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a b s t r a c t

This study investigated critical physicochemical attributes of low (LV), medium (MV) and high molec-
ular weight (HV) sodium carboxymethylcellulose (SCMC) scaffolds in partial thickness wound healing.
SCMC scaffolds were prepared by solvent-evaporation technique. Their in vitro erosion, moisture affinity,
morphology, tensile strength, polymer molecular weight and carboxymethyl substitution, and in vivo
wound healing profiles were determined. Inferring from rat wound size, re-epithelialization and histo-
logical profiles, wound healing progressed with HV scaffold > LV–MV scaffold > control with no scaffold.
The transepidermal water loss (TEWL) from wound of rats treated by control > HV scaffold > LV–MV scaf-
fold. HV scaffold had the highest tensile strength of all matrices and was resistant to erosion in simulated
ransepidermal water loss

ound dressing
ound healing

wound fluid. In spite of constituting small nanopores, it afforded a substantial TEWL than MV and LV
scaffolds from wound across an intact matrix through its low moisture affinity characteristics. The HV
scaffold can protect moisture loss without its excessive accumulation at wound bed which hindered re-
epithelialization process. Regulation of transepidermal water movement and wound healing by scaffolds
was governed by SCMC molecular weight instead of its carboxymethyl substitution degree or matrix pore

ge m
size distribution, with lar

. Introduction

Sodium carboxymethylcellulose (SCMC) is a sodium salt of car-
oxymethyl ether cellulose. It is synthesized by swelling cellulose
ith sodium hydroxide and alkali-catalyzed reaction of cellu-

ose with chloroacetic acid (Sudhakar et al., 2006). The degree
f ether substitution of carboxymethylcellulose, defined as num-
er of hydroxyl groups substituted by anhydroglucose unit, varies
etween 0.60 and 1.00 in grades for pharmaceutical application
Sebert et al., 1994). Its molecular weight, on the other hand,
an range from 90,000 to 2,000,000 g/mol (Kulicke et al., 1996;
udhakar et al., 2006). SCMC has been widely employed as viscos-
ty modifier, emulsifier, stabilizer and lubricant in the development
f pharmaceutical dosage forms (Guo et al., 1998; Ludwig, 2005;
udhakar et al., 2006). The rheological profile of carboxymethyl-

ellulose is found to be largely affected by molecular weight of
he polymer chains instead of degree of substitution of cellulose
tructure (Kulicke et al., 1996).

∗ Corresponding author at: Faculty of Pharmacy, Universiti Teknologi MARA,
2300, Puncak Alam, Selangor, Malaysia.
el.: +60 3 32584691; fax: +60 3 32584602.
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olecular weight HV preferred over lower molecular weight samples.
© 2010 Elsevier B.V. All rights reserved.

Carboxymethycellulose has a high water bonding capacity, good
compatibility with skin and mucous membrane, is physiologi-
cally harmless and available abundantly at a low price (Kulicke et
al., 1996; Liu et al., 2007; Ludwig, 2005; Sudhakar et al., 2006).
These attributes render it suitable for use as matrix polymer for
wound dressing. Over the years, SCMC has been utilized as the sole
material or in combination with drug and co-excipients in wound
dressing for the treatment of partial thickness wound, deep dia-
betic foot ulcer, pressure sore, surgical wound, toxic epidermal
necrolysis, and as dermal filler (Caruso et al., 2004; D’Hemecourt
et al., 1998; Huang and Yang, 2008; Huang et al., 2010; Kamer
et al., 2008; Liu et al., 2007; Piaggesi et al., 2001; Vloemans et al.,
2001; Wang et al., 2007; Williams, 1999). Drugs such as silver and
co-excipients such as hyaluronic acid, poly(N-vinyl pyrrolidone),
gelatin, pectin or propylene glycol have been used in formulation of
SCMC-based dressings. These wound dressings are available in the
form of sponge, hydrogel, hydrofibre or membrane. In formulation
complexing with co-excipients, toxic reagent or organic solvent
is applied in parts of the fabrication process. Additional purifica-
tion steps, flame-proof facility and solvent recovery equipment are

needed thereby increasing the cost of product.

