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Solvent exchange is the diffusion between solvent efflux and water influx at specific site. In situ
forming gel exhibits a sol-to-gel phase transition after contact with aqueous fluid whereas in situ
microparticle (ISM) obsesses transformation of emulsion droplets into the solid particles. Phase
separation is the main strategy of these systems, and it undergoes the prompt changes in solubility of
polymer in response to solvent exchange. This research purposed to better comprehend the behavior of
solvent (e.g. Dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) and 2-pyrrolidone (PYR))
state in bleached shellac from preparation process to the entire phase separation of in situ forming
microparticles and gel. The formulations employed the in situ forming gel as an internal phase of ISM,
and emulsion was achieved by mixing the in situ forming gel with the external phase made from GMS
and olive oil. In preparation process, the parameters such as pH, solubility parameter, density, interfacial
tension and phase separation rate of emulsion compositions were investigated. During the phase
separation, the physical characteristics were examined for the three phases according to exposure time.
1) Before (morphology of o/o emulsion and its droplet size, viscosities, viscoelasticity and thermal
analysis). 2) During (transformation of sol to microparticles, solvent and drug releases, in vitro
degradation, water diffusion rate and solvent diffusion). 3) After (texture analysis, XRD pattern and SEM
microphotograph). Bleached shellac dissolved in solvents via strongly hydrogen bonding and van der
Wall forces. In situ forming gel using NMP as solvent could not fabricate into an emulsion because NMP
was partial miscible with olive oil. The solubility parameter could be in rank of the solvent order as
following: NMP > DMSO > PYR. NMP was described as the best “good solvent”. This parameter related
to viscosities, viscoelasticity and thermal analysis. Additionally, PYR itself was more viscous than
DMSO and NMP, respectively. There are four crucial steps of phase separation. Firstly, water flowed
into the system with different rate in rank of the solvent order as following: DMSO > NMP > PYR. This
water permeation decreased the solubility of bleached shellac, and it then precipitated. Secondly, solvent
and drug diffused out in few minutes later. The diffusion rate of all species was presented in term of
solvent applied in formulation as DMSO > NMP > PYR. PYR formula had the slowest release rate of
solvent and drug because solvent itself and its systems were higher viscous. Whereas, all diffusion
profiles from DMSO and NMP systems were governed by solubility parameter. Thirdly, pores were
supplied with water and solvent fluxes. The size and density of pores were increased by time similarly
to the release rate of solvent and drug. Bleached shellac matrices prepared using PYR as solvent
eventually dissipated due to hydrolysis at ester bond which was accelerated by PYR-induced water
accumulation. A higher porous structure collapsed easily and it was more likely plastic but a dense one
considerably resisted to a compression and deformed elastically. Finally, the degradation of bleached
shellac in aqueous condition actually started after systems completed solidification. At steady state, the
total mass loss converted to PYR >> NMP > DMSO similarly to a water content pattern. PYR could gain
the high amount of water and pH of doxycycline hyclate solution in matrix was maintained by buffer pH
nearly to 7, resulting in the large hydrolysis at polyesters. However, all behaviors of solvent state in ISM
was covered by hindrance effect of oil phase. The solvent had no effect on the structure of remained
bleached shellac after solvent exchange. PYR was the most appropriated solvent for preparing the in situ
forming systems because its formulations demonstrated the proper sustained drug release profiles and
preferable self-degradation in physiological condition.
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เจลชนิดก่อตัวเองเป็ นระบบที่มีการเปลี่ยนแปลงวัฏภาคจากของเหลวเป็ นเจลภายหลังสัมผัสตัวกลางที่เป็ นน้ า และไมโครปาร์ ติเคลชนิดก่อตัวเอง
เป็ นระบบที่มีการเปลี่ยนแปลงจากหยดอิมนั ชันเป็ นอนุ ภาคแข็งหลังสัมผัสตัวกลางที่เป็ นน้ า การเปลี่ยนแปลงของทั้งสองระบบนี้ เกิดขึ้นผ่าน
กลไกการแยกวัฏภาคซึ่ งเกี่ยวข้องกับการเปลี่ยนแปลงค่าการละลายของพอลิเมอร์ อย่างฉับพลันที่ตอบสนองต่อการแลกเปลี่ยนตัวทาละลาย
งานวิจยั นี้ มีจุดประสงค์เพื่อศึกษาพฤติกรรมของตัวทาละลายอินทรี ยไ์ ด้แก่ Dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) และ 2pyrrolidone (PYR) ภายในเชลแล็คตั้งแต่ข้ นั ตอนการเตรี ยมจนกระทัง่ ระบบเกิ ดการแยกวัฏภาค สู ตรตารั บใช้ระบบก่อตัวเองเป็ นเจลชนิ ดก่อ
ตัวเองเป็ นวัฏภาคภายในของระบบก่อตัวเองเป็ นไมโครปาร์ ติเคลซึ่ งเป็ นอิมลั ชัน่ ที่เกิดจากการผสมระหว่างระบบดังกล่าวกับวัฏภาคภายนอกซึ่ ง
ประกอบด้วยน้ ามันมะกอกและ Glyceryl monostearate (GMS) ปั จจัยที่ศึกษาในขั้นตอนการเตรี ยมได้แก่ ความเป็ นกรด-ด่าง ค่าดัชนี การละลาย
ความหนาแน่น แรงตึงผิว และอัตราการแยกวัฏภาคของส่ วนประกอบอิมลั ชัน ในระหว่างการแยกวัฏภาคของระบบก่อตัวเองจะศึกษาคุณสมบัติ
ทางกายภาพซึ่ งแบ่งเป็ น 3 ส่ วนตามลาดับการสัมผัสกับตัวกลางที่เป็ นน้ า 1) ก่อนสัมผัส (รู ปร่ างและขนาดของอิมลั ชัน ความหนื ด สมบัติหยุ่น
หนื ด และการวิเคราะห์เชิงความร้ อน) 2) ระหว่างสัมผัส (การเปลี่ยนแปลงจากของเหลวไปสู่ ไมโครปาร์ ติเคล การปลดปล่อยตัวทาละลายอินทรี ย ์
และยา การสลายตัว อัตราการแพร่ ของน้ า และการแพร่ ของตัวทาละลายอินทรี ย)์ 3) หลังสัมผัส (การวิเคราะห์เนื้ อสัมผัส การวิเคราะห์โครงสร้าง
ผลึก และภาพใต้กล้องจุลทรรศน์อิเล็กตรอน) ทั้งนี้ เชลแล็คละลายในตัวทาละลายอินทรี ยด์ ว้ ยการเกิดพันธะไฮโดรเจนและแรงวานเดอร์ วาล เจล
ชนิ ดก่อตัวเองที่ใช้ NMP เป็ นตัวทาละลายไม่สามารถนามาเตรี ยมเป็ นอิมลั ชันได้เนื่ องจาก NMP เข้ากับน้ ามันมะกอกบางส่ วน ค่าดัชนี การละลาย
สามารถเรี ยงลาดับตามชนิ ดตัวทาละลายได้ดงั นี้ NMP > DMSO > PYR NMP จึ งจัดเป็ นตัวทาละลายที่ ดีที่สุดสาหรั บเชลแล็ค พารามิ เตอร์ น้ ี
สอดคล้องกับผลการศึกษาด้านความหนื ด สมบัติหยุน่ หนื ด และการวิเคราะห์เชิงความร้อน รวมถึง PYR มีความหนื ดมากกว่า DMSO และ NMP
ตามลาดับ กระบวนการแยกวัฏภาคสามารถแบ่งได้ 4 ขั้น ขั้นแรกน้ าได้เคลื่อนที่เข้าสู่ ระบบด้วยอัตราเร็ วต่างกันซึ่ งเรี ยงตามลาดับตามชนิ ดตัวทา
ละลายที่ใช้ในระบบดังนี้ DMSO > NMP > PYR น้ าที่เข้าสู่ ระบบจะลดค่าการละลายของเชลแล็คจนเกิดการแยกวัฏภาค ขั้นที่สองตัวทาละลาย
อินทรี ยแ์ ละยาจะแพร่ ออกจากระบบออกมาภายนอก อัตราการแพร่ ของสารดังกล่าวเรี ยงตามลาดับตามชนิดตัวทาละลายในระบบได้ดงั นี้ DMSO
> NMP > PYR ระบบที่มี PYR มีอตั ราการปลดปล่อยสารช้าที่สุดเนื่ องจากตัวทาละลายเองและระบบมีความหนื ดสู งกว่า สาหรับการแพร่ ของ
ระบบที่ มี DMSO และ NMP สามารถอธิ บายได้จากค่าดัชนี การละลาย ขั้นที่สามระบบจะเกิ ดรู พรุ นบริ เวณที่มีการเคลื่อนที่ ของน้ าและตัวทา
ละลายอินทรี ย ์ ขนาดและความหนาแน่นของรู พรุ นจะเพิ่มขึ้นตามเวลาซึ่ งสอดคล้องกับอัตราการปลดปล่อยตัวทาละลายอินทรี ยแ์ ละยา เมททริ กซ์
เชลแล็คที่เกิดจากระบบที่ใช้ PYR มีการฉี กขาดในภายหลังเนื่ องจากเกิดไฮโดรไลซิ สซึ่ งถูกเร่ งโดย PYR เหนี่ยวนาให้มีการสะสมน้ าภายในระบบ
โครงสร้างที่มีความพรุ นสู งจะเกิดการแตกหักได้ง่ายและมีพฤติกรรมแบบพลาสติก แต่โครงสร้างที่มีความพรุ นต่าจะทนต่อแรงกดและยืดหยุ่น
ขั้นสุ ดท้ายเชลแล็คเริ่ มสลายตัวในสภาวะที่มีน้ าหลังจากระบบกลายเป็ นของแข็งอย่างสมบูรณ์ เมื่อสภาวะคงที่ปริ มาณการสลายตัวทั้งหมดเรี ยง
ตามลาดับตัวทาละลายได้ดงั นี้ PYR >> NMP > DMSO ซึ่ งมีแนวโน้มคล้ายกับปริ มาณน้ าที่สะสมในระบบ ระบบที่เตรี ยมด้วย PYR สามารถกัก
เก็บน้ าได้มากและความเป็ นกรด-ด่ างของสารละลายด็อกซี ไซคลิ นไฮเครตในเมทริ กซ์ ที่ควบคุ มโดยบัฟเฟอร์ มีค่าใกล้เคี ยง 7 จึ งทาให้เกิ ด
ไฮโดรไลซิ สที่พนั ธะเอสเตอร์ ของเชลแล็คได้สูง อย่างไรก็ตามพฤติกรรมของตัวทาละลายอินทรี ยใ์ นระบบก่อตัวเป็ นไมโครปาร์ ติเคลถูกบดบัง
ด้วยน้ ามัน ตัวทาละลายดังกล่าวไม่ส่งผลกระทบต่อโครงสร้างเชลแล็คที่เหลือหลังจากกระบวนการแลกเปลี่ยนสารละลาย PYR เป็ นตัวทาละลาย
ที่เหมาะสมในการเตรี ยมระบบก่อตัวเองที่สุดเนื่องจากมันทาให้ระบบมีการปลดปล่อยยาอย่างช้าๆและมีโอกาสสลายตัวได้ในสภาวะร่ างกาย
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CHAPTER 1
INTRODUCTION
1.1 Statement and significance of the research problem
Periodontitis is a local inflammatory disease involving the destruction initially from
gingiva to supportive periodontal tissues. Its clinical symptoms are bleeding, pus discharge,
halitosis, tooth mobility and ultimately tooth loss (Divya and Nandakumar, 2006). This
inflammatory process connects to the multiple pathogens and host immune response (Vyas
et al., 2005). A number of potential pathogenic bacteria are primarily Gram negative,
facultative anaerobic species colonized in periodontal pocket, especially Porphyromonas
gingivalis (Marcotte and Lavoie, 1998). At present, therapeutic approach for periodontitis
is aimed to mechanically eliminate the bacteria including subgingival calculus and plaque
from periodontal pockets: a procedure is called “scaling and root planning (SRP)”
(Berezow and Darveau, 2011; Bonito et al., 2005). However, the SRP is not able to
eradicate all periodontal pathogens which can re-establish at least 2 months in poor oral
hygiene (Chhokra et al., 2012). Therefore the periodontitis healing further suggests the use
of antimicrobial agents in combination with SRP (Berezow and Darveau, 2011) such as
antibiotics (e.g. tetracycline (Friesen et al., 2002), doxycycline (Tomasi and Jan, 2004),
minocycline (Renvert et al., 2006) and metronidazole (Jones et al., 2002)) and antiseptics
(e.g. chlorhexidine (Yoe et al., 2004)). This type of drug treatment may gain access into
deep lesion through systemic or local route of administration. As known, the serious
limitations of systemic administration are potentially severe adverse effects, development
of antibiotic resistance and patient compliance (Chhokra et al., 2012). The local
administration is designed to minimize these problems by directly delivering the agent into
subgingival site (Schwach-Abdellaoui et al., 2000). Recently, new approaches of local drug
delivery system for treating periodontitis are fibers, film, injectable systems, gels, strips
and compacts, vesicular systems, microparticle system, nanoparticle system, in situ
forming systems etc. (Jain et al., 2008).
In situ depot-forming systems are the transformation of low viscous solution in the
body to a gel or solid depot with different strategies. In situ phase separation is one of
various triggers (e.g. cross-linked systems and solidifying organogels) used to stimulate
this transformation (Packhaeuser et al., 2004). The phenomenon of phase separation
undergoes the abrupt changes in solubility of polymer solution prior to solidifying into a
solid form. Its formation is responded to different stimuli like pH change, temperature
modulation and solvent exchange (Kempe and Mäder, 2012). The application of in situ
forming systems provides the advantages over pre-shaped parenteral systems as followings;
1) easy administration through small needle sizes, 2) less painful, 3) less invasive, and 4)
efficient spreading within the periodontal pocket (Hatefi and Armsden, 2002; Do et al.,
2014). This research investigated the in situ phase separations by solvent exchange.
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In situ forming gel exhibits a sol-to-gel phase transition which polymer transforms
from solution state into solid state or semisolid state with its convenient residence time at
specific site (Fogueri and Singh, 2009). This system can be easily applied and shaped
within deep lesion, reduce frequency of administration, and provide good biodegradable
ability (Liu et al., 2010; Kapoor et al., 2012). Unfortunately, the burst release is the major
disadvantage of this in situ forming system (Kranz et al., 2001), leading to potential local
or systemic toxicities (Huang and Brazel, 2001). To overcome the burst, a novel approach
has been developed by emulsifying the drug-loaded polymeric solution (inner phase) with
external phase containing a stabilizer, and it then solidified upon exposure with aqueous
conditions to form microparticles (Kranz et al., 2001).
In situ forming microparticles (ISM) is an injectable emulsion. It comprises of an
internal drug containing polymer phase which is dispersed into an external phase usually
oil. The emulsion is achieved by pushing two syringes coupled with a connector for 50
mixing cycles (Voigt et al, 2012). This research employed the in situ forming gel as an
internal phase of ISM. After contacting this emulsion with body fluid, the droplets of
internal phase solidified and spontaneously formed into a solid matrix. However, the main
obstacle was the relatively low physical stability of ISM emulsion, especially coalescence
of polymer solution droplets during solidification (Voigt, 2011; Voigt et al, 2012).
Solvent exchange is the diffusion between solvent and water at target site. The
organic solvent dissipates out of the in situ forming system and water ingresses, resulting
in polymer precipitation into matrix formation (Graham et al., 1999). This process can be
described in term of diffusion pattern which is influenced by a number of factors such as
polymer-solvent affinity and solvent miscibility including viscosity of solvent itself or
formulation (Kranz and Bodmeier, 2008). This exchange of solvents significantly governs
the release kinetics. Therefore, to comprehend the process of solvent exchange, it can lead
to an efficient modification for optimal drug release.
Previously, the in situ forming formulations were prepared using bleached shellac
as gelling agent for periodontal healing (Setthajindalert, 2013). It found that 1) an emulsion
was not able to be prepared by internal phases dissolved in NMP, 2) types of organic solvent
seriously affected on release patterns and degradation upon exposure to physiological
buffer. The vital evidence was a soften matrix only formed from PYR whereas DMSO and
NMP allowed stiff and friable matrices. These bizarre behaviors were possibly impacted
from the chemical interaction and solvent exchange. It should further clarify the affinity
between substances, the stepwise process of solvent exchange and its related parameters,
and the behavior of solvent state in polymer. Hence this study expects to fulfill that crucial
shortage information.
According to recent incomplete study (Setthajindalert, 2013), we continue to
profoundly investigate the in situ forming gel and ISM comprising bleached shellac as a
matrix former in the aspect of phase separation process by solvent exchange. First of all, it
is necessary to introduce the formulation composition and preparation. Bleached shellac is
a biocompatible polymer (Annina, 2010). It has been used as polymeric matrix for the
antimicrobial agent-loaded in situ forming systems (Phaechamud et al., 2016). This
polymer was dissolved in dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) or
2-pyrrolidone (PYR). These solvents have low systemic toxicities and were approved to be
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used as a constituent in medical devices (David, 1972; Jouyban et al., 2010). Olive oil
dispersed with GMS was employed as an external phase of emulsion. This natural oil has
phenol compounds, especially oleocanthal which has a pharmacological effect similarly to
NSAID (Yamada et al., 2008). The emulsion was succeeded by pushing two syringes
coupled with a connector for 50 mixing cycles. All systems were loaded with doxycycline
hyclate as an antibiotic agent for periodontitis treatment. The formulations were initially
prepared into solution and emulsion, and they then precipitated into matrix form upon
contacting to aqueous fluids.
The main aim of this present research is to better understand the effect of types of
solvent on stage of preparation and on physical phenomena throughout the phase
separation. In preparation process, it was investigated for the mechanism of bleached
shellac dissolving in solvents (pH measurement and solubility parameter) and emulsion
stability (density, interfacial tension and phase separation rate of emulsion compositions).
The physical characteristics entire the phase separation were examined for three phases
related to the duration of aqueous buffer exposure as following:
1) Before (morphology of oil in oil (o/o) emulsion and its droplet size, viscosities,
viscoelasticity and thermal analysis, the last three studies can directly criticize the solubility
parameter which is important to predict release kinetics.)
2) During (transformation of sol to microparticles, solvent and drug releases, in
vitro degradation, water diffusion rate and solvent diffusion.)
3) After (texture analysis, XRD pattern and SEM microphotograph.)
This strategy eventually explained the behavior of solvent state in polymer
according to the major steps of phase separation by solvent exchange (water inflow, solvent
and drug outflow, pore formation, and degradation.)
1.2 Objective of this research
1) To prepare and characterize the in situ forming gels and in situ forming
microparticles using bleached shellac as a matrix former and loading doxycycline hyclate
2) To investigate the effect of types of organic solvent on pattern of solvent
exchange
3) To investigate the effect of pattern of solvent exchange on the control of drug
release.
1.3 The research hypothesis
1) Type of organic solvent influences on pattern of solvent exchange
2) Pattern of solvent exchange of doxycycline hyclate-loaded in situ forming gels
and in situ forming microparticles has an influence on the preparation procedure (e.g.
mechanism of bleached shellac dissolving in solvents, emulsion stability, etc.), physical
characteristics of systems especially the control of drug release and behavior of solvent
state in bleached shellac throughout this process.
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2.1 Periodontitis
2.1.1 Introduction to periodontitis
Periodontitis is a gingival inflammation with progressing attachment loss
of periodontal ligament, cementum and alveolar bone (Armitage, 1999). The mechanism
underlying this destructive process involves the induction of bacterial plaque products and
host immune responses (Silva-Boghossian et al., 2013). Clinical features of periodontitis
are plaque accumulation, gingival redness and bleeding, pus discharge, halitosis, pocket
depths ≥ 5 mm (Divya and Nandakumar, 2006), pocket volume > 0.5 µL (Binder et al.,
1987), pH ~8 (Eggert et al., 1991), tooth mobility, functional impairment and ultimately
tooth loss (Divya and Nandakumar, 2006). This infection affects individuals of all ages,
but its prevalence, extent and severity increase in elderly individuals (Pihlstorm, 2001).
Current etiology of periodontal disease concerns 3 groups of factors: a susceptible host, the
presence of pathogenic species and the absence of beneficial bacterial or bacterial flora
(Wolff et al., 1994). The key etiological factor is generally oral biofilm consisted mainly
of microbes and host proteins that adhere to teeth (Wolff et al., 1994). Healthy gingival
sulcus has an equal flora proportions of aerobic microorganisms, especially Gram positive
cocci (i.e. Streptococcus spp, Actinomuces sp.), and facultative anaerobic organisms,
spirochaetes including motile rods which mostly generate subgingival plaque. The severity
of disease significantly increases with the proportions of strict anaerobic, Gram negative
and motile organisms (Kesic et al., 2008). The main pathogens of adult periodontitis are
Prophyromonas gingivalis and Aggregatibacter actinomycetemcomitans. In addition,
Bacteroides forsythus, Prevotella intermedia, Peptostreptococcusmicro, Fusobacterium
nucleatum, Capnocytophaga species and Campylobacter rectus have been strongly related
to the progression of adult periodontal disease (Avila-Campos, 2003; Lovegrove, 2004).
P. gingivalis was one of periodontal pathogens in the antimicrobial test because it
is the major pathogen among anaerobic Gram-negative bacteria involved in periodontitis
(Valenze et al., 2009). Antimicrobial activity of microparticles of poly (dl-lactic-coglycolic acid) (PLGA) containing chlorhexidine/cyclodextrin complexation was performed
with P. gingivalis (Yue et al., 2004). Streptococcus mutans is associated with the onset of
caries and high S. mutans levels appear directly co-associated with increased severity of
periodontal disease at older ages in untreated patients (Contardo et al., 2011). Antibacterial
activity of poly(lactic-co-glycolic acid)-based in situ forming gel from N-methyl
pyrrolidone-based liquid formulations was tested using streptococcus strains (Do et al.,
2014). However, the precise roles that such species play, singularly or in combinations, in
the pathogenesis of periodontal breakdown remain to be determined. Unlike the majority
of general infections, all the suspected periodontal pathogens are indigenous to the oral
flora which Candida albicans courses of refractory periodontitis (Seymour and Measman,
1995b). Staphylococcus aureus could be isolated from the periodontal pockets of patients
with aggressive periodontitis and Escherichia coli was considered as a microorganism
usual in patients with periodontitis (Amel et al., 2015).

6

2.1.2 Treatment
Treatment of periodontitis is aimed to eliminate or adequately suppress the
infection in deep periodontal pocket (Pragatil et al., 2009). Primary therapeutic approach
includes patient education, training in personal oral hygiene, and counseling on control of
risk factors e.g. smoking, medical status and stress. The usual clinical intervention is the
mechanical removal of the microbial plaques and treatment of root surface irregularities
called “root planning scaling (SRP)” (Sbordone et al., 1990). In some cases, this procedure
is incorporated into the surgical depth reduction of deeper pockets (Sbordone et al., 1990).
Poor oral hygiene induces reestablishment of microflora within two months of single SRP
(Pihlstorm, 2001). This temporary effect points out an inability of this technique to
eradicate all periodontal pathogens (Pihlstorm, 2001). Therefore microbial etiology of
periodontitis further suggests the treatment with various antimicrobial agents which can
access into deep periodontal pockets through systemic or local rout of administration (Jain
et al., 2008). To prevent systemic side effect, local application containing antimicrobials
have been introduced for specific site (Slots and Ting, 2000). The different drugs used for
local delivery are antibiotics i.e. tetracycline, doxycycline, minocycline and metronidazole
as well as antiseptic agent i.e. chlorhexidine (Schwach-Abdellaoui et al., 2000). Recently,
a variety of new controlled drug delivery approaches for periodontitis treatment include
fibers, film, gels, strips, microparticles or nanoparticle system and in situ forming systems
(Jain et al., 2008).

2.2 In situ forming systems
In situ forming systems are injectable liquid that transformed at active site into a
semisolid or solid depots (Packhaeuser et al., 2004). These systems have been generally
classified according to their mechanism of formation as followings; 1) in situ cross-linked
polymer systems, 2) in situ solidifying organogels, and 3) in situ phase separation (Kempe
and Mäder, 2012). The polymer networks of in situ cross-linked systems can be achieved
by photo-initiated polymerization (Lee and Tae, 2007), physical cross-linking of specific
monomers (Berger et al., 2004) or chemical cross-linking of specific monomers (Mi et al.,
1999). In situ organogels or oleaginous gels are a three-dimensional networks of selfassembled gelator, especially amiphiphilic lipids, swelled in water and formed various
types of lyotropic liquid crystals (Nirmal et al., 2010) by intermolecular physical
interaction such as Van der Waals force and hydrogen bonding (Vintiloui and Leroux,
2008). The polymers of in situ phase separation systems undergo an abrupt decrease in their
solubility in response to changes in their environmental temperature, pH or solvent
exchange (Kempe and Mäder, 2012). These in situ forming systems serve various
advantages over pre-shaped parenteral systems. For instances, they provide an easy
administration through small needle sizes leading to less pain and invasion, and their
features are able to efficiently spread within individual periodontal pockets (Hatefi and
Armsden, 2002; Do et al., 2014). This issue will exclusively focus on the in situ phase
separations by solvent exchange.
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2.3 Solvent exchange-induced in situ forming gel
Solvent exchange is the dynamic diffusion between solvent in polymer solution and
water in surrounding environment at target site. It occurs as organic solvent diffuses out of
the in situ forming depots while water inflows, causing the phase separation, a formation
of polymer membrane at the interface and the complete matrix in finale (Graham et al.,
1999). This process is influenced directly by properties of organic solvent such as polymersolvent affinity, solvent miscibility, viscosity and formulation (Kranz and Bodmeier, 2008).
It also determines the separation characteristics, the depot morphology and the release
kinetics (Graham et al., 1999).
In situ forming gels are the viscous liquids that undergo sol-gel transition once
administered via one or a combination of several strategies like temperature modulation,
UV-irradiation, pH change, ionic strength and solvent exchange (Hatefi and Armsden,
2002). Among the different types, phase separation system by solvent exchange is more
favorable because it allows a great commercial potential in terms of relatively lower
production cost and simple manufacturing procedure (Hatefi and Armsden, 2002). The
concept of solvent exchange-induced in situ forming gel involves the diffusion of solvent
such as dimethyl sulfoxide (DMSO), N-methyl pyrrolidone (NMP) and 2-pyrrolidone
(PYR) from polymer solution into aqueous conditions while water permeates into the
depots, resulting in solidification of polymer matrix (Motto and Gailloud, 2000). Key
parameters of in situ forming gel compositions to obtain an appropriate drug release are
type of solvent, polymer ratio, polymer molecular weight and additives. This research
aimed to better understand the influence of types of solvent on physical phenomena
throughout the phase separation; therefore, this overview will emphasize on solvent types.
Solvents commonly used for dissolving polymer can be divided into two main
categories; water miscible and partially water miscible solvents (Ahmed, 2015). Basic
solvents for the forming in situ gels include dimethyl sulfoxide (DMSO), N-methylpyrrolidone (NMP), 2-pyrrolidone, propylene glycol (Dunn et al., 1997), glycofurol (Eliaz
and Kost, 2000) or low molecular weight PEG (Dittgen et al., 1998). The ideal solvent for
in situ systems needs to gain appropriate properties in term of water affinity, viscosity,
ability to dissolve the polymer and its safety (Brodbeck et al., 1999).
A solvent with low water affinity can extend the rate of phase separation, matrix
formation and drug release (Graham et al., 1999). Reducing the water affinity of solvent
by water-immiscible or partially water miscible components such as benzyl benzoate, ethyl
acetate, ethyl benzoate or triacetin (Graham et al., 1999), is proposed to decrease the phase
inversion rate and consequently provide the zero-order release pattern (Brodbeck et al.,
1999). The role of solvent properties on the dynamic of polymer precipitation and in vitro
release of chicken egg white lysozyme protein had been explained that the release of protein
from PLGA depots in NMP was initial burst while that in lFow water-affinity solvent (e.g.
triacetin or ethyl benzoate) exhibited the lower initial burst because of slower phase
separation process led to less porous, small pore size and less homogeneously dense
(Brodbeck et al., 1999). Another study on metoclopramide release prepared with PLGA in
different solvent also confirmed this circumstance (Wang et al., 2004). NMP provided the
fastest release followed by triacetin and finally benzyl benzoate due to their water
miscibility and limited water solubility (Wang et al., 2004). To compare the release
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behavior from both water miscible solvents (DMSO, NMP) and partially water miscible
(tiracetin, ethyl acetate), the release of haloperidol in four different solvents was
investigated (Ahmed et al., 2012). DMSO led the higher initial drug release followed by
NMP then ethyl acetate and finally triacetin. It concluded that solvents type had a
remarkable effect on haloperidol initial burst and slow phase inversion rate (Ahmed et al.,
2012).
The viscosity of solvent should be suitable to further facilitate an easy injection of
formulations or good syringeability. Systems prepared with water-immisicible solvent
exhibited a viscous feature leading to difficult injection which requires a warm-up step
prior administration (Chen and Singh, 2005). This parameter also affects the diffusion of
species in the matrix. A high viscosity will slow down the water influx and solvent-drug
diffusion. Therefore it reduces the burst release as well as prolongs polymer degradation.
Compatibility between solvent and polymer should be concerned in term of good
solvent and poor solvent. The chemical interactions in polymer solution mainly comprise
with polymer-polymer interaction and polymer-solvent interaction. In good solvents,
polymer-solvent interaction predominate polymer-polymer interaction, therefore lowering
the viscosity. It presents the advantage of achievement the higher polymer and drug loading
formulation which further reduces injection volume. In contrast, poor solvents possess
more favored polymer-polymer interactions, leading to the aggregation of polymer chain
and an increase of viscosity (Voigt et al., 2012).
Organic solvents used for in situ forming system, should possess biocompatibility
or low toxicity according to pharmaceutical acceptance. DMSO and NMP are rather safe
because they have low systemic toxicities and also have been approved for employing in
parenteral products by pharmaceutical precedence (Royals et al., 1999). However, these
organic solvents are freely miscible with water, resulting in a rapid burst as discussed
above. The burst release of solvent may irritate tissue such as local inflammatory effect and
myotoxicity (Matschke et al., 2002; Srichan and Phaechamud, 2016; Phaechamud et al.,
2016, Phaechamud and Mahadlek, 2015).
Administration route for in situ forming gels are oral, ocular, rectal, vaginal,
injectable, interperitoneal and periodontal pocket routes (Hatefi and Armsden, 2002;
Kulkarni et al., 2012). Recently, the treatment of periodontitis had been applied the in situ
forming gels to release antibiotics at specific site. The in situ forming system using
poly(lactide) (PLA) and poly(lactide-co-glycolide) (PLGA) as gelling agent extended the
release of secnidazole and doxycycline hydrochloride by solvent exchange (Gad et al.,
2008). Gallen gum and sodium alginate formed in situ forming gels by ion-crosslinking
mechanism. This system could prolong release and provide an easy administration at
periodontal pocket (Kunche et al., 2012). Poloxamer, a thermo-reversible polymer, was
employed as gelling agent for forming in situ forming gel. This formulation was adjusted
the adhesion property by hydroxypropylmethylcellulose (HPMC). It could sustain the
release of articaine HCl for 7 hours and obtain the potential for pain relief in periodontitis
(Kulkarni et al., 2012). Another in situ forming system based on poloxamer, also added
gellan gum and carbopol as gelling agent. Polymer solutions underwent sol-gel
transformation due to temperature change. It was able to extend chlorhexidine HCl release
for 6 hours (Garala et al., 2013). Latest, the addition of plasticizer (acetyltributly citrate
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and dibutyl sebacate as well as of adhesive polymer (HPMC) significantly increased the
stickiness of PLGA based in situ forming gels. The system obtained good plastic
deformability and favorable doxycycline hyclate release pattern including good
antimicrobial activity (Do et al., 2014).
Atridox® is one of the in situ forming gels which becomes commercially available
as a controlled local doxycycline treatment for periodontitis (Kempe and Mäder, 2012). It
comprises of a two syringe mixing systems. After mixing syringe A (36.7% PLA in 63.3%
NMP) and syringe B (doxycycline 50 mg), the final product is a yellow viscous solution. It
is injected directly into periodontal pocket, and contacts with the gingival crevicular fluid.
The NMP then diffuses into the environment and aqueous fluids penetrate into the
formulation. The systems finally precipitated into matrix depot allowing the controlled
release of drug about one week (Kempe and Mäder, 2012).

