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Abstract
Aim: To	examine	the	in	vitro	biokinetics	of	hyaluronic	acid	(HA)	from	a	collagen	mem‐
brane	(CM)	and	to	evaluate	the	in	vivo	effect	of	immersion	of	the	CM	in	HA	solution	
on	its	degradation	in	streptozotocin	(STZ)‐induced	diabetes	conditions	in	a	rat	calva‐
ria subcutaneous model.
Background: CM	degradation	is	accelerated	in	uncontrolled	diabetic	rats.	Immersion	
of	CM	in	HA	has	been	suggested	to	decrease	their	resorption	rate	without	interfer‐
ing	with	their	tissue	integration	and	structural	degradation.	However,	it	is	unknown	
to	what	extent	CM	degradation	may	be	influenced	by	its	immersion	in	HA	solution	
under	a	condition	mimicking	a	medically	compromised	situation	with	an	 increased	
inflammatory	level	such	as	diabetes.
Materials and Methods: CMs	were	soaked	in	cross‐linked	HA.	Protein	adsorption	and	
the	HA	release	were	quantified	by	ELISA.	Diabetes	was	induced	in	sixteen	rats,	while	
16	healthy	rats	served	as	control.	CM	was	prepared	and	labeled	prior	to	implantation	
with	Biotin.	Seventeen	CM	were	immersed	in	HA	and	17	CM	in	PBS.	In	each	animal,	
one	test	or	one	control	disk	was	implanted.	In	order	to	compare	the	collagen	content,	
two	similar	non‐implanted	CM	were	used	as	baseline.	Fourteen	days	after	surgery,	
thirty‐two	animals	were	sacrificed.	The	entire	calvaria	including	the	skin	above,	was	
chemically	fixed,	decalcified,	and	embedded	in	paraffin.	Five‐μm‐thick	sections	were	
analyzed	histologically	and	histomorphometrically	using	H&E	and	avidin‐peroxidase	
staining.
Results: The	 in	 vitro	 results	 demonstrated	 that	 the	CM	adsorbed	 roughly	80%	of	
the	total	HA	content.	After	10	days,	36.3%	of	the	 initial	HA	remained	on	the	CM.	
The	in	vivo	results	demonstrated	that	diabetes	significantly	reduced	the	thickness	of	
the	CM,	while	HA	had	a	significant	effect	on	keeping	the	membrane	thickness.	HA	
increased	the	residual	collagen	content	in	the	diabetic	group	(P <	0.0001)	but	no	such	
effect	was	observed	in	the	healthy	group.
Conclusion: Immersion	of	CM	in	HA	prior	to	the	implantation	delays	membrane	deg‐
radation	in	uncontrolled	diabetic	compared	with	normoglycemic	rats.
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1  | BACKGROUND

Alveolar	ridge	augmentation	by	means	of	guided	bone	regeneration	
(GBR)	has	been	shown	to	result	in	predictable	bone	formation	with	
high	 long‐term	success	rates.1‐4	Among	the	bioresorbable	barriers,	
collagen	membranes	(CM)	are	frequently	used	for	GBR	procedures.	
Membranes	create	and	maintain	the	space	over	the	bony	defect	and	
act	 as	 a	 barrier	 against	 the	 ingrowth	 of	 epithelial	 and	 connective	
tissue	cells	into	the	defect.5	Collagen	membrane	resorption	occurs	
through	 a	 biodegradation	 process	 which	 starts	 when	 cells	 within	
the	surgical	site	release	matrix	metalloproteinases	(MMPs)	into	the	
wound	 area	 during	 healing	 and	 continues	 by	 fibroblast	 and	 blood	
vessel	 infiltration	and	colonization,	 leading	 to	membrane	degrada‐
tion.5‐7	It	has	been	shown	that	collagen	membrane	stability	plays	a	
crucial	role	in	the	success	of	regenerative	procedures.8‐11	Premature	
exposure	to	the	oral	cavity	is	leading	to	early	degradation	and	bac‐
terial	 colonization	 compromising	 the	 beneficial	 effects	 of	 GTR	 or	
GBR	procedures.10,12,13	The	degradation	rate	may	be	influenced	by	
various	parameters	such	as	the	composition,	structure,	and	dimen‐
sions	of	the	membrane5,6,10,14‐16	but	also	by	systemic	diseases,	such	
as uncontrolled diabetes.17,18	In	recent	studies,	CM	degradation	was	
found	to	be	accelerated	in	uncontrolled	diabetic	rats.17,18	Moreover,	
the	 inflammatory	 infiltration	 of	 macrophages	 and	 capillaries	 from	
the	 tissues	 surrounding	 collagen	membranes	was	more	marked	 in	
diabetic	 rats	 compared	 to	 normoglycemic	 rats.17,18	 Enhanced	deg‐
radation	of	collagen	membranes	in	uncontrolled	diabetic	conditions	
may	be	correlated	with	existence	of	high	cellular	and	molecular	lev‐
els	of	inflammation.	Therefore,	new	modalities	aiming	to	reduce	the	
amount	 of	 inflammation	 and	 slow	 down	 membrane	 degradation,	
especially	 in	medically	compromised	patients	such	as	uncontrolled	
diabetics,	are	warranted.