In the absence of drug or co-excipient, pure SCMC dressing has
found its application in partial thickness burn, leg ulcer, surgical
wound and pressure sore through providing warm, moist local
wound conditions for optimum healing (D’Hemecourt et al., 1998;

dx.doi.org/10.1016/j.ijpharm.2010.10.023
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:wongtinwui@salam.uitm.edu.my
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iaggesi et al., 2001; Vloemans et al., 2001; Williams, 1999). Pure
CMC dressing, in spite of being drug free, does not negatively
mpact but instead it promotes wound healing with good toler-
nce similar to drug loaded dressing. In comparison to allograft
kin, pure SCMC dressing is a simpler and safer alternative. The
ourcing of allograft skin can be difficult. The skin may be a bed
or disease transmission and is often met with poor religion or
ocial acceptance. Nonetheless, it is not known if the reported SCMC
ressing represents the best drug-free matrix for wound healing.
he moisture diffusion can be governed by pore size distribution of
matrix (Karathanos and Saravacos, 1993). The pore characteristics
f a matrix can affect the moisture protection capacity of a dress-
ng. There is no research study hitherto examining the relationship
etween construct of SCMC dressing and its wound healing capac-

ty. Similar comments have been made by Czaja et al. (2006) on
embrane prepared from microbial cellulose. As such, the present

tudy aims to investigate the physicochemical attributes of SCMC
caffolds and their effects on moisture protection and healing using
artial thickness wound as the model injury.

. Materials and methods

.1. Materials

High molecular weight SCMC (HV, Sigma–Aldrich Chemie,
etherlands), medium molecular weight SCMC (MV, Sigma–
ldrich Chemie, Germany) and low molecular weight SCMC (LV,
igma–Aldrich Chemie, Germany) were employed as matrix poly-
ers of scaffolds. Other chemicals employed in this study included

isodium hydrogen orthophosphate anhydrous (Fischer Scientific,
K) and sodium hydroxide (Merck, Germany) for the preparation
f buffer, sodium chloride (Merck, Germany) for the prepara-
ion of wound cleansing solution, sodium azide (Merck, Germany)
nd dextran (Sigma–Aldrich Chemie, Germany) for gel permeation
hromatography analysis, Haeris haematoxylin (VWR Interna-
ional, UK), eosin (Microm International, Germany), picric acid
Sigma–Aldrich Chemie, Germany), fuchsin acid (Ajax Finechem,
ustralia), hexane (Merck, Germany), ethanol (Merck, Germany)
nd xylene mixtures of isomers with dibutylftalan (VWR Interna-
ional, UK) for histology study, and ketamine hydrochloride and
ylazine hydrochloride (Troy Laboratories, Australia) as anaes-
hetic agents.

.2. Preparation of SCMC scaffold

2% (w/w) SCMC suspension was left for hydration for at least 6 h
t 25.0 ± 1.0 ◦C under continuous magnetic stirring at 150 ± 1 rpm.
ifty gram of air bubble-free and hydrated polymer solution were
hen transferred into a glass petri dish (internal diameter = 9 cm),
imilar to a protocol adopted by Ashikin et al. (2010). The solu-
ion was left to hot air drying in the oven (Memmert, Germany)
t 40.0 ± 0.5 ◦C for 5 days. The dried scaffold was shaped into cir-
ular matrices with a diameter of 22 mm, an average weight of
.05 ± 0.01 g and an average thickness of 0.127 ± 0.010 mm by a
tainless steel moulding system. The circular shaped samples were
onditioned in desiccators prior to tests. At least triplicates were
arried out for each scaffold formulation.

.3. Erosion and water uptake
The analysis of scaffold erosion and water uptake capacity
as conducted by immersing an accurately weighed scaffold with

nown size in a glass lid-covered petri dish containing 20 ml USP
hosphate buffer pH 7.4 (sink condition simulating the pH of
ound bed) and incubated at 37.0 ± 0.2 ◦C (Memmert, Germany)
l of Pharmaceutics 403 (2011) 73–82

for a duration of 12 h. At specific intervals, the weight of scaf-
fold was characterized after removing its surface moisture through
running the scaffold gently over a dry petri dish till no sign of mois-
ture left on the immediate dish surface contacted by scaffold. The
scaffold was then oven-dried at 40.0 ± 0.5 ◦C for 5 days and subse-
quently equilibrated to a constant weight by storing in a desiccator
at 25.0 ± 1.0 ◦C.