2.4 In situ forming microparticle
In situ forming microparticle (ISM) systems consist of an internal phase (drug
dissolved/dispersed in polymer solution) that is emulsified with an external phase (usually
oil). Upon exposure this emulsion with aqueous fluids, the droplets of internal polymeric
phase solidify and form microparticles spontaneously (Bodmeier, 1997; Kranz and
Bodmeier, 1998). The conventional techniques for preparing microsphere are complicated
and costly (Kranz et al, 2008). Consequently, new simpler process is manipulated by twosyringe technique which loaded internal phase and external phase in each syringe. The
syringes are coupled with a connector and pushed for 50 mixing cycles. Finally, ISM is
ready for use after removing the connector (Luan and Bodmeier, 2006; Kranz and
Bodmeier, 2007). The ISM exhibits many advantages over its corresponding in situ forming
gel. For instances, it significantly reduced the initial burst release and viscosity owing to
hydrophobicity and lubricating effect of an external oil phase respectively. Therefore, better
syringability, less pain and myotoxicity have been accomplished (Kranz and Bodmeier,
1998; Kranz and Bodmeier, 2007). Additionally, the regular shape of formed ISMs after
solidification can minimize morphological variations. Thus, they provide more consistency
and reproducible release profile (Kranz and Bodmeier, 2007). However, the main drawback
could be a lack of emulsion stability according to the coalescence of emulsion droplets
during their solidification despite the use of surfactant. This lumps formation may interfere
an injection through thin needles (Voigt et al., 2012).
Recent studies in ISM have been modulated in different researches for achieving
new injectable formulations. The comparison between in situ forming implant (ISI) and
ISM, which emulsified ISI into peanut oil containing 2% w/w span as stabilizer, indicated
that obtained ISM showed an easy injection with smaller need size. Therefore, it possibly
allowed less painful in patients (Rungseevijitprapa and Bodmeier, 2009). The ISM based
on PLGA prepared by emulsifying polymer solution in DMSO into different vegetable oils
suspended by individual stabilizers. It was eventually concluded that glyceryl monostearate
(GMS) at 5% w/w as emulsifier allowed the stable formulation for at least 12 h (Voigt et
al., 2012). The controlled ISM systems were prepared by emulsifying an internal phase or
in situ forming gel based on PLGA into peanut oil exhibited the lower initial burst and
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slower release of haloperiodol which was further related to the pharmacokinetic data
(Ahmed et al., 2012). Both in vitro release profile of montelukast ISMs and their
pharmacokinetic data were similar to previous research (Ahmed et al., 2010).
Ongoing ISM formulations are developed to deliver psychiatric and oncologic
drugs. This technology aims for daily administration in chronic disease and long-lasting
treatment. Risperidone-ISM®, has been studied in clinical trial at Phase I for schizophrenia
disorder. Another clinical development introduces Letrozole-ISM® which is an aromatase
inhibitor for treatment of dependent-hormone breast cancer (Rovi, 2011).

2.5 Formulation parameter
2.5.1 Matrix former
2.5.1.1 Bleached shellac
Shellac is the natural product from resin lac which secreted by a parasitic
insect, Kerria Lacca (Cardon, 2007). The chemical structure of this material comprises a
complex mixture of esters and polyesters of polyhydroxy acids as shown in Fig 1 and 2.
The total shellac composition is aleuritic acid, about 70 percent of homologous shellolic
acid, and a small amount of free aliphatic acids (Carstensen, 2001). The acidic structure
results in its solubility depended on pH therefore shellac is practically soluble in alkaline
solution. Likewise, it can be dissolved in some organic solvents e.g. ethanol, methanol, and
partially soluble in ether, ethyl acetate and chloroform (Cardon, 2007). Shellac is approved
as GRAS by the FDA that it is non-toxic and physiologically harmless (Okamoto and
Ibanez, 1986). Bleached shellac is prepared by treating the dissolved polymer with sodium
hypochlorite (Roda et al., 2007). According to its acidic character and approval, bleached
shellac is mostly applied for enteric coating. Other pharmaceutical applications are
controlled release, colon targeting, microencapsulation and matrix former in in situ forming
systems (Roda et al., 2007; Phaechamud et al., 2016). Additionally, bleached shellac
possesses low water vapor and oxygen permeability including high glossy feature so that it
can be used as moisture barrier forming film (Moseson et al., 2008). However, it possible
undergoes aging by self-esterification which loses solubility, decreases acid value and
enhances glass transition temperature. Hence the storage of bleached shellac should be in
temperature below 27oC. It should be protected from light, and probably incorporated with
proper antioxidant (Annina, 2010).
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Fig. 1 Main compositions of shellac a) saleuritic acid b) butolic acid c) shellolic acid d)
jalaric acid (Farag and Leopold, 2010)

Fig. 2 Chemical structures of shellac: jalaric acid; R = CHO, R’ = CH2OH, laccijalaric
acid; R = CHO, R’ = CH3 (Limmatvapirat et al., 2007)
2.5.2 Solvent
2.5.2.1 Dimethyl sulfoxide (DMSO)
Dimethyl sulfoxide (DMSO), (CH3)2SO as shown in Fig. 3, is an
organosulfer compound which is miscible to water and organic solvents. It has boiling point
and melting point at 189oC and 19oC, respectively. At room temperature, DMSO generally
presents a colorless liquid. In term of toxicity, it is safe for human (LD50 14,500 mg/kg in
rat) (Brobyn, 2012). DMSO is therefore employed in medical use for reducing the topical
pain, promoting the recovery of wounds, burns muscle and skeleton injuries, including
intravenous administration for lowering abnormally high blood pressure in brain and for
treatment of bladder infection (Geiss, 2001). Furthermore, DMSO plays an essential role
in pharmaceutical field. Topical pharmaceutical formulations commonly establish DMSO
as a penetration enhancer (Marren, 2011). It has been a polymer vehicle in in situ forming
implant (Parent et al., 2013) and ISM (Voigt et al., 2012) as well.
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Fig. 3 Chemical structure of dimethyl sulfoxide (DMSO), C2H6SO

2.5.2.2 N-methyl-2-pyrrolidone (NMP)
N-methyl-2-pyrrolidone (NMP), 1-methyl-2-pyrrolidone, or M-pyrrole is
an organic compound with 5-membered lactam structure (C2H9NO) as shown in Fig. 4.
This chemical structure presents non-polar carbons or a large planar nonpolar region which
possibly leads hydrophobic interactions, especially between NMP and some lipophilic
drugs (Sanghvi, 2008). Additionally, a carbonyl functional group can bond with hydrogen
atom from other molecules e.g. water, allowing it to perform as a co-solvent (Jouyban et
al., 2010; Lui and Venkatraman, 2012). Therefore NMP is not only miscible to some
classical organic compounds such as ethyl acetate, chloroform, and benzene but also water.
The melting point and boiling point of NMP are -24oC and 202-204oC, respectively.
Generally, its physical appearance is colorless to slightly yellow with a faint amine odor.
Other properties of this organic vehicle include low volatility, low flammability and low
toxicity (LD50 3,914 mg.kg in rat) (Jouyban et al., 2010). NMP has been used in different
fields, especially pharmaceutics and medicines, due to its biodegradability. In
pharmaceutical industry, it is widely used as solubilizing excipient (Stickley, 2004),
penetration enhancer in transdermal products (Rachakonda et al., 2008; Godavarthy et al.,
2009), a polymer solvent in in situ forming gel (Kempe et al, 2008).

Fig. 4 Chemical structure of N-methyl-2-pyrrolidone (NMP), C2H9NO

2.5.2.3 2-pyrrolidone (PYR)
2-pyrrolidone (PYR), C4H7NO, is a chemical compound with a fivemembered lactam as shown in Fig. 5 that presents a high-polar property, allowing it to be
miscible with a wide variety of other solvents such as water, ethanol, diethyl ether,
chloroform, benzene, ethyl acetate and carbon disulfide. Although it is an excellent solvent,
the somewhat labile proton on the nitrogen limits its applications as an aprotic solvent
(Budavari, 1996). The melting point and boiling point of this solvent is at 25oC and 245oC,
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respectively. Its apparent is a colorless to slightly yellow liquid with an unpleasant
ammonia-like odor above (25oC) (Daubert and Danner, 1997). It has no teratogenic effect,
no carcinogenicity, low toxicity (LD50 3288 mg/kg in rat), low acute toxicity in mammals
with oral, and slight irritation at injection sites. Nevertheless, the derivatives of PYR has
been reported that skin irritation is low (Sasaki et al., 1990). The chemical and physical
properties of PYR make it a unique solvent for certain applications and a useful chemical
intermediate (Daubert and Danner, 1997). In pharmaceutical research, PYR is used as a
plasticizer, solubilizing enhancer (Jain and Yalkowsky, 2007), penetration enhancer on
transdermal drug delivery (Sasaki et al., 1988), and polymer solvent in in situ forming gel
system (Parent et al., 2013) and ISM (Kranz et al., 2001).

Fig. 5 Chemical structure of 2-pyrrolidone (PYR), C4H7NO

2.5.3 Drug
2.5.3.1 Doxycycline hyclate
Doxycycline presents itself in three forms: hyclate, monohydrate and
hydrochloride. From the doxycycline hyclate is possible to convert to other forms. The way
hyclate dissolved in water and neutralized with sodium hydroxide becomes doxycycline
monohydrate. This form with the addition of hydrochloric acid becomes doxycycline
hydrochloride. The doxycycline hyclate (Fig 6.) is the form hemihydrate and
hemiethanolate (Naidong et al., 1990). This drug presents the molecular formula
(C22H24N2O8. HCl) 2. C2H6O. H2O and molecular weight 1025.89 g.mol-1 (Reynolds, 2007). The
following pKa values for doxycycline hyclate as shown in Fig. 6: pKa1 3.02 ± 0.3; pKa2 7.97
± 0.15; pKa3 9.15 ± 0.3 (Shariati et al., 2009). The physical apparent of this antibiotic is
hygroscopic yellow crystalline powder which should be stored in airtight containers and
protected from light (Reynolds, 2007). Doxycycline is one of a broad-spectrum tetracycline
antibiotics which inhibit bacterial protein synthesis through their link to the bacterial 30S
ribosome, impeding access of aminoacyl-tRNA acceptor site in the mRNA-ribosome
complex (Brunton et al., 2006). However, it has been studied as an inhibitor of matrix
metalloproteinases (intercellular substance), an action unrelated to its effects on bacterial
protein synthesis (Skúlason et al., 2003; Brunton et al., 2006). The doxycycline hyclate is
used to treat the infectious diseases e.g. respiratory tract infections, chronic prostatitis,
sinusitis, syphilis, chlamydia, pelvic inflammatory disease, and also periodontal treatment
(Brunton et al., 2006; Ramesh et al., 2010). The latter treatment has been reported that this
antibiotic is active against infectious bacteria through bacteriostatic effect and also inhibits
tissue collagenase activity at target site (Yu et al., 1993; Seymour and Heasman, 1995a).
The oral regimen for periodontitis is 250 mg doxycycline hyclate four time a day for up to
9 months, the dose of local treatment depended on the shape, size and number of pocket
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(Polson et al., 2008). Doxycycline has been used in pharmaceutical research such as in situ
forming gel (Gad et al., 2008), and in commercial product, Atridox® as well.

Fig. 6 Chemical structure of doxycycline hyclate, (C22H24N2O8. HCl) 2. C2H6O. H2O
2.5.4 External phase
2.5.4.1 Olive oil
Olive oil is a liquid fat established from the fruit of olive tree, Olea europaea, a
primitive tree from Mediterranean region (Wahrburg et al., 2002). It has been commonly
used as the emollients, laxatives, nutritive, sedatives and tonics. In specific conditions this
drug is traditionally treated the colic, alopecia, paralysis, rheumatic pain, hypertension and
inflammatory (Gilani et al., 2005; Visioli et al., 2002). The components of olive oil are
complex which the main chemical structure can be illustrated as in Fig. 7. The major
categories of compositions which contribute to inhibit oxidative stress include oleic acid,
phenolic compounds and squalene (Owen et al., 2000). Many in vivo and in vitro studies
have reported that phenolic compounds, mainly hydroxytyrosol, oleuropein and tyrosol,
have significantly beneficial effects on inflammation, antioxidant status, and antimicrobial
activity against bacteria, fungi and mycoplasma (Ciecerale et al., 2012). Hydroxy tryrosol
and oleuropein contain a catechol group which can exhibit an antioxidant by stabilizing
free radicals through the formation of intramolecular hydrogen bonds (Visioli et al., 2002).
Additionally, a derivative of phenolic compound called oleocanthal is homologous with
non-steroidal anti-inflammatory drug (NSAID) such as ibuprofen (Beauchamp et al.,
2005). It therefore shows a similar pharmacological activity prior to inhibit the same
cyclooxygenase enzymes in the prostaglandin-biosynthesis pathway (Beauchamp et al.,
2005; Yamada et al., 2008). In drug delivery systems, olive oil has been commonly used
as oil base in emulsion for injection in neonates (Webb et al., 2008), skin enhancer (Patel
et al., 2010) and lipid nanoemulsions (Nanjwade et al., 2013).
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Fig. 7 Chemical structure of olive oil, R1 = oleic acid, R2 = linoleic acid and R3 = palmitic
acid are alkyl group (20%) or alkenyl group (80%)

2.5.4.2 Glyceryl monostearate
Glycerol monostearate (GMS) is an organic molecule (Fig. 8). The physical
appearance of GMS includes colorless, odorless and sweet-testing flaky powder. It has been
used in food additive, cosmetics and controlled drug delivery system. GMS is lipophilic
non-ionic surfactant with HLB 3.6-4.2 that can improve the physical stability and
injectability of ISM based on PLGA to be stable for 12 h (Voigt et al., 2012).

Fig. 8 Chemical structure of glyceryl monostearate (GMS), C21H42O4

2.6 Evaluation
The concept of evaluation methods in this research had been introduced in chapter
4 before describing the result and discussion. However, some particular characterizations
such as relative viscosity, viscoelasticity, and mechanical properties requires intensive
basic knowledge in order to interpret the complicated data efficiently.
2.6.1 Relative viscosity
Relative viscosity (ηrel) or also known as “solution solvent viscosity ratio” is ratio
of the viscosities of the polymer solution and of the pure solvent at the same temperature.
Relative viscosity (ηrel) can be expressed in the following equation 1.
𝐸

𝜂𝑟𝑒𝑙 =

𝜌(𝐶𝑡− 2 )
𝑡
𝐸
𝜌0 (𝐶0 𝑡0 − 20 )

[1]

𝑡0

Where: ρ = density, C = tube calibration constant (cSt/s), E = kinetic energy
correction constant (cSt.s2), and t = flow time (sec).
In practical, viscosity of polymer solution with known concentration will be
measured compared with viscosity of pure solvent. The value of both viscosities is
determined by measuring flow time using viscometer e.g. Oswald viscometer or Ubbelohde
viscometer. Therefore relative viscosity (ηrel) can be calculated from equation 2.
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𝜂𝑟𝑒𝑙 =

𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡

=

𝑡
𝑡0

[2]

Where: t0 = flow time of pure solvent, t = flow time of polymer solution (McNaught
and Wilkinson, 1997). This parameter was employed to clarify the role of solvents on drug
release form in situ forming systems (Kranz and Bodmeier, 2008).
Additionally, the relative viscosity (ηrel) can be applied to calculate other
parameters, which are for polymer quality control, such as logarithmic viscosity number,
specific viscosity, reduced viscosity, intrinsic viscosity, K-value and molar mass (g/mol);
the mass of a given substance divided by its amount of substance (Honek et al., 2005). The
intrinsic viscosity, practically calculated from the value of relative viscosity, was used to
predict the release profile from matrix tablets tailored with individual types of polymer
(Körner et al., 2009) and also the pattern of protein release from matrices casted from
polymer solution with different solvents (Madsen et al., 2015)

2.6.2 Viscoelastic behavior from rheology studies
Viscoelasticity is established of two words: viscosity and elasticity. Viscosity is a
fluid property and is a measure of resistance to flow. Elasticity is a solid material property.
Therefore, a viscoelastic material possesses both fluid and solid properties. The behavior
of material with viscoelasticity depends on time, so called “time-dependent material”
(Özkaya et al., 2012).
Almost biological materials including polymer plastics exhibit gradual deformation
and recovery when they are subjected to loading and uploading at high temperature. Their
response depends on the magnitude and rate of the stress which is applied to or removed
from the material prior to deformation (Özkaya et al., 2012). Hence, the stress-train
relationship for a viscoelastic material is a function of the time or the rate at which the
stresses and strains are employed in the material. Viscoelastic body can store some of the
energy which supplied to deform the shape (strain energy), and release the remainder as
heat. This situation presents the hysteresis loop which is an area enclosed by the loading
and unloading paths, in stress-strain diagram. It represents the energy dissipated as heat
during the deformation and recovery phases, and it also increases the temperature of the
material. Additionally, the hysteresis loop points out that viscoelastic materials can
remember the history of deformations when they undergo and react by time (Özkaya et al.,
2012). In other words, they will return to its original shape or an elastic response after
removal the load, and that response may take time which describes a viscous component
(Vincent, 2012).
The performance of viscoelastic materials can be investigated by two major
categories of experiment: transient and dynamic. Transient experiments involve the creep
experiment and the stress-relaxation experiment, which belong to the deformation of
material by simple elongation and by time, respectively. On the other hand, dynamic
experiment is an oscillatory response that either harmonic stress or strain (usually strain) is
varied with time sinusoidally, and the response is monitored at a range of different
frequencies of deformation. Mathematics for the creep and stress-relaxation models rely on

17

linearity of response which considerably appropriates for strains at less than 0.01. However,
all biological materials normally respond in nonlinear type and function at strains more
than 0.5. The attainable model of viscoelasticity at large strains therefore remains the
oscillatory approach (Vincent, 2012).
The basic concept of an oscillatory test is an induction of sinusoidal shear
deformation in the samples in order to measure the stress response as a resultant. The
oscillation frequency (𝜔) of the shear deformation determines the time scale probed. In a
typical experiment, the specimen is loaded between two plates as shown in Fig 9 a. The top
plate stands stationary whereas a motor rotates the bottom plate, thereby setting a time
dependent strain (γ) on the sample. Meanwhile, the time dependent stress (σ) is quantified
by measuring the torque that the sample places on the top plate. This time dependent stress
(σ) response at a single frequency suddenly presents major difference between materials
e.g. elastic solid, viscous fluid and viscoelastic material as shown in Fig 9 b. All types of
materials possess the same strain input (γ) as in equation 3. (Macosko, 1994; Larson, 1999)
γ = γ0 sin (ω.t)

[3]

If the material in a sinusoidal oscillatory test is ideally elastic solid, stress (σ)
response would be in phase:
σ = σ0 sin (ω.t)

[4]

For an ideally viscous fluid (Newtonian), the stress (σ) response lags π/2 radians
behind the strain (γ) input and they are out of phase:
𝜋

σ = σ0 sin (ω.t- )
2

[5]

Viscoelastic materials behave somewhere in between these cases that contain both
in-phase and out-of-phase and their response is described by:
σ = σ0 sin (ω.t-𝛿)

[6]

The viscoelastic behavior of the system at ω is characterized by the storage modulus
(G’) and the loss modulus (G’’) which respectively characterize the solid-like and fluidlike, respectively contributions to the measured stress response.
σ = σ 0 cos𝛿 sin (𝜔.𝑡) + σ 0 sin𝛿 cos (𝜔.𝑡)

[7]

σ = G’ γ0 sin (ω.t) + G’’ γ0 cos (ω.t)

[8]

Where 𝜎0cos𝛿 is the first magnitude in phase with strain or G’
𝜎0sin𝛿 is the second magnitude which is 90°out of phase with strain or G’’
Also, the loss modulus (G’’) can also be defined in terms of loss tangent (tan𝛿)

tan𝛿 =

𝐺 ′′
𝐺′

[9]
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However, the summation of shear modulus can be express in a complex shear
modulus (G*) (Osswald and Menges, 2003; Ward and Sweeney, 2004; Meyers and Chawla,
2009).
G* = G’ + G’’

[10]

Fig. 9 (a) Schematic representation of a typical rheometer, with the sample loaded
between two plates. (b) Schematic stress response to oscillatory strain deformation for an
elastic solid, a viscous fluid and a viscoelastic material (Wyss et al., 2007)
The principle of viscoelastic materials has been applied in biomaterial and
pharmaceutical sciences. For instances, the hydrophilic polyvinyl alcohol (PVA)-based
hydrogel (so called “PB hydrogel”) was modified by adding cellulose nanoparticles (CNPs)
(e.g. cellulose crystals, cellulose nanofibers), or borax. The study underlying characterized
the dynamic rheological behavior of the obtained hydrogels and explored the plausible
mechanism for the multi-complexation between compositions in order to understand the
relationship between 3D network structure and hydrogel properties. Borax functioned as a
reversible intermediate between PVA and CNPs. The incorporation of well-dispersed
CNPs to PB systems significantly enhanced the viscoelasticity and stiffness of hydrogels
including self-recovery behavior. This novel biomaterial further applied for artificial
muscles, bio-actuators, soft machines, tissue scaffolds and drug delivery devices (Han, et
al., 2014). In thermo-sensitive drug delivery system, the poloxamer in situ forming
hydrogel was optimized mechanical properties and mucoadhesive force by incorporating
the hyaluronic acid (HA). The viscoelastic analysis revealed that the addition of HA
delayed the gelation temperature without interfering the self-assemble process of
poloxamer and HA also increased the strength of gel structure by interacting with micelles
through hydrogen bonds. Consequently, the platform was able to prolong and control drug
release for more than 6 h (Mayol et al., 2008).
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2.6.3 Mechanical analysis
Material properties are inferred from the resulting mechanical response upon the
applying stress or strain. Mechanical tests generally involves the deformation or breakage
of regimens (Ashby and Jones, 1996). When a force is accounted on a solid material, it may
result in the strength, tension, hardness, translation, rotation, or deformation which
constitutes both change in shape, distortion, and change in size/volume, dilatation (William
and Callister, 2004). The results of those tests are applied for two elementary purposes: 1)
engineering design for new materials, and 2) quality control to verify the manufacturing
process or to confirm the product specifications (Ashby and Jones, 1996).
Material deformation can be temporary or permanent. The temporary deformation
disappears after removal of the applied forces i.e. the deformation is recoverable, that
inferred to elastic deformation. Whereas permanent deformation is irreversible i.e. stays
even after removal of the applied forces, that defined as plastic deformation. When a
material is subjected to applied forces, the material initially performs elastic deformation
followed by plastic deformation (William and Callister, 2004).
The ability of material to oppose the applied force without any deformation is
expressed in two ways, i.e. strength and hardness. Strength is defined in many ways as per
the design requirements, while the hardness may be defined as resistance of a material to
penetration. Methods to evaluate the hardness can be divided into three primary categories:
1) Scratch Tests, 2) Rebound Tests, and 3) Indentation Tests (Ashby and Jones, 1996). The
popular method for characterizing the mechanical properties of composite materials such
as hydrogel, matrix and etc. belongs to indentation tests (Aherane et al., 2008).
Indentation tests practically generate a permanent compact in the surface of
material. The force and size of the impression relates to a quantity which probably refers
to hardness (Ashby and Jones, 1996). This technique operates by inserting a probe (cone or
cylinder) into a regimen at a single point with a predetermined displacement depth or
alternatively depth of penetration of a probe under a constant load for a giving time, and
measuring the response force. As the probe penetrates the sample, the material in its path
is fractured and dissipated apart. The progress of the probe is retarded to an extent
depending on the hardness of the material in its path, the adhesion of the material to its
surface (which depends on the depth of penetration into material and the thickness of the
needles, or angle of the cone, used). The monitoring data are recorded in term of forcedisplacement or force-time curve as illustrated in Fig. 10. (Aherane et al., 2008; Do et al.,
2014). The profile obtains individual parameters e.g. F max deformation, F remaining and F adhesion.
The maximum deformation force is the force measured at maximum probe penetration into
the regimen. After that, the probe is held for 60 s and the remaining force is recorded. In
this case, the adhesion force is the force with setup during the upward movement of the
probe, indicating the invert direction of force which is labelled in negative value. The
elasticity/plasticity of sample is detected by ratio of F max deformation/ F remaining. High values
represent high elasticity which low values imply high plasticity (Do et al., 2014).
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Fig. 10 Force-time curve to determine the mechanical and adhesive properties of
the implants (Do et al., 2014)
The penetration test usually applied in food research as well as pharmaceutical
research. For instances, the soft cheeses (e.g. Camembert, Coulommier, Munster) were
penetrated by a cylindrical probe (5mm diameter at a speed of 10 mm/min to a depth of 10
mm). It found that the force at 10 mm penetration gave a high correlation with sensory
firmness (r = 0.94, n = 19). The technique is, therefore, appropriated as rapid method for
texture analysis in soft cheese (Hennequin and Hardy, 1993). In novel in situ forming
implants, the formulation based poly (lactic-co-glycolic acid) (PLGA) was modified its
limited adhesion to the surrounding tissue due to the accidental expulsion of implants from
periodontal pockets. The mechanical analysis presented that the addition of different types
and amounts of plasticizer (acetyltributyl citrate and dibutyl sebacate) including of adhesive
polymers (hydroxypropyl methylcellulose, HPMC) significantly increased the stickiness of
system and provided good plastic deformability. Overall, these depots were much more
adhesive than prior systems, provided suitable plasticity and desired drug release patterns
(Do et al., 2014).
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3.1 Materials
1.
2.
3.
4.