Hyaluronic	acid	(HA)	is	a	natural	glycosaminoglycan	and	an	es‐
sential	component	of	the	skin	and	other	connective	tissues	which	
plays	an	important	role	during	wound	healing.19	HA	is	known	as	a	
hydrogel	 with	 inherent	 absorption	 properties	 involved	 in	 wound	
healing.19,20	 HA	 is	 biocompatible,	 biodegradable,	 bacteriostatic,	
antioxidant,	 and	 anti‐edematous	 and	 shows	 anti‐inflammatory	
properties.21‐23	It	is	used	in	various	fields	of	medicine24 and in den‐
tistry.25	 Systematic	 reviews	 and	 meta‐analyses	 have	 shown	 that	
HA	has	a	beneficial	effect	when	used	 in	 treating	diabetes	wound	
ulcers.26,27	A	possible	explanation	for	these	positive	effects	of	HA	
on	wound	healing	is	the	reduction	in	the	cellular	and	molecular	in‐
flammatory	burden,	following	its	application	to	the	wound26,27	(ie,	
pad	cream,	substrate).	A	very	recent	systematic	review	has	demon‐
strated	favorable	results	using	HA	as	an	adjunct	to	periodontal	sur‐
gical	procedures.25

Immersion	of	CM	in	HA	has	been	recently	suggested	as	a	novel	
approach	aiming	to	decrease	its	resorption	rate.	This	approach	has	

been	shown	not	to	interfere	with	tissue	integration	and	structural	
degradation	of	various	CMs.28	However,	at	present,	it	is	unknown	
to	what	extent	CM	degradation	may	be	 influenced	by	 its	 immer‐
sion	in	HA	solution	under	a	condition	mimicking	a	medically	com‐
promised	 situation	with	 an	 increased	 inflammatory	 level	 such	 as	
diabetes.

Therefore,	the	aims	of	the	study	were	as	follows:	(a)	to	examine	
the	in	vitro	biokinetics	of	hyaluronic	acid	(HA)	from	a	collagen	mem‐
brane	(CM)	and,	(b)	to	evaluate	the	in	vivo	effect	of	the	immersion	
of	the	CM	in	HA	solution	on	its	degradation	in	streptozotocin	(STZ)‐
induced	diabetes	compared	with	normoglycemic	conditions	in	a	rat	
calvaria subcutaneous model.

2  | MATERIAL AND METHODS

2.1 | In vitro part

Collagen	 membranes	 from	 porcine	 pericardium	 (Smartbrane;	
Regedent)	were	immersed	in	hyaluronic	acid	(HA;	Regedent)	utilizing	
a	cross‐linked	carrier	(hyaDENT	BG;	BioScience	GmbH).	HyaDENT	
BG	(HA_cl)	contains	2.0	mg/mL	of	sodium	hyaluronate	and	16.0	mg/
mL	 of	 sodium	 hyaluronate	 cross‐linked	 with	 butanediol	 diglycidyl	
ether	(BDDE).

Following	 immersion	of	 the	CM	 in	HA	gel,	 total	 adsorbed	 and	
released	HA	from	the	CMs	was	evaluated	using	6‐well	culture	dishes	
loaded	with	0.3	mL	of	HA	for	a	5‐minute	coating	period.	All	in	vitro	
experiments	were	performed	 in	triplicates	with	3	 independent	ex‐
periments	performed.