The erosion (EI) and water uptake (WUI) indices of scaffold were
defined as:

EI = Wi − Wt(d)

Wi
× 100% (1)

where Wi = initial dry scaffold weight and Wt(d) = dry weight of scaf-
fold collected at time, t.

WUI = Wt − Wt(d)

Wt(d)
× 100% (2)

where Wt = wet weight of scaffold at t.
Ten replicates were conducted and the results averaged.

2.4. Moisture content

The moisture content of a scaffold was determined using skin
hydration measurement device (Corneometer® CM825, Cologne,
Germany) as previously reported (Anuar et al., 2007; Wong et al.,
2007). Triplicates were conducted and the results averaged.

2.5. Moisture adsorption

An accurately weighed scaffold (Wi) was placed on a petri dish
located in a weighing microbalance (Sartorius AG, Germany) with
its relative humidity maintained at 90.0 ± 2.0% by means of deion-
ized water. The weight changes of scaffold (Wt) were recorded at
specified intervals over a period of 5 h at 25.0 ± 2.0 ◦C. The moisture
adsorption capacity (MAC) of scaffold was defined by the following
equation:

MAC = Wt − Wi

Wi
× 100% (3)

Triplicates were conducted and the results averaged.

2.6. Surface and cross-sectional morphology

The surface and cross-sectional structures of a scaffold were
examined using the field emission scanning electron microscopy
technique (JSM-6360LA, JEOL, Japan). The scaffold was fixed with
a carbon tape onto studs without prior treatment in examination
of surface structure, and with prior freeze cutting using the liquid
nitrogen at −196 ◦C in case of elucidating its cross-sectional mor-
phology. The prepared studs were platinum-coated and viewed
directly under a scanning electron microscope at an accelerating
voltage of 1 kV. The morphological images of scaffold were cap-
tured using low emission imaging detector mode. Representative
sections were photographed.

2.7. Molecular weight

The molecular weight of SCMC for use in scaffold fabrication
was determined using a gel permeation chromatography tech-
nique (1100 series, Agilent Technologies, Germany) by means of
a refractive index detector as previously reported by Ashikin et al.

(2010). PL aquagel-OH mixed column (7.5 × 300 mm; 8 �m; Agi-
lent Technologies, United Kingdom) was used with mobile phase
consisted of 0.1% (w/w) sodium azide dissolved in deionised water.
The flow rate of mobile phase and column temperature was kept
at 0.5 ml/min and 30 ◦C respectively. Dextrans with molecular
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eights of 50,000, 80,000, 150,000, 270,000, 410,000, 670,000
nd 1,400,000 Da were used as standards. 10 mg/ml of sample
olution was filtered through a cellulose nitrate membrane (pore
iameter = 0.45 �m, Sartorius, Germany) before analysis. At least
riplicates were conducted and the results averaged.

.8. Fourier transform infra-red spectroscopy study

A total of 2.5% (w/w) of sample, with respect to potassium bro-
ide (KBr) disc, was mixed with dry KBr (FTIR grade, Aldrich,
ermany). The mixture was ground into a fine powder using
n agate mortar before compressing into a disc. Each disc was
canned at a resolution of 4 cm−1 over a wavenumber region
f 400–4000 cm−1 using a FTIR spectrometer (Spectrum 100
TIR system, Perkin Elmer, USA). The characteristic peaks of IR
ransmission spectra were recorded. The substitution degree of car-
oxymethyl moiety on SCMC was calculated from the quotient of
bsorbance values at 1601.3–1625.3 cm−1 to 3262.2–3436.9 cm−1

f which denoted C O of carboxymethyl moiety to O–H func-
ional group of the main SCMC chain. A higher absorbance quotient
alue represented a higher degree of carboxymethyl moiety sub-
titution. At least triplicates were conducted and the results
veraged.

.9. Wound healing study

Healthy male Sprague Dawley rats (Genetic Improvement and
arm Technologies Sdn Bhd, Malaysia), aged 3 months and weighed
00 ± 20 g, were acclimatized for 7 days in individual housing under
2 h light/dark cycle with deionized water and animal feed given
d libitum. The ambient temperature was set at 25.0 ± 2.0 ◦C with
elative humidity maintained at 55.0 ± 2.0% in automated caging
ystem installed with HEPA filter system (Techniplast, Italy) and
ubjected to daily 70% (w/w) ethanolic solution swap. The rats were
andomly divided into 12 per group as control, animals receiving
V, MV and HV scaffolds.

