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Abstract: The miscibility between two gels with largely diféat gelation behaviors is an
interesting topic both scientifically and practigallhis paper reports a novel bi-phasic systenetas
on two natural polymers, hydroxypropyl methylcedsg (HPMC) which has a thermal gelation
behavior, and hydroxypropyl starch (HPS) which &a&eoling gelation property. While both
biopolymers have the same glucose unit grafted pritipylene oxide, and are compatible to a
certain degree, they were observed immiscible sratitheir different gelation behaviors. The
immiscibility of these two compatible polymers cduésult in special structures leading to different
blend film properties. Regarding this, the morphglahermal transition, mechanical properties and
oxygen barrier property could be well tailored bg tatio of two biopolymers and the environmental
conditions. The knowledge obtained from this wooklld be useful for understanding other similar

systems with desirable structure and properties.
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1 I ntroduction

To cope with the property limitations of individyablymers, achieve specific or new
material properties, reduce product prices, arekpand the applications in different sectors,
blending two or more polymers is one of the mofaive and applicable methods widely practiced
[1-5]. However, most polymer blends are immiscitsencompatible on a molecular scale for
thermodynamic reasons [6, 7]. On a larger scateddgree of miscibility of polymer blends may
also vary to a great extent, due to phase separaticompatibility, and/or various levels of mixing
[6, 8]. Moreover, the miscibility of polymer blendsof such underlying importance to determine the
morphology and final properties. Regarding this,eieample, mechanical properties can be
optimized by controlling the blend morphology [1, @onsequently, it is highly significant to
understand the miscibility and morphology of bleydtems.

Hydrogel, which is defined as a three-dimensioedvork system of polymer chains and
water that fills the space between the macromaodsguonstitute a group of polymeric materials that
have been widely used [10-15]. Many hydrogels avernsible, as molecular entanglements and/or
secondary forces such as ionic, H-bonding or hylnbpr forces play the main role in forming the
network [16, 17]. Hydrogels can undergo gelation aertain environmental condition and may
dissolve again by changing the external factor& ba¢heir original states [11]. They are different
from traditional thermosetting materials which amneetwork of covalent bonds joining different
macromolecular chains by cross-linking (e.g., rutgred polyurethane), of which the cure process is
irreversible. Generally, there are two main groofsulti-phasic polymer blends: blends containing
only none-gellable polymers (which cannot underglatipon individually), and blends containing at
least a non-gellable polymer and a gellable polyineth of which were widely studied. For the
former group, congelation can be commonly achieviedn the polymers are mixed and interacted
with each other, which may be accompanied by amtditiphysical treatment (thermal, UV, etc.) [18,

19]; and the latter group of materials undergo etatgpn based on the solidification of the gellable



polymer [20, 21]. However, blends based on mudtgellable polymers with largely different
gelation behaviors have been seldom studied.

Natural polymers from renewable resources havaciéid great attention over the last
decades due to a series of reasons including emagntal concerns, limitation in petroleum
resources, and demands for greater safety and beti#h for humans. A great majority of natural
polymers are hydrogels. For example, hydroxypropgthylcellulose (HPMC), also called
hypromellose, is a non-ionic derivative of celldpand has abundant availability, good
processibility, and prominent film-forming propesi[22-24]. It is one of the most widely used
cellulose derivatives for producing edible and eigcdable films [24-26]. HPMC films are strong,
flexible, fully transparent, odorless, tastelesspphobic. However, HPMC films have insufficient
barrier properties [25, 27-31]. Besides, its higlegs limit its general applications even for
pharmaceutical products as medicinal capsules §32Tderefore, it is imperative to improve the
processibility and performance, as well as to deswehe costs, of HPMC. Hydroxypropyl starch
(HPS) is one of the most promising materials taoedthe costs of HPMC films, as it is a popular
low-price food ingredient [31, 37] and has goothfilorming property [38-43].

