der tis sues were 

washed in PBS and embed ded in tis sue freez ing medium (OCT 

com pound; Miles, Elk hart, NJ). Cryo sec tions of 6 lm thick ness 

(Le ica RM 2145) were ana lyzed with hema tox y lin and eosin, Mas-

son’s tri chrome and immu no cy to chem is try using cell spe cific anti-

bod ies. Uro the li al cells were iden ti fied by prob ing tis sue sec tions 

with poly clonal anti-pan cy to ker a tins AE1/AE3 (Dako, Car pin te ria, 

CA, Cat# M3515, Lot# 005500, 1:50), while smooth mus cles were 

iden ti fied using anti-alpha-actin (Santa Cruz, Santa Crz, CA, Cat# 

sc-32251, Lot# E0806, 1:20). As sec ond ary anti bod ies, we used 

bio tin yl a ted horse anti-mouse anti body (Vec tor Lab o ra to ries, Bur-

lin game, CA, Cat# BA 2000, Lot# R0719, 1:300). Detec tion was per-

formed with the Vec ta Stain ABC avi din-bio tin detec tion kit (Vec tor 

Lab o ra to ries, Bur lin game, CA) and visu al ized with the DAB chro-

mo gen. Tis sue sec tions that were not incu bated with primary anti-

body were used as neg a tive con trols.

Hema tox y lin and Eosin stain ing of all sam ples showed high cel-

lu lar ity and good tis sue orga ni za tion, sug gest ing that new tis sue was 

formed in vivo (Fig. 4). All mate ri als showed excel lent bio com pat i bil-

ity. There was a min i mal mixed cel lu lar infil tra tion that was devoid 

of lym phoid fol li cles or cal ci fi ca tions in all cases. The seeded ABM-

only con trol sam ples showed both cell types attached to the thin 

bio ma te rial. How ever, a thick mus cu lar com part ment was absent. 

Fig. 2. Bio me chan i cal anal y sis. The mechan i cal anal y sis shows that com pos ite bio ma te rial has favor able bio me chan i cal char ac ter is tics which are com pa ra ble to native 

blad der. (A) The ten sile strain at break was 1.1 ± 0.1 mm/mm for the com pos ite and 1.3 ± 0.2 mm/mm for native blad der (not sig nifi  cant). (B) The ten sile stress at break was 

1.5 ± 0.4 MPa for the com pos ite bio ma te rial and 0.77 ± 0.2 Mpa for native blad der (p = 0.006). (C) The load at break was 35.8 ± 7.1 N for the com pos ite bio ma te rial and 18.5 ± 3.2 N 

for native blad der (p = 0.003). (D) The cal cu lated Young’s mod u lus was 0.0020 ± 0.0005 for the com pos ite bio ma te rial and 0.0011 ± 0.0003 for native blad der (p = 0.008).
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Seeded PGA-only con trol con structs showed both cell types and a 

devel oped smooth muscle layer, but the inter face between uro the li al 

cells and smooth muscle cells was less dis tinct, with uro the li al cells 

penetrating deep into the muscle layer. Only the com pos ite bio ma te-

rial was able to main tain the spe cific orga ni za tion of nor mal blad der 

tis sue. The his to log i cal anal y sis revealed a dis tinct 3 layer archi tec-

ture with a uro the li al layer fol lowed by a dense col la gen layer fol-

lowed by a thick muscle com part ment (Fig. 4A). The uro the li al layer 

was sev eral cell lay ers thick, with smaller cells close to the base ment 

mem brane and larger cells 4–5 cell lay ers away. In addi tion, the 

seeded smooth muscle cells had begun to align and form com pact 

muscle bun dles. Immu no his to chem is try con firmed the phe no type 

of the uro the li al and smooth muscle cells.