The wounding of animal proceeded at day 8 with anaesthe-
ia being first induced by means of an intramuscular injection of
etamine and xylazine at 90 mg/kg and 10 mg/kg body weight of
odent respectively. Subsequently, the hair at dorsal region was
emoved using a sharp blade and the shaved area was cleansed with
lcohol swab. The contact partial thickness wound was produced on
he shaved dorsal region of each rat using deionised water heated to
5.0 ± 5.0 ◦C through placing 6 ml of water in a circular plastic ring
internal diameter = 1.27 cm; external diameter = 2.20 cm) secured
nto the shaved region of rat by an adhesive agent for 1 min in 9
epetitive cycles. Following the wound induction, the scaffold was
pplied onto the wounded area with the aid of standard gauze and
M adhesive tape. The control rats were defined as animals with
o dressing applied. All experiments were conducted in accordance
o institutional ethics policy adapting the international guidelines
OECD Environment, Health and Safety).

.10. Wound morphology

The surface morphology of wound was recorded using a digital
amera (Olympus �720 SW, Olympus, Japan) at specific intervals
f healing process in the absence of scaffold. The size of wound
as determined using the digital micrometer (Mitutoyo, Japan).
e-epithelialization was inferred from the size profile of wound as

escribed by the following equation:

Percentage re-epithelialization

= (Wound size at t = 0) − (Wound size at t)
Wound size at t = 0

× 100% (4)
l of Pharmaceutics 403 (2011) 73–82 75

where the wound size was an average measurement from the
longest and shortest dimensions of a wounded area.

2.11. Transepidermal water loss (TEWL)

The propensity of TEWL from wound through scaffold was
determined using Tewameter® TM300 attached to Cutometer 580
MPA® (Courage + Khazaka, Germany). The principle of TEWL was
based upon the diffusion principle in an open chamber as described
by:

dm

dt
= D × A × dp

dx
(5)

where A was surface area (m2), m was moisture transported (g),
t was time (h), p was atmospheric vapour pressure (mmHg), D
was diffusion constant (0.0877 g/m mmHg h) and x was distance
from scaffold/skin surface to point of measurement. The measure-
ment of TEWL was conducted under a controlled ambient relative
humidity of 55.0 ± 5.0% and temperature of 25.0 ± 2.0 ◦C with min-
imal interference of air current. The probe head in contact with the
test surfaces had small but constant surface area and light weight
to minimize the influence of air turbulences inside the probe and
unnecessary physical exertion of probe onto scaffold and wound
respectively. Triplicates were conducted on each wound area and
the results averaged.

2.12. Histology

Rats were sacrificed after a pre-determined period of heal-
ing. The wounded skin which included its subcutaneous tissue
was collected for histological analysis. All skin specimens were
frozen at −20 ◦C and fixed with the aid of Jung tissue freezing
medium® (Leica, Germany). Following fixation, vertical sections
of skin with a thickness of 5 �m were produced using the cryo-
stat (CM 1850 UV, Leica, Germany) and collected on glass slide.
The fat content of microtomed samples was removed using xylene
with subsequent cleaning and dehydration by ethanol. The sam-
ples were then subjected to haematoxylin and eosin or van
Gieson staining and observed under a light microscope (Pro-
gRes C3, Leica, Germany). At least 5 replicates were conducted
on each wound area and the representative sections were pho-
tographed.

2.13. Tensile strength

2.13.1. SCMC scaffold
The tensile strength at break of scaffolds was determined using a

texture analyzer (Stable Micro System Ltd, Surrey, UK). The scaffold
was cut into a rectangular shaped strip with 7.5 cm in length and
3.5 cm in width. It was mounted between upper and lower grips
of analyzer. The pre-test speed, test speed, and withdrawal speed
were fixed at 1.0, 0.5, and 0.5 mm/s respectively, with an acquisition
rate of 200 points/min. Sample was uniaxially pulled with 30 kg
loads. The maximum force to break was recorded. Triplicates were
conducted and the results averaged.