Chemically, both HPS and HPMC are polysaccharigesisting of the same chemical unit,
glucose, and also both are modified by propylendeoxrhus, HPMC should have good
compatibility with HPS. However, HPMC has a revilesithermal gelation property (which
dissolves in water at a low temperature and cosgdad high temperature) and HPS has a reversible
cooling gelation behavior (which undergoes gelatlaring cooling and then upon heating again
solates). This makes it difficult to achieve a lolerf two polymers with high miscibility and phase
distribution. Nevertheless, theoretically, HPMC &S can influence the gel properties of each
other for obtaining a certain balance. Therefdre,miscibility and phase transition of the
HPMC/HPS blends are important and interesting sifierssues which can be applied to other

similar bi-phasic systems.



The aim of this work was to use HPMC/HPS as a mtmtainderstanding the morphology
and properties of thermal/cooling-gel bi-phasidsyss. The ratio of the two components in the films,
which have different inherent natures, could gyeatluence the morphology and properties of the
blends. Thus, the main focus in this work is ondffect of HPS/HPMC ratio which could affect the
microstructures and inter-phases of HPMC/HPS bfémg, studied by scanning electron
microscopy (SEM), optical microscopy, and dynamaxchanical analysis (DMA). Oxygen
permeability, thermostability, mechanical and agititansparency properties were also evaluated, as
they are important properties to be used as fooklguang films and coatings. The microstructural
analysis of the films in the current study wouldeggsignificant information about the arrangement of
the components in the system, which is relevannhtterstanding the water barrier, mechanical or
optical properties [44]. Regarding this, films paegd from high concentration biopolymer solutions

were in particular studied as it is more relevannanufacturing situations.

2. Materials and methods:
2.1.  Materialsand film preparation

A commercially-available pharmaceutical-grade HPWTI-E15, from Hopetop
Pharmaceutical Company, China: viscosity (2%):r6Bas; pH 6.0; methoxyl content on dry basis:
29%; hydroxypropyl oxygen content on dry basis¥8.4vas used in this work. This is a reversible
thermal gel, which congeal&(> G") at 49 °C upon heating and then during coolingtesl G” >
G') at 32 °C, determined from rheological measurer(iBAtDiscovery HR-2). A food-grade
hydroxypropylated cornstarch (HPS) (A1081) with @lan substitution (MS) of 0.11 was supplied
by Penford (Australia). The starch paste (gelagidigtarch in water) has a reversible cooling
gelation property. It congeal&(> G") at 51 °C during cooling and solat&s"(> G') at 70 °C while
heating, detected from rheological tests (TA Disgg\HR-2). Poly(ethylene glycol) (PEG 400) with

a molecular weight (MW) of 400 was purchased fragnt-Aldrich.



Solutions obtained by dissolving HPS and HPMC (16¢f4lly) and adding PEG as the
plasticizer (3%) in water were used for film formirFive films containing different HPS/HPMC
ratios (10:0, 7:3, 5:5, 3:7, and 0:10, w/w,) werepgared in this work. Specially, HPS and HPMC (in
powdery form) were mixed firstly then dispersedth°C water for 30 min with continuous stirring,
which was maintained at 95 °C for 1 h to allow fy#llatinization of HPS. After that, the HPS
solution were slowly stirred while the temperatwaes quickly reduced to 70 °C and kept at this
temperature for 40 min before film casting (whiletike samples maintained good liquidity). To
obtain films with constant thickness, 20 g of eaghution was dispensed on a Petri dish (15 cm
diameter) and then kept at 37 °C for about 7 hine flims were then removed from the dishes and

kept under different relative humility (RH) conditis for further characterization.

2.2.  Scanning electron microscope (SEM)
Microstructural analysis of the films was carriad asing a scanning electron microscope
(PHENOM Pro). Films were fixed on copper stubs, galdl-coated, and then observed using an

accelerating voltage of 5 kV.

2.3.  Optical properties
The transparency of the films was determined bggiai UV spectrometer (WFZ UV-3802).

The transmittance spectra of the films were measinoen 200 to 800 nm.