2.1.1 | ELISA quantification of hyaluronic acid 
adsorption to barrier membranes

To	determine	the	quantity	of	HA	adsorption	to	the	surface	of	barrier	
membranes,	ELISA	quantification	assay	was	utilized	for	HA.	Briefly,	
after	the	coating	period,	incubation	of	0.3	mL	of	HA	onto	1	full‐sized	
barrier	 membrane	 at	 37°C,	 the	 remaining	 PBS	 solution,	 contain‐
ing	 unattached	HA	was	 collected	 and	 quantified	 by	 a	 Quantikine	
Colorimetric	 Sandwich	 ELISA	 according	 to	 the	 manufacturer's	
protocol	 (R&D	 Systems).	 Thereafter,	 subtraction	 of	 total	 coated	
protein	 from	 the	 amount	 of	 un‐adsorbed	protein	was	used	 to	 de‐
termine	the	amount	of	adsorbed	material	to	the	surface	of	the	bar‐
rier	membranes	as	previously	described.29	Furthermore,	in	order	to	
determine	the	quantity	of	HA	being	released	from	the	barrier	mem‐
branes	over	 time,	coated	membranes	were	soaked	 in	5	mL	of	PBS	
in	6‐well	tissue	culture	dishes	and	samples	were	collected	at	various	
time	points	including	15	minutes,	1,	8	hours,	1,	3,	and	10	days.	All	
samples	were	quantified	in	triplicates	and	three	independent	experi‐
ments	were	performed.
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2.2 | In vivo part

The	study	comprised	thirty‐two	12‐week‐old	male	Wistar	rats.	The	
institution	of	Animal	Care	and	Use	Committee	of	Tel	Aviv	University,	
Tel	Aviv,	Israel,	approved	the	study	(TAU	01‐16‐031).

Diabetes	 was	 induced	 in	 sixteen	 rats	 by	 a	 single	 intraperito‐
neal	(IP)	injection	of	65	mg/kg	streptozotocin	(Sigma	Chemical	Co.).	
Streptozotocin	(STZ)	is	a	naturally	occurring	alkylating	antineoplastic	
agent	that	is	particularly	toxic	to	the	insulin‐producing	beta	cells	of	
the	pancreas	in	mammals,	thus	producing	a	state	similar	to	type	1	di‐
abetes	in	humans.	The	remaining	animals	were	given	similar	volumes	
of	citrate	buffer	and	served	as	normoglycemic	controls.

Pericardial	 CMs	 were	 cut	 with	 a	 disposable	 biopsy	 punch	
(Miltex	 Instrument	Company)	 to	 8‐mm‐diameter	 disks.	Membrane	
labeling	 with	 biotin	 for	 detection	 of	 the	 collagen	 content	 of	 the	
membranes	 was	 carried	 out	 as	 described	 previously.17	 Briefly,	 all	
the	disks	 (34)	were	 labeled	prior	 to	 implantation	with	3	mg/mL	of	
Aminohexanoyl‐Biotin‐N‐Hydroxysuccinimide	 Ester	 (AH‐BNHS;	
Zymed	 Laboratories)	 for	 one	 hour	 at	 room	 temperature	 and	 then	
washed	overnight	with	three	changes	of	phosphate‐buffered	saline	
(PBS)	(Ca2+‐Mg2+	free,	pH	7.4)	to	remove	any	unbound	biotin.	Half	
of	the	biotin‐labeled	membrane	disks	(17	CMs)	were	immersed	in	a	
20	mg/mL	cross‐linked‐HA	gel	(Hyadent	BG;	Regedent	AG)	for	one	
hour,	 followed	 by	washing	 in	 PBS	 three	 times.	We	 determined	 in	
vitro	 that	 adsorption	 of	HA	 to	 the	 collagen	membranes	 increased	
in	 a	 time‐dependent	 pattern	 up	 to	 1‐hour	 immersion,	 no	 further	

differences	were	recorded	for	longer	immersion	times.	This	in	vitro	
evaluation	was	necessary	since	no	preliminary	data	concerning	the	
adsorption	of	HA	to	the	collagen	membranes	were	available.	The	re‐
maining	disks	were	immersed	in	PBS	only.