2-Pyrrolidone (lot no. BCBG8182V, Fluka, Germany)
Agarose (Lot H7014714, Vivantis, Malaysia)
Amaranth
Bleached shellac (BS) (Ake shellac Co., Ltd., Lumpang, Thailand)
Acid value 70-95 mg
Loss on drying less than or equal 3.5%
Color index 2

5. Dialysis tube (Spectra / Por® membrane MWCO: 6,000-8,000, lot
no. 32644, Spectrum Laboratories, Inc., Fluka, Swizerland)
6. Dimethyl sulfoxide (lot no. 1367140, Fluka, Switzerland)
7. Doxycycline hyclate (DX) (Batch No. 1303082, Huashu
pharmaceutical corporation, Shijiazhuang, China)
8. Ethanol, Absolute (Lot no. G17W62, J.T. Baker, USA)
9. Glyceryl monostearate (PC Drug Co., Bangkok, Thailand)
10. Hexane, Grade AR (Lot no. 135157-1216, QReC, New Zealand)
11. N-mthyl-2-pyrrolidone (NMP) (lot no. A0251390, Fluka, New
Jersey, USA)
12. Olive oil (Lot no. L4418R, Bertolli, Italy)
13. Potassium dihydrogen orthophosphate (lot no. E23W60, Ajax
Finechem, Australia)
14. Sodium hydroxide (lot no. AF310204, Ajax Finechem, Australia)

3.2 Equipment
1. Analytical balance (Sartorisu model BP2100S and Sartorius model
CP224S, Germany)
2. Attachable digital C-mount camera (Moticam2, Motic®, Chaina)
3. Brookfield viscometer DV-III ULTRA (Brookfield Engineering
Laboratories. Inc., USA)
4. Differential scanning calorimetry (DSC) (Pyris Sapphire DSC,
Standard 115V, Perkin Elmer instruments, Japan)
5. Digital camera (LG 4XHD, Korea)
6. Filter set & membrane filter 0.45 µm
7. Freezer -20oC (Sanden, Intercool, Thailand)
8. Freeze dryer (TriadTM Labconco, Missouri, USA)
9. Glass bottle pycnometer 10 mL
10. Goniometer (FTA 1000, First Ten Angstroms, USA)
11. Heating incubator (biocotek, Zhejiang, China)
12. High performance liquid chromatography (HPLC) (Agilent 1100
series, Agilent Technologies, USA)
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13. HPLC column (Packing: ReproSil-Pur Basic C18, 5 µm, 150x4.6
mm, Dr Maisch, Germany)
14. HPLC guard (EasyGuard Kit, C18, Dikma, USA)
15. Homogenizer (Ultra-Turrax T10 basic, IKA, Germany)
16. Hot air oven (Heraeus UT6760, Kendro laboratory; Germany)
17. Inverted microscope (Nikon DXM 1200, Japan)
18. Image frame work software (Nikon DXM 1200, Japan)
19. Laminar air flow hood (wiwatsan lab, Nonthaburi; Thailand)
20. Magnetic stirrer (Becthai Bangkok Equipment and chemical. Ltd,
Bangkok, Thailand)
21. Magnetic stirrer (M6, Ingenieurbüro Cat M. Zipperer GmbH,
Germany)
22. Micropipette 1mL, 5mL, 10mL
23. pH meter (Ultra Basic UB-10, Denver Instrument, Bohemia, New
York)
24. Scanning electron microscope (Maxim 200 Camscan, Cambridge,
England)
25. Shaking incubator Model SI4 (Shel Lab, Cornelius, USA)
26. Shaking incubator (HandyLAB®, NB205, N-Biotek. Inc., Korea)
27. Sonication bath (Transsonic T890/H, Elma, Australia)
28. Stereo zoom microscope (SMZ-171 Series, Motic, China)
29. Syringe connector (Qosina, USA)
30. Texture analyzer (TA.XT plus, Charpa Techcenter, Godalming,
Stable micro Systems Ltd., UK)
31. Thermogravimetric analyzer (TGA) (Pyris/TGA, PerkinElmer,
USA)
32. Ubbelohde calibrated viscometer (size 0C, CAT 9721-R53,
CANNON®, USA)
33. Viscoelastic rheometer (Kinexus rheometer, model KNX 2100,
Marvern, UK)
34. Water bath (Buchi Heating Bath B-490, New Hampshire, USA)
35. X-ray powder diffractometer (Miniflex II, Rigaku Corp. Tokyo,
Japan)
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3.3 Methods
The abbreviations of in situ forming systems have been defined in Table 1.
Table 1 Definition of abbreviation in formulation
Abbreviation

Definition

ISG, gel

In situ forming gel

ISM, ism

In situ microparticle

DX

Doxycycline hyclate

DMSO, DM

Dimethyl sulfoxide

NMP, N

N-mthyl-2-pyrrolidone

PYR, P

2-Pyrrolidone

3.3.1 Preparation of the injectable in situ forming systems from bleached
shellac
3.3.1.1 Preparation of the in situ forming gel systems from bleached shellac
dissolved in various solvents
The 30% w/w bleached shellac was dissolved in various solvents (DMSO,
NMP or PYR) under intermittent stirring for 3 days to obtain the homogenous mixture. The
10% w/w doxycycline hyclate was dissolved in solvent before incorporated with bleached
shellac. The final formulations of in situ forming gel are shown in Table 2.
Table 2 Composition formula of in situ forming gel
Amount (%w/w)
Formula

Solvent

Bleached
shellac

Doxycycline
hycalte

DMSO

NMP

PYR

DMSO gel

30

-

qs to 100

-

-

NMP gel

30

-

-

qs to 100

-

PYR gel

30

-

-

-

qs to 100

DXDM gel

30

10

qs to 100

-

-

DXN gel

30

10

-

qs to 100

-

DXP gel

30

10

-

-

qs to 100
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3.3.1.2 Preparation of the in situ forming microparticle systems from bleached
shellac with various solvents
Internal phase was prepared from in situ forming gel in 3.3.1.1. Individually, the
external phase, GMS (5% w/w of external phase) was dispersed in olive oil at 80oC under
continuous mixing until obtaining a clear solution. Then it was suspended to convert into
the milky dispersion under ambient condition. ISM emulsion was manipulated in 2 syringes
coupled with a connector. This comprised with constant volume ratios of external and
internal phases at 1:1. The emulsification was achieved by back-and-forth movement of the
syringe plungers for 50 mixing cycles for 1-2 min in 3 mL single-use syringe as previously
described (Kranz and Bodmeier, 2008; Rungseevijitprapa and Bodmeier, 2009).
Table 3 Composition formula of in situ forming microparticle
Amount (%w/w)
Internal phase

External phase

Formula
Bleached
shellac

Doxycycline
hycalte

DMSO ism

15

PYR ism

Solvent
DMSO

NMP

PYR

Olive
oil

-

qs to
100

-

-

47.5

2.5

15

-

-

-

qs to
100

47.5

2.5

DXDM ism

15

5

qs to
100

-

-

47.5

2.5

DXP ism

15

5

-

-

qs to
100

47.5

2.5

GMS

3.3.2 Evaluations of formulation
3.3.2.1 Density study
Density of liquid compositions were investigated by pycnometer. The accurate
weight of samples in precise 10 mL pycnometer was determined under ambient
temperature. All tests were performed in triplicate and calculated the density from equation
11.
𝜌=

𝑚
𝑣

[11]

3.3.2.2 Surface and interfacial tension study
An automatic system of maximum liquid drop volume is a widely used method to
measure the surface tension and interfacial tension of liquid compositions (Hartland et al.,
1974). Surface and interfacial tension were determined with pendant drop method using
goniometer. The residual amount of liquid on the tip (diameter 0.9140 mm) was determined
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in the air and quartz cell comprising olive oil to measure the surface tension and interfacial
tension, respectively. The distilled water was used as a control for both couple studies.
Total measurements were recorded in triplicate under room temperature.
3.3.2.3 Rate of macroscopic phase separation of emulsion composition
Solvent and olive oil were the emulsion compositions in the internal phase and
external phase, respectively. The principle of emulsion is to assembly an incompatible
couple parts with an emulsifier. This experiment aimed to measure the separation rate of
compositions from these incompatible parts. The preliminary study of interaction between
dyes and emulsion compositions i.e. olive oil or organic solvents demonstrated that
amaranth was able to be dissolved in solvent only, and it provided more stable color than
other dyes as well (data were not shown) therefore it was selected as a coloring maker for
monitoring the separation rate of solvent from olive oil. To certainly analyze, all samples
were suspended with 1 mg amaranth and loaded in 10 mL syringe. Each syringe was setup
vertically in ambient condition. In process of separation, olive oil had arisen upward where
the colored solvent moved downward. The rate of solvent separation from olive oil was
correlated as following equation 12 at pre-determined time.
Rate of solvent separation from the olive oil =

Distance of solvent front diffusion (mm)
𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)

[12]

3.3.2.4 pH study
The pH value of pure solvents from in situ forming systems and doxycycline
hyclate (5% and 10% w/w) dissolved in each solvent were measured using a pH meter in
triplicate. All samples were compared with distilled water, phosphate buffer pH 6.8 and
doxycycline hyclate dissolved in these two media.
3.3.2.5 Relative viscosity study
The viscosities of diluted polymer in each solvent were measured by using
Ubbelohde calibrated viscosmeter (Size 0 C, Cannon®, USA) operating instructions for a
given capillary at room temperature. Bleached shellac was dissolved in DMSO, NMP or
PYR in the concentration range of 0.625-1.000 g/100 mL and sonicated the solutions for 1
day before test. The relative viscosity was calculated by equation 13
η r el =

η
η𝑜

=

𝑡𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝑡𝑜 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

[13]

Where η and η o are the viscosities of the polymer solutions and the solvents, 𝑡 and
𝑡𝑜 are the corrected flow times of the polymer solutions and solvents. It should start timing
after sample flows down into capillary as the meniscus pass the upper mark and stop when
the meniscus passes the lower mark. Generally, it recommends 3 timing which the
difference should not be more than 0.2-0.4 sec (Kranz and Bodmeier, 2008; Körner et al.,
2009; Madsen et al., 2015).
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3.3.3 Evaluations of in situ forming gel properties
3.3.3.1 Evaluations of in situ forming gel systems before exposure to
solvent exchange
3.3.3.1.1 Appearance viscosity and rheological behavior studies
The appearance viscosity and rheology of the prepared formula (ISG) was
investigated using Brookfield DV-III Ultra programmable rheometer with spindles (CP-40
and CP-52) (n=3). Viscosity parameters were collected at different shear rate with 15
seconds equilibration time at every shear rate under room temperature. It had been reported
that the flow property correlated with the viscosity. The viscosity about 1 x 104 m Pas was
adequate for a proper flow property (Sato et al., 2012).
The flow parameters were characterized using the exponential formula
(Martin, 1993):
FN = ŋ G

[14]

Log G = N Log F – Log ŋ

[15]

Where F is shear stress, G is shear rate which a progressive shearing
deformation is applied to some materials, N is an exponential constant and ŋ is a viscosity
coefficient (Martin, 1993).

3.3.3.1.2 Viscoelastic behavior studies
The viscoelastic properties of in situ forming gels were assessed using a
small-amplitude oscillatory shear experiment. The dynamic rheological behaviors,
including dynamic strain sweep, dynamic frequency sweep and dynamic temperature
sweep were investigated with Kinexus rheometer using plate-and-plate geometry (CP1/50
diameter 50 mm). For each measurement, to minimize shearing during sample loading,
approximately 0.56 mL of each sample was carefully loaded onto the plate using a
tablespoon and repeated three times.
Dynamic strain sweep
Dynamic strain sweep was first performed from 0.01 to 100% at 𝜔 = 1.0
Hz before the dynamic viscoelastic measurements. The storage modulus was recorded to
define the linear viscoelastic region (LVR) in which the storage modulus is independent to
the strain amplitude. Select a strain (𝛾) in the serial oscillation tests which the dynamic
oscillatory deformation of each sample was within the LVR.
Dynamic frequency sweep
The viscoelastic parameters (log mode), including shear storage modulus or
elastic modulus (𝐺 ′ , “solid like”) and loss modulus or viscous modulus (𝐺 ′′ , “liquid like”)
as functions of angular frequency (𝜔) were measured over the range 0.1-10 rad/s at selected
strain (𝛾) of sample series under 25oC. The complex modulus (𝐺 ∗ ), complex viscosity (η∗ )
and loss tangent (tan 𝛿) were calculated by equations 16-18, respectively (Han et al., 2014).
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𝐺 ∗ = √𝐺′2 + 𝐺′′2
𝜂∗ =

G∗

[17]

𝜔

tan 𝛿 =

[16]

𝐺 ′′
𝐺′

[18]

Dynamic temperature sweep
The gelification temperature of the polymeric systems was investigated by
monitoring the variation of the elastic and viscous moduli with the temperature in the range
from 20-45oC, at a fixed frequency of 1 Hz, heating rate 50oC/min and selected strain (𝛾)
of sample series (Li et al., 2001).
3.3.3.1.3 Thermal property studies
Thermal properties of in situ forming gels with different solvents were
determined by using the thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Both measurements were tested using in TGA (Pyris TGA,
PerkinElmer, USA) and, DSC (Pyris Sapphire DSC, Standard 115V, Perkin Elmer
instruments, Japan) respectively. TGA curve may provide the useful information regarding
the thermal stability and composition of the sample under investigation (Patil et al., 2012).
TGA experiments were conducted in the temperature range from ambient temperature to
400oC. The constant heating rate was 5oC/min. The activation energies of crystallization
and phase transformation of the samples were also measured by DSC experiments. For
solid samples, the temperature range was ambient temperature to 300oC except bleached
shellac was evaluated in the temperature range from ambient temperature to 100oC and 100oC to 300oC. For liquid samples, the temperature range was 100oC to 100oC. All DSC
tests were studied at heating rates of 10oC/min which commonly used in thermal analysis
by researchers (Lecomte and Liggat, 2008).
3.3.3.2 Evaluation of in situ forming gel systems during exposure to solvent
exchange
3.3.3.2.1 In vitro drug and solvent release studies
One gram of the respective formulation was injected into dialysis tube (MW
cut off 5000-8000) using a standard syringe and sealed with dialysis clip at the end of tube.
Dialysis tube with sample was carefully added into bottle of 100 mL phosphate buffer pH
6.8 (simulated environment of gingival crevicular fluid) (Esposito et al. 1996) to initiate
the solvent exchange and in situ forming formation. The bottles were vertically shaken at
37oC at 50 rpm. At pre-determined time points, the bulk fluid was completely withdrawn
and replaced with a 10 mL fresh medium. The amount of drug and solvent in the samples
was determined HPLC-spectrophotometrically at room temperature ( 𝜆 =273 nm for
doxycycline hyclate, 𝜆 =220 nm for solvents; Agilent 1100 series, Agilent Technologies,
USA). All tests were performed in triplicate and the results were shown as mean values ±
standard deviation. A 20 µL volume was injected onto a Dr. Maisch® C18, 5 µm column
using as the mobile phase which was acetonitrile/phosphate buffer mixture (15:85) at a
flow rate of 0.8 mL/min for solvents and an acetonitrile/phosphate buffer mixture (40:60)
at a flow rate of 1.5 mL/min for doxycycline hyclate. Solutions of DMSO, NMP or PYR
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and doxycycline hyclate in phosphate buffer pH 6.8 of known concentrations were used to
generate the calibration curves.
3.3.3.2.2 Analysis of drug and solvent release data
The data of in vitro drug and solvent release were analyzed by a nonlinear
computer program, Scientist® for Windows, version 2.1 (MicroMath Scientific Software,
SaltLake City, UT, USA). Different mathematical release equations are the essential tool
for fitting the cumulative percentage of drug release profiles in range of 10% to 80%.
Considerable models of mathematic equation for this experiment are power law, zero order,
first order, and Higuchi’s. The coefficient of determination (r2) and model selection criteria
(msc) were parameters for indicating the degree of curve fitting (Micromath Scientist
Handbook, 1995; Mahadlek, 2012).
3.3.3.2.3 In vitro degradability study
One gram in situ forming gels were filled in dialysis tube (Mmix) containing
30% w/w of bleached shellac (Mo) and were treated as described in Section 3.3.2.1. Along
45 days, in situ forming gels were withdrawn at pre-determinated time intervals, washed
with distilled water, weighed in the wet state (Mwet), vacuum-dried to constant weight (M
o
dry) and stored at -20 C for further analysis. The study was conducted by triplicate.
The total Mass Loss, Bleached shellac (BS) Mass Loss and Water Content
of the in situ forming gels were calculated using the following equation 19-21, respectively.
% Total 𝑀𝑎𝑠𝑠𝐿𝑜𝑠𝑠 =
% BS 𝑀𝑎𝑠𝑠𝐿𝑜𝑠𝑠 =

𝑀𝑡𝑜𝑡𝑎𝑙 −𝑀𝑑𝑟𝑦
𝑀𝑡𝑜𝑡𝑎𝑙

𝑀0 −𝑀𝑛𝑒𝑡 𝑑𝑟𝑦

% 𝑊𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑀0
𝑀𝑤𝑒𝑡 −𝑀𝑑𝑟𝑦
𝑀𝑑𝑟𝑦

[19]
[20]
[21]

Where 𝑀𝑛𝑒𝑡 𝑑𝑟𝑦 is the weight of dry sample without residual solvent and
doxycycline hyclate (Boimvaser et al., 2012).
3.3.3.2.4 Rate of water diffusion into in situ forming systems study
Water diffusion plays a crucial role for solvent exchange which is one
another key mechanism of this research. The observation of water diffusion into gels was
studied by filling each sample into transparent tube (diameter 6 mm) immersed in test tube
containing with phosphate buffer solution pH 6.8 (15 mL). When water diffused into the
gels, the apparent system was changed from transparent to opaque. The distance of water
front diffusion (opaque front) was recorded at various time within 5 days. The rate of water
diffusion into gels was correlated as diffusion distance and time as the following equation
22 (Mahadlek, 2012):
Rate of water diffusion into the gels =

Distance of water front diffusion (mm)
𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)

[22]
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3.3.3.2.4 Solvent diffusion study
For checking the characteristic of solvent diffusion, experimental was setup
to simulate an artificial periodontal pocket from agarose and was analyzed under stereo
microscope (Motic SMZ-171 Series). Briefly, agarose was dissolved in boiling water (0.6%
w/v), and the solutions were poured into petri dishes (diameter 4.5 cm). The gel formed
upon cooling down to room temperature. At the center of the gels, cylindrical holes
(diameter 6 mm) were made and filled with 150 µL liquid formulation using a standard
syringe (Do et al, 2014). To simply analyze, all samples were dyed with amaranth (0.1g/
10mL). During solvent exchange, the change was captured with stereo microscope every 5
min within 30 min. Solvent fronts were measured for 5 zones in triplicate. The rate of
solvent diffusion into agarose gels was correlated as following equation 23.
Rate of solvent diffusion into the gels =

Distance of solvent front diffusion (mm)
𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)

[23]

3.3.3.3 Evaluation of in situ forming gel systems after exposure to solvent
exchange
3.3.3.3.1 Mechanical property studies
The mechanical properties of the investigated in situ forming gels were
determined with a texture analyzer (TA.XT plus, Charpa Techcenter, Godalming, Stable
micro Systems Ltd., UK) using agarose gel with cylindrical hole as an artificial periodontal
pocket. The preparation of agarose gel has been described previously in section 3.3.3.2.4.
Upon solvent exchange exactly completed in 1 week, the in situ gel formed. At the end of
gel transformation, a cylindrical probe (diameter 3 mm) was driven downwards at a speed
of 0.5 mm/s. Once in contract with in situ forming gel, the applied force and displacement
of the probe were recorded as a function of time. The position was held for 60 sec since
penetration depth was 1.5 mm. Subsequently, the probe was driven upwards at a speed of
10 mm/s.
The force measured at maximum probe penetration into in situ forming gel
is called the maximum deformation force (F max deformation). The remaining force (F remaining)
is a force measured after 60s holding time. The ratio “F remaining/ F max deformation” is used as a
measure for the elasticity/plasticity of in situ forming gel. High values indicate high
elasticity, low values indicate high plasticity. Each experiment was repeated for 6 times
and results are presented as mean values ± standard deviation (Do et al, 2014).
3.3.3.3.2 Powder X-ray diffraction study
The crystallinity of all solid compositions was determined using a powder
X-ray diffractometer (Miniflex II, Rigaku Corp. Tokyo, Japan) with Ni-filtered Cu
radiation generated in a sealed tube operated at 30 kV and 15 mA. The XRD patterns were
measured at 2θ from 4-60 degree and scanning rate of 2 degree/sec at room temperature.
3.3.3.3.3 Determination of surface morphology
The dried in situ gels were coated under an argon atmosphere with goldpalladium and then observed with a scanning electron microscope (Maxim 200 Camscan,
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Cambridge, England) in order to examine the surface morphology after incubation in
phosphate buffer pH 6.8 at 1, 7, and 45 days.
3.3.4 Evaluation of in situ forming microparticle properties
3.3.4.1 Evaluation of in situ forming microparticle systems before
exposure to solvent exchange
3.3.4.1.1 Morphology studies of o/o emulsion
The morphology of the ISM systems was determined by using an inverted
microscope (Nikon DXM 1200, Japan). This experiment shown the effect of stabilizer
concentration and volume phase ratio on emulsion droplet size. GMS, the stabilizer in
external phase for oil in oil emulsion, was varied its amount from 0%, 1.25%, 2.5%, 3.75%
and 5% w/w of external phase. ISM emulsion was manipulated with various volume ratios
of external and internal phases. Two different series were prepared (ordinary series with
5% GMS of external phase or 2.5% of whole system: 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2
and 9:1 and series of fixed stabilizer as 2.5% w/w of system: 4.75:5, 5.75:4, 6.75:3, 7.75:2
and 8.75:1). The characteristic of ISM emulsion was studied by dropping samples onto
slide and visually recorded the results every 10 seconds for 3 minutes. The average droplet
size was analyzed by image frame work software (n=150; 3 regimens, 50 droplets per
regimen) (Voigt et al, 2012).
3.3.4.1.2 The other evaluations
The evaluations of prepared oil in oil emulsion were performed with the
methods as discussed in 3.3.3.1.1-3.3.3.1.3.
3.3.4.2 Evaluation of in situ forming microparticle systems during exposure to
solvent exchange
3.3.4.2.1 Transformation of emulsion into microparticle study
The transformation was observed under the same condition as described in
section 3.3.4.1.1 where phosphate buffer pH 6.8 approximately 60 µL was dropped to
sample with the same amount on the glass slide and recorded every 10 sec for 3 min.
3.3.4.2.2 The other evaluations
The evaluations of in situ forming microparticles were performed with the methods
as discussed in 3.3.3.2.1-3.3.3.2.5.
3.3.4.3 Evaluation of in situ forming microparticle systems after exposure to
solvent exchange
All evaluations of in situ forming microparticles were performed with the methods
as discussed in 3.3.4.3.1-3.3.3.2.3.
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3.3.5 Statistical analysis
Analysis of variance (ANOVA) and student t-test were used for statistical
comparison. Samples were considered significantly different when p < 0.05.
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CHAPTER 4
RESULTS AND DISCUSSION
Part 1
4.1 Appearance of liquid formulations
The internal phase was a brownish fluid due to natural color of bleached shellac
while the external phase was a turbid dispersion under ambient temperature. The obtained
prepared o/o emulsion appeared as a turbid yellowish homogeneous system.
4.2 Evaluation of formulation composition
4.2.1 Density
The density of substance has a substantial influence on a stability of emulsion. It is
a major factor for instability processes of emulsion i.e. creaming, coalescence or
flocculation which an emulsion separates into bulk internal and external phases. Those
processes are well demonstrated by taking an emulsion of limited stability. Initially, for the
internal phase with a density less than the external phase, a “rising” of the cream is
observed. Then, as larger droplets rise and concentrate, they begin to appear at the top.
Finally, the drops coalesce to form a separate layer of oil on top. Thus the difference of
density between both phases should be minimized to inhibit a separation process (Becher,
1983).
The density of liquid compositions at room temperature is shown in Fig. 11. The
control group in this study was distilled water which the apparent density was about 1.02
g/cm3. The oil samples had significantly lower density (p<0.05) (approximately 0.94 g/cm3)
while the shellac solutions showed a higher unique density depending on type of solvents.
Comparison among three solvents, DMSO and its bleached shellac solution had the highest
density around 1.13-1.16 g/cm3. Similarly, density of PYR and its system was slightly
lower. NMP systems showed the least significant density (p<0.05) around 1.05-1.10 g/cm3.
According to these data, it might predict that emulsion from shellac solution in NMP should
be more stable than other systems.
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Fig. 11 Density of liquid compositions at 25oC (n=3), * p≤0.05
4.2.2 Surface and interfacial tensions study
The determination of liquid/liquid interfacial tensions between internal phase and
external phase is useful for understanding the stability of emulsions. Interfacial tension is
a force required to change the shape of two liquids. The increased surface contact during
emulsification increases the internal energy of the system and leads to an inherently
unstable situation that attempts to rectify itself by coalescence of the two phases.
Decreasing the interfacial tension between the two phases decreases the free energy and
increases the inherent (thermodynamic) stability of the emulsion (Harkins et al., 1915).
The relationship of liquid/liquid interfacial tension to emulsion stability was
explored using a pendant drop method in this research. Data of surface tension (air/liquid
interfacial tension) and density were determined initially to apply for determining the
interfacial tension. The air/liquid surface tensions of some liquids compared with DI water
(deionized water) at room temperature (25oC) are given in Fig. 12. The surface tension of
deionized (DI) water was 72.8 m N/m which was significantly different (p<0.05) from that
of used solvents (42.0-46.6 m N/m (PYR > DMSO > NMP)) whereas that of olive oil and
GMS dispersed in olive oil was 33.1-33.6 m N/m, respectively.
The liquid/liquid interfacial tensions between solvents and olive oil along with data
of DI water are compiled in Fig. 13. GMS dispersed in olive oil interfered the functioning
of digital photography capture due to its turbidity thus there was no result between it and
solvents. The interfacial tension of DI water and olive oil was 15.1 m N/m. For pure
solvents, it was interesting to note that the interfacial tension of solvents between 42 and
47 significantly decreased (p<0.05) by increasing its density i.e. NMP 3.1 m N/m, PYR 5.0
m N/m and DMSO 9.6 m N/m, respectively. This can be explained by the density profile
at the interface (Pichot, 2010). While the two pure immiscible liquids (olive oil and solvent)
were mixed, a free energy increased in system. Combination system attempted to minimize
its free energy. The density profile in the interface was obviously driven by the
minimization of the free energy into the interface (Miller et al., 2008). Materials in the
interface would have the densities of intermediate values between the density of olive oil
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Surface tension (mN/m)

and that of solvent. At the interface, each material can only interact with material of the
same density. Usually, the density varies sharply in the interface. Interactions between
materials having the same density are more probable at broad interface than at sharp
interface. The sharper interface is, the greater density difference is (Cahn and Hilliard,
1958). Therefore, a system with small density gradient could proficiently minimize the free
energy after dropping solvent into oil. NMP had the minimum interfacial tension hence it
might be anticipated that emulsion from shellac solution in NMP should be more stable
than other systems.
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Fig. 12 Surface tension of different solvents, olive oil and GMS-dispersed olive oil at 25oC
(n=3), * p≤0.05
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Fig. 13 Interfacial tension of different solvents in olive oil at 25oC (n=3), * p≤0.05

4.2.3 Rate of macroscopic phase separation of emulsion composition
The aim of this experiment is to compare the rate of macroscopic phase
separation of the internal phase from the external phase (ratio of 1:1). The major
compositions of each phase were solvent and olive oil, respectively. According to principle
of emulsion, they should be completely incompatible when they were without stabilizer.
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When the agitation was stopped and, these two phases separated under gravity, solvent
would obviously fall down straight to the bottom (Walstra, 1993). This study could estimate
the phase separation with correlation between volume of solvent separation and time. The
final volume of DMSO and PYR front was approximately 5 mL while the final volume of
NMP front was lower (Fig. 14). It might express in term of lipophilicity (log P) of each
solvent i.e. DMSO (-1.35), NMP (-0.46) and PYR (-0.71) (Sangster, 1997). NMP has the
minimum log P thus it was possibly partial compatible with olive oil. The rate of phase
separation, was as following: NMP > DMSO >>> PYR. NMP completed its separation
within less than 1 h. Therefore NMP had the highest rate which was explained from its
partial miscibility with olive oil. When the partial miscibility between oil and NMP reached
to equilibrium, the excess NMP molecules assembled back and rapidly fell downward to
the bottom under gravity. Nevertheless, DMSO and PYR demonstrated the slower rate of
phase separation which probably caused by appearance viscosity which would be further
studied.