2.4.  Dynamic mechanical analysis
A PerkinElmer Pyris Diamond DMA was used to stugmamic mechanical properties of the
films. The specimens were cut into 10 mm x 20 mips&and fixed in a grip probe. The

measurements were performed at a constant frequériciiz from 25 to 150 °C with a heating rate



of 2 °C/min. The viscoelastic properties such asagfe modulusK), loss modulusE”) and loss

tangent (tad =E"/E’) were measured.

2.5. Thermogravimetric analysis (TGA)
Thermal stability of the samples was evaluatedguaiPerkinElmer Pyris 1 TGA system.

Samples were heated from 30 °C to 700 °C at 10 ftCiimitrogen atmosphere.

2.6. Mechanical characterization

Tensile properties were evaluated in accordande tivé ASTM D5938 standard using an
Instron tensile testing apparatus (5565). Tensingth ¢;), elongation at breaky) and elastic
modulus E) were measured at a crosshead speed of 10 mmiihthe specimens were equilibrated
at 75% RH and 57% RH respectively for three dayerbdaesting. Seven specimens were tested for

each sample and the mean values were reported.

2.7.  Oxygen permeability (OP)
Oxygen transmission rates of the films were meastyeMocon OXTRAN 2/21H Master
(MH) and Satellite (SH) systems (Mocon Inc., Minpeliss, MN) according to the ASTM D-3985

standard. The exposure area for testing was SGameach sample.

3. Results and discussions:
3.1.  Microstructural analysis

The final structure of the film depends on bothititeractions between film components and
drying conditions for film forming, and has a gréapact on the different film properties [44, 45].
The inherent gel nature and blend ratio in the ddeaffects the morphology, which further

influences the surface structure and the propeofitise resulting films [24, 46]. In this senseg th



microstructural analysis of the films gives reletvarfiormation about the arrangement of the
components, which, in turn, help us in understamtie barrier, mechanical or optical properties.
Fig. 1 shows the SEM micrographs of the surfacemabus HPMC/HPS films. Some
samples have micro-cracks which could be due togtleced water content in the samples during
SEM testing, or result from the attack of the elettbeam in the microscope chamber during the
measurement [46, 47]. It is seen that both pure &RBpure HPMC films had a relatively smooth
surface. Pure HPS films showed a more smooth suead homogeneous microstructure than pure
HPMC, possible due to better arrangement of star@tromolecules (amylose and amylopectin)
with water during cooling. Different authors repattthat there could be a competition between gel
formation and phase separation in the amylose-gragtin-water systems, and, if the rate of phase
separation was lower than that of gelation, no pls@paration occurred in the system during cooling
[48, 49]. Moreover, the phase separation was appgnerevented by amylose gelation and the
formation of a continuous amylose network when asglproportion was higher than 25% [49]. The
amylose content in HPS used in this research w&s&@uch higher than 25%), which sheds the

light on why pure HPS films were more smooth anchbgeneous than HPMC.



Fig. 1 SEM images of the surfaces of blend filmthwiifferent HPS/HPMC ratios.



In contrast, a rough surface with irregular bulges observed for all blend films, meaning
some degree of immiscibility between HPMC and HH8teover, blends with high HPMC contents
(>50%) showed a more heterogeneous structure thaa thith high HPS contents. It could be
noticed that when the HPS content in the blendhigis (7:3 HPS/HPMC), HPS was as a
continuous phase with HPMC dispersed in big sepatamains. But with a higher HPMC content
(lower HPS content), the HPMC domains merged intorginuous phase, while HPS became a
dispersed phase. Nevertheless, in all the casesthere was no clear phase boundary between the

two phases, indicating the good compatibility besw&lPMC and HPS.