All	 animal	 surgeries	were	performed	by	 the	 same	experienced	
operator	 (CN).	 The	 animals	 were	 anesthetized	 by	 intramuscu‐
lar	 injection	 of	 0.1	 mL/100	 g	 ketamine	 hydrochloride	 10%	 and	
0.1	mL/100	g	xylazine	hydrochloride	2%	(Vitamed).	The	dorsal	part	
of	the	skin	covering	the	scalp	was	shaved	and	aseptically	prepared	
for	 surgery.	 Two	 reference	 lines	 for	 reproducibility	 of	 the	 incision	
site	were	made	by	drawing	a	line	between	the	ears	(“ear‐line”)	and	
between	 the	eyes	 (“eye‐line”),	 then	 a	 line	was	marked	 in	 the	mid‐
sagittal	 line	between	 the	 “eye‐line”	and	 the	 “ear‐line”	 (Figure	1).	A	

F I G U R E  1  Reference	lines	for	reproducibility	of	the	incision	site

Ear-line

Eye-line

F I G U R E  2  Eight‐millimeter	diameter	pericardial	collagen	disk	is	
inserting	to	the	“scalp	pouch”

F I G U R E  3  Presentation	of	the	Grid	superimposed	on	the	
membrane	ROI	(magnification	×100)
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15	mm	 incision	was	made	vertically	 and	perpendicularly	 toward	 a	
line	between	the	eyes,	beginning	5	mm	away	from	line	between	the	
ears,	on	the	mid‐sagittal	line.	Following	the	incision,	a	subperiosteal	
pouch	under	the	skin	over	the	calvaria	was	created	using	a	Kirkland	
periodontal	knife	(Hu‐Friedy,	Mfg.	Co.,	LLC).	One	pericardial	CM,	im‐
mersed	in	HA	or	in	PBS,	was	implanted	in	each	animal	underneath	
the	periosteum	(Figure	2).	Periosteum	and	skin	were	repositioned,	
covering	 the	 implanted	membrane,	 and	 the	 skin	was	 sutured	with	
resorbable	sutures	(VICRYL	RAPIDE;	Ethicon).

Fourteen	days	 following	 surgery,	 animals	were	 euthanized	with	
an	overdose	of	ketamine	chlorohydrate	 (Rhone	Merieux)	at	90	mg/
kg	body	weight	and	xylazine	(Vitamed)	at	10	mg/kg	body	weight,	fol‐
lowed	by	asphyxiation	with	carbon	dioxide	(CO2).	Dermal	tissues	were	
dissected	together	with	the	bone,	leaving	the	scalp	skin	undisturbed	
covering	 the	membrane	disks.	The	calvaria	and	surrounding	 tissues	
were	retrieved,	fixed	in	4%	neutral	buffered	formalin,	decalcified	for	
10	weeks	 in	 a	10%	ethylenediaminetetraacetic	 acid	 (EDTA,	pH	7.3)	
solution,	washed,	dehydrated	in	ethanol	and	xylene,	and	embedded	in	
paraffin.	Sagittal	5‐μm	sections	were	made,	and	those	that	included	
the	central	area	of	the	membrane	were	selected	for	comparative	anal‐
ysis	of	CM	degradation.	Some	of	the	sections	obtained	were	stained	
with	hematoxylin	and	eosin	(H&E)	for	histological	analysis,	and	adja‐
cent	sections	were	stained	with	Horseradish	peroxidase	(HRP)‐conju‐
gated	streptavidin	(ZytoChem	systems)	according	to	the	protocol	of	
the	manufacturer	to	detect	biotinylated	collagen.	Briefly,	slides	were	
incubated	with	HRP‐conjugated	strepavidin	solution	of	two	drops	for	
30	minutes	 at	 room	 temperature,	 followed	 by	 detection	with	DAB	
substrate	kit	 (ScyTek)	and	hematoxylin	counterstain.	All	slides	were	
mounted	with	an	aqueous	solution	of	glycerol	vinyl	alcohol	(Zytomed).

Histological	 evaluation	 was	 performed	 by	 two	 investigators	
(DB,	ME).	 Stained	 sections	were	 photographed	with	 a	 digital	 cam‐
era	 (AxioCam	 MRc;	 Carl	 Zeiss)	 mounted	 on	 a	 light	 microscope	
(AxioImager	 M2;	 Carl	 Zeiss)	 with	 a	 20×	 objective.	 Multiple	 digital	
scans	were	stored	for	each	sample	and	analyzed	for	the	thickness	and	
residual	collagen	content	of	the	membrane,	skin,	membrane	voids	and	
the	gap	between	the	membrane	and	the	surrounding	tissues.