2.13.2. Rat skin
The skin was harvested from rats receiving no dressing or

treated with LV, MV and HV scaffolds after 30 days of experimen-
tation. The furs on the healed region of wounded skin were shaved.
The skin was cleansed with 0.9% (w/v) sodium chloride solution

with the fat layers removed by means of a scalpel instead of organic
solvent to avoid tissue distortion. The skin was cut into a strip of
5 cm in length and 2.5 cm in width. This strip was mounted between
upper and lower grips of analyzer. The pre-test speed, test speed
and withdrawal speeds were fixed at 5, 3, and 10 mm/s respectively,
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ith an acquisition rate of 200 points/min. Sample was uniaxially
ulled with 30 kg loads. The maximum force to break was recorded
nless otherwise stated. Triplicates were conducted and the results
veraged.

Fig. 1. Photomicrographs of H&E stained histology section for

Fig. 2. Macroscopic wound images of rats with no applied sca
l of Pharmaceutics 403 (2011) 73–82
2.14. Statistical analysis

All values were expressed in mean and standard deviation. The
data were evaluated by Pearson correlation test, Student’s t-test

(a) normal skin and (b) partial thickness wounded skin.

ffold (control) and treated by LV, MV and HV scaffolds.
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r analysis of variance followed by post-hoc analysis. The level of
ignificance was set at p < 0.05.

. Results and discussion

.1. Wound morphology

Fig. 1 shows that the rats were characterized by partial thickness
ound. The entire epidermis and a variable fraction of dermis were
estroyed by treating their dorsal abdominal skin with scalding
ater at 65 ◦C. The application of LV, MV and HV scaffolds accel-
rated the rate of wound healing. The size of wound was smaller
nd the propensity of re-epithelialization was higher in rats treated
ith SCMC scaffold than control (Figs. 2 and 3). The influence of

CMC scaffold on wound healing was similar to the recent findings
f drug-free polyvinyl alcohol–chitosan hydrogel dressing particu-

Fig. 3. Profiles of (a) wound size and (b)
l of Pharmaceutics 403 (2011) 73–82 77

larly in case of wound size reduction (Sung et al., 2010). A smaller
wound size in rats was noted with LV and MV scaffolds than con-
trol within the first 5 days of treatment (Fig. 3A, ANOVA: p < 0.05),
and throughout 2 weeks when HV scaffold was used as dressing
(Fig. 3A, ANOVA: p < 0.05).

At day 0 following the treatment of rats by scalding water, the
skin demonstrated a white eschar with a hyperemic zone at the
periphery of wound (Fig. 2). With time, the wound progressed from
white eschar to a state of full hyperemia which indicated that the
red blood cells undergoing extravasation. The rats treated with HV
scaffold demonstrated a remarkably faster reduction in wound size
and a higher re-epithelialization propensity than control and rats

treated with LV or MV scaffold (Figs. 2 and 3, ANOVA: p < 0.05).
These rats required 22 days to gain full re-epithelialization. A longer
duration of 33 and 24 days were needed by control and rats treated
with LV or MV scaffold in order to achieve the similar extent of
re-epithelialization.

state of re-epithelialization of rats.
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ig. 4. Photomicrographs of H&E stained histology section for (a) control rat at day
ection at day 14 for (d) control rat, (e) MV/LV-treated rats and (f) HV-treated rat.

Histology study using haematoxylin and eosin staining tech-
ique indicated that inflammatory responses with neutrophil and
acrophage infiltration took place at the early phase of wound

ealing (Fig. 4A). At day 2 onwards, fibroblasts were identified in the
issue specimen (Fig. 4B and C). The macrophages were involved in
ctivation of fibroblasts which were responsible for secretion of col-
agen, the main extracellular component of the skin (Kondo, 2007;
ark and Barbul, 2004). The macrophages migrated into wound
fter injury before fibroblast migration and replication (Kondo,
007). They secreted cytokines and growth factors, and regulated
artly the fibroblast chemotaxis, proliferation as well as synthe-
is of glycoaminoglycans, proteoglycans and collagen of the new
xtracellular matrix (Tsirogianni et al., 2006). Van Gieson stain-
ng of tissue specimen obtained at day 14 indicated that a more

omogeneous, closely packed and interwoven bundles of collagen
red-stained) and elastin (black-stained) fibres was noted in the
ounded region of rats treated with HV scaffolds than MV or LV

caffolds and control (Fig. 4D–F). The form of matrix could affect
he process of re-epithelialization (Ashcroft et al., 2002; Santoro

able 1
hysicochemical characteristics of rat skin, SCMC and its scaffolds.