3.2.  Optical property

Fig. 2a shows the transparency of the films witfedent HPS/HPMC ratios, as indicated by
UV transmission. It is seen that all the films sledva similar pattern over the wavelength range in
guestion. The UV transmission (i.e., transpareficsfly increased with the wavelength and then
leveled off when the wavelength was greater thahr88. The transmission values at 500 nm are
presented in Fig. 2b. It can be seen that thertressgon for pure HPS was lower than that for pure
HPMC, and with the blend ratio changed from 101r¢pHPS) to 0:10 (pure HPMC), the
transmission was firstly decreased to a lowestevahd then increased. It is well known that a
homogeneous system generally show better transpaneilected by a high UV transmission value,
while materials with heterogeneous structure ialgunore opaque with lower UV transmission
The decrease in UV transmission after blending HREHPMC means the blends were more

opaque, which might be explained by the phase a&parof the two components.
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Fig. 2 UV spectra at all wavelengths (a), and & & (b), for HPS/HPMC blend films.

3.3.  Dynamic mechanical analysis (DMA)

Fig. 3 exhibits the temperature dependence ofielasidulus E') and loss tangent (tai for
various HPS/HPMC films determined by DMA. It candsn from Fig. 3a that, for the different
blends,E’ decreased with increasing HPMC content. Besideslf the samples except pure HPS
(10:0),E’ decreased continuously as a function of tempezatarcontrast, the pure HPS film
showed a slight increase after the temperaturenigder than 70 °C. For the blend films with high
HPMC contents (5:5, 3:7 and 0:1&),decreased significantly with temperature, whike films

containing high HPS contents (10:0 and 7:3) onlyrel@sed slightly at high temperatures.
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Fig. 3 Storage modulus jHa) and loss tangent (tah(b) of HPS/HPMC blend films.

From Fig. 3b, the HPS/HPMC blend films 5:5, 3:7d @110 showed one main relaxation
peak on the ta# curve, which was due to the glass transition. fsltransition was slightly shifted
to higher temperatures with the increased HPMCearansuggesting the decreased mobility of
polymer chains of HPMC. On the other hand, pure H&$a moderate peakaat 67 °C. And there
were no apparent transitions shown for the 7:3 HP$IC film. It was proposed that there were
some degree of interactions (compatibility) betwEls and HPMC which could restrict their

segmental motion (thus the glass transitions) @$¢htwo polymers.

3.4. Thermal stability

The thermal stability of the films was evaluatedtirmogravimetric analysis (TGA) in a
temperature range of 30-700 °C and the resultskayen in Fig. 4. It can be seen that there was a
minor weight loss from 30 °C to 180 °C for all tlilens, which should result from the moisture
evaporation from the materials. After that, a mayerght loss occurred between 300 and 400 °C,

which was related to the thermal decomposition BSHind HPMC. It is seen from the derivative

12



(DTG) curves that the peak for the pure HPS filns@t338 °C while the peak for the pure HPMC

film was at 400 °C, indicating that HPMC had higtieermal stability than that of HPS. All the

blend samples showed two decomposition peaks repieg HPS and HPMC respectively. It is

noticed that the film with higher HPS content (7084 a peak at 347 °C which was slightly higher

than that for pure HPS. In contrast, the film wathigh HPMC content (3:7) had a peak at 400 °C

which was same as that of pure HPMC. The resufigest that HPMC could improve the thermal

stability of HPS to a certain degree, suggestingréain degree of compatibility between two

components.
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Fig. 4 TGA curves (a) and their derivative (DTG)ws (b) of HPS/HPMC blend films.

3.5.