Volume of solvent separation
(mL)

Although the results of density and interfacial tension implied that bleached
shellac emulsion prepared with NMP should have the highest stability, the preparation of
this emulsion practically failed by rapid phase separation before 30 min (critical time upon
administration of dosage form) which had been report recently (Setthajindalert, 2012). To
consider the volume of solvent separation, NMP was partial compatible with olive oil as
seen from Fig. 14. When the internal and external phases are partially miscible, emulsion
droplets may enlarge until eventual phase separation by Ostwald ripening. This process is
irreversible and does not require any contact between droplets that differs from
coalescence. Ostwald ripening is an important mechanism of instability in sub-micrometer
emulsions (Aulton and Taylor, 2013). However, it can be avoided by the addition of a small
amount of the immiscible second oil to the main partially miscible oil for decreasing
molecular diffusion of this major component (Aulton and Taylor, 2013). Therefore the
bleached shellac emulsion prepared from NMP was practically instable because its partial
miscibility with oil resulting in growth to larger droplets at the expanse of smaller ones or
Ostwald ripening effect. Thus this research excluded NMP from ISM evaluation instead of
adding the immiscible second oil because this might disturb the authentic behaviors of
solvent and subsequently provoke a complicated interpretation.
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Fig. 14 Volume of solvent separation during 24 h at 25oC (n=3)
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4.2.4 pH
pH study essentially measures the electro-chemical potential of hydrogen ions or
the potential of hydrogen from a known liquid. It is used to specify the acidity or alkalinity
of a solution (Lim, 2006). This research worked on in situ forming systems comprising
shellac as matrix polymer for locally delivering doxycycline hyclate to periodontal pocket.
Shellac, a biodegradable polyester type of resin, is soluble in alkaline solutions due to acidic
character and also soluble in various organic solvents but insoluble in water. This finding
has confirmed that hydroxyl, and carbonyl groups are present in shellac (Gardner et al.,
1929). Recently, the pH solubility profile demonstrated that shellac was completely
dissolved at pH more than 7.0 (Limmatvapirat et al., 2004). Polyester chain of shellac was
prone to be hydrolyzed in alkaline environment. To measure pH of liquid compositions, it
is a useful evidence to comprehend the phenomena in further studies such as dissolution,
degradation and etc.
This work designed a pattern of pH measurement for 5 groups as shown in Fig. 16.
A major aim was to definitely estimate a pH gradient of pure solvents, diluted solvents and
their 5%, 10% w/v doxycycline hyclate solutions. These solvent collections were compared
to two controls, deionized water and phosphate buffer pH 6.8. The pH value of DMSO,
NMP, PYR, PBS 6.8 and DI water were 6.53, 8.03, 8.72, 6.81 and 7.04, respectively. PYR
was a maximum alkaline liquid hence it showed an ability to dissolve shellac. Upon adding
deionized water, 10% w/v DMSO showed the constant pH value while this value was
decreased in diluted NMP and PYR. The change of pH value in 10% w/v NMP was from
8.03 to 4.48 and in 10% w/v PYR was from 8.72 to 7.81. In general, amides with coplanar
structure are not basidic because the entire electrons of nitrogen atom undergo the
resonance effect thus there is no free electron to act as H-bond acceptors for water
molecules (Fig. 15) (Deruiter, 2005). In case of NMP and PYR, their carbonyl group and
lone pair electrons of nitrogen atom are not coplanar that do not cause the resonance effect.
Therefore water molecules can protonate hydrogen atom to those electrons, resulting in an
increase of acidity (Deruiter, 2005). NMP was less acidic than PYR owing to steric
hindrance effect (Questel et al., 1992).

Fig. 15 Resonance effect of amides (Deruiter, 2005)
Each 5% w/v and 10% w/v doxycycline hyclate solution had successively higher
acidity than pure and diluted solvents i.e. in DMSO (pH 3.23-3.40), NMP (pH 3.33-3.47),
PYR (pH 3.22-3.43), PBS 6.8 (pH 2.54-2.93) and DI water (pH 1.91-2.11). The
doxycycline hyclate solutions exhibited similar acidity among three organic solvents.
Whereas they had less acidity than that in PBS 6.8 and DI water due to organic solvents
themselves had higher pH and doxycycline hyclate partial ionized in them. Doxycycline
hyclate is an un-ionized form of weak base which formed salt with hydrochloride, a strong
acid including hemihydrate and hemiethanolate. The molecule of hydrochloride and
ethanolate can protonate the hydrogen ions in solvent which increases the acidity (Pandit,
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2007). To consider the preparation of in situ forming systems, doxycycline hyclate firstly
dissolved in each organic solvent until homogeneous solution was obtained then shellac
was added into the system. It might expect that shellac dissolved in that solution via
strongly hydrogen bonding (Barton, 1990; McGowan-Jackson, 1992) between its carboxyl,
hydroxyl and carbonyl groups and sulfoxide group (DMSO) or amine group (NMP, PYR)
more than pH dependent solubility. Furthermore, the weak base groups of doxycycline
might interact with weak acidic groups of shellac which affected the physical properties
such as viscosity of in situ forming systems. Recently, these organic solvents had been used
in fabrication of bleached shellac gels (Mahadlek, 2012; Phaechamud, 2016).
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Fig. 16 pH of organic solvents, PBS 6.8, DI water and their solutions at 25oC (n=3)

4.2.5 Solubility parameter
Hildebrand or one-component solubility parameter (δ) is a numerical value that
indicates the relative solvency behavior of a specific solvent. This parameter can divide
into three partial solubility parameters that are influenced from different forces such as
dispersion force, permanent dipole, and hydrogen bonding. In case of miscibility between
polymer and non-aqueous solvent, the solubility parameter should be consider as the total
van der Waals force or dipole interaction which reflects in the simplest solubility value
(Burke, 1984). However, polymer/aqueous solvent affinity can be discussed in term of
hydrogen bonding. The van de Waals force is the sum of the attractive or repulsive forces
between molecules due to induced electrical interactions (Oss et al., 1980). The accurate
predictions of solubility behavior depend on determining the degree of intermolecular
attractions between molecules and in discriminating between different types of polarities
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as well (Burke, 1984). Consequently, the solubility parameter is a useful tool for the
prediction of the solubility of shellac in different organic solvents.
According to literature review (Hansen, 1967; Vaughan, 1985; Mishra, 1987; Jan
and Bart, 2006), the solubility parameter of compositions was compared with water (Table
4, Fig. 17). All compositions were from both parts of in situ systems. There were shellac
and organic solvents from the gel system or the internal phase whereas olive oil and GMS
represented as components from the external phase. One component solubility parameter
of shellac was equal to NMP (11.30) while this value of DMSO (12.00) and PYR (14.70)
was higher than that of shellac. These three organic solvents could potentially dissolve
shellac, especially NMP because the degree of intermolecular attractions and type of
polarities between shellac and these solvents was apparently favorable. The molecular
interaction in these solutions was not only by strongly hydrogen bond, but also by van der
Waals forces among reasonable alkyl groups in both shellac and solvent. If degree and type
of these molecular parameters did not harmonize, shellac did not dissolve in that solvent
(Burke, 1984). In the cases of olive oil (7.87) and GMS (8.61) they had much lower
solubility parameter than water (23.40) thus they were immiscible with water.
Table 4 Solubility parameter of organic solvents, water and oil phase
Sample

Solubility parameter

Reference

Water

23.40

Vaughan, 1985

DMSO

12.00

Hansen, 1967

NMP

11.30

Hansen, 1967

PYR

14.70

Hansen, 1967

Shellac

11.30

Mahendra, 1987

Olive oil

7.87

Vaughan, 1985

GMS

8.61

Jan and Bart, 2006

Solubility parameter
(cal/cm3)1/2
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Fig. 17 Solubility parameter of organic solvents, water and oil phase
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4.2.6 Relative viscosity study
Relative viscosity is self-explanatory, defined as the ratio of the solution viscosity
(η) to that of the solvent (η s) (Kurata et al., 1989). This parameter carries out the interaction
between polymer and solvent at dilute concentration of polymer. Polymer molecules
present the different chain configuration owing to the affinity with the solvent. In diluted
polymer solutions, the polymer/solvent interaction is highly outstanding therefore viscosity
increases with increasing solvent power or good solvent. In contrast to higher polymer
concentration, the viscosity of poor solvents is higher than of good solvents (Kaufman and
Falcetta, 1977). For viscosity determination of low polymer concentration, this interaction
could be examined using a capillary viscometer.
The relative viscosity of diluted samples in each solvent is presented in Fig. 18. The
viscosity of bleached shellac in NMP was higher compared to that in DMSO and PYR,
respectively. This evidence corresponded to solubility parameter from literature as
previously described (Burke, 1984). Therefore NMP was a good solvent and it had the
strongest interaction with bleached shellac. In the case of high polymer concentration, the
apparent viscosity measurement should be performed to assure the solvent/bleached shellac
interaction and forward to discuss on a solvent-exchange.
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Fig. 18 Relative viscosities of diluted bleached shellac solution in different solvents (n=3)

Summary
Because of minimum values for density and interfacial tension of NMP and close
to those values of olive oil, the emulsion prepared with them should theoretically have the
highest physical stability. However, its preparation practically failed by rapid phase
separation before 30 min due to partial miscibility of NMP with olive oil resulting in
Ostwald ripening effect. Therefore, this research excluded NMP from ISM evaluation
whereas DMSO and PYR were employed for further investigation.
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The pH measurement revealed that doxycycline hyclate solutions in organic and
aqueous solvents were more acidic than pure solvents owing to protonation of acid salts
(i.e. hydrochloride, hemihydrate and hemiethanolate) from drug. According to the acid
character of shellac, it is reasonably soluble in alkaline solutions. In this research, bleached
shellac therefore dissolved in organic solvents via strongly hydrogen bonding rather than
pH dependent solubility. Furthermore, the molecular interaction in these solutions was also
driven by van der Waal forces among alkyl groups in both shellac and solvent as literally
mentioned in solubility parameter review. The values of solubility parameter of NMP and
shellac were identical hence NMP was the fittest solvent for dissolving. The relative
viscosity study also confirmed that NMP was a good solvent and it powerfully interacted
with bleached shellac.

43

Part 2
4.3 Evaluation of in situ forming system properties
4.3.1 Evaluation of in situ forming systems before exposure to solvent exchange
4.3.1.1 Morphology studies of o/o emulsion
Effect of stabilizer concentration on droplet size
The average droplet size of emulsion with phase ratio of 1:1 internal phase:
external phase was significantly decreased (p<0.05) from approximate 118 μm to 65 μm
when the amount of GMS in the external phase was increased from 0 to 5% (Fig. 19). This
circumstance clarified that GMS was able to gel the vegetable oils by forming its network
(Chen and Terentjev, 2009; Daniel and Marangoni, 2012) remaining intact upon
emulsification in non-aqueous ISM emulsion containing 5 % GMS, and it also decreased a
droplet coalescence of emulsions (Chen and Terentjev, 2009; Hodge and Rousseau, 2005).
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Fig. 19 Droplet size of o/o emulsion with various concentrations of GMS at phase ratio
1:1 (n=150)
Effect of phase ratio on droplet size
When the amount of the external phase was increased from 1:1 to 9:1 (Fig. 20)
and 4.75:5 to 8.75:1 (Fig. 21), the emulsion droplet size of 2-pyrrolidone systems with and
without the constant concentration of stabilizer tended to be significantly decreased
(p<0.05) from approximately 95 μm to 30 μm as shown in Figs. 20 and 21. For the
environment of higher quantity of the internal phase, the particles were easier to merge
together resulting in the coalescence (Tcholakova et al., 2002). At phase ratio of 7:3
(external phase: internal phase) for both cases, ISM emulsion size was approximately 55
μm (Fig. 20). Thus, the phase ratio dominantly affected the size of o/o emulsion.

Droplet size (µm)
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Fig. 20 Droplet size of o/o emulsion at various phase ratios (n=150)
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Fig. 21 Droplet size of o/o emulsion with constant GMS concentration at various phase
ratios (n=150)

4.3.1.2 Appearance viscosity and rheological behavior studies
Viscosity is an internal property of a fluid that offers the resistance to flow
affecting the abundant properties of in situ forming systems, especially the character of
solvent exchange and diffusion rate. The major compositions of these systems were shellac,
solvent and olive oil with stabilizer. Primarily, the viscosity of pure liquid substances was
determined for basically clarifying overall systems. The viscosity of solvents was
significantly different (p<0.05) as shown in Fig. 22. The viscosity of PYR was highest
(14.03 ± 0.13 cps) while NMP and DMSO exhibited a lower viscosity (3.44 ± 0.11 and
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3.02 ± 0.08 cps, respectively) or PYR >> NMP > DMSO. This measurement supported the
phase separation rate of emulsion composition. PYR was the most viscous solvent thus it
chiefly resisted the separation flow from olive oil (Sjoblom, 2005). Whereas DMSO and
NMP were more fluid-like hence they offered the minute resistance to flow (Sjoblom,
2005).

Viscosity (cPs)

The appearance viscosity of olive oil with GMS (135.75 ± 0.61 cPs) was
significantly higher than pure olive oil (76.05 ± 0.95 cPs) (p<0.05) as presented in Fig. 22
owing to the formation of GMS gel network in olive oil. GMS is a mixture of
monoacylglyceride (MAG) and some di- or triacylglycerols. It enables an effective
emulsifier in food and pharmaceutical products (Widlak, 1999). This research employed
GMS in olive oil as a continuous phase for in situ forming microparticle system. The
anhydrous β crystalline dispersion of GMS structured olive oil to form an organogel (or
oleogel as an edible organogel) (Daniel and Marangoni, 2012). The morphology of these
crystals in olive oil was needle-like with 5 to 15 µm in length (Kesselman and Shimoni,
2007; Da Pieve et al., 2010). The function of GMS as an organogelator in this case was
thickening ability to control the oil migration upon mixing with the internal phase (Daniel
and Marangoni, 2012). Some researchers had recently discovered that emulsions stabilized
with GMS showed no signs of phase separation over more than 1 h independent of whether
medium chain triglycerides (MCT) or sesame oil was used as continuous phase because it
formed a fine matrix of amorphous-like and rod-like GMS crystals embedded in the oily
continuous phase (Voigt, 2011). After emulsification, a bi-refringent layer instead of the
rod-like crystals was located at the interface between the oil phase and the PLGA solution
droplets (Voigt, 2011).
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Fig. 22 Appearance viscosity of solvents at 25oC (n=3), * p≤0.05
The in situ forming gels with or without doxycycline hyclate exhibited a
significantly different viscosity values (p<0.05). Both gel systems had the same trend of
this character as following; PYR gel >>> DMSO gel > NMP gel and DXP gel >>> DXDM
gel >> DXN gel (Fig. 23). This phenomenon contrasted to the relative viscosity of low
polymer concentration as described in previous study. It was possibly caused by viscosity
of solvent itself and solvent affinity to the polymer. PYR gel demonstrated the highest
viscosity as a result of its poor solvent for this resin thus polymer-polymer interactions are
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favored, leading to the formation of aggregates and an increased viscosity of polymer
solution. In the case of good solvent, polymer-solvent interactions predominate over
polymer-polymer ones (Camargo et al., 2013), therefore lowering the viscosity was evident
in NMP systems. In accordance with solubility parameter in previous study, it literately
presented that NMP had its value as equal to shellac. This equivalence indicates a
reasonable affinity for each other (Hansen, 2009). The doxycycline hyclate-loaded liquids
exhibited a higher viscosity because the amount of drug replaced some of solvent in system
(Johns, 2007; Setthajindalert, 2013). On the other hand, there might be the interaction
between hydroxyl or carboxyl groups in shellac and amine groups of weak basic drug which
probably reinforced the polymer aggregation and finally enhanced the viscosity of gels.
The viscosity of systems was increased when drug was incorporated as some research
reported the drug-polymer interaction increased a viscosity of the gel system (Mayol et al.,
2008; Phaechamud and Mahadlek, 2015).
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Fig. 23 Appearance viscosity of bleached shellac solutions at 25oC (n=3), * p≤0.05
The appearance viscosity of ISM systems without doxycycline hyclate were
significantly different (p<0.05). PYR ism was more viscous than DMSO ism as shown in
Fig. 24 due to apparent higher viscosity of solvent itself and affinity for each other as
mentioned previously. For doxycycline hyclate-loaded ISM systems with, they exhibited a
noticeable higher viscosity as described in previous explanation. By comparison, ISM
exhibited particularly a lower viscosity than in situ forming gel because the viscosity was
predominant from the oil presented in the external phase (Rungseevijitprapa and Bodmeier,
2009). Furthermore, oil not only exhibited the lubricant effect enhance an ease of
administration, but also acted as a barrier which retarded the solvent diffusion and drug
release (Rungseevijitprapa and Bodmeier, 2009).

Viscosity (cPs)
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Fig. 24 Appearance viscosity of ISMs at 25oC (n=3), * p≤0.05
The rheological behaviors of free drug or drug-loaded in situ forming gel systems
showed the overlapped up curve and down curve (Figs. 25 and 26). The shear stress value
of both systems was as followed: PYR >> DMSO > NMP at the same shear rate.
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Fig. 25 Flow of bleached shellac solutions at 25oC (n=3)
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Fig. 26 Flow of doxycycline hyclated-loaded bleached shellac solutions at 25oC (n=3)
The free drug or drug-loaded ISM systems showed a thixotropic behavior as
depicted in Fig. 27. Because the aggregation of microparticles in olive oil induced viscous
texture at rest condition, this microstructure was then disrupted toward fluid under
agitation, and returned to a viscous state after taking a relaxing time (Souza, 2009). The
shear stress value of both systems was as followed: PYR ism > DMSO ism which correlated
with shear stress value of in situ gel systems.
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Fig. 27 Flow of bleached shellac emulsions at 25oC (n=3)
The flow index of all formula without doxycycline hyclate was approximately
close to 1 indicating the Newtonian flow (Table 5) because the appearance viscosity was
constant with an increase of shear rate (Bjorn et al., 2012). In situ forming gel formula
containing doxycycline hyclate showed significantly the different flow indices (p<0.05) as
presented in Table 5. The flow index of DXP gel was close to 1 while DXDM gel and DXN
gel was lower than 1. Therefore, the flow behavior of this system was Newtonian and
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Pseudoplastic, respectively which was suitable for injectable gel because it did not provide
the higher resistance during syringe administration (Bjorn et al., 2012). For both systems
with and without doxycycline, the consistency index of gels fabricated by PYR was
significantly different and higher than gels prepared using DMSO and NMP as solvent
(p<0.05).
Table 5 Flow index and consistency index of prepared solutions at 25oC (n=3), * p≤0.05
Sample
DMSO gel
NMP gel
PYR gel
DXDM gel
DXN gel
DXP gel

Flow index (N)
mean ± SD
1.00 ± 0.02
1.00 ± 0.02
1.03 ± 0.02
0.72 ± 0.09*
0.82 ± 0.04*
1.00 ± 0.02*

Consistency index (η)
mean ± SD
1.22 ± 0.17*
1.09 ± 0.13*
3.56 ± 0.66*
1.99 ± 1.23*
1.76 ± 0.36*
32.57 ± 5.69*

ISM system without doxycycline hyclate loading had a significantly different
flow index (p<0.05). The flow index of DMSO ism was close to 1 while PYR ism was
lower than 1. Consequently, the flow type of this system was Newtonian and Pseudoplastic,
respectively. Nevertheless, the flow index of all doxycycline hyclate-loaded ISM formula
in Table 6 was approximately close to 1 indicating the flow type as Newtonian. Both
systems with and without doxycycline displayed a consistency index of PYR ism
significantly different and higher than DMSO ism (p<0.05).
Table 6 Flow index and consistency index of ISMs at 25oC (n=3), * p≤0.05
Sample
DMSO ism
PYR ism
DXDM ism
DXP ism

Flow index (N)
mean ± SD
0.96 ± 0.04*
0.78 ± 0.04*
0.98 ± 0.15*
0.99 ± 0.23*

Consistency index (η)
mean ± SD
0.51 ± 0.14*
3.44 ± 0.43*
4.09 ± 0.12*
14.21 ± 0.31*

4.3.1.3 Viscoelastic behavior studies
Viscoelasticity exhibits both viscous and elastic characteristics of materials when
undergoing deformation. Viscoelastic response is often used as a probe in polymer science,
since it is sensitive to the material’s chemistry and microstructure (Aklonis et al., 1972).
The gel formation closely related to the disappearance fluidity in colloidal system which
frequently occurs in a polymer solution (Almdal et al., 1993). To clarify three dimensional
networks coming from cross-links between chains, research works of gel usually
accompany the change in viscoelastic properties. Experimental studies on the viscous and
elastic properties of emulsions are commonly referred to dispersions of the internal phase
in external phase (Sherman, 1983; Pal, 1997). Viscosity data do not inform about the
elasticity of such emulsions and gels. This research work reports firstly the viscoelastic
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behavior of gels and emulsions from in situ forming systems using the steady shear and
sinusoidal oscillatory tests.
Linear viscoelastic region (LVR) curves in Figs. 28 and 29 show the G’ as a
function of strain (𝛾) for each sample based on the results from the dynamic strain sweep
tests which demonstrated a typical elastic response of gels and emulsions, respectively (Gao
et al., 2008). Within LVR, the G’ values of these samples were basically independent of
the applied strain (𝛾), behaving like a viscoelastic solid. The points at which G’ values
derived by more than 5% from the plateau zone indicated a departure from linear
viscoelastic behavior and hence were defined as the critical strains (𝛾𝑐 ) for each sample
(Gao et al., 2008). The G’ values then gradually decreased above the 𝛾𝑐 , presenting a
transition of the samples from the quasi-solid state to a quasi-liquid state. A strain (𝛾) of
1% for gel and 0.1% for emulsion and a frequency (𝜔) of 1 Hz was selected for further
oscillatory measurements (except for frequency sweeps which were carried out at
frequency (𝜔) varying from 0.1 to 10 Hz). In general, the LVR is shortest when the sample
is in its most solid form. DXP gel presented a higher G’max, a shorter LVR and consequently
a lower 𝛾𝑐 than DXDM gel and DXN gel. This circumstance revealed that DXP gel was the
strongest gel. However, in the case of ISM, the strain limit was strongly affected by olive
oil in external phase. DXDM ism inversely showed slightly higher G’max.
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Fig. 28 Strain dependence of G’ for gels at 𝜔 = 1 Hz under 25oC
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Fig. 29 Strain dependence of G’ for emulsions at 𝜔 = 1 Hz under 25oC
To study the effect of solvents on rheological behavior of shellac gels and
emulsions, the value of G’, G’’, G*, η* and loss tangent (tan δ) respectively were plotted
against frequency for systems prepared using DMSO, NMP or PYR as solvent. The G’
(elasticity) and G’’ (viscosity) as a function of 𝜔 for gels within linear deformation range
are illustrated in Fig. 30. DXN gel and DXP gel exhibited typically as a viscous fluid
because G’’ was always higher than G’ (tan δ > 1.0) as shown in Fig. 30 in all the frequency
range. DXDM gel obviously distinguished from others at low frequencies where G’ > G’’
(tan δ < 1.0) as presented in Fig. 30, which indicated that the elastic character became
dominant or a typical solid-like character. Simultaneously, at crossover point where G’ =
G’’, introducing the entanglement of polymer chains and the formation of an elastic gel
network (Wang and Chen, 2011). After this crossover point, DXDM gel behaved a viscous
fluid as same as others. The plots of complex modulus (G*) and complex viscosity (η*) as
a function of 𝜔 in Fig. 31 provided the order of G* and η*as following: DXP gel > DXDM
gel > DXN gel. It confirmed that DXP gel showed the strongest texture among test samples.
The tan δ value of only DXDM gel was lower than 1 at initial stage, exhibiting its high
elasticity at this period (Fig. 32). On the other hand, DXN gel and DXP gel possessed an
inconstant tan δ in equivalent and higher than 1 throughout the whole 𝜔 range (Fig. 32). It
is well known that tan δ represents the ratio of a dissipated energy to a stored energy during
the stress deformation (Yang et al., 2012). The tan δ values of DXDM gel were lower than
1 at first low frequencies because the polymer chains containing physical entanglements
were disentangled and then reconstituted during dynamic strains. The dynamic
entanglement-disentanglement equilibrium process provided the network with the energy
release capacity (Yang et al., 2012). Its elastomeric nature was probably due to the
entanglements between DMSO and shellac via hydrogen bonds at low frequencies. To
compare the bonding of each solvent, sulfoxide group (DMSO) has potential hydrogen
bond acceptor than carbonyl group of NMP and PYR due to its stronger electronegativity
(Brown et al., 2008). After increase of frequencies, the system gained an excess energy
then destroyed those entanglements. Consequently, DXDM gel behaved like quasi-liquid
at higher frequencies. In addition, the results of G*, η* and tan δ signified apparently that
DXP gel and DXN gel was unsteady viscous-like character. Especially, PYR provided the
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strongest gel (by the dominance of polymer-polymer interaction as described in appearance
viscosity study) whereas DXDM gel showed a higher elasticity at low frequency.
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Fig. 30 Frequency (0.1-10 Hz) dependence of G’ and G’’ for gels at 25oC
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Fig. 32 Frequency (0.1-10 Hz) dependence of loss tangent (tan δ) for gels at 25oC
The G’ (elasticity) and G’’ (viscosity) as a function of 𝜔 for emulsions within
linear deformation range are illustrated in Fig. 33. The rheological behavior of DXP ism
and DXDM ism was similar to that of gels which quasi-liquid behavior was dominant. It
has been noted that DXDM ism exhibited a crossover range where G’ = G’’ all over higher
frequencies which was discussed previously. The plots of complex modulus (G*) and
complex viscosity (η*) as a function of 𝜔 in Fig. 34 attributed the order of G* and η*as
following: DXDM ism > DXP ism. This behavior was different from gels because DXDM
ism was stronger due to robust interaction between sulfoxide group of DMSO and hydroxyl
group from GMS compared to carbonyl group of PYR (Petrucci et al., 2007). The tan δ
values of these emulsions in Fig. 35 showed a similar trend with that of gels. Surprisingly,
there was the trend of all plots which the values of G’, G’’, G*, η* and tan δ were lower
and more invariable than those of gels. Olive oil and GMS (stabilizer) in the external phase
influenced notably on this behavior owing to hindrance and lubricant effect.
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Fig. 35 Frequency (0.1-10 Hz) dependence of loss tangent (tan δ) for emulsions at 25oC
Temperature sweep study is an essential oscillation measurement to understand
the behavior of gels and emulsions at different energy states. Generally, to monitor the
variation of the elastic and viscous moduli with the range of temperatures at constant
frequency is for investigating the gelation process or gelification temperature at which G’
and G’’ curves intersect each other (Hagerstorm et al., 2000). Shellac is a nonthermosensitive gelling material therefore the gel point is not necessarily equal to the
calculated value at G’ = G” (Winter, 1987; Núñez et al., 2005). Another criterion is that
gelation occurs when viscosity increases exponentially to infinity (Laza et al., 1998). For
this study, the gels and emulsions were therefore evaluated via the cooling-heating process
to comprehend profoundly the relation between temperature and viscoelastic behavior of
bleached shellac.
The elastic and viscous moduli of gels as a function of temperature, at a
frequency value of 1 Hz, are shown in Fig. 36. With elevating temperature a negligible
increase of the G’ was observed in DXP gel due to an increase in stiffness of gels (Hameed
et al., 2007). In case of DXDM gel and DXN gel, G’ decreased which attributed to the
increase in the molecular mobility of the polymer chains owing to elevating energy from
higher temperature (Paiva and Frollini, 2006). During the whole circle, DXN gel exhibited
G’’ value higher than G’ value, implying a viscous response of material. Inversely, DXDM
gel and DXP gel appeared the two stages of viscoelastic behavior. At the start of curing
both G’ and G” decreased as the cross-linking reaction progresses to a crossover point; here
the systems presented both elastic and viscous behavior with storing a similar amount of
the dissipated energy. At higher temperature greater than 25oC and 40oC, the G’ was higher
than G”, indicating an elastic shellac network.
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Fig. 36 Temperature (20-45oC) dependence of G’ and G’’ for gels at frequency of 1 Hz
The elastic and viscous moduli of emulsions as a function of temperature, at a
frequency value of 1 Hz, are shown in Fig. 37. The rheological behavior of DXDM ism and
DXP ism was slightly different from gels. When an elevating temperature was conducted
a decrease of the G’ was observed in all formulations as discussed previously. Throughout
the entire process, DXP ism had G’’ higher than G’, indicating a typical liquid-like
character. Whereas DXDM ism exhibited the two stages of viscoelastic behavior. At the
start of curing G’ was higher than G”, indicating an elastic shellac network at lower
temperature (37-38oC). Later, G’ and G” decreased as the cross-linking reaction progressed
to a crossover point; here the systems presented both elastic and viscous behavior. Notably,
the trend of all emulsion plots appeared a similar trend with near values of G’, G’’ while
these values of gel were as following: DXP gel > DXDM gel > DXN gel. The hindrance
and lubricant effect of the olive oil and GMS (stabilizer) in external phase crucially
influenced for this occurrence.
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Fig. 37 Temperature (20-45oC) dependence of G’ and G’’ for emulsions at frequency of 1
Hz
This research works demonstrated that solvents played an important functional
role on the 3D-network formation within the bleached shellac gels or emulsions, leading to
a significant enhancement in strength and viscoelasticity of these formulations. The
differences in the enhancement effect originated in solvent nature used for gels or ISMs
preparations. For this reason, the crosslinking (entanglement) capacity of solvent should be
rational in the order of PYR > DMSO > NMP, which was in agreement with the results of
oscillation test as a function of frequency and of temperature. Thus gel, tailored with PYR,
showed the maximum mechanical strength and crosslinking density. In regard to ISM
systems that order of crosslinking capacity was changed to DMSO > PYR because not only
bleached shellac but also GMS (in external phase) was able to interact with solvent.