LV

Polymer molecular weight (g/mol) 7.2571 × 105 ± 1.1246 × 104

Polymer carboxymethyl substitution degree 1.1680 ± 0.0869
Scaffold tensile strength (MPa) 53.1310 ± 5.4840
Scaffold treated-skin tensile strength (MPa) 14.1550 ± 3.2970
HV-treated rat at day 2, (c) HV-treated rat at day 7; van Giesons’ stained histology

and Gaudino, 2005; Tsirogianni et al., 2006) and these differences
can lead to a faster rate of wound healing when HV scaffold was
used in wound treatment. The collagen fibres are tough and resis-
tant to stretching (Premkumar, 2004). Tensile strength analysis of
wounded skins in rats treated with LV and MV scaffolds indicated
that these skins were characterized by a tensile strength amount-
ing to approximately 14 MPa (Table 1). The tensile strength of skin
obtained from rats treated with HV scaffold was not determinable.
This skin was resistant to be stretched under the given tensile load
and was deemed to have a higher tensile strength than skin treated
by LV and MV scaffolds.

3.2. Transepidermal water loss
TEWL refers to outward diffusion of water through skin (Levin
and Maibach, 2005). Its measurement is used to gauge the moisture
retention function of skin. The TEWL of rats was reduced when
the scaffold was applied onto wound (Fig. 5, ANOVA: p < 0.05).
The rats with wounded region treated with SCMC scaffold were

MV HV

2.8242 × 106 ± 3.2712 × 104 6.4442 × 106 ± 2.9769 × 105

0.9004 ± 0.2268 1.3424 ± 0.0897
57.9570 ± 6.0210 68.4030 ± 0.4120
14.2890 ± 2.0500 –
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Fig. 5. Profiles of TEWL of rats with no applied scaffold (control) and treated by LV, MV and HV scaffolds.

Fig. 6. FTIR spectra for (a) unprocessed LV, (b) unprocessed MV, (c) unprocessed HV, (d) LV Scaffold, (e) MV scaffold and (f) HV scaffold.



80 N.A. Ramli, T.W. Wong / International Journal of Pharmaceutics 403 (2011) 73–82

F nd cr

f
t
p
o
e
3
l
h

h
c
e
e
m
l
c
a
W
f
a
w
c
a
r

3

a
F
b
p
p
2
t
n
s
o

ig. 7. SEM surface morphology of (a) LV scaffold, (b) MV scaffold, (c) HV scaffold, a

ound to experience a faster healing rate owing to moisture reten-
ion at wound bed (Williams, 1999). In the absence of scaffold, the
ropensity of TEWL from wound of rats was high due to breakdown
f epithelial barrier and fluid migration from blood capillary to
xtravascular tissues. In rats receiving no dressing, approximately
0 days were required to reduce their propensity of TEWL to a base-

ine similar to those treated with SCMC scaffold, through gradual
ealing of wound (Fig. 5).

Both LV and MV scaffolds negated the propensity of TEWL to a
igher degree than HV scaffold within the first 7 days of appli-
ation (Fig. 5, ANOVA: p < 0.05). Unlike control which exhibited
xcessive TEWL, the rats treated with LV or MV scaffold experi-
nced excessive moisture retention. Excessive TEWL in control and
oisture retention in rats treated with LV or MV scaffold trans-

ated to reduced cellular migration or attachment respectively. This
an adversely affect the formative process of extracellular matrix
nd progress of wound healing (Bishop et al., 2003; Cutting and
hite, 2002; Field and Kerstein, 1994; Winter, 1962). The HV scaf-

old reduced the TEWL to an intermediate level. It could provide
n optimal moist condition at wound bed during the initial period
hich was characterized by inflammation, migration and extra-

ellular matrix synthesis. Consequently, the HV scaffold brought
bout a remarkably higher rate of wound healing than control and
ats treated with LV or MV scaffold.