2.8. Western blot anal y sis

Western blot anal y sis for anti-pan cy to ker a tins AE1/AE3, anti-

des min (BD Bio sci ences, San Jose, CA, 1:50) and anti-alpha-actin 

was per formed on pro tein iso lated from retrieved tis sue spec i-

mens (n = 4). To min i mize con tam i na tion from host myo-fibro-

blasts we have used only the cen ter sec tions of the retrieved con-

structs for anal y sis. Implanted com pos ite con structs with out cells 

were prepared in the same man ner and these extracts were used 

as con trols for the Western blot ting assays. Pro tein sam ples were 

prepared using rou tine extrac tion meth ods. The spec i mens were 

rap idly homog e nized in stan dard lysis buffer (Tris-20 1 M, NaCl 3 M, 

Tri ton 10% with pro te ase inhib i tor) and incu bated in the buffer on 

ice. After 30 min on ice, the lysates were cen tri fuged at 12,500g for 

15 min and the super na tants were kept. The pro tein con cen tra tion 

in each super na tant was deter mined using the Bio-Rad DC Pro tein 

Assay Kit (Bio-Rad, Her cu les, CA). Ali quots of 20 lg total pro tein 

were then sep a rated via SDS–PAGE (12% gel; 120 V and 200 mA). 

The pro teins were trans ferred to nitro cel lu lose mem branes. After 

trans fer, the mem branes were blocked with 5% bovine serum albu-

min (BSA). The blots were probed with the primary anti bod ies 

over night at 4 °C, washed, and sub se quently treated with sec ond-

ary anti body con ju gates for 1 h at room tem per a ture. Immu no blots 

were treated with an enzyme-linked chemi lu mi nes cence reagent 

(Western Lightning Plus, Perkin Elmer, Bos ton, MA) and exposed 

to X-ray film for 30 s to 5 min. Sam ples retrieved at 4 weeks after 

implan ta tion showed the pres ence of pan cy to cer a tin AE1/AE3, 

actin and des min, indi cat ing that uro the li al and smooth muscle 

cells had devel oped in the implants. Con trol com pos ite bio ma te rial 

implanted in vivo for 4 weeks with out prior cell seed ing remained 

neg a tive for these mark ers.

2.9. Sta tis ti cal anal y sis

In this report all data were expressed as aver ages and stan dard 

devi a tions, and these were ana lyzed using unpaired t-tests (poros-

ity test and mechan i cal stud ies) with sta tis ti cal soft ware (SPSS V11; 

SPSS Inc., Chi cago, IL). A p-value of less than 0.05 was con sid ered 

sig nifi  cant. The tis sue vol umes were ana lyzed by one-way ANOVA. 

If sig nifi  cant, the groups were fur ther ana lyzed by Bon fer ron i post-

hoc test ing. An alpha of p > 0.05 was con sid ered sig nifi  cant.

3. Con clud ing remarks

Scaf fold design ing for hol low organs requires a spe cial con sid er-

ation as the bio ma te ri als con sti tut ing a scaf fold ing sys tem should 

Fig. 3. Gross eval u a tion (A–C). Cell seeded scaf folds at retrieval. Seeded ABM-only (A) grafts were not able to form bulky tis sue and remained as a thin layer. Com pos ite 

bio ma te rial (B) and PGA (C) both showed the for ma tion of bulky tis sue (D) Vol ume assess ment at 2 and 4 weeks. At 2 weeks the vol umes for seeded ABM, com pos ite bio ma-

te rial and PGA were 36.1 ± 4.4, 99.7 ± 18.0 and 124.6 ± 8.5 mm3. The groups were all sig nifi  cantly dif fer ent (p < 0.014). All seeded con structs showed some reduc tion in vol ume 

at 4 weeks with 22.9 ± 7.6, 79.1 ± 11.0 and 104.3 ± 16.0 mm3 for seeded ABM, com pos ite bio ma te rial and PGA. The groups were all sig nifi  cantly dif fer ent (p < 0.003). Error bars 

rep re sent Stan dard Error of the Mean (SEM).
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serve as a bar rier between the cav ity and the vis cera while accom-

mo dat ing suf  cient amounts of cells that facil i tate tis sue devel op-

ment. In this arti cle we con fig ured a com pos ite scaf fold ing sys tem 

by bond ing a col la gen matrix to PGA poly mers with threaded col-

la gen fiber stitches. This scaf fold ing sys tem accom mo dates a large 

num ber of cells on one side and serves as a bar rier on the other 

side. We show that the com pos ite scaf folds made from ABM and 

PGA remain bio com pat i ble, pos sess ideal phys i cal and struc tural 

char ac ter is tics for hol low organ appli ca tions, and are able to form 

tis sues in vivo. This scaf fold sys tem may be use ful in the future in 

patients requir ing hol low organ and tis sue replace ment.
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