A	rectangle	measuring	0.625	mm	×	0.4	mm	(0.25	mm2)	was	de‐
fined	as	a	region	of	interest	(ROI).	This	ROI	was	superimposed	on	three	
areas	(anterior,	middle,	and	posterior)	of	each	disk	on	the	histological	
section.	A	grid	was	 superimposed	on	 the	ROI	 and	 the	distance	be‐
tween	the	counting	points	was	40	μm.	The	number	of	the	counting	
points	on	the	grid	that	hit	the	collagen,	soft	tissue	and	voids	within	the	
ROI	were	registered	(Figure	3)	using	the	ZEN	pro	2012	software.	Two	
non‐implanted	biotin‐labeled	disks	(one	immersed	in	HA	and	the	other	
one	 in	 PBS)	were	 processed	 the	 same	way	 and	 served	 as	 baseline.	
Membrane	 thickness	was	measured	 in	3	pre‐defined	 sites	 (anterior,	

middle,	and	posterior)	along	the	disks.	The	size	of	the	gap	between	the	
membrane	and	the	skin	or	the	bone	was	measured	in	3	different	loca‐
tions	(anterior,	middle,	and	posterior).	 In	each	slide,	the	mean	of	the	
measurements	within	each	disk	served	as	a	unit	for	statistical	analysis.	
Several	slides	from	each	specimen	were	also	stained	with	hematoxylin	
and	eosin	to	identify	the	surrounding	tissues	(Figure	4).

The	sample	size	of	the	experiments	was	chosen	to	comply	with	a	
Type	II	error	of	20%	and	expected	effect	size	of	0.7.

The	 following	parameters	were	evaluated	by	non‐parametrical	
analysis	 (Kruskal‐Wallis	 test)	 instead	of	ANOVA	without	assuming	
consistent	standard	deviation:	(a)	Membrane	thickness,	(b)	Collagen	
area,	(c)	Soft	tissue	area,	(d)	Mean	gap	distance,	and	(e)	Inside	void	
space	area.	When	the	Kruskal‐Wallis	test	was	significant,	two‐stage	
step‐up	method	of	Benjamini,	Krieger	 and	Yekutieli	 post	 hoc	 test	
was	performed	for	multiple	comparisons.	Results	were	considered	
statistically	 significant	 at	 P < 0.05. All statistic calculations were 
made	by	GraphPad	Prism	7.0	software	(GraphPad	Software,	Inc.).

3  | RESULTS

3.1 | In vitro

Adsorption	to	and	release	kinetics	of	HA	from	the	collagen	membranes	
was	evaluated	by	an	ELISA	quantification	assay	(Figure	5).	The	porcine	
pericardium	membranes	adsorbed	roughly	80%	of	the	total	HA	within	
a	5‐minute	pre‐coating	period.	These	values	decreased	to	65%	follow‐
ing	a	saline	rinse	with	PBS.	Thereafter,	HA	was	gradually	released	over	
a	10‐day	period	from	15	minutes	in	a	controlled	manner.	After	15	min‐
utes,	61.3%	of	the	residual	HA	remained	adsorbed	on	the	collagen	mem‐
brane	and	this	decreased	to	36.3%	following	a	10‐day	period	(Figure	5).

3.2 | In vivo

All	 16	 STZ‐injected	 rats	 demonstrated	 glucose	 level	 >200	 mg/dL	
after	 5	 days	 and,	 accordingly,	 were	 considered	 diabetic.	 Animals	

F I G U R E  4  Presentation	of	anterior,	
middle,	and	posterior	ROI	superimposed	
on	the	membrane	(magnification	×10)

F I G U R E  5  Adsorption	to	and	gradual	release	kinetics	of	HA	
from	the	collagen	membranes
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injected	with	citrate	buffer	did	not	develop	diabetes	and,	therefore,	
served	as	a	normoglycemic	control	group.	Healing	following	the	sur‐
gical	procedure	for	the	collagen	disk	implantation	was	uneventful	in	
all	 animals.	HA	did	not	 interfere	with	 tissue	 integration	and	struc‐
tural	degradation	of	the	pericardial	collagen	membrane.