.3. Physicochemical characteristics of scaffolds

FTIR analysis showed that the state of polymer–polymer inter-
ction in LV, MV and HV scaffolds was high. This was indicated by
TIR spectra of scaffolds which were represented by broad bands
etween wavenumber regime of 400 and 4000 cm−1, unlike sharp
eaks demonstrated by matrices prepared from cellulose-based
olymer and carboxylate-rich sodium alginate (Fig. 6) (Anuar et al.,

007; Ashikin et al., 2010; Wong et al., 2007). Among all matrices,
he LV scaffold had the lowest tensile strength (Table 1). The scan-
ing electron microscopy test indicated that macropores with pore
ize greater than 1 �m were present in LV scaffold (Fig. 7). The pores
f LV scaffold displayed a micellar arrangement of polymer chains.
oss-sectional morphology of (d) LV scaffold, (e) MV scaffold and (f) HV scaffold.

This was probably due to LV had a shorter chain length than MV
and HV which then granted systematic aggregation of LV molecules
(Table 1, Student’s t-test: p < 0.05). The MV and HV scaffolds had
higher tensile strength values than LV scaffold (Table 1, ANOVA:
p < 0.05). The MV and HV had larger molecular weights than LV.
Random entanglement of polymer chains resulted in strong physi-
cal binding and the formation of extremely small nanopores (Fig. 7),
beyond the detection by measurement tools such as scanning elec-
tron microscopy and mercury porosimetry techniques (Fan et al.,
2009). The strong assembly of MV and HV in a scaffold was also
reflected by their resistance to erode in USP phosphate buffer pH
7.4 after 12 h of immersion, in contrast to LV scaffold which com-
pletely dissolved in the same medium. High molecular weight
SCMC has been reported to undergo a low interpenetration level
between polymer and mucin molecules as a result of its entan-
gled structure, low mobility and flexibility of polymer chains (Rossi
et al., 1996). The resistance of high molecular weight HV scaffold to
dissolve in simulated wound fluid suggested that the wound heal-
ing of rats can be brought about by physical regulation of TEWL
instead of chemical-induced biological responses. It indicated that
the HV scaffold can be placed closely to the surfaces of wound
without ingrowth and disturbance of healing wound bed during
treatment, similar to the observations reported by Vloemans et al.
(2001).

The initial moisture content of LV, MV and HV scaffolds varied
between 2.47 and 2.82% and was not significantly different from
each other (Student’s t-test: p > 0.05). In a water uptake capacity
test using USP phosphate buffer pH 7.4 as the simulated wound
medium, HV scaffold demonstrated a lower level of water uptake
than MV scaffold, and the LV scaffold tended to absorb water, dis-
integrate and dissolve making an accurate assessment of its water
uptake impossible (Fig. 8A, HV vs MV scaffold: ANOVA: p < 0.05).
The higher affinity of LV scaffold for moisture than HV scaffold was

also inferred in a separate test on their moisture adsorption profiles
(Fig. 8B). The TEWL propensity of HV scaffold was high in spite of it
had remarkably small pore characteristics (Fig. 7). The water move-
ment can be fairly insensitive to the pore characteristics of a matrix
(Xiong et al., 1992). The higher degree of TEWL from HV than LV
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Fig. 8. Profiles of (a) water uptake and

r MV scaffold was ascribed to its lower affinity for moisture and
educed retention of moisture in matrix.

Pearson correlation study on the relationship between TEWL-
ime plot AUC0–7 days, SCMC molecular weight and its degree of
arboxymethyl substitution indicated that the polymer molecular
eight (r = 0.972, p = 0.075) had a stronger bearing on TEWL than
egree of side chain substitution (r = 0.710, p = 0.249). The extent
f TEWL was largely governed by SCMC molecular weight instead
f its degree of carboxymethyl substitution. The HV had a larger
olecular weight than LV and MV (Table 1). Its scaffold induced a

igher propensity of TEWL in spite of HV exhibiting a similarly high
egree of carboxymethyl substitution as LV (Table 1).
. Conclusion

High molecular weight SCMC scaffold promoted a faster wound
ealing on the burn region of rats than lower molecular weight
amples or control through optimal regulation of transepidermal
isture adsorption capacity of scaffolds.

water loss from wound. The propensity of transepidermal water
loss from the wound regime of rats treated by control > HV scaf-
fold > LV–MV scaffold. The HV scaffold can protect moisture loss
without its excessive accumulation at the wound bed. The regu-
lation of transepidermal water loss by scaffold is largely affected
by the choice of polymer molecular weight instead of its car-
boxymethyl substitution degree or pore size distribution of matrix.
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