Mechanical properties

The tensile properties of various films were tested5 °C after equilibrated at 57% RH and

75% RH conditions, respectively. The results of ¥gg modulus ), tensile strengths() and

13



elongation at brealey) of the films are shown in Fig. 5. It can be s#st at 57% RH, the pure HPS
film had the highesE andai, while the pure HPMC film showed lowest valuesn&ually, bothE
ando; of the HPS/HPMC blend films were increased withigher HPS content. It can be noted that
&p of the pure HPS film was much lower than thathef pure HPMC film, while both pure films had
much highegy, than those of all blend films. The lowsgrvalue of the pure HPS film compared to
that of pure HPMC film was due to the fact that HB®ned gel during drying which became a rigid
structure in the film, resulting in less possilyilibr the molecules to move. The inter-molecular
interactions between HPS and HPMC were higher ittaa-molecular interactions within each pure
material, which significantly decreased the elastiof each component. This could also be inferred

from theg, values of blend films which were much lower thaattof each pure film.
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Fig. 5. Tensile properties of HPS/HPMC films witifferent HPS/HPMC ratios equilibrated under

different relative humility (RH) conditions.

At higher RH condition (75%) ands; were decreased significantly, whilevalues were
generally increased for all the materials. Theselte are as expected since water could act as a
plasticizer for both HPS and HPMC. It is noted thilhigher RH, botlk ando; of the pure HPMC
film were higher than those of the pure HPS filmt 4 was lower for the pure HPMC film. It is

important to point out that unlike the results &®%RH, the results at 75% RH showed an opposite

15



changing pattern. Regarding this, it was propokatwater not only plasticized the biopolymer
matrix, but also favored recrystallization of espg the starch phase (as starch has higher teyyden
to recrystallization); therefore, water affectedS+Hore than HPMC.

The mechanical results here could provide a winttbobtain optimized mechanical

properties for different requirements.

3.6.  Oxygen permeability

The performance of the blend films as a barrighéoenvironmental oxygen was analyzed
since it is an important characteristic as a packpmaterial to increase the shelf life of foods.
Oxygen permeability (OP) of various films was meaduat 23 °C and the results are presented in
Fig. 6. It is seen that the oxygen permeabilitpafe HPS film was significantly lower than that of
pure HPMC film, indicating better oxygen barrieoperty of the starch film. It is speculated, due to
the lower viscosity and the amorphous nature, HRIMd@d form a less dense network in the film,
compared to a much compact structure of HPS, wiécha higher tendency to recrystallize.
Previous studies [24, 46, 50, 51] have also shdvanhdtarch films have very good oxygen barrier
property compared with other polymers. The oxygemeability of HPMC film was significantly
decreased when HPS was blended in, and was dedr&zsgly with the increased HPS content.
The presence of less impermeable HPS could incthagertuosity of passage for oxygen in the
film, which led to slower oxygen diffusion and, leenlower oxygen permeability. Similar results

have been reported before for raw starches [24, 46]

16



Oxygen permeability (cc/mzlday)
» o o ©6 K~ &
o o o o o o

N
o
L

10:0 73 55 37 0:10
HPS/HPMC ratio

o

Fig. 6 Oxygen permeability of HPS/HPMC blend films.

4. Conclusion

This work reported novel thermal/cooling-gel bi-pltasystems, in which the morphology
and thermal transition can be greatly influencedhayindividual thermal (HPMC) and cooling (HPS)
gels. Both SEM and DMA indicated the blend systeas wnmiscible but compatible to a certain
degree, since there was no observable boundarebatthie two phases and most of the blend films
showed only one relaxation peak. Moreover, assettiaith the special morphology created by the
two phases, the mechanical and oxygen barrier piepef the films could be well tailored by the
ratio of two biopolymers and the environmental dgbads (RH). BothE andg; of blend films were
increased with a higher HPS content, whilef all blend film was much lower than that of {hare
films at relative low RH (57%) condition. Howevext, higher environment RH (75%&,ands; were
decreased significantly, whilg values were generally increased for all the maltgrand the results
of films with different HPS/HPMC ratio showed anpmgite changing pattern. There was a cross
point of mechanical properties for the films witifferent blending ratios under different relative

humility conditions, which provide information tdtin optimized mechanical properties for

17



desired applications. Besides, the increased HR&bcould significantly improve the oxygen
barrier property of HPMC films due to the less peafle HPS phase in the HPMC matrix.
Therefore, HPS can be used not only to reducedse lout also improve the performance, of HPMC

films.
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