4.3.1.4 Thermal property studies
Thermal analysis studies are techniques in which a physical property of a substance
is measured as a function of temperature while the substance is subjected to a controlled
temperature program. The various modes of individual thermo-analytical techniques are
commonly used which are distinguished from one another by the property to be measured.
Thermogravimetry (TG) and differential scanning calorimetry (DSC) are the principal
thermal analysis methods of this research (Hemminger and Sarge, 1998).
Differential scanning calorimetry (DSC)
DSC is a technique which measures the difference between heat flow rates into a
sample and a reference material. It provides information about thermal changes or enthalpy
(Ahmad and Huglin, 1994). This technique is extensively used for examining the solvent
state in polymer. Some solvents may encourage the crystallization by enhancing the
mobility of the molecules in the amorphous phase. However, solvents may also induce a
crystallization in semi-crystalline polymers that have a tendency to undergo a secondary
crystallization. The thermograms of polymer-solvent system attain the solvent/polymer
melting point and energy, the freezing point of solvent in different states, the heat of
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solvent/polymer melting or crystallization (Scheirs, 2000). The effect of solvents on the in
situ forming systems was investigated to understand the behavior of solvent state in
bleached shellac. The discussion of in situ forming gel will be driven in the priority as
following; the DSC thermograms for pure substances (i.e. bleached shellac, doxycycline
hyclate, DMSO, NMP and PYR) and bleached shellac systems with and without drug
loading (i.e. DMSO gel, NMP gel, PYR gel, DXDM gel, DXN gel and DXP gel) are shown
in Fig. 38.
Firstly, a set of pure substances was discussed for their thermal characteristics with
DSC. Bleached shellac showed only prominent endothermic peak due to its melting at
59.83oC which is consistent with that reported previously (Limmatvapirat et al., 2008).
Doxycycline hyclate showed an endothermic peak due to the melting of the drug at 168.5oC,
followed by a large exothermic thermal degradation peaks at around 222.83oC. DMSO
presented two quite small endothermic peaks at 32.8oC and 37.9oC. For NMP there was the
glass transition and crystallization events at -76.71oC and 10.27oC, respectively. PYR
obviously exhibited the endothermic phase transitions from solid to liquid at -14.18oC and
the double endothermic peaks at 21.27oC and 28.96oC.
Secondly, the systems without drug loading were characterized. The bleached
shellac saturated in DMSO exhibited the explicitly sharp endothermic peak at 6.91oC and
the series of small endothermic peaks at 11.72oC, 17.86oC, 24.36oC and 30.48oC. The
endothermic peaks typically associated with gel melting was expected to occur but in
certain cases were not observed during gel heating (Marangoni and Garti, 2011). DMSO
has rather good affinity for bleached shellac according to small difference between values
of solvent solubility parameter. The endothermic peak might correspond to a formation of
new hydrogen bonds between sulfoxide group from DMSO and hydrogen atom from
bleached shellac (Alavi, 2003). The solution of bleached shellac in NMP revealed a larger
glass transition curve at lower temperature (-96.88oC) and a broad endothermic peak from
-10.56oC to 99.53oC. The border and shift glass transition indicated that some of amorphous
regions could not participate in the cooperative rearrangement. Generally, the molecular
mobility in amorphous regions is influenced by the presence of crystallites. In the case of
bleached shellac in NMP, an amorphous region of polymer was interfered by crystallites
from solvent from test condition during cooling step. This rigid amorphous phase located
at the surface of the chain-folded crystals. Besides, the DSC curve would just show a broad
endothermic peak owning to the size distribution of crystallites or the evaporation of the
solvent (Riesen and Schawe, 2000). Furthermore, the value of solubility parameter of NMP
and bleached shellac is equal indicating the best good solvent-solute condition and the
strongest affinity for polymer. The robust interactions between solvents and polymer
promoted the NMP molecules bound to bleach shellac chain and disrupted the inter-chain
bond, thereafter the crystallinity of solvent disappeared (Yang et al., 2000). It should be
noted that NMP did not provide a new endothermic peak possibly caused by weaker
hydrogen bond between solvent and polymer as previously described in section 4.3.1.4
(viscoelastic behavior studies). The bleached shellac dissolved in PYR presented the sharp
endothermic peaks at -16.22oC and small-broad double endothermic peaks at 17.75oC and
30.49oC. The DSC profile of this system was similar to pure PYR with peak shifting to
lower temperatures. Among three solvents, PYR is a poor solvent due to the largest
differences between values of solubility parameter of itself and polymer. It exhibited as
weak interaction with bleached shellac and inability to disrupt the inter-segment bonds in
the amorphous forms of polymer chain resulted in an increase of solvent in free volume of
system. Some free PYR molecules were detectable as an independent phase in DSC (Yang
et al., 2000).
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Lastly, the consideration for DSC analysis of the systems with drug loading was
carried on. DXDM gel showed an endothermic peak at -7.72oC, small exothermic peaks at
-69.96oC, 24.93oC and shape exothermic peak at 20.79oC. The DSC studies showed
endothermic peak where a formation of new hydrogen bonds between solvent and polymer
took place as previously described. In a general exothermic process, it involved a change
in the material such as crystallization, some cross-linking processes, oxidation reactions,
and some decomposition reactions (Dean, 1995). For drug analysis, DSC is a tool for
studying curing processes leading to the cross-linking (Skoog et al., 1998). Hence, the
exothermic peaks signified for pointing toward the possibility of crosslinking reactions
between polymer and drug molecules. The solution of bleached shellac with drug loading
in NMP exhibited a similar trend of thermal behavior to its free drug system as discussed
previously. It presented the larger glass transition curve at lower temperature (-96.84oC).
For endothermic peak, the profile broadly varied at lower temperature from -69.05oC to
5.45oC. There was no evidence of exothermic peak from crosslinking reaction because the
polymer-solvent interaction was a powerful barrier over this circumstance. The DSC curve
of DXP gel appeared some small exothermic peaks at 24.93oC, 28.13oC and a sharp
exothermic peak at 19.64oC located nearby the profile of DXDM gel which related to the
crosslinking.
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Fig. 38 DSC curves of in situ forming gels and their compositions
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DSC thermograms of ISM were described with priority as following; the DSC
thermograms for pure substances (i.e. bleached shellac, doxycycline hyclate, GMS, olive
oil, GMS dispersion, DMSO and PYR) and bleached shellac systems with and without drug
loading (i.e. DMSO ism, PYR ism, DXDM ism and DXP ism) are shown in Fig. 39. Some
of them was described previously especially for some pure substance.
GMS exhibited an endothermic melting peak with onset at 63.17oC due to the
melting of the β-form (Hagemann, 1988). Olive oil was detected for their sharp double
endothermic peaks at -11.18oC, -4.54oC and some small melting peaks at 5.07oC, 28.47oC,
43.79oC. The presence of multiple peaks in DSC profiles of vegetable oils can be attributed
to the complex feature of triacylglycerol (TAG) distribution in lipids (Tan and Che, 2002).
GMS dispersion showed the thermogram similar to that of pure olive oil. There were the
double endothermic peaks at -7.52oC, -4.71oC and some small melting peaks at 27.93oC,
44.47oC. A similar transition was attributed to the formation of a liquid amorphous GMS
phase.
For bleached shellac ISM with and without drug loading, both series presented the
endothermic peaks in the range of -7oC to -4oC because olive oil and GMS (stabilizer) in
external phase had a powerful influence on this occurrence by hindrance effect.
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Fig. 39 DSC curves of in situ forming microparticles and their compositions
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Weight (%)

Thermogravimetry (TG)
Thermogravimetry (TG) is an essential lab tool to characterize the changes in mass
or weight at different temperatures. The measured weight loss curve provides the certain
information such as the changes in sample composition, thermal stability, decomposition,
loss of moisture or dissociation of the crystals. A derivative weight loss curve can point
where weight loss is most noticeable (Hemminger and Sarge, 1998).
TGA and differential DTGA results for in situ forming gels and their compositions
are depicted in Figs. 40 and 41. The TGA values indicated that the samples prepared with
DMSO or NMP showed the higher degradation temperature rate compared to the samples
prepared with PYR, possibly associated with the difference in intermolecular strength
forces and viscosity. The systems with drug loading revealed the slower degradation
temperatures rate, pointing to a replacement with doxycycline hyclated required the greater
degradation energy. For all in situ forming gels, the TG and DTGA curves at initial step
showed that the rate of weight loss increased quickly at low temperatures approximately
100-200oC (Table) due to solvent evaporation by around 70 % of weight loss.
Subsequently, the rate of weight loss decreased slowly at moderate temperatures about 200450oC (Table) because of the decomposition of bleached shellac (approximately 20-30 %
of weight loss). The final stage, the samples without drug loading completely degraded at
higher 450oC while the in situ forming gels with drug loading still remained a residual of
doxycycline hyclate around 10% of weight loss. The partial weight losses of each sample
correspond to the quantity of compositions in in situ forming formulations. It could
primarily reflect the weight change of substance in formulation with heat.
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Fig. 41 DTGA curves of in situ forming gels and their compositions
Table DTGA peaks of in situ forming gels and their compositions
Substance
Temperature (oC)
Derivative weight (%)
Bleached shellac
429.64
-9.492
Doxycycline hyclate
216.96
-13.115
DMSO
112.21
-31.677
NMP
117.25
-23.214
PYR
167.23
-19.564
DMSO gel
119.17
-9.878
397.76
-2.916
NMP gel
122.18
-14.286
402.53
-2.153
PYR gel
162.6
-13.026
399.29
-2.108
DXDM gel
109.67
-10.351
397.74
-2.102
DXN gel
119.17
-9.878
397.59
-2.916
DXP gel
154.34
-7.864
398.79
-1.959
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The weight loss profiles and differential weight loss profiles of the ISM samples
and their compositions were obtained from TGA as reported in Figs. 42 and 43. The ISM
systems presented a similar trend of thermal decomposition. There was a higher decrease
rate of thermal degradation from sample prepared with DMSO compared to that prepared
with PYR. The systems with drug loading appeared a slower decrease rate of thermal
degradation. These phenomena had been discussed in previous section. The values of the
partial weight losses and their characteristic temperatures determined from TG profiles and
the minimum of the two peaks (Table) observed on the derived TG curves of the ISM
samples. The first decomposition observed in the temperature range of 100 to 200oC with
a higher increase rate of weight loss, mainly involved the solvent evaporation (30-35% of
weight loss due to a presence of olive oil). The second stage was from 250oC to 450oC with
a slow decrease rate of weight loss which might correspond to the structural decompositions
of GMS dispersion and bleached shellac, respectively (nearly 65% of weight loss). The last
step, the samples without drug loading totally decomposed at temperature higher than
450oC while the ISM with drug loading still remained a residual of doxycycline hyclate by
mostly 5% of weight loss. This was interesting to clarify a relationship between each partial
weight loss of samples and amount of substances in formulation which basically assures
that in process of manufacture did not damage the compositions of ISM system.
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Fig. 43 DTGA curves of in situ forming microparticles and their compositions
Table DTGA peaks of in situ forming microparticles and their compositions
Substance
Temperature (oC)
Derivative weight (%)
Bleached shellac
429.64
-9.492
Doxycycline hyclate
216.96
-13.115
GMS
386.03
-17.923
Olive oil
327.38
-17.888
GMS dispersion
400.94
-20.448
DMSO
112.21
-31.677
PYR
167.23
-19.564
DMSO ism
129.11
-5.204
388.36
-8.346
PYR ism
153.24
-6.02
393.06
-8.97
DXDM ism
148.89
-2.36
391.82
-9.691
DXP ism
151.92
-2.52
399.58
-11.683
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Summary
In accordance with morphology studies of o/o emulsion, the stabilizer
concentration and phase ratio were definitely influenced on droplet size. An increase of
GMS concentration significantly reduced the average droplet size of emulsion because it
formed the gel network with olive oil towards to decrease a coalescence. The 5% w/w GMS
effectively stabilized emulsion with the droplet size approximately 65 µm so that it was
selected for further study. In the case of phase ratio, the external phase ratio directly
affected the emulsion size and formation. Only higher quantity of this phase could form
into the complete emulsion droplets. Particle size of emulsion droplets for both systems
with and without constant concentration of GMS tended to be decreased approximately 95
μm to 30 μm since there was an adequate formation area of microparticle which could
prevent the particle accumulation or coalescence.
The appearance viscosities of solvents and other compositions were in the rank
of order as following: PYR >> NMP > DMSO and GMS dispersion (or olive oil with GMS)
> olive oil. This dispersion was more viscous than pure oil owing to the formation of gel
network between needle-like crystals of GMS and oil molecules. These crystals could
stabilize the emulsion by locating at the interface between the oil phase and the internal
phase. The in situ forming gels exhibited the trend of viscosities as following: PYR gel >>>
DMSO gel > NMP gel and DXP gel >>> DXDM gel >> DXN gel. PYR formulations were
the most viscous whereas those prepared with NMP were contrary. PYR could interact with
bleached shellac less than NMP. They were defined as poor solvent and good solvent,
respectively. The appearance viscosity result was opposite to the relative viscosity study
owing to different theoretical aspects of polymeric interaction with solvents as previous
mentioned. The doxycycline-loaded systems presented a higher viscosity which probably
caused by a replacement of drug in solvent or a functional group interaction between drug
and bleached shellac. In the case of ISM systems, the trend of viscosity was similar with
gels but their viscosity was lower because it was predominant from the oil presented in the
external phase. The flow behavior of all formulations was Newtonian or Pseudoplastic
which was proper for injectable dosage forms due to its low resistance during syringe
administration.
The role of solvent on the 3D-network formation and viscoelastic behavior within
bleached shellac gels and emulsion was clarified by steady shear and sinusoidal oscillatory
tests. It indicated that the crosslinking (entanglement) capacity of solvent was rational in
the order of PYR > DMSO > NMP. Therefore PYR was able to enhance the maximum
mechanical strength and crosslinking density while NMP was vice versa. The rheological
behavior of gels in PYR and NMP were typical liquid-like in all frequency and temperature
range but the systems prepared with DMSO differently presented both solid and liquid-like
characters from low to high frequencies. This solid-like nature was probably due to the
entanglements between DMSO and shellac via hydrogen bonds at low frequencies.
Sulfoxide group (DMSO) has greater potential hydrogen bond acceptor compared to
carbonyl group of NMP and PYR because of its stronger electronegativity. For crosslinking
capacity of ISM systems, it exhibited the inverse order as following: DMSO > PYR because
GMS could interact with each solvent by different bond as well. However, ISMs had similar
rheology behavior to the gels.
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Thermal changes or enthalpy information from DSC technique showed the
behavior of solvent state in polymer. Each solvent possessed a heterogeneous interaction
with bleached shellac. DMSO was able to form some new hydrogen bonds between its
sulfoxide group and hydrogen atom from bleached shellac while NMP did not provide this
weak bond as criticized in viscoelastic study. The crystallinity was found in NMP, and the
surface of these chain-folded crystals interfered an amorphous region of polymer during
cooling cycle temporarily. The disappearance of cystallinity was caused by the robust
interactions between solvents and polymer. These interactions promoted the NMP
molecules bonded to bleached shellac and eventually disrupted the inter-chain bond. PYR
is poor solvent compared to previous ones. It formed the weak bond with bleached shellac
molecule and inability to disrupt the inter-segment bonds in the amorphous forms of
polymer chain resulted in an increase of free solvent in system. Additionally, the behavior
of solvent state in drug-loaded gels showed a similar trend to free drug systems, and it also
exhibited the crosslinking reaction between doxycycline hyclate molecules and polymer,
especially in DXDM ism. For bleached shellac ISMs, their thermograms were covered by
hindrance effect from olive oil and GMS (stabilizer) in external phases.
The weight loss at different temperatures provided the changes in sample
composition. DMSO or NMP in the in situ forming systems exhibited the higher thermal
degradation rate than PYR, probably related with the differences in intermolecular strength
forces and viscosity. A replacement some of them with doxycycline hyclate in the formula
actually required a greater degradation energy so that it quite decreased the thermal
degradation rate. At the end of thermal measurement, all systems remained a residual of
drug. The partial weight losses of each sample correspond to the quantity of compositions
in in situ forming formulations. It basically assures that in process of manufacture did not
damage the compositions.
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Part 3
4.3.2 Evaluation of in situ forming gel systems during exposure to solvent exchange
4.3.2.1 Transformation of sol into microparticle study
Effect of stabilizer concentration on ISM formation
According to the previous study for the effect of stabilizer concentration on droplet
size, the concentration of GMS was varied from 0 to 5% of external phase. The system
comprising 5% w/w GMS showed the smallest droplet size of emulsion therefore this
concentration was selected for further study. ISM systems transformed from the emulsion
to microparticle owing to phase separation triggered by solvent exchange. This study
explored the solidifying droplets of the internal phase from emulsion upon contact with
environmental fluids under inverted microscope. Dynamic ISM formation study revealed
that only 5% GMS of external phase or 2.5% GMS of whole system could induce the
system transforming to the microparticles after exposure to phosphate buffer pH 6.8 within
3 min as shown in Fig. 44. Therefore GMS was able to gel the vegetable oils by forming
its network remaining intact upon emulsification in non-aqueous ISM emulsion containing
5 % GMS and also decreasing droplet coalescence of emulsions (Chen and Terentjev, 2009;
Hodge and Rousseau, 2005). Consequently, 5% GMS of external phase was employed as
emulsion stabilizer for further investigation.

a) 0 sec

b) 60 sec

c) 180 sec

Fig. 44 Transformation of ISM with phase ratio of 1:1 (external phase: internal phase)
comprising 5% GMS of external phase or 2.5% of whole system within 3 min
Effect of phase ratio and type of solvent on ISM forming
The phase ratios as 5:5, 6:4, 7:3, 8:2 and 9:1 (in term of external phase: internal
phase) was tested for ISM development. Three solvents were used for dissolving bleached
shellac and used as the internal phase while 5% GMS of the external phase or 2.5% GMS
of whole system was dispersed in olive oil as the external phase. From dynamic
transformation study under an inverted microscope revealed that all ISM systems with
different solvents transformed into microparticle suddenly after contacting with PBS. The
PYR was the most appropriate solvent for producing massive microparticles with regular
shape especially at the phase ratio of 7:3 as depicted in Fig 45. Contact between ISM and
an aqueous medium triggered a phase separation of bleached shellac by solvent exchange
in the polymeric emulsions, which finally resulted in polymer precipitation into
microparticles. Key parameters of the phase inversion dynamics of ISM are the influx of
aqueous medium (i.e. water) as well as the outflow of polymer solvent (Parent et al., 2013).
The flows are possible depending on a role of miscibility between solvent and water,
basically indicated by solubility parameter (δ). Materials with similar values of δ are likely
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to be miscible. The δ value of DMSO, NMP, PYR, water, and bleached shellac were
literally 12.0, 11.3, 14.7, 23.4 and 11.3, respectively (Barton, 1975). PYR is most likely to
be miscible with water whereas it is the worst solvent for this polymer. Therefore, PYR
tended to outflow from the in situ system. In the case of water-miscible solvents, an
injection of the polymeric solution into water leads to a fast diffusion of the solvent towards
the aqueous medium. This triggers the formation of solidified polymer layer at the top of
the depot (Young and Chen, 1995). Considering to this research work, the solubility of
bleached shellac in PYR was rather low while the solvent had a larger affinity to water,
resulted in an increase rate of polymer precipitation and a rapid formation of numerous
microparticles.
Besides, the phase ratios were also designed by reducing the external phase to
internal phase as 5:5, 4:6, 3:7, 2:8 and 1:9 in the suitable solvent system. When the ratio of
external phase was less than the internal phase, the system did not form into the
microparticles in PBS as shown in Fig. 46. Furthermore, in the case of drug-loaded system,
only that of DMSO series (Fig. 47) exhibited the larger amount and size of microparticles
compared to PYR and NMP series (Fig. 47) which might be due to crosslinking reactions
between polymer and drug molecules as previously described in thermal analysis.
The above studies varied the phase ratio by increasing the external phase which
caused the rising of amount of stabilizer as well. Therefore, the additional investigation was
conducted by fixing GMS concentration at 2.5% w/w of the whole systems and selecting
the most suitable system to be a representative. The similar outcome was attained as the
previous studies (data not shown). This phenomenon could be explained that in the
environment of higher quantity of internal phase, particles could be easier to merge together
promoting the coalescence. Therefore, the decreasing internal phase: external phase ratio
improved the stability of ISM emulsion against the droplet coalescence (Tcholakova et al.,
2002). Thus the varying phase ratios dominantly affected this transformation.
Solvent

5:5

Phase ratio (external phase: internal phase)
6:4
7:3
8:2

9:1

DMSO

NMP

PYR

Fig. 45 Transformation of systems with different ratios of external an internal phase: 5:5;
6:4; 7:3; 8:2 and 9:1 after contacting PBS pH 6.8 at 10 sec at magnitude of 20X
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Fig 46. Transformation of systems using 2-pyrrolidone as solvent with different ratios of
external and internal phase: a) 5:5; b) 4:6; c) 3:7; d) 2:8 and e) 1:9 after contacting PBS pH
6.8 at10 sec at magnitude of 20X
Solvent

5:5

Phase ratio (external phase: internal phase)
6:4
7:3
8:2

9:1

DMSO

NMP

PYR

Fig. 47 Transformation of doxycycline hyclate-loaded systems with different ratios of
external and internal phase: 5:5; 6:4; 7:3; 8:2 and 9:1 after contacting PBS pH 6.8 at 10 sec
at magnitude of 20X