After	 two	weeks,	HA	was	 observed	mostly	 outside	 the	mem‐
brane	or	at	the	border	of	the	membrane	in	all	the	histological	sec‐
tions	of	the	control	(c+)	or	the	diabetic	group	(d+).	The	appearance	
of	HA	was	 amorphous	with	 a	 round	 shape	 and	 light	purple‐bluish	
color	(Figure	6).

The	membrane	thickness	without	HA	immersion	statistically	sig‐
nificantly	decreased	in	the	diabetic	group	(d−)	when	compared	to	the	
control	groups	(c−/c+).	There	was	no	difference	in	membrane	thick‐
ness	between	the	control	groups	(c−	vs	c+),	while	the	addition	of	HA	
to	the	diabetic	group	statistically	significantly	demonstrated	higher	
membrane	thickness	(d−	vs	d+).	There	was	no	statistically	significant	
difference	between	membrane	thickness	in	the	diabetic	group	with	
HA	 (d+)	compared	to	 the	membranes	 in	 the	control	groups	 (c+/c−;	
Figure	7).

The	area	of	residual	collagen	in	PBS‐immersed	disks	was	lower	
compared	 with	 that	 of	 HA‐immersed	 disks	 in	 diabetic	 rats	 at	
2	weeks	(30.02%	±	4.89	vs.	70.10%	±	10.71	of	baseline,	respectively	
(P	 <	0.0001)).	 Immersion	 in	HA	 significantly	 increased	 the	 area	of	
residual	collagen	 in	diabetic	but	not	 in	 the	normoglycemic	animals	
(Figures	8,	9).

HA	immersion	decreased	the	soft	tissue	component	in	the	mem‐
branes	 in	 both	 control	 and	diabetic	 rats	 (c+	 and	d+).	 Especially,	 in	

diabetic	rats,	HA	treatment	showed	significantly	 lower	percentage	
of	soft	tissue	area	in	the	membrane	sites	(d−	vs	d+).	In	other	words,	
diabetes	increased	significantly	the	soft	tissue	component	inside	the	
PBS‐immersed	disks	while	 the	HA‐immersed	disks	 showed	signifi‐
cantly	less	soft	tissue	component	inside	the	membrane	disks	(d−	vs	
d+;	45%	±	8.89	vs.	19%	±	10.71	of	baseline,	respectively	[P	<	0.0001])	
at	2	weeks	(Figure	10).

The	gap	between	the	collagen	membrane	and	 the	surrounding	
bone	or	skin	was	wider	in	the	two	HA	groups	compared	to	the	two	
groups	without	HA.	The	differences	were,	however,	not	statistically	
significant	(Figures	11,	12).

Without	HA,	diabetic	rats	showed	significantly	higher	percent‐
age	of	internal	membrane	void	area	when	compared	to	control	rats	
(c−	 vs	 d−).	 HA	 immersion	 significantly	 decreased	 the	 membrane	
void	area	in	diabetic	rats	(d−	vs	d+)	but	not	in	control	rats	(c−	vs	c+;	
Figure	13).

Comparison	within	the	control	groups	revealed	that	HA	had	a	re‐
ducing	effect	on	the	amount	of	soft	tissue	occupying	the	membrane	
and	on	keeping	membrane	thickness	with	collagen	content,	but	this	
was	not	found	to	be	statistically	significant.

In	the	diabetic	group,	HA‐immersed	disks	were	1.7‐time	thicker	
than	PBS‐immersed	disks.	The	magnitude	of	the	HA	effect	was	in‐
variably	more	pronounced	in	diabetic	rats.

Although	 not	measured	microscopically,	 in	 the	 normoglycemic	
animals,	no	inflammatory	infiltrate	was	observed	around	the	mem‐
branes	 both	 in	 HA‐immersed	 and	 PBS‐immersed	 collagen	 disks.	