4.3.2.2 In vitro solvent and drug release studies
Solvent-exchanged in situ forming system is based on phase separation of polymer
by solvent movement which the organic solvent (dissolving the polymer) flows out from
the system and the water inflows via diffusion inducing polymer precipitation (Graham et
al., 1999). This process relates in sol-to-gel transformation causing polymer precipitation
or solidification and forming into polymer matrix to control the drug release (Nirmal et al.,
2010; Parent et al., 2013). Four major diffusional motions have to be considered for the
formation of in situ forming gels or ISM: solvent diffusion out, non-solvent diffusion in,
drug out and probably fractions of polymer out (Kranz and Bodmeier, 2008). In this section,
this research finely examined two important factors i.e. solvent diffusion out and drug
diffusion out using HPLC assay. For non-solvent diffusion in and fractions of polymer
diffusion out would be considered in further studies.
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In vitro solvent release study
The solvent release from the polymer solutions upon contact with aqueous medium
was investigated as depicted in Figs. 48 and 49. DMSO, NMP and PYR released from in
situ forming gel at first 8 hours of 67%, 60% and 31%, respectively. All in situ forming
gels completed their solvent release at least 7 days. The solvent release rate initially
decreased in the rank order as DMSO > NMP > PYR, which is identical to another earlier
research (Kranz & Bodmeier, 2008). To further explain the in vitro solvent release rates,
the interaction between polymer and shellac was an essential role to consider. The smaller
differences in the solubility parameter of the polymer and of the solvent point out the higher
polymer/solvent interaction or solvating power. Generally, a solvent with higher solvating
power provides the slower rate of precipitation and the apparent non-solvent (i.e. water)
required for polymer precipitation (Kranz and Bodmeier, 2008). A slower polymer
precipitation leads to a less porous matrix surface, thus decreasing the solvent and drug
release (Graham et al., 1999). According to this principle and previous discussions (i.e.
review literature of solubility parameter and relative viscosity study), NMP was a better
solvent for bleached shellac than DMSO and PYR. Therefore bleached shellac in NMP
remained in liquid state for a long time. It might explain a slower NMP release from in situ
gel compared to that prepared with DMSO. Nevertheless, it cannot explain the slowest PYR
release from this system. To consider the viscosity of concentrated shellac solution in PYR
and of solvent itself, which mentioned in apparent viscosity study, could appropriately
explain the slower solvent liberation rate from DXP gel. Typically, an increasing viscosity
of solvent including polymer solution retards the solvent and drug diffusion rates (Kranz
and Bodmeier, 2008).
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Fig. 48 Release of DMSO, NMP and PYR from in situ forming gels in PBS pH 6.8 within
21 days (n=3)
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Fig. 49 Initial solvent release of in situ forming gels in PBS pH 6.8 within 1 day (n=3)
Regarding contact the polymer emulsion of selected ISM to aqueous environment,
the solvent release was evaluated as illustrated in Figs. 50 and 51. The 45% DMSO and
41% PYR released into the buffer medium at 8 h. Both ISMs accomplished their solvent
release at least 14 days which were apparently slower than that from in situ forming gel
systems. The solvent release rate of DMSO was higher than that of PYR which showed a
similar trend to that of in situ forming gels. Therefore, it can explain this circumstance as
mentioned in previous part. In addition, the polymer/solvent interaction distinctly
influenced the relative viscosity and transformation studies. It revealed that bleached
shellac emulsion tailored with PYR was able to undergo polymer precipitation rapidly and
form into the numerous microparticles because PYR appeared the greater affinity to water
than bleached shellac. However, the viscosity of solvent itself and of polymer emulsion
was dominant over this occurrence which resulted in a decrease of diffusion. By
comparison with in situ forming gels, the ISM showed the lower initial burst and slower
release of solvent because oil in the external phase acted as a barrier for the solvent
diffusion (Ahmed et al., 2014).
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Fig. 50 Release of DMSO, NMP and PYR from in situ forming microparticles in PBS pH
6.8 within 21 days (n=3)
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Fig. 51 Initial release of DMSO, NMP and PYR from in situ forming microparticles in PBS
pH 6.8 within 1 day (n=3)
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In vitro drug release study
During the solvent exchange process after administration of in situ forming systems
into aqueous environment, drug release is essentially occurring with solvent outflow
through the polymer or water filled channels (Fredenberg et al., 2011). This study
investigated in vitro drug release from the prepared systems as a function of type of solvent.
The drug release profiles as shown in Figs. 52 and 53 revealed that the extent of
doxycycline hyclate released from DMSO, NMP and PYR was 55%, 33% and 9%,
respectively at first 8 h. The in situ forming gels exhibited a trend of drug release pattern,
similar to solvent release, in the rank order as following: DMSO > NMP > PYR. It
previously comprehended that the viscosity of concentrated bleached shellac in PYR and
of solvent itself were more influential on polymer solidification toward the solvent release
than the interaction between solvent and shellac therefore this character also influenced as
the slower drug diffusion rate from DXP gel. Practically, the water miscibility and viscosity
of the polymer solvent play a critical role for drug release because they impact on the
aqueous medium governing drug diffusion (Parent et al., 2013).
Three systems incompletely finished drug release within 3 days (Fig. 52) with final
amount for DMSO (79%), NMP (69%) and PYR (81%), contrasted to ISM (Fig. 54) which
drug completely liberated. The amount of drug release from in situ forming gels had a
priority in the following order of PYR > DMSO >> NMP. The main factors affecting an
incomplete drug release are drug-drug interactions (Fredenberg et al., 2011), matrix
polymer-drug interactions (Wischke and Schwendeman, 2008), physical structure of matrix
such as particle size, surface area (Nazzal et al., 2002; Sander and Holm, 2009) and pore
space topologies (Saltzman, 2001), and robust environmental conditions such as flow rate,
buffer concentration, temperature and the presence of enzymes or release residual (Li et al.,
1996).
It surprisingly found an incomplete drug release of in situ gels in contrast to ISM.
Although ISM did deal with a barrier from external oil phase, it was able to achieve a
complete drug leached out pattern. Therefore, the drug-drug interaction or polymer-drug
interaction may not have an influence on the incomplete profile of in situ gels. In addition
to release conditions, both in situ forming systems were incubated under uniform
environment, and pH value of aqueous medium was approximately 6.8 which could
practically higher dissolve doxycycline hyclate than polymer solvents (Stippler, 2004). The
latter consideration was a change of pH value after long incubation in PBS buffer. An
earlier solvent release study showed that the initial solvent release from in situ gels was
notably faster compared to that of ISM, resulted in larger diffusion of drug. These release
products did not vanish easily from the release medium, which caused a decrease in pH as
previously discussed in pH study. However, the solubility of doxycycline hyclate in slightly
acidic buffers (pH 6.8) and strong acidic buffer (pH 1.2) was reported as about 28 mg/mL
and 40 mg/mL, respectively (Stippler, 2004) while the total drug concentration in 100 mL
aqueous medium which released from overall in situ forming system (1g) was merely 1
mg/mL. Thus drug precipitation should not be evident in medium after long incubation in
aqueous medium. These release condition and pH value of environmental medium were
not able to affect the incompleteness of release.
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Some studies verified that a decrease of particle size practically enlarged the surface
area to volume ratio to the effective drug release (Hile et al., 2000; Khadka et al., 2014).
At equivalent weight, ISM had the lower volume and higher surface area of matrix particles
compared to in situ forming gel. It rationally anticipated a uniform distribution of drug
throughout the matrices from ISM rather than gel. This apparent larger surface area was
available for solvation towards drug diffusion from matrix particles (Witt, 2001). In the
case of in situ forming gel, drug might densely aggregate and be trapped in matrix core
upon phase inversion. Therefore it probably resulted in the incomplete drug release.
Furthermore, type of solvent affected the final amount of drug release from gels for DMSO
(79%), NMP (69%) and PYR (81%). It was interesting that PYR had the slowest solvent
release rate, reversely demonstrated the largest release extent at the end. This occurrence
possibly related with microstructural alignment of pores in matrices after long immersion
in aqueous environment (Saltzman, 2001). It might hypothesize that a large amount of
viscous PYR accumulated in porous matrix and it had the strongest water affinity to
probably enhance an osmotic force to attract more water inflow, leading in higher
hydrolysis at ester bond of bleached shellac. The ester hydrolysis was able to fracture the
porous matrix structure, and finally extrude the trapped drug molecules inside of core. By
comparison for DMSO and PYR, it can be explained by viscosity of solvent itself as earlier
criticized. However, this presumption could be verified in further studies such as
degradation, SEM and etc.
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Fig. 52 Drug release from in situ forming gels in PBS pH 6.8 within 21 days (n=3)
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Fig. 53 Initial drug release of in situ forming gels in PBS pH 6.8 within 1 day (n=3)
Upon ISM contacted to aqueous environment, the drug release was measured as
illustrated in Figs. 54 and 55. The extent of drug release from DXDM ism and DXP ism
was 35% and 20%, respectively at first 8 h. Both ISMs completed their drug release near
to 100% at 21 days. The drug release rate of DMSO ism was higher than that of PYR ism,
corresponding to that from in situ forming gels. The polymer/solvent interaction and
viscosity of solvent itself were the important influence on the release rate as previously
discussed. The overall results confirmed that ISM system significantly reduced a burst
effect because of the retardation for both of solvent and drug diffusions owing to the
hydrophobicity of an external oil phase (Ahmed et al., 2014). The larger surface area to
volume ratio of ISM compared to gel, prevented the drug accumulation in the matrix core
and finally provided the complete drug release as previous mentioned. It was the essential
evidence to approve that doxycycline hyclate in polymer solution or internal phase did not
decompose throughout preparation as the evidence from TG result and no drug
accumulation in residual matrix. Therefore the developed ISM systems were able to
modulate a drug release effectively.
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Fig. 54 Drug release from in situ forming microparticles in PBS pH 6.8 within 21 days
(n=3)
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Fig. 55 Initial drug release from in situ forming microparticles in PBS pH 6.8 within 1 day
(n=3)
Surprisingly, the quantitative HPLC assay revealed the presence of unknown peak
at the latest retention time from all in situ forming systems. It was primarily hypothesized
that this unknown peak might be a compound from some chemicals from bleached shellac
and it should be identified by peak purity analysis mode. The identification was conducted
on scanning a wavelength range for UV absorption of bleached shellac (maximum peak at
223 nm, Farag and Leopold, 2009) from 200 to 400 nm. The release specimen from DXP
gel was sampled to identify its constituent. The HPLC peaks of this sample (Fig. 56) were
compared to the reference peaks (Fig. 57) which acquired from a well diluted DXP gel in

79

acetonitrile. In the case of other formulations, they provided the mutual pattern hence these
data were not shown. The retention time of unknown peak was optional on the top of peak
purity analysis sheets and obtained the same value at approximately 9.0 min. On the left
side below the chromatogram was an overlay of the different peak spectra which clearly
showed their degree of similarity and therefore also the purity of the chromatographic peak
investigated. Both samples appeared the prefect overlap signals with similar purity factor
near to 1,000 indicated high degree of similarity, and including its UV maximum
absorbance at 225 nm which was also related to other report (Farag and Leopold, 2009).
On the right side below the chromatogram, they were the similarity-threshold curves and
the purity ratio which effectively determined the peak purity with high sensitivity.
However, this study focused to identify the unknown peak therefore it was not necessary
to consider the purity of substance as presented in a frame on the right side. According to
retention time, purify factor, and UV maximum absorption peak between sample and
control were identical, it could be concluded that unknown peak is a residual unit from
bleached shellac. Furthermore, the possible chemical structure of a compound would rather
be a ring form related to shelloic acid and its isomer due to a retention time of unknown
was near of doxycycline hyclate which had four hydrocarbon rings as well. Therefore the
bleached shellac matrices from in situ forming systems were able to be degraded upon
contact with in PBS buffer pH 6.8.

Fig. 56 Identification of unknown peak by peak purity analysis mode of a release
medium from DXP gel as specimen
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Fig. 57 Identification of unknown peak by peak purity analysis mode from diluted
DXP gel in acetonitrile as reference peaks

4.3.2.3 Analysis of solvent and drug release data
The mathematical modeling is a quantitative analysis to comprehend all phenomena
affecting drug release kinetics and this has a very significant value in the formulation
optimization. This research aimed to elucidate the effect of solvent type on physical
properties of polymer matrix formation of in situ forming gel and ISM. Solvent exchange
process is a major mechanism to solidify the polymer solution into the matrix form and
initiate the drug release. Therefore it is interesting and necessary to study the release
mechanism of solvent and drug from the in situ forming systems by describing the pattern
of drug release mathematically. In order to fit the release data to mathematical models, this
study applied four drug release kinetic models (first order, Higuchi’s, zero order and power
law) and calculated the value of coefficient of determination (r2) and model selection
criteria (msc) to indicate the degree of goodness-of-fit. The release rate (k) and release
exponent values (n) from power law model were also determined.
Analysis solvent release data
Solvent release data of all in situ forming systems were fitted to mathematical
models (first order, Higuchi’s, zero order and power law) which the estimated r2 and msc
are shown in Table 7. The high value of these parameters indicated a superiority of the
release profile fitting to mathematical model. Solvent release profile of DMSO and NMP
formed in situ gel systems fitted well with a power law model and had an intimate
relationship with a Higuchi’s kinetic model. This solvent release behavior related to the
dissolution from polymer matrix of water soluble drug as reported previously (Shoaib et
al., 2006). Another in situ forming system fabricated with PYR obviously fitted with a first
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order model. This in vitro drug release behavior has been reported in pharmaceutical dosage
form containing water-soluble drug in porous matrices (Silvina et al., 2002; Phaechamud
and Mahadlek, 2015). The solvent release exponent value (n) from curve fitting with a
power law equation of DMSO and NMP formulations was close to 0.45 indicating that the
solvent released by a Fickian diffusion mechanism (Table 8). This mechanism was strongly
controlled by liquid diffusion rate rather than relaxation rate of the polymeric chains
(Perioli et al., 2004). In general, a release mechanism of matrix system is probably a Fickian
diffusion driven, which is associated with concentration gradient, diffusion distance and
the degree of swelling (Siepmann and Siepmann, 2008). In the case of PYR formulation,
the solvent release exponent value (n) was 0.45 < n < 0.89 which was influenced by an
anomalous (non-Fickian) transport. It indicated that the drug release was dominated by both
mechanism of diffusion and polymeric chain relaxation (Pahwa et al., 2011). The solvent
release rate (k) of these systems were significantly different (p < 0.05) and priority in order
of DMSO > NMP > PYR which corresponded to previous release study.
Table 9 Comparison of degree of goodness-of-fit from curve fitting of solvent release from
in situ forming gel systems
Formula
(solvent)
DXDM gel
DXN gel
DXP gel

First order
2

r
0.9584
0.9836
0.9997

Higuchi's

msc
0.45
2.35
6.29

2

r
0.9752
0.9912
0.9982

Zero order
msc
1.97
2.63
4.49

2

r
0.9541
0.9680
0.9873

Power law
msc
0.35
1.34
2.51

r2
0.9985
0.9929
0.9986

msc
3.51
2.51
4.36

Table 10 Estimate parameter from curve fitting of solvent release from in situ forming gel
systems
Formula (solvent)
DXDM gel
DXN gel
DXP gel

k ± S.D.
0.1932 ± 0.0192
0.0368 ± 0.0182
0.0130 ± 0.0047

n ± S.D.
0.20 ± 0.02
0.44 ± 0.07
0.53 ± 0.05

Release mechanism
Fickian diffusion
Fickian diffusion
Anomalous transport

In the case of ISM, both systems fitted well with a power law model and had a close
relationship with a Higuchi’s kinetic which indicated the characteristic of dissolution of
water soluble drug from polymer matrix (Table 9) (Shoaib et al., 2006). The solvent release
exponent value (n) from curve fitting with power law of both formulations were close to
0.45 indicating of solvent release by a Fickian diffusion mechanism (Table 10) as
previously mentioned. The solvent release rate (k) of DMSO was significantly higher than
that of PYR as mentioned in earlier part.

82

Table 11 Comparison of degree of goodness-of-fit from curve fitting of solvent release
from ISM
Formula
(solvent)
DXDM ism
DXP ism

First order
2

r
0.9903
0.9807

Higuchi's

msc
2.45
1.80

2

r
0.9918
0.9907

Zero order
msc
2.62
2.54

2

r
0.9771
0.9750

Power law
msc
1.59
1.55

r2
0.9986
0.9953

msc
4.11
2.93

Table 12 Estimate parameter from curve fitting of solvent release from ISM
Formula (solvent)
DXDM ism
DXP ism

k ± S.D.
0.0575 ± 0.0100
0.0291 ± 0.0087

n ± S.D.
0.33 ± 0.02
0.41 ± 0.08

Release mechanism
Fickian diffusion
Fickian diffusion

Analysis drug release data
Drug release data of prepared in situ forming gels fitted well with a power law
model (Table 11) and obeyed Fickian diffusion mechanism. These formulations had the
significantly different (p < 0.05) drug release rate (k) with priority in order of DXDM gel
> DXN gel > DXP gel. The entire behaviors of drug release corresponded to the solvent
release behavior except PYR formulation which presented an anomalous (non-Fickian)
mechanism instead (Table 12). In this PYR case, chemical potential gradient of
doxycycline hyclate itself might play a stronger role on molecular drug diffusion through
the porous matrix than solvent driven, it therefore performed with a Fickian diffusion
transport (Singhvi and Singh, 2011).
Table 13 Comparison of degree of goodness-of-fit from curve fitting of drug release from
in situ forming gel systems
Formula
(DX)
DXDM gel
DXN gel
DXP gel

First order
r2
0.9166
0.9481
0.9523

msc
0.17
0.64
0.98

Higuchi's
r2
0.9366
0.9684
0.9709

msc
1.20
1.14
1.18

Zero order
r2
0.8949
0.9192
0.8817

msc
0.84
0.66
0.15

Power law
r2
0.9968
0.9888
0.9863

msc
2.90
1.85
1.54

Table 14 Estimate parameter from curve fitting of drug release from in situ forming gel
systems
Formula (DX)
DXDM gel
DXN gel
DXP gel

k ± S.D.

n ± S.D.

Release mechanism

0.1359 ± 0.0242
0.0785 ± 0.0402

0.23 ± 0.03
0.27 ± 0.07

0.0361 ± 0.0124

0.36 ± 0.14

Fickian diffusion
Fickian diffusion
Fickian diffusion

Drug release from ISM formula in Table 13 was best explained by a power law
model but they had a close relationship with a Higuchi’s kinetic. Their drug release
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mechanism was driven by a Fickian diffusion and DXDM ism attained a drug release rate
(k) significantly higher (p < 0.05) than that of DXP ism as shown in Table 14. Release
behaviors of drug related to a solvent release. Both solvent and drug release kinetics of all
ISM formulations were best described by a power law model based on the highest linearity,
and they were close to a Higuchi model. Their mechanism of release from ISM was a
Fickian diffusion controlled.
Table 15 Comparison of degree of goodness-of-fit from curve fitting of drug release from
ISMs
Formula
(DX)
DXDM ism
DXP ism

First order
r2
msc
0.9428 0.63
0.9919 2.22

Higuchi's
r2
0.9910
0.9982

msc
2.48
3.73

Zero order
r2
msc
0.8044
0.93
0.9884
1.86

Power law
r2
msc
0.9988
4.25
0.9998
5.38

Table 16 Estimate parameter from curve fitting of drug release from ISMs
Formula (DX)
DXDM ism
DXP ism

k ± S.D.

n ± S.D.

Release mechanism

0.0553 ± 0.0099
0.0224 ± 0.0039

0.31 ± 0.02
0.40 ± 0.02

Fickian diffusion
Fickian diffusion

4.3.2.4 In vitro degradability study
Polymer degradation is a breakdown of macromolecule under the influence of one
or more environmental factors such as heat, moisture, oxygen, light or radiation, chemicals
(i.e. acids, alkalis and some salts), mechanical stresses and biological agencies. Usually,
several types of degradation processes take place simultaneously in a polymer depending
on its chemical and physical characteristics (Ravve, 2012). The characteristics of the
biodegradable polymer strongly impact the degradation (Parent et al., 2013). Bleached
shellac structure contains polyesters which are probably auto-catalyzed the ester bond via
alkaline hydrolysis (Limmatvapirat et al., 2008). Hydrolytic degradation is a fast process
that its rate depends on characteristics of polymer (i.e. molecular weight, type of chemical
bond, degree of crystallinity and co-monomer composition) and environmental conditions
(i.e. drug type, additive substances, pH, and water uptake) (Boimvaser et al., 2012; Thakur
et al., 2014). The prepared in situ forming formulations initiate the drug release by solvent
exchange process between water influx and solvent efflux. This study formulated these
systems by dissolving bleached shellac in different solvents. Thus, the hydrolytic
degradation might attack the polyester of bleached shellac and degradation rate should be
controlled by heterogeneous environmental conditions of system such as solvent
component and also pH. To profoundly understand the effect of solvent type from in situ
forming formulations on polymer degradation, the dynamic changes in mass of prepared
system were monitored gravimetrically and calculated the mass loss of bleached shellac
with some quantitative data from solvent/drug release studies. The water content was
gravimetrically measured because it is the main trigger force of matrix degradation. All
these changes might reflect the solvent exchange kinetics.
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The % total mass loss and % bleached shellac mass loss of in situ forming gels are
presented in Figs. 58 and 59. After exposure with aqueous medium, the initial rate of total
mass loss of the systems was similar to that of solvent release as following; DMSO > NMP
> PYR due to a higher amount of solvent outflow while water inflow leading to a larger
mass release of solvent (Chu et al., 2013). When the solvent and drug were at steady state,
the total mass loss was as following: PYR > NMP > DMSO, probably related to polymer
degradation. This could be described by polymer weight loss as shown in Fig. 59. The mass
loss of bleached shellac generally increased during the observation period, signifying the
polyester degradation under aqueous environment. The maximum mass loss of bleached
shellac from different systems was approximately 83%, 35% and 28% (of systems using
PYR, NMP and DMSO as solvent, respectively). Bleached shellac in PYR exhibited the
highest hydrolytic degradation compared to that in NMP and DMSO, respectively. Water
uptake should be the critical factor for promoting this phenomenon. The water content in
the systems (Fig. 60) rationally indicated that PYR provoked the highest water uptake.
Previous studies indicated that the use of PYR as solvent for bleached shellac induced the
slowest rate of drug release due to a viscous character of PYR therefore the largest residual
of this solvent should be evident in polymer matrix. The osmotic pressure of the residual
solvent can force the water molecules in the medium to penetrate through the dense matrix
(Chu et al., 2013; Phaechamud et al., 2016) and solvent with strong water miscibility will
reinforce this driving force from constrained solvent in the depots. Earlier, the solubility
parameter literally reported that PYR exhibits high water miscibility. Therefore PYR not
only possessed as a large residual but also had a powerful water affinity that was able to
promote an osmotic force to drive more water influx, resulting in more rapid polymer
degradation. In case of DMSO and NMP, the circumstance was in vice versa. During
degradation, however, physical changes could take place such as softening, pore
creation/closure due to the decrease in polymer mass and it would be verified by further
studies i.e. text analysis, SEM or else. Thus it was eventually concluded that bleached
shellac matrix could undergo a hydrolytic degradation in aqueous environment and types
of solvent noticeably affected the degradation rate.
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Fig. 58 Dynamic change in total mass of in situ forming gels (n=3)
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Fig. 59 Dynamic change in mass of bleached shellac from in situ forming gels (n=3)
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Fig. 60 Dynamic change in water content of in situ forming gels (n=3)
ISM systems demonstrated a pattern of % total mass loss, % bleached shellac mass
loss and % water content in Figs. 61-63, which the results were similar to those of in situ
gels. However, the value of each parameter was apparently lower because the external oil
phase minimized the substrate diffusion. Because this continuous phase acted as a diffusion
barrier (Kranz and Bodmeier, 2008; Frelichowska et al., 2009) not only for the solventdrug release but also water uptake after residual solvent in matrix induced the osmotic
pressure. The final mass loss of bleached shellac from each solvent of ISM was 72% for
PYR and 24% for DMSO as depicted in Fig. 62. Therefore bleached shellac fabricated into
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in situ forming systems could degrade through hydrolysis degradation mechanism under
aqueous environment. The complete dissolution of shellac was literally recorded at pH >
7.0, and it partially dissolved at pH 7.0 and lower (Limmatvapirat et al., 2004;
Limmatvapirat et al., 2008; Farag and Leopold, 2009). Previous pH study revealed that pH
value of doxycycline hyclate solutions in each solvent was familiar (pH ~ 3.3 to 3.4). This
range was not appropriated to degrade bleached shellac. However, the in situ forming
systems, which possessed a large residual solvent inside of matrices upon solvent exchange,
were able to promote an osmotic force leading more water influx. It could subsequently
neutralize the pH of doxycycline hyclate solutions nearly to pH 7.0, and bleached shellac
finally underwent the hydrolysis degradation.
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Fig. 61 Dynamic change in total mass of in situ forming microparticles (n=3)
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Fig. 62 Dynamic change in mass of bleached shellac from in situ forming microparticles
(n=3)

700

DXDM ism

DXP ism

% Water content

600
500
400
300
200
100
0
0

10

20

30

40

50

Day

Fig. 63 Dynamic change in water content of in situ forming microparticles (n=3)
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4.3.2.5 Rate of water diffusion into in situ forming systems study
In order to understand the solvent exchange of such in situ forming systems, the
fundamental knowledge of water diffusion in such systems is necessarily required.
Dynamic flow of water evaluated by NMR technique could provide the self-diffusion
coefficient (D) of water in gel (Hurley et al., 2003; Davies et al., 2010). Another simple
technique for monitoring the water diffusion behavior was conducted in transparent tube
immersed in phosphate buffer solution. When water diffused into test system, the
transparent liquid was transformed into opaque matrix to check the movement of water or
water front (Mahadlek, 2012). This simple strategy was employed in this investigation to
study the water influx in term of water diffusion rate calculated from opaque distance as a
function of time.
The in situ forming gels provided a pattern of water diffusion as illustrated in Fig.
64. The water diffusion rate of formulation without drug loading was definitely higher than
that with drug loading owing to the increase of apparent viscosity after adding doxycycline
hyclate in systems retarding water diffusion. The water influx rate of system dissolved in
DMSO was higher than that dissolved in NMP and PYR, respectively or DMSO > NMP >
PYR. In addition to the water influx, a front of surface gels then precipitated into opaque
and harder matrix by distance provoked in a decrease of water diffusion rate afterwards.
The profit of this character was easy and convenient to describe the rate of solvent and drug
release (Wang et al., 2012, Phaechamud and Mahadlek, 2015; Phaechamud et al., 2016).
A trend of water diffusion corresponded to solvent and drug release studies which had been
previously discussed. The pattern of water inflow and solvent outflow was similar which
controlled by precipitated layer of bleached shellac matrix. On the other hand, this
experiment resulted in contrast to water content data. The appropriate explanation might
involve with direction of water flux. Water accumulation generally referred to the trapped
water molecules inside of system. It was gravimetrically measured by dialysis method
which water flowed in. If the residual solvent (i.e. PYR) was strongly miscible with water,
it would attract the water molecules and to be finally trapped in polymer matrix. Whereas
the rate of water diffusion was operated and determined by a transparent tube technique, a
fixed shape, that water penetrated each layer in only one vertical direction therefore water
molecules would rather pass through a surface than be trapped in the bleached shellac
matrix. If the solvent (i.e. DMSO) easily flowed out, it would fluently exchange with the
water molecules toward to system likewise. Therefore the outcome of this technique
logically distinguished from the dialysis method and more directly reflected to water influx
as a function of time than the other one. The water diffusion profiles of the ISM in Fig. 65
revealed the similar pattern to that of in situ forming gels. The water influx rate of
formulation using DMSO as solvent was apparently higher than that using PYR. However,
all outcomes were totally less than of gels due to the powerful hindrance effect of the
external oil phase and the drug-polymer interaction.
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Fig. 64 Water diffusion of in situ forming gels (n=3)
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Fig. 65 Water diffusion of in situ forming microparticles (n=3)
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4.3.2.6 Solvent diffusion study
Practically the solvent diffusion is one of driving forces of solvent exchange
process which it chiefly causes a controlled drug release (Parent et al., 2013). Diffusion
behavior of solutes in polymer solutions and gels has been studied for decades by the use
of various techniques such as gravimetric method, membrane permeation, fluorescence,
radioactive labeling, dynamic light scattering and NMR (Masaro and Zhu, 1999).
According to our research experiments, the solvent release with quantitative analysis was
previously performed. However, the character of solvent outflow could be completely
evident if it was fulfilled with qualitative data. This study aimed to clarify the transport
phenomena by a simple image analysis technique (Samprovalaki et al., 2012). This study
visualized the polymer precipitation line, the migration of dyed (amaranth, a marker
colorant) solvent into agar gel under stereomicroscope, and calculated the solvent front as
a function of time. Amaranth could solubilize in used solvent (DMSO, PYR and NMP) but
not in oil therefore the diffusion of this dye indicated these solvent font into the agar gel
(0.6% w/v agarose using PBS pH 6.8 as solvent).
For the visual images of solvent diffusion into in situ forming gels (Fig. 66), a white
ring represented a phase inversion zone which precipitated from outer area to inner area.
The enlargement of this band was increased by time. The opaque ring immediately
appeared after sample contacting to agarose gel whereas coloring front became visible at 5
min later. Thus the solvent exchange process was probably driven initially by water influx
and onward by solvent efflux. A ring diameter apparently increased as following DMSO
gel > NMP gel > PYR gel. It reflected the rate of precipitation that of DMSO gel was fastest
precipitated as presented in another previous research work (Sitthajindalert, 2013;
Mahadlek, 2012). However, an opaque band of PYR gel was slightly noticeable due to high
viscosity of solvent itself. This evidence was an important drawback for phase inversion
procedure as earlier criticized in solvent and drug release studies.
The solvent front and solvent diffusion rate of in situ forming gels were calculated
as a function of time as illustrated in Figs. 67 and 68. Net flux movement of solvent
progressed along the agar gel. Both parameters presented a different trend from solvent
release data. The rank of solvent front and solvent diffusion rate was DMSO >> PYR ≥
NMP. The diffusion rates of solvents unsteadily decreased by time. According to another
research work (Kranz and Bodmeier, 2008) and this solvent release study, NMP practically
released faster than PYR. In addition, these solvent diffusion data contrasted to the pattern
of opaque band in optical image that the phase inversion zone of DMSO formulation was
larger than those of NMP and PYR formulations, respectively. A size of ring reflected the
polymer precipitation rate which related to the previous results from solvent release study.
This uncommon phenomenon might implicate with the interaction between amaranth and
solvents. For this image analysis technique of transport phenomena, the dye diffusion into
gels occurred by simple diffusional model which related to Fickian theory (Kemp and
Fryer, 2007; Samprovalaki et al., 2012). Diffusion refers to the net random movement of
particles, taking place from a region of high concentration to one of lower concentration
(Agutter et al., 2000). Fick’s law of diffusion is useful in the studies of the solid, where
concentrations vary with site and time (Cussler, 1984). A system is govern by Fick’s first
law only when the concentration gradient is steady or diffusive flux is independent of
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concentration whereas Fick’s second law (often called non-Fickian behavior) applies to
non-steady state diffusion which describes the change in concentration gradient with time
(Crank, 1975). For this experimental section, the measurement of solutes concentration
with time to solvent front with time was conducted to define as the rate of diffusion. There
are many actual physical situations which occur simultaneously with diffusion such as
swelling, change of state, formation of elastic stresses, loss of extracted material, etc. These
processes may be correctly explained by Fick’s second law (Wypych, 2004). In the case of
solute diffusion through gels where a type of partitioning can happen, gel properties can be
sensitive to the concentration of the diffusing species. If this concentration gradient is
larger on one side, the diffusivity on this side must be smaller to maintain the steady flux.
This physical occurrence could be owing to a change in pore size in gel which in turn
changes the effective diffusivity and gives non-Fickian diffusion (Crank, 1975). In regard
to the dye diffusion model, the diffusing species were colorant (amaranth) and solvent
molecules. Both solutes outflowed from formulation into hydrogel. DMSO and NMP
systems exhibited a diffusion behavior of solvent corresponded to solvent release because
they were less viscous than PYR, leading to together diffused with amaranth molecules.
Furthermore the concentration of polymer solvents were definitely higher, they then
controlled the rate of diffusion instead of dye. PYR was a highly viscous solvent, resulting
in slow diffusion hence amaranth molecules were able to self-diffuse. It could confirm from
unclearly precipitation band. The rank of solvent front and solvent diffusion rate was
DMSO >> PYR > NMP, and the result of DMSO and NMP data reflected to diffusion of
colorant and solvent. Therefore the rate of pure amaranth diffusion was lower than that of
DMSO but higher than that of NMP and this circumstance would rather fit for low viscous
polymer solvent. However, the pattern of diffusion was not steady with time or obtained a
non-Fickian behavior. This contrasted to mathematical analysis of solvent release data
which mainly presented a Fickian diffusion. To understand the different environmental
condition between measurement and solvent release study, the basic understanding of agar
gel structure was necessarily required. The structure of agar gel, a type of hydrogels, is
heterogeneous, which composed of molecular random and immobile polymer chains
(Amsden, 1998 a, b). The network of these chains was described as a mesh, with the spaces
filled with water. The virtual openings are constant in size and location. A great deal of
inter-polymer interaction induces the capillary force responded for solvent retention.
Solutes are able to transport within agar at water-filled regions and their size should be
smaller than the spaces between polymer chains (Muhr and Blanshard, 1982). To compare
the diffusion feathers between gel model and buffer solution condition, it should be noticed
that 1) the polymer reduces its available volume or area to the total one (referred to the
exclusion effect) and 2) the impermeable segments of polymer molecules increase the path
length for a diffusing solute (referred to the obstruction effect). Besides the presence of
impenetrable polymer chains causes an increase in the path length for diffusive transport
or the obstruction effect which is sometimes represented by the tortuosity factor in porous
materials. These two major reasons causes the effective diffusivity in a gel is lower than
the corresponding diffusivity in aqueous medium (Westrin, 1991). Therefore the pattern of
diffusion in agar model was a non Fickian behavior due to the influence of gel structure
rather than that of the formulation system, and to determine the type of diffusive transport
should be examined with direct quantitative analysis such as solvent release study.
Furthermore, the interaction between amaranth and agarose gel might concern to this
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uncommon diffusion behavior. Consideration to charge of functional groups, agarose chain
contains uncharged methyl groups (Alistair et al., 2006) while amaranth is an anionic dye
(Stone and Lorenze, 1984) hence the charge-charge interaction should practically
disappear. It assured that gel structure is a primary reason for non Fickian behavior of
solutes diffusion. Eventually, this model might be appropriated for basically monitoring the
phase inversion character.

93

Time (min)
0

DMSO gel

NMP gel

PYR gel

5

10

15

20

25

30

Fig. 66 Visual image of solvent diffusion from in situ forming gels prepared with different
solvents
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Fig. 67 Solvent diffusion distance of in situ forming gels prepared with different solvents
(n=3)
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Fig. 68 Solvent diffusion rate of in situ forming gels prepared with different solvents (n=3)
The visual images of solvent diffusion from ISM every 5 min are shown in Fig. 69.
The precipitation zone initiated from outer region to inner region. There were a number of
white particles within phase inversion band. These particles certainly precipitated from
droplets of the internal phase of emulsion. Their opaque trace and size of precipitation
region became evident with time. DMSO system formed a thin membrane with higher
porous matrix structure and more regular shape compared to PYR system as demonstrated
in another previous research work (Sitthajindalert, 2013) because DMSO was less viscous
and promoted a rapid phase inversion (Packhaeuser et al., 2004).
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The solvent front and solvent diffusion rate of ISM were calculated as a function of
time as depicted in Figs. 70 and 71. The solvent efflux forwarded along the hydrogel. Both
parameters (ring size and solvent front) and the rate of diffusion demonstrated a similar
trend with that of in situ forming gels. In brief, all diffusive data of DMSO system valued
higher than that of PYR system. This physical occurrence was influenced by viscosity of
polymer solvent, interaction between two diffusive species and gel structure as recently
discussed above.
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Fig. 69 Visual image of solvent diffusion from in situ forming microparticles prepared with
different solvents

96

3.0
DMSO ism

PYR ism

Solvent front (mm)

2.5
2.0
1.5
1.0
0.5
0.0
0

5

10

15
20
Time (min)

25

30

Fig. 70 Solvent diffusion distance of in situ forming microparticles prepared with different
solvents (n=3)
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Fig. 71 Solvent diffusion rate of in situ forming microparticles prepared with different
solvents (n=3)

97

Summary
The effect of stabilizer concentration and phase ratio on transformation of
emulsion to microparticles were focused in this part. The 5% GMS of external phase was
enough for the o/o emulsion to transform to microparticle after exposure to aqueous
medium within 3 min by solvent exchange, and GMS then formed its network to gel the
olive oil. The increasing external phase: internal phase ratio improved the stability of the
o/o emulsions against the droplet coalescence. However, if the ratio of the external phase
was less than the internal phase, the system could not form the microparticles. PYR was
the most appropriate solvent for producing massive microparticles with regular shape
especially at the phase ratio of 7 : 3 . The solubility of bleached shellac in PYR was low
while PYR had a largest affinity to water, resulted in a high rate of polymer precipitation
and a rapid formation of numerous microparticles. In the case of drug-loaded system, only
DMSO series exhibited the largest amount and size of microparticles which possibly caused
by crosslinking reactions between polymer and drug molecules as previously described in
thermal analysis.
All in situ forming gels completed their solvent release at least 7 days with rate
in the rank order; DMSO > NMP > PYR. The trend of solvent release from ISMs was
similar to gels but the final release extended to 14 days. The higher viscosity of PYR and
its polymer solution retarding the drug release were the reasons behind this circumstance.
DMSO and its formulation were slightly viscous than NMP series but the solvent release
rate of DMSO ones was faster owing to less interaction between solvent and shellac. The
oil in external phase of ISM was a barrier for solvent diffusion which resulted in the lower
initial burst and slower release of solvent compared to gels. A trend of drug release pattern
of all in situ forming systems associated with the solvent release profiles. However, three
gels incompletely finished drug release within 3 days whereas ISMs completed their drug
release near to 100% at 21 days. The incomplete diffusion of in situ forming gel possibly
explained by dense drug accumulation and drug trapping in matrix core. ISMs possessed
the larger surface area to volume ratio thus it could prevent those problems. It approved
that doxycycline hyclate in polymer solution or internal phase did not decompose
throughout preparation as the evidence from TG result. The incomplete drug release from
dissolution profiles of gels showed the largest drug release extent at the end from system
tailored with PYR. PYR could enhance an osmotic force to attract more water inflow due
to its high water miscibility, and its high viscosity which left a large residual in porous
matrix. Water molecules fractured the porous matrix and finally released the trapped drug
out of core. By comparison for DMSO and NMP, it can be explained by viscosity of solvent
itself and molecular interaction. Furthermore, HPLC assay revealed the presence of
unknown peak near drug peak from all in situ forming systems. This was technically proved
that it was a residual unit from bleached shellac related to shelloic acid which presents in a
pentacyclic structure nearly to hexacyclic ring in doxycycline hyclate structure. Solvent
release profiles of in situ gels dissolved in DMSO or NMP including ISMs, and also drug
release profiles of all drug-loaded systems fitted well with a power law model. They had
intimate relationship with a Higuchi’s kinetic model. The mechanism of these systems were
Fickian diffusion. Only solvent release of PYR formed in situ gel obviously fitted with a
first order model and presented an anomalous mechanism instead. However, the drug
release pattern of gel in PYR was different from its solvent profile because chemical
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potential gradient of doxycycline hyclate itself might play a stronger role on molecular drug
diffusion through the porous matrix than solvent driven, it therefore performed a Fickian
diffusion transport. All formulations demonstrated the release rate (k) and release exponent
values (n) corresponded to release and apparent viscosity studies.
Degradation studies revealed that the initial rate of total mass loss of the in situ gel
systems was influenced by solvent outflow. Its priority order was DMSO > NMP > PYR,
practically related with solvent release. When the solvent and drug diffusion were at steady
state, the total mass loss converted to PYR > NMP > DMSO that represented polymer
degradation and it generally increased by time. This latter was similar to water content
pattern. ISM systems obtained a similar pattern of these parameters with lower value as
well because of barrier effect from oil. PYR formulations gained a high amount of water,
leading to polymeric degradation because this solvent enhance the osmotic pressure by its
high viscosity and water miscibility. Additionally, the buffer molecules also subsequently
neutralized the pH of doxycycline hyclate solutions nearly to pH 7.0; therefore, bleached
shellac finally underwent the hydrolysis degradation. In case of DMSO and NMP, it could
explain in vice versa. Along this decrease in polymer mass, there were some physical
changes such as softening, pore creation/closure which would be verified by further studies
i.e. texture analysis, SEM or else.
The water diffusion rate was monitored using a transparent tube technique.
Formulations without drug loading demonstrated the higher value of this parameter than
drug-loaded systems due to a rise of apparent viscosity after adding drug. The water influx
rate of all systems was in solvent rank order as following: DMSO > NMP > PYR. ISMs
outcomes were totally less than of gels due to the powerful hindrance effect of the external
oil phase and the drug-polymer interaction. However, that result of water influx rate was in
contrast to water content data which probably involved with direction of water. This
technique detected the opaque font of systems filled in fixed-shape tube that water
penetrated each layer in only one planar vertical direction. For this reason, the water
molecules would rather pass through a surface than be trapped in and then induced the
polymeric matrix formation. If the solvent (i.e. DMSO) was less viscous, it would easily
flowed and exchange with the water molecules.
The solvent diffusion study visualized under a steromicroscope the character of
solvent flow with amaranth in agar gel. After contacting sample with buffer, the opaque
ring from phase inversion immediately appeared, and coloring front became visible at 5
min later. Thus the solvent exchange was probably driven initially by water influx and
onward by solvent efflux. ISM presented a number of white particles, which certainly
precipitated from emulsion droplets, were within that phase inversion band as well. A ring
diameter of all in situ systems apparently increased in solvent with order as following
DMSO > NMP > PYR. A size of ring reflected the polymer precipitation rate and related
with the solvent release and other studies. The rank of asolvent front and solvent diffusion
rate was DMSO >> PYR > NMP, and these rates unsteadily decreased by time. This
uncommon phenomenon was about the interaction between amaranth and solvents. PYR
was a highly viscous solvent so that it could diffuse slowly thus the dye molecules diffused
by itself. Whereas, DMSO and NMP were less viscous hence they together diffused with
dye molecules. This technique would rather appropiate for low viscous polymer solvent.
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However, the pattern of diffusion was a non-Fickian behavior which contrasted to
mathematical analysis in release studies. It was more influenced by agar gel structure than
system formation. Consequently, this model might be appropriated for basically monitoring
the phase inversion character.
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Part 4
4.3.3 Evaluation of in situ forming gel systems after exposure to solvent exchange
4.3.3.1 Mechanical property studies
The mechanical properties of material naturally relates with physical forces. It is a
result of the inherent mechanical characteristic of each substance such as strength, ductility
and fatigue under different conditions (Soboyejo, 2005). With regard to the dental
application of these in situ forming systems, they aimed for treatment of periodontitis.
Understanding the mechanical strength of porous matrices, after solidification from solvent
exchange using different types of solvent, could verify the deformability of specimen and
its capacity to reside in the artificial periodontal pocket. This deformability also essentially
relates to the performances of solvent/drug release, degradation and porosity under SEM.
For this study, the important mechanical properties, which could basically indicate the
deformability, were hardness and ratio of elasticity/plasticity. Therefore, this study
determined these basic parameters in this part.
The physical appearance of the in situ forming gels after loading into the agarose
gel for a week as shown in Figs. 72 and 73 indicated that all polymer matrices had rough
surface bulge in rank of solvent orders as following: DMSO > NMP > PYR, which
corresponded to the rate of solvent diffusion in previous studies. In case of drug-loaded
systems, the colorless translucent hydrogel turned into brownish feather due to the outflow
of drug. The bulky precipitant of DXDM gel and DXN gel was quite white and brown,
respectively, resulted from different rate of drug release. However, there was no evident
for matrix of DXP gel. Drug could literally have an intimate effect on the degradation of
polymer matrices, which in turn affected drug release rate (Thakur et al., 2014). The
presence of hydrophilic doxycycline hyclate might contain the water molecules or possess
H-bond donating functional groups which could interact catalytically with polymer chains
and therefore increased the exposition of ester bonds to water molecules, resulting in more
rapid polymer degradation (Liu et al., 2010). Not only drug but types of solvent were also
the crucial factors for this phenomenon. As previous mentioned, PYR released from the
gradually transforming drug-loaded liquid into matrix-like system with slowest rate owing
to its viscous feature. This remaining solvent highly accumulated the water molecules as
described in water content studies. Therefore drug and PYR reinforced to completely
accelerate the polymer degradation.
The mechanical properties were examined quantitatively using a texture analysis.
Fig. 74 shows the maximum deformation force (hardness) for the matrices under
compression (Lai et al., 2003). Its peak force occured during the first compression as
mentioned previously (Soboyejo, 2005). The hardness of all free drug systems were
significantly different (p<0.05). These differences in the mechanical properties probably
resulted from the differences in solubility parameters and viscosities of solvents, which
affected the interaction between the polymer chain and solvent molecule, causing
difference in the porosity of matrices as previously discussed (Kranz and Bodmeier, 2008;
Tetteh et al., 2014). The PYR (4.93 N) matrix showed superior mechanical hardness
strength than those of NMP (3.09 N) and DMSO (2.63 N) matrices, respectively because it
provided a slow phase separation, leading to lower porosity. (Kranz and Bodmeier, 2008;
He et al., 2014). In the case of a fast phase separation where large pores were evident, it
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was exclusively responsible for crack initiation after compression (Yi et al., 2003). The
drug-loaded matrices were clearly considerably more resistant to compression than the
systems without drug loading except DXP gel because the replacement of drug particles in
spaces of matrix might obstruct the solvent diffusion, resulted in few porous layers.
Additionally, the hardness of DXDM (4.01 N) matrix was not significantly different from
that of DXN (3.96 N) matrix (p>0.05).
All the investigated in situ forming gels exhibited the F remaining/F max deformation ratios
as seen in Fig. 75. This ratio referred to elasticity/plasticity which was expected to play a
major role for residence time in the patients’ periodontal pocket (Do et al., 2014). Based
on results of all free drug systems, the F remaining/F max deformation ratios of DMSO and NMP
matrices were not significantly different (p>0.05) but significantly different from that of
PYR matrix (p<0.05). A ratio value of PYR matrix (0.68) was more nearly to 1 and higher
than those of other two free-drug formulations, indicated that the system was close to elastic
which could not change its inner structure during the holding time in a permanent manner
and fully recovers, whereas a low value of DMSO matrix (0.03) and NMP matrix (0.04)
indicated that the specimen was likely to be able to adapt its geometry to dynamic changes
in the periodontal pocket’s size and shape with time or plastic behavior (Do et al., 2014).
Microstructural variables such as particle materials, density of porosity, amount of solid
phase bonding and, pore characters have an important influence on elastic properties
(Zhang et al., 2003). Regions of high porosity generally reduce the elasticity (Carr et al.,
2015); therefore, the systems with fast solidification such as DMSO and NMP gels, resulted
in high porosity. The drug-loaded formulations provided the higher value of
elasticity/plasticity except DXP gel, demonstrated that they deformed elastically. The
elastic deformation of DXDM gel (0.53) was significantly higher than that of DXN gel
(0.32), possibly caused by the difference of interaction between solvent and drug molecules
(p<0.05).

a)

b)

c)

Fig. 72 Photograph of in situ forming gels without drug loading in agarose pocket: a)
DMSO gel, b) NMP gel, and c) PYR gel
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a)

b)

c)

Fig. 73 Photograph of in situ forming gels with drug loading in agarose pocket: a) DXDM
gel, b) DXN gel, and c) DXP gel
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Fig. 74 Maximum deformation force or hardness of in situ forming gels (n=6), * p≤0.05
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Fig. 75 Ratio of remaining force/maximum deformation force or ratio of
elasticity/plasticity of in situ forming gels (n=6) * p≤0.05
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Upon loading specimen into agarose pocket for 7 days, the physical appearance of
all ISM matrices as shown in Figs. 76 and 77 was less convex surface compared to those
of the in situ forming gel ones because an external oil phase acted as a barrier for water
penetration. DMSO apparently affected to the size of bulk than PYR owning to its high rate
of solvent diffusion as previously described. Doxycycline hyclate efflux was detected by
changing color of translucent agar form colorless to brownish. The bulky matrix of DXDM
ism was brown whereas there was no evident matrix of DXP ism. This phenomenon can be
similarly explained for its polymeric degradation as in situ forming gels.
ISM systems had similar trend of hardness to in situ forming gel systems as
illustrated in Fig. 78. The hardness of PYR ism matrix (1.73 N) was significantly higher
than that of DMSO ism matrix (0.22 N) (p<0.05). The precipitant from DXP ism could not
be found as before. However, the hardness between DMSO ism (0.22 N) and DXDM ism
(0.22 N) matrices was not statistically significant, that was probably influenced by an
external oil phase (p>0.05).
Fig. 79 shows the elasticity/plasticity ratios of the respective ISM systems. PYR
ism matrix (0.82) exhibited significantly a higher elastic deformation than DMSO ism
matrix (0.17) (p<0.05). Doxycycline hyclate was independent on the deformation of
systems fabricated with DMSO but it strongly influenced to the matrix formed by PYR
exchange, which finally vanished in 7 days. This circumstance was able to be discussed as
in earlier part.

a)

b)

Fig. 76 Photograph of in situ forming microparticles without drug loading in artificial
periodontal pocket: a) DMSO ism and b) PYR ism

a)

b)

Fig. 77 Photograph of drug-loaded in situ forming microparticles in artificial periodontal
pocket: a) DXDM ism and b) DXP ism
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Fig. 79 Ratio of remaining force/maximum deformation force or ratio of
elasticity/plasticity of in situ forming microparticles (n=6), * p≤0.05
4.3.3.2 X-ray powder diffraction study
X-ray powder diffraction (XRD) is an analytical technique basically used for
fingerprint characterization of crystalline materials and the determination of their
crystalline structure (Ortiz-Cruz et al., 2012). This study purposed to evaluate the effect of
solvents on the crystalline structure of bleached shellac after the achievement of solvent
and drug release. Prior to analyzing with X-ray diffractometer, the samples were
dehydrated by freeze drying technique prior to grinding into powder with mortar and pestle.
The XRD pattern of the dried in situ forming gels and microparticles and their
formulation compositions such as pure bleached shellac, doxycycline hyclate, and GMS
are depicted in Figs. 80 and 81. XRD spectra of the pure polymer and the specimens were
practically identical. Comparing this XRD pattern of bleached shellac with other literatures
(Kojima et al., 2000; Wang et al., 2015), it showed that bleached shellac existed in an
amorphous state over the 2θ range 15-20. The crystalline peaks of other pure substances
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were not found in samples after release test. Therefore, all solvents had no influence on the
structure of remained bleached shellac after solvent exchange (Buoltz and Feigenson, 1999;
Ishii et al., 2007) or release test.
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Fig. 80 XRD spectra of the pure polymer and in situ forming gels after release test
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Fig. 81 XRD spectra of the pure polymer and in situ forming microparticles after release
test
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4.3.3.3 Determination of surface topography
Scanning electron microscopy (SEM) is one of direct methods for characterizing
the micro-structure of substance (Mfanacho et al., 2010). The formation of in situ forming
systems was described under solvent exchange process. Contact of these systems into an
aqueous medium initiated a diffusion of solvent towards the water. Following the
penetration of water, the polymer progressively solidified triggering to phase separation
and porous matrix (Parent et al., 2013). SEM was performed in order to relate the porosity
character of the precipitated gels or microparticles, to drug release including other physical
properties (Kranz and Bodmeier, 2008).
To investigate the effect of the solvent release rates on the surface morphology
of matrices, scanning electron micrographs from in situ forming gels were prepared as a
function of the type of solvent during release time interval at magnitude of 100X and 500X,
respectively as illustrated in Figs. 82 and 83. The SEM microphotographs of precipitated
gels revealed that the highly unidirectional pore architecture or sponge-like structure was
found in matrices of DXDM and DXN gels at first 7 days whereas that of DXP gels allowed
an introduction of diminutive pores which prolonged solvent and drug release as previous
criticized. The size and density of pores increased by time in the rank of formulation order
as following DXDM gel > DXN gel >> DXP gel. This evidence was attributed to the fastest
diffusion rate of DMSO out of the systems owning to its low viscosity, as mentioned in
solvent release study and also reported previously (Kranz and Bodmeier, 2008). This
behavior then led to the rapid phase separation and polymer precipitation therefore in the
same time periods DMSO contributed the highest porosity. NMP exhibited a lower efflux
rate than DMSO because of the stronger polymer/solvent interaction. Although PYR is a
poor solvent and expected to be shorter in the liquid state compared to a solution of
bleached shellac in DMSO or NMP, its viscous character conducted for the slowest efflux
and polymer precipitation rate and thereafter less porous matrix surface (Kranz and
Bodmeier, 2008). The level of porosity of each matrix reflected the mechanical strength
that a structure with higher porosity collapsed easily whereas a dense matrix was
considerably more resistant to compression as previous described in mechanical properties
part (Yi et al., 2003; He et al., 2014). Furthermore the alignment of DXP matrix explicitly
disconnected at the end of time interval as the results in degradation and mechanical
properties. According to viscous character and good water miscibility of PYR, these
reasons probably ascribed for the prolongation of PYR remaining in the system and
accumulated some water molecules leading to a rapid hydrolysis at ester bond of polymer
chain.
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Fig. 82 Scanning electron micrographs of in situ forming gel after release test at different
times at magnitude of X100

Time (days)

Gel
DXN

DXDM

DXP

7

20 µm

20 µm

20 µm

20 µm

20 µm

20 µm

45

Fig. 83 Scanning electron micrographs of in situ forming gel after release test at different
time at magnitude of X500
The morphology of ISM after release test at different time periods was studied
using SEM at magnitude of 100X and 500X. Figs. 84 and 85 showed the matrix particles
of DXDM ism with complex pore orientations. DXP ism initiated some fractures on first
day, and they altered to the pore alignments at 7 and 45 days later. An increase of pore size
and porosity was governed by time in the similar rank of formulation order to in situ
forming gel as following DXDM ism >> DXP ism. However, ISM matrices provided less
pore density than in situ forming gel because the external oil phase acted as a barrier for
the solvent diffusion (Kranz and Bodmeier, 2008). It was reciprocal to another study that
ISM containing polylactic-co-glycolic acid (PLGA) in water-miscible solvent such as
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DMSO and NMP, exhibited a lower initial burst and had a less porous surface owing to a
retardation of drug diffusion rate from barrier effect of external oil phase (Ahmed et al.,
2014). As expected, the pore architecture of DXP matrix particle partially dissipated at the
end. These phenomena could be clearly explained as discussed in in situ forming gel part.
The optimum in situ forming systems should be manipulated with PYR.
Although PYR is not a good solvent for bleached shellac, its viscous feature conveys an
appropriated extended drug release profiles and higher rate of polymer degradation which
are the essential requirement of injectable local drug delivery systems used in dentistry
(Kaplish et al., 2013). However, the liquid formed from PYR, especially gel, deformed
elastically or the texture was not able to change its geometry to dynamic changes in the
periodontal pocket’s size and shape with time. This drawback perhaps modified by the
addition of plasticizer such as PEG 400. It could not only plasticize but also increased the
stability of shellac. According to its large molecule, PEG 400 promised to hinder the
interaction between carboxyl groups and hydroxyl groups within inner bleached shellac
structure in order to block aging polymerization (Luangtana-anan et al., 2007).
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7

100 µm
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45

Fig. 84 Scanning electron micrographs of ISM after release test at different time at
magnitude of X100
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Fig. 85 Scanning electron micrographs of ISM after release test at different time at
magnitude of X500