F I G U R E  6  Histological	evaluation	with	
hematoxylin	and	eosin.	HA	appeared	as	
amorphous	or	round	light	purple‐bluish	
color	(magnification	×20)

F I G U R E  7  Membrane	thickness	measurements	in	millimeters	
showing	that	HA	maintained	membrane	thickness	when	used	in	the	
diabetic	rats	(d+	group)

F I G U R E  8  Percentage	of	residual	collagen	area	inside	the	ROI	
showing	that	adding	HA	to	the	membrane,	contributed	to	better	
preservation	of	collagen	content	in	the	diabetic	group
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However,	 a	 marked	 inflammatory	 infiltrate	 largely	 consisting	 of	
mononuclear	cells	was	apparent	within	 the	 tissue	surrounding	 the	
PBS‐immersed	collagen	membranes	in	the	diabetic	group,	while	the	
surrounding	of	the	HA‐immersed	disk	showed	distinctly	less	inflam‐
mation	very	much	like	the	normoglycemic	group	(Figures	14,	15).

4  | DISCUSSION

Collagen	 barrier	 membrane	 longevity	 plays	 a	 crucial	 role	 in	 the	
success	 of	 regenerative	 procedures.8‐11,30	 The	 use	 of	 a	 barrier	
membrane	 is	 mandatory	 in	 GBR	 procedures,	 enabling	 unimpaired	
regeneration.31	 Collagen	membrane	 degradation	 is	 carried	 out	 by	
the	host's	 tissue	 inflammatory	process.	This	phase	 is	 regulated	by	
pro‐inflammatory	cytokines	leading	to	the	synthesis	of	matrix	metal‐
loproteinases	(MMPs)	by	fibroblasts	and	inflammatory	cells	such	as	
macrophages.32‐34

In	uncontrolled	diabetes,	elevated	oxidative	stress	and	inflamma‐
tion are evident.35	Increased	expression	of	MMPs	has	been	observed	
in	 almost	 every	 inflammatory	 human	 disease.	 Scientific	 reports	
demonstrated	that	the	level	of	MMPs	is	higher	and	the	level	of	tis‐
sue	inhibitors	of	metalloproteinases	(TIMPs)	is	lower	in	uncontrolled	
diabetic conditions.36,37	This	 could	explain	 the	enhanced	degrada‐
tion	of	CMs	in	uncontrolled	diabetic	rats	as	previously	described.17,18 
Although	the	current	study	used	a	different	source	for	the	collagen	
membrane,	this	fact	did	not	influence	the	tendency	of	the	collagen	
membrane	 to	degrade	 faster	 in	STZ‐induced	uncontrolled	diabetic	
rats.	Cross‐linked	membranes	have	a	much	higher	degradation	time	
compared	to	native	collagen	membranes	and	therefore	may	show	a	
different	behavior	in	diabetic	patients.

In	the	current	and	previous	studies,	the	 inflammatory	cell	 infil‐
trate	of	the	tissues	surrounding	the	PBS‐immersed	CMs	was	more	
pronounced	in	the	diabetic	animals	compared	to	the	normoglycemic	

F I G U R E  9  Histological	view	of	four	
collagen membranes stained in red/
brown	with	Avidin‐biotin‐HRP	reaction,	
14	d	after	implantation	in	normoglycemic	
groups	(C−/C+)	or	diabetic	groups	(d−/d+;	
magnification	×20)

F I G U R E  1 0  Percentage	of	soft	tissue	components	area	inside	
the	membrane	ROI

F I G U R E  11  Mean	gap	measurements	in	millimeters
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groups.17,18	It	may	thus	be	anticipated	that	by	reducing	the	inflam‐
matory	process	with	an	anti‐inflammatory	adjuvant,	the	accelerated	
collagen membrane degradation may be slowed down.

HA	is	known	as	an	anti‐inflammatory	and	an	antioxidant	mate‐
rial.38,39	A	number	of	RCTs,	systematic	reviews,	and	meta‐analyses	
have	evaluated	the	effect	of	HA	on	chronic	inflammation.26,27,38

However,	to	the	best	of	our	knowledge,	currently,	there	are	no	
studies	measuring	collagen	membrane	degradation	following	its	im‐
mersion	in	HA	in	a	preclinical	in	vivo	study.	The	present	animal	study	

was	conducted	to	evaluate	the	effect	of	HA	on	the	structural	and	
biological	properties	and	on	degradation	of	a	widely	used	pericardial	
collagen membrane.