Summary
The physical texture of gel matrices was higher rough and bulge than that of ISM
owing to oil barrier of the latter. The order of mechanical hardness of transformed system
prepared with different solvents was presented as PYR > NMP > DMSO, influenced by
phase separation rate and porosity. A fast phase separation where large pores were evident,
it was exclusively responsible for crack initiation after compression. However, regions of
high porosity generally decreased the elasticity thus the matrices obtained from formula
prepared with NMP and DMSO were more likely plastic or able to adapt its geometry to
dynamic changes while matrix obtained from formula prepared with PYR was elastic. The
drug-loaded matrices was more resistant to compression except DXP gel and DXP ism
because the replacement of drug particles in spaces of matrix might obstruct the solvent
diffusion, resulted in few porous layers and deformed elastically. Nevertheless, ISM
matrices with drug loading was still governed by the oil in external phase. Its consequence
was reasonably plastic instead. The XRD pattern of the dried in situ forming systems and
their formulation compositions showed that solvent had no effect on the structure of
remained bleached shellac after solvent exchange or release test. The SEM
microphotographs of both precipitated gels and ISMs revealed sponge-like structure of
formula prepared with DMSO and NMP whereas that prepared with PYR only initiated
diminutive pores which retarded the solvent and drug release. The size and density of pores
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increased by time in the rank of solvent order related with diffusion rate as following
DMSO > NMP > PYR. However, ISM matrices had less pore density than that from in situ
forming gel because the solvent diffusion out was lower owing to the barrier effect of the
external oil. The level of porosity of each matrix reflected the mechanical strength that a
higher porous structure collapsed easily but a dense matrix considerably resisted to a
compression. The alignment of matrices of systems prepared from PYR explicitly
dissipated at the end of time interval from the hydrolysis at ester bond of bleached shellac
which was accelerated by PYR-induced water accumulation. The most appropriated solvent
for preparing the in situ forming systems was PYR definitely because the formulations
formed from PYR demonstrated a proper retarded drug release profiles and preferable selfdegradation in physiological condition.
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CHAPTER 5
CONCLUSION
The in situ forming gels and ISMs using bleached shellac as matrix former were
prepared into solution and emulsion forms respectively using different solvents. Although
bleached shellac possesses the acid character, it dissolved in organic solvent such as
DMSO, NMP or PYR via strongly hydrogen bonding and van der Wall forces among alkyl
groups rather than pH dependent solubility. The solubility parameter, apparent viscosity
and relative viscosity values confirmed that NMP was a good solvent for dissolving
bleached shellac. In addition, the density and interfacial tension measurements theoretically
pointed out its proper suitability as another phase of emulsion for emulsifying with olive
oil comprising GMS as an emulsifier. However, NMP was partial miscible with this oil;
thus, practically generated a rapid phase separation by Ostwald ripening effect. Therefore
only bleached shellac solutions using DMSO and PYR as the solvents were able to fabricate
into an emulsion with olive oil using GMS as an emulsifier. GMS emulsified these systems
by forming the gel network with olive oil thereafter decreasing a coalescence effect. The
5% w/w of GMS was an appropriated concentration to succeed the smallest oil droplet
approximately 65 µm. There should be an adequate formation area to prevent the particle
accumulation; hence only higher amount of this phase could form the complete emulsion
droplets with a decrease of size from approximately 95 µm to 30 µm. The prepared ISMs
are suitable for local injection because of their Newtonian or Pseudoplastic flow. NMP or
PYR could make systems become liquid-like but DMSO showed both liquid and solid-like
due to its stronger bonding with shellac. After exposure to buffer pH 6.8 simulated to
gingival crevicular fluid, the internal phase gradually transformed to free drug or drugloaded bleached shellac solid matrices. Finally, the process of preparation did not damage
the compositions basically assured by TGA.
The solubility parameter is an important tool for prediction of solvent and drug
release from polymer matrices by the polymer-solvent interaction. This calculated value
could be indirectly criticized in term of viscosities, viscoelasticity and thermal analysis.
The miscibility of each solvent to bleached shellac could be in rank of the solvent order as
following: NMP > DMSO > PYR. NMP was described as the best “good solvent” because
it has high affinity to bleached shellac contrasting to PYR. Similarly, this solubility
parameter rank is proportional to the relative viscosity of dilute polymer solution and vice
versa in the case of apparent viscosity. Owing to drug replacement, the doxycycline
hyclate-loaded systems become more viscous might be owing to crosslinking of drug with
polymer. However, PYR itself was more viscous than DMSO and NMP, respectively. In a
good solvent, polymer-solvent interactions are favored resulting in polymer extension and
stretching, while polymer-polymer interactions are promoted in a poor solvent causing
polymer coiling up. These arrangements of polymer chains correlated to viscoelastic
behavior that stronger crosslink capacity were from solution made in poor solvent rather
than good one. The higher intermolecular strength of polymer could delay the thermal
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degradation rate as well. In emulsion, the intermolecular force not only related with solvent
but also stabilizer therefore the stronger bonding between solvent and GMS triggered
superior entanglement as system prepared in DMSO. DSC profiles also supported all these
behaviors of solvent state in polymer but ISM was covered by hindrance effect of oil phase.
The main approach for triggering the in situ gel and microparticle formations of
bleached shellac is solvent exchange. The solvent remarkably played a crucial role on
release kinetics, matrix morphology and polymer degradation. To simply understand the
behavior of solvent, it should be described according to the crucial steps of mechanism.
1) Water inflow; upon loading sample into aqueous environment, the water
molecules flowed into polymeric system with different rate in rank of the solvent order as
following: DMSO > NMP > PYR which further explained in the next phase. This water
permeation provoked a decrease in the solubility of bleached shellac, and it then
precipitated from phase separation because it is insoluble in aqueous environment. The in
situ systems turned to solid matrix depended on dosage form. For an emulsion, the
dispersed internal phase droplets transformed into the opaque particles dispersed in oil. The
size of precipitation zone was proportional to rate of water inflow. However, this zone of
transformation of ISMs was totally less than gels due to hindrance effect of oil.
2) Solvent and drug outflow; the solvent molecules initially diffused out when
water influx was driven in a few minutes later. They also transported the drug molecules
with similar release pattern. The diffusion rate of all species was presented in term of
solvent applied in formulation as DMSO > NMP > PYR. Their kinetic model and
mechanism related to Higuchi’s model and Fickian diffusion, respectively, except gel in
PYR. The release of solvent from PYR system rather obeyed with a First order model and
an anomalous mechanism. PYR formula had the slowest release rate of solvent and drug
because solvent itself and its systems were higher viscous. Whereas, all diffusion profiles
from DMSO and NMP systems were governed by solubility parameter. DMSO interacted
minimally with bleached shellac therefore resulting in the fastest release. As known that oil
is an important barrier in ISM, it rationally retarded all diffusions yet it succeeded the
complete release contrasted to gels. However, in situ forming gel using PYR as a solvent
showed the largest extent of drug release at the end caused by osmotic force-induced water
influx.
3) Pore formation; as the exchange between water and solvent molecules
progressed, pores were supplied with these fluxes. The size and density of pores were
increased by time similarly to the release rate of solvent and drug. DMSO and NMP systems
exhibited the highly sponge-like structure whereas PYR matrices only initiated the
diminutive pores and it eventually dissipated due to hydrolysis at ester bond which was
accelerated by PYR-induced water accumulation. Additionally, ISMs consisted of oil as a
barrier so that their matrices had a less pore density than gels. Subsequently, the level of
porosity reflected the mechanical strength and elasticity/plasticity behavior. A higher
porous structure collapsed easily and it was more likely plastic but a dense one considerably
resisted to a compression and deformed elastically which considered as inferior and
probably modified by the addition of some plasticizers such as PEG 400.
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4) Degradation; when all in situ forming systems achieved the complete
solidification, the degradation of bleached shellac in aqueous condition actually started.
The initial rate of total mass loss of all systems was influenced by solvent outflow. At
steady state, the total mass loss converted to PYR >> NMP > DMSO which was similar to
a water content pattern. PYR could gain the high amount of water and pH of doxycycline
hyclate solution in matrix was maintained by buffer pH nearly to 7, resulting in the large
hydrolysis at polyesters. The oil barrier still obstructed the degradation in ISMs.
From powder X-ray diffraction pattern, the solvent had no effect on the structure
of remained bleached shellac after solvent exchange. PYR was the most appropriated
solvent for preparing the in situ forming systems because its formulations demonstrated the
proper sustained drug release profiles and preferable self-degradation in physiological
condition.
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Appendix I
HPLC calibration curve for the in vitro release study
1. Determination of the amount of solvent release
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Fig. 86 Calibration curve of DMSO in phosphate buffer pH 6.8 for the in vitro release
study (UV-vis HPLC at 220 nm)
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Fig. 87 Calibration curve of NMP in phosphate buffer pH 6.8 for the in vitro release study
(UV-vis HPLC at 220 nm)
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Fig. 88 Calibration curve of PYR in phosphate buffer pH 6.8 for the in vitro release study
(UV-vis HPLC at 220 nm)

2. Determination of the amount of doxycycline release
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Fig. 89 Calibration curve of doxycycline hyclate in DMSO and phosphate buffer pH 6.8
for the in vitro release study (UV-vis HPLC at 273 nm)
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Fig. 90 Calibration curve of doxycycline hyclate in NMP and phosphate buffer pH 6.8 for
the in vitro release study (UV-vis HPLC at 273 nm)
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Fig. 91 Calibration curve of doxycycline hyclate in PYR and phosphate buffer pH 6.8 for
the in vitro release study (UV-vis HPLC at 273 nm)
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Appendix II
Evaluation of formulation composition

1. Density
Table 17 Density of liquid compositions at 25oC (n=3)
Substance
Water
Olive oil
5% GMS / olive oil
DMSO
NMP
PYR
30% Shellac / DMSO
30% Shellac / NMP
30% shellac / PYR

density (g/mL)
mean
SD
1.0210
0.0088
0.9398
0.0049
0.9406
0.0047
1.1332
0.0040
1.0568
0.0028
1.1243
0.0090
1.1603
0.0083
1.0980
0.0075
1.1633
0.0019

2. Surface and interfacial tension
Table 18 Surface tension of different solvents, olive oil and GMS-dispersed olive oil at
25oC (n=3)
Substance
Water
Olive oil
5% GMS / olive oil
DMSO
NMP
PYR

Surface tension (m N/m)
mean
SD
72.44
0.56
33.18
0.52
33.61
0.09
43.71
0.75
42.00
0.02
46.57
0.34

Table 19 Interfacial tension of different solvents in olive oil at 25oC (n=3)
Substance
Water
DMSO
NMP
PYR

Interfacial tension (mN/m)
mean
SD
15.12
0.20
9.56
0.60
3.08
0.09
5.03
0.04

141

3. Rate of macroscopic phase separation of emulsion composition
Table 20 Volume of solvent separation during 24 h at 25oC (n=3)
Time
(min)
0
5
10
15
20
30
40
50
60
90
120
180
240
300
360
480
600
720
1440

Volume of solvent separation (mL)
DMSO : Olive oil
NMP : Olive oil
PYR : Olive
mean
SD
mean
SD
mean
SD
10.00
0.00
10.00
0.00
10.00
0.00
8.07
1.36
3.20
0.00
9.90
0.00
7.47
1.75
3.20
0.00
9.87
0.06
6.87
2.01
3.20
0.00
9.77
0.06
6.60
2.03
3.20
0.00
9.73
0.12
6.33
1.72
3.20
0.00
9.60
0.17
6.20
1.64
3.20
0.00
9.47
0.23
5.93
1.33
3.20
0.00
9.37
0.23
5.50
0.70
3.20
0.00
9.27
0.23
5.20
0.40
3.20
0.00
9.10
0.26
4.87
0.12
3.20
0.00
8.93
0.31
4.87
0.12
3.20
0.00
8.40
0.35
4.87
0.12
3.20
0.00
7.97
0.40
4.87
0.12
3.20
0.00
7.53
0.46
4.87
0.12
3.20
0.00
7.07
0.49
4.87
0.12
3.20
0.00
6.20
0.61
4.87
0.12
3.20
0.00
5.07
0.49
4.87
0.12
3.20
0.00
4.50
0.10
4.87
0.12
3.20
0.00
4.50
0.10
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4. pH
Table 21 pH of organic solvents, PBS 6.8, DI water and their solutions at 25oC (n=3)
Substance

pH

DMSO
10% DMSO in water
10% DX in DMSO
5% DX in DMSO

mean
6.531
6.519
3.229
3.396

SD
0.019
0.055
0.011
0.004

NMP
10% NMP in water
10% DX in NMP
5% DX in NMP

8.032
4.483
3.333
3.469

0.031
0.033
0.027
0.013

PYR
10% PYR in water
10% DX in PYR
5% DX in PYR

8.715
7.810
3.219
3.426

0.015
0.026
0.001
0.010

PBS 6.8
10% PBS 6.8 in water
10% DX in PBS 6.8
5% DX in PBS 6.8

6.807
6.997
2.542
2.927

0.001
0.007
0.016
0.006

water
10% DX in water
5% DX in water

7.044
1.911
2.109

0.023
0.011
0.007
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5. Relative viscosity
Table 22 Relative viscosities of diluted bleached shellac (BS) solution in different
solvents (n=3)

BS-DMSO 10 mL
BS-DMSO 10 mL + 2mL
BS-DMSO 10 mL + 4 mL
BS-DMSO 10 mL + 6 mL

1.000
0.833
0.714
0.625

Relative viscosities
mean
SD
1.2925
0.0018
1.2346
0.0025
1.2137
0.0022
1.1819
0.0019

BS-NMP 10 mL
BS-NMP 10 mL + 2mL
BS-NMP 10 mL + 4 mL
BS-NMP 10 mL + 6 mL

1.000
0.833
0.714
0.625

1.4336
1.3640
1.3119
1.2665

0.0033
0.0014
0.0015
0.0001

BS-PYR 10 mL
BS-PYR 10 mL + 2mL
BS-PYR 10 mL + 4 mL
BS-PYR 10 mL + 6 mL

1.000
0.833
0.714
0.625

1.0583
1.0441
1.0234
1.0152

0.0002
0.0004
0.0004
0.0003

Substance

Conc. (% g/ml)
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Appendix III
Evaluation of in situ forming systems before exposure to solvent
exchange
1. Size of o/o emulsion
Table 23 Droplet size of o/o emulsion with various concentrations of GMS at phase ratio
1:1 (n=3)
GMS conc. (% w/w)
0.00
1.25
2.50
3.75
5.00

Droplet size (µm)
mean
SD
117.86
35.3901
98.11
21.5220
84.11
25.8686
80.31
23.1362
64.91
16.0881

Table 24 Droplet size of o/o emulsion at various phase ratios (n=3)
External phase : internal phase
5:5
6:4
7:3
8:2
9:1

Droplet size (µm)
mean
SD
95.17
2.1969
57.24
4.8907
56.78
2.8533
31.63
0.9769
21.27
2.8082

Table 25 Droplet size of o/o emulsion with constant GMS concentration at various phase
ratios (n=3)
External phase : internal phase
4.75:5
5.75:4
6.75:3
7.75:2
8.75:1

Droplet size (µm)
mean
SD
95.25
6.6018
60.28
4.0729
54.43
0.6318
47.33
3.0358
32.07
2.0009
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2. Appearance viscosity and rheological behavior
2.1 Appearance viscosity
Table 26 Appearance viscosity of solvents at 25oC (n=3)
Substance
DMSO
NMP
PYR
Olive oil
GMS dispersion

Viscosity (cps)
mean
SD
3.02
0.08
3.44
0.11
14.03
0.13
76.05
0.95
135.75
0.61

Table 27 Appearance viscosity of bleached shellac solutions at 25oC (n=3)
In situ forming gels
DMSO gel
NMP gel
PYR gel
DXDM gel
DXN gel
DXP gel

Viscosity (cps)
mean
SD
124.36
4.00
108.48
2.00
275.43
7.06
1281.78 35.64
515.94
15.90
3192.68 19.22

Table 28 Appearance viscosity of ISMs at 25oC (n=3)
ISM
DMSO ism
PYR ism
DXDM ism
DXP ism

Viscosity (cps)
mean
SD
184.42
2.42
236.54
4.83
346.34 14.30
363.01
4.51
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Appendix VI
Evaluation of in situ forming systems during exposure to solvent
exchange
1. In vitro solvent and drug release
1.1 In vitro solvent release
Table 29 Release of DMSO, NMP and PYR from in situ forming gels in PBS pH 6.8 within
21 days (n=3)
Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.25
0.33
1
2
3
5
7
14
21
28
35

DMSO
mean
4.89
23.89
32.82
38.29
51.11
60.48
65.05
66.62
81.24
87.22
92.82
96.77
100.00
100.00
100.00
100.00
100.00

SD
2.37
1.84
4.07
6.58
7.22
5.39
8.84
8.17
1.69
2.87
1.51
0.44
0.95
2.08
2.81
2.49
2.79

Solvent release (%)
NMP
mean
SD
3.20
1.58
8.15
2.43
11.63
1.76
14.15
1.55
21.68
1.38
31.09
2.22
47.28
9.75
59.50
13.62
84.88
1.62
90.44
1.57
93.70
2.46
97.07
5.03
98.21
4.29
100.00
1.88
100.00
1.97
100.00
2.52
100.00
1.58

PYR
mean
2.52
4.30
6.26
8.11
13.08
19.60
27.28
30.98
65.02
88.55
89.81
93.35
96.58
99.31
100.00
100.00
100.00

SD
0.18
0.18
0.61
2.20
2.91
6.54
2.31
3.20
9.75
11.33
4.71
2.70
1.01
1.69
0.69
5.17
6.27
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Table 30 Release of DMSO, NMP and PYR from in situ forming microparticles in PBS
pH 6.8 within 21 days (n=3)
Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.25
0.33
1
2
3
5
7
14
21
28
35

Solvent release (%)
DMSO
PYR
mean
SD
mean
2.14
0.37
2.20
14.86
0.91
5.73
19.16
0.50
7.52
22.87
1.05
13.76
28.40
1.13
15.36
33.42
1.57
28.94
40.88
3.75
34.10
45.37
4.21
41.33
68.53
7.45
64.94
79.35
10.67
82.17
85.41
9.75
89.16
91.61
10.69
93.65
96.31
11.06
96.95
100.00
9.89
100.00
100.00
7.24
100.00
100.00
7.59
100.00
100.00
7.29
100.00

SD
0.65
2.25
1.21
4.12
6.68
6.86
6.01
6.75
1.65
8.22
7.79
9.05
10.78
9.14
2.54
3.04
5.93
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1.2 In vitro drug release
Table 31 Drug release from in situ forming gels in PBS pH 6.8 within 21 days
Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.25
0.33
1
2
3
5
7
14
21
28
35

DMSO
mean
SD
1.55
0.75
7.17
0.55
11.29
1.47
18.72
2.18
30.18
1.63
42.68
0.52
53.41
5.19
54.54
2.78
73.25
2.20
78.37
4.69
78.77
3.31
78.77
1.96
78.77
1.29
78.77
1.54
78.77
1.62
78.77
3.18
78.77
9.06

Drug release (%)
NMP
mean
SD
0.57
0.08
2.30
0.39
3.36
0.31
4.10
0.33
11.51
0.79
15.20
0.75
23.48
2.82
33.31
5.11
63.84
3.25
68.11
3.03
69.31
3.29
69.31
1.64
69.31
2.21
69.31
6.26
69.31
3.03
69.31
1.42
69.31
2.12

PYR
mean
0.88
2.09
2.45
2.68
3.83
5.27
7.70
9.44
34.52
67.99
80.92
81.44
81.44
81.44
81.44
81.44
81.44

SD
0.10
0.11
0.18
0.25
0.48
0.82
1.07
1.06
3.89
11.10
7.19
4.37
1.17
2.43
2.45
2.02
2.08
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Table 32 Drug release from in situ forming microparticles in PBS pH 6.8 within 21 days
(n=3)
Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.25
0.33
1
2
3
5
7
14
21
28
35

Drug release (%)
DMSO
PYR
mean
SD
mean
1.89
0.37
1.80
7.22
0.91
4.60
10.43
0.50
4.78
16.90
1.05
6.62
20.89
1.13
9.37
24.26
1.57
15.89
31.12
3.75
16.05
35.20
4.21
19.61
54.39
7.45
36.01
66.32
10.67
52.47
73.75
9.75
62.74
84.21
10.69
76.96
90.82
11.06
86.95
100.00
9.89
98.18
100.00
7.24
100.00
100.00
7.59
100.00
100.00
7.29
100.00

SD
0.44
0.47
0.56
1.00
2.06
2.38
2.99
2.78
3.23
3.92
5.45
7.12
8.41
6.70
4.08
3.12
2.51

2. In vitro degradability
Table 33 Dynamic change in total mass of in situ forming gels (n=3)
Time
(day)
0
1
2
3
5
7
14
45

DXDM gel
mean
SD
0.00
0.00
56.53
0.61
59.24
1.84
65.11
2.67
69.54
0.99
71.18
0.44
73.79
1.15
75.77
1.61

Total mass loss (%)
DXN gel
mean
SD
0.00
0.00
53.97
1.80
58.34
2.47
64.92
2.83
68.29
3.04
71.38
0.80
77.00
2.25
80.19
1.01

DXP gel
mean
SD
0.00
0.00
47.36
2.79
56.28
3.36
70.80
1.25
73.68
4.26
77.03
2.78
84.46
3.68
93.54
1.50
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Table 34 Dynamic change in mass of bleached shellac from in situ forming gels (n=3)
Time
(day)
0
1
2
3
5
7
14
45

DXDM gel
mean
SD
0.00
0.00
0.26
0.12
0.38
0.08
0.43
0.43
0.66
0.26
1.44
0.20
9.45
1.39
27.99
1.91

BS mass loss (%)
DXN gel
mean
SD
0.00
0.00
0.79
0.21
1.34
0.36
2.56
0.28
3.59
0.12
4.81
0.24
15.07
0.37
35.19
1.54

DXP gel
mean
SD
0.00
0.00
5.73
1.60
7.17
0.33
26.47
2.42
39.79
5.34
61.10
4.73
71.63
2.68
83.31
2.66

Table 35 Dynamic change in water content of in situ forming gels (n=3)
Time
(day)
0
1
2
3
5
7
14
45

DXDM gel
mean
SD
0.00
0.00
145.89
12.73
196.51
7.61
229.98
13.15
281.04
18.62
330.36
18.42
417.70
14.55
645.61
8.76

Water content (%)
DXN gel
mean
SD
0.00
0.00
173.09
11.15
220.49
3.28
258.31
12.81
375.04
10.24
429.04
22.80
524.27
17.26
724.84
10.57

DXP gel
mean
SD
0.00
0.00
203.14
11.10
238.38
15.01
358.24
13.60
563.38
20.24
733.24
23.32
911.18
17.68
1531.84
25.57

Table 36 Dynamic change in total mass of in situ forming microparticles (n=3)
Time
(day)
0
1
2
3
5
7
14
45

Total mass loss (%)
DXDM ism
DXP ism
mean
SD
mean
SD
0.00
0.00
0.00
0.00
18.88
1.34
15.14
0.89
22.81
1.53
17.34
2.25
27.85
1.84
23.14
2.69
30.52
0.69
28.01
1.57
32.25
1.82
37.19
3.50
36.54
2.54
48.05
0.84
58.10
2.20
75.78
4.54
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Table 37 Dynamic change in mass of bleached shellac from in situ forming microparticles
(n=3)
Time
(day)
0
1
2
3
5
7
14
45

BS mass loss (%)
DXDM ism
DXP ism
mean
SD
mean
SD
0.00
0.00
0.00
0.00
0.00
0.00
1.87
0.69
1.34
0.11
5.02
1.92
2.57
1.15
32.20
1.34
5.08
1.21
44.45
1.51
9.29
1.11
53.45
3.22
14.55
2.37
57.22
2.62
23.94
1.49
71.58
2.16

Table 38 Dynamic change in water content of in situ forming microparticles (n=3)
Time
(day)
0
1
2
3
5
7
14
45

Water content (%)
DXDM ism
DXP ism
mean
SD
mean
SD
0.00
0.00
0.00
0.00
143.56
11.04
177.27
26.71
167.01
30.63
243.30
38.49
190.48
49.42
252.89
53.52
230.80
26.62
284.80
9.64
264.35
6.14
323.07
40.59
315.62
11.75
429.69
35.11
379.43
31.22
558.03
28.37
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3. Rate of water diffusion into in situ forming systems
Table 39 Water diffusion of in situ forming gels (n=3)
Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.33
1
2
3
4
5

Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.33
1
2
3
4
5

DMSO gel
mean
SD
0.00
0.00
0.83
0.29
1.27
0.25
1.67
0.29
2.17
0.29
3.17
0.76
4.00
1.00
8.00
0.00
18.00
1.00
27.00
1.73
30.00
0.00
30.00
0.00

Water font (mm)
NMP gel
mean
SD
0.00
0.00
0.53
0.45
0.53
0.45
0.53
0.45
0.60
0.36
1.17
0.76
2.00
1.00
4.67
0.58
9.67
1.53
16.00
1.00
24.00
1.00
30.00
0.00

PYR gel
mean
SD
0.00
0.00
0.23
0.12
0.23
0.12
0.37
0.12
0.60
0.36
0.67
0.29
1.17
0.29
3.67
1.15
5.67
1.15
8.67
1.15
11.00
0.87
11.50
0.50

DXDM gel
mean
SD
0.00
0.00
0.50
0.00
0.67
0.29
1.00
0.00
1.33
0.29
1.83
0.29
2.00
0.00
3.00
0.00
5.00
0.00
7.00
1.00
8.67
0.58
8.67
0.58

Water font (mm)
DXN gel
mean
SD
0.00
0.00
0.23
0.23
0.50
0.00
0.67
0.29
0.67
0.29
1.00
0.00
1.50
0.00
2.00
0.00
4.33
0.58
6.00
1.00
7.00
1.00
7.00
1.00

DXP gel
mean
SD
0.00
0.00
0.10
0.00
0.43
0.12
0.50
0.00
0.50
0.00
0.50
0.00
0.70
0.00
1.00
0.00
2.67
0.58
4.33
0.58
5.00
0.87
5.00
0.87
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Table 40 Water diffusion of in situ forming microparticles (n=3)
Time
(day)
0
0.01
0.02
0.04
0.08
0.17
0.33
1
2
3
4
5

DMSO ism
mean
SD
0.00
0.00
0.17
0.29
0.50
0.00
1.00
0.00
2.33
0.58
3.67
0.58
5.67
0.58
8.67
1.53
11.67
1.53
17.00
1.00
20.00
1.00
21.00
2.65

Water font (mm)
PYR ism
DXDM ism
mean
SD
mean
SD
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.33
0.29
0.00
0.00
1.00
0.00
0.10
0.00
1.67
0.58
0.57
0.40
2.67
1.53
1.33
0.58
4.00
1.00
2.17
0.29
5.67
1.53
4.67
1.53
8.00
1.00
6.33
2.08
9.33
1.15
8.00
2.65
10.50
1.50
10.00
2.65
11.00
1.73
10.00
2.65

DXP ism
mean
SD
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.06
0.07
0.06
0.10
0.00
0.50
0.00
2.33
0.58
2.33
0.58
3.33
0.58
4.17
0.76
4.17
0.76

4. Solvent diffusion
Table 41 Solvent diffusion distance of in situ forming gels prepared with different solvents
(n=3)
Time
(min)
5
10
15
20
25
30

DMSO gel
mean
SD
0.98
0.10
1.37
0.14
1.68
0.13
1.96
0.12
2.11
0.19
2.32
0.20

Solvent font (mm)
NMP gel
mean
SD
0.91
0.12
1.26
0.14
1.54
0.18
1.78
0.22
1.95
0.23
2.14
0.20

PYR gel
mean
SD
0.83
0.20
1.23
0.29
1.47
0.36
1.69
0.37
1.91
0.37
2.09
0.47

Table 42 Solvent diffusion rate of in situ forming gels prepared with different solvents
(n=3)
Time
(min)
5
10
15
20
25
30

DMSO gel
mean
SD
0.20
0.02
0.14
0.01
0.11
0.01
0.10
0.01
0.08
0.01
0.08
0.01

Diffusion rate (mm/min)
NMP gel
mean
SD
0.18
0.02
0.13
0.01
0.10
0.01
0.09
0.01
0.08
0.01
0.07
0.01

PYR gel
mean
SD
0.17
0.04
0.12
0.03
0.10
0.02
0.08
0.02
0.08
0.01
0.07
0.02
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Table 43 Solvent diffusion distance of in situ forming microparticles prepared with
different solvents (n=3)
Time
(min)
5
10
15
20
25
30

Solvent font (mm)
DMSO ism
PYR ism
mean
SD
mean
SD
1.11
0.21
1.08
0.15
1.57
0.23
1.37
0.13
1.84
0.15
1.72
0.00
2.07
0.17
1.89
0.05
2.33
0.16
2.06
0.07
2.55
0.15
2.19
0.05

Table 44 Solvent diffusion rate of in situ forming microparticles prepared with different
solvents (n=3)
Time
(min)
5
10
15
20
25
30

Diffusion rate (mm/min)
DMSO ism
PYR ism
mean
SD
mean
SD
0.22
0.04
0.22
0.03
0.16
0.02
0.14
0.01
0.12
0.01
0.11
0.00
0.10
0.01
0.09
0.00
0.09
0.01
0.08
0.00
0.08
0.00
0.07
0.00
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Appendix V
Evaluation of in situ forming systems after exposure to solvent
exchange
1. Mechanical property studies
Table 45 Maximum deformation force or hardness of in situ forming gels (n=6)
In situ forming gel
DMSO gel
NMP gel
PYR gel
DXDM gel
DXN gel
DXP gel

Hardness (N)
mean
SD
2.632 0.211
3.091 0.439
4.925 0.783
4.014 0.915
3.961 0.315
0.000 0.000

Table 46 Ratio of remaining force/maximum deformation force or ratio of
elasticity/plasticity of in situ forming gels (n=6)
In situ forming gel
DMSO gel
NMP gel
PYR gel
DXDM gel
DXN gel
DXP gel

F remaining / F max deformation
mean
SD
0.030
0.007
0.043
0.036
0.678
0.052
0.527
0.111
0.317
0.086
0.000
0.000

Table 47 Maximum deformation force or hardness of in situ forming microparticles (n=6)
ISM
DMSO ism
PYR ism
DXDM ism
DXP ism

Hardness (N)
mean
SD
0.219
0.075
1.732
0.428
0.217
0.067
0.000
0.000

Table 48 Ratio of remaining force/maximum deformation force or ratio of
elasticity/plasticity of in situ forming microparticles (n=6)
ISM
DMSO ism
PYR ism
DXDM ism
DXP ism

F remaining / F max deformation
mean
SD
0.169
0.058
0.852
0.240
0.137
0.023
0.000
0.000
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