Histological	findings	have	shown	that	the	immersion	in	a	cross‐
linked	HA	gel	did	not	interfere	with	the	structure	and	degradation	of	
the	collagen	membranes	or	soft	tissue	invasion	into	it.	Our	findings	
are	in	line	with	the	results	from	another	study	in	normoglycemic	rats	
showing	that	HA	did	not	interfere	with	tissue	integration	and	struc‐
tural	degradation	of	collagen	membranes.28

On	one	 hand,	 the	 present	 study	 has	 shown	 that	 immersion	 in	
HA	gel	 resulted	 in	delayed	degradation	of	 the	CM	 in	uncontrolled	
STZ‐induced	diabetic	 rats.	On	 the	other	hand,	 this	 effect	was	not	
demonstrated	 in	 the	 normoglycemic	 group,	 since	 HA‐	 and	 PBS‐
immersed	 CMs	 showed	 no	 statistically	 significant	 differences	 re‐
garding	 residual	 collagen	 membrane	 content	 and	 thickness.	 The	
fact	 that	HA	has	an	effect	only	on	 implanted	collagen	membranes	
in	uncontrolled	diabetic	 rats	may	be	explained	by	 the	decrease	 in	
the	magnitude	of	 chronic	 inflammation	 typical	 in	diabetic	animals.	
Several	studies	showed	that	healing	of	diabetic	wounds	(ie,	diabetic	
foot	ulcers)	is	improved	following	the	use	of	HA.27	It	has	been	pre‐
viously	demonstrated	that	in	inflammatory	situations,	HA	acts	as	a	
modulator	 to	 inflammation.26	Such	anti‐inflammatory	effects	were	

F I G U R E  1 2  Histological	view	of	
gap	measurements	of	two	collagen	
membranes	with	HA	stained	in	red/
brown	with	Avidin‐biotin‐HRP	reaction,	
14	d	after	implantation	in	normoglycemic	
group	(C+)	or	diabetic	group	(d+;	
magnification	×10)

F I G U R E  1 3  Percentage	of	voids	area	inside	membrane

F I G U R E  1 4   Inflammatory	infiltrate	can	hardly	be	noticed	
around	and	within	the	HA‐immersed	membrane	in	the	diabetic	
animals.	(staining:	Biotin‐strepavidine‐HRP,	magnification	×40)

F I G U R E  1 5  Marked	inflammatory	infiltrate,	largely	consisting	
of	mononuclear	cells,	can	be	noticed	around	and	within	the	
PBS‐immersed	membrane	in	diabetic	animals.	(staining:	Biotin‐
strepavidine‐HRP,	magnification	×40)
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also	demonstrated	in	two	other	in	vitro	studies.40,41	Thus,	it	may	be	
anticipated	that	the	“modulating”	effect	of	HA	on	the	chronic	inflam‐
matory	processes	encountered	in	uncontrolled	diabetes,	resulted	in	
decreased	levels	of	MMPs	which	in	turn	delayed	CM	degradation.

Immersion	of	CMs	in	HA	prior	to	implantation	in	STZ‐induced	
uncontrolled	diabetic	 rats	has	an	 inhibitory	effect	on	membrane	
degradation	 and	 soft	 tissue	 cell	 invasion	 into	 it.	 In	 the	 present	
study,	 membranes	 were	 implanted	 subcutaneously	 under	 the	
scalp,	which	is	a	closed,	extra‐oral	environment.	Therefore,	results	
cannot	be	directly	compared	with	GBR/GTR	procedures	in	the	oral	
cavity,	especially	in	cases	where	membranes	may	become	exposed	
and	 contaminated.	 The	 use	 of	 high	molecular	 weight	 HA	 to	 ac‐
celerate	new	bone	formation	in	extraction	sites	was	studied	pre‐
viously42;	however,	 the	possible	effect	of	HA	on	bone	formation	
is	beyond	 the	scope	of	our	study.	The	 in	vitro	part	of	 this	 study	
demonstrated	that	HA	is	adsorbed	to	the	CM	and	slowly	released	
into	 the	surrounding	medium.	This	may	 lead	 to	a	 theoretical	un‐
derstanding	that	HA	will	be	released	from	the	CM	in	a	slow	release	
mode,	also	to	the	surrounding	tissues	potentially	assisting	 in	de‐
laying	membrane	degradation	in	uncontrolled	diabetes.	However,	
further	studies	are	necessary	to	explore	the	delaying	mechanism	
of	HA‐immersed	CMs	on	the	inflammatory	cells	and	to	explore	the	
clinical	relevance	of	these	findings.
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