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Abstract
The two main components of starch — amylose and amylopectin, are responsible for its interaction with moisture. This 
study investigated how moisture sorption properties of the starches with different amylose-amylopectin ratio impacted 
tablet properties including drug stability. The starch samples were equilibrated to 33, 53, and 75% relative humidity (RH) 
and then assessed for tabletability, compactibility, and yield pressure. Effect of humidity on viscoelastic recovery was also 
evaluated. Tabletability and compactibility of high-amylose starch were better than that of high-amylopectin starch at 33 and 
53% RH. However, at 75% RH, the reverse was observed. In terms of yield pressure, high-amylose starch had lower yield 
pressure than high-amylopectin starch. High-amylose starch tablets also exhibited lower extent of viscoelastic recovery than 
high-amylopectin starch tablets. The variations in the tableting properties were found to be related to relative locality of the 
sorbed moisture. Degradation of acetylsalicylic acid in high-amylose starch tablets at 75% RH, 40°C was less than the tablets 
with high-amylopectin starch. This observation could be attributed to the greater amount of water molecules binding sites 
in high-amylose starch. Furthermore, most of the sorbed moisture of high-amylose starch was internally absorbed moisture, 
therefore limiting the availability of diffusible sorbed moisture for degradation reaction. Findings from this study could pro-
vide better insights on the influence of amylose-amylopectin ratio on tableting properties and stability of moisture-sensitive 
drugs. This is of particular importance as starch is a common excipient in solid dosage forms.
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INTRODUCTION

The interaction between water and solids is of paramount 
importance in the formulation, processing, and product per-
formance of pharmaceutical solid dosage forms. Exposure 
of materials to moisture is known to influence flow, tablet-
ability, drug stability, and dissolubility (1–9). Due to the 
ubiquitous nature of moisture, it is not possible or desirable 
to completely remove moisture as moisture is necessary for 

bond formation and manufacturing processes often involve 
water. However, moisture exposure can be kept short and 
residual moisture level low in the products while post-man-
ufacture products can be protected by coating or packaging 
such that deleterious effects of moisture may be minimized.

Water can associate with solids in two ways — adsorp-
tion and absorption (10). Interaction of water at the surface 
as a monolayer (primary layer of water molecules tightly 
bound on available surface of solids) and as multilayer mois-
ture (moisture layer that is formed beyond the monolayer as 
more water molecules adsorbed on the monolayer moisture) 
is termed as adsorption. Penetration of water into the bulk 
solid structure is known as absorption. The term sorption is 
commonly used to describe a state when both adsorption and 
absorption occur. The sorbed moisture can be further classi-
fied into bound and unbound moisture (11–13). Additionally, 
moisture can also be grouped based on relative distribution 
in solids as (1) monolayer moisture, (2) externally adsorbed 
moisture condensed on the monolayer, and (3) bound mois-
ture as internally absorbed moisture (14, 15). The extent 
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of multilayer moisture can be approximated by subtracting 
monolayer moisture from externally adsorbed moisture (1). 
Availability of the sorbed moisture for a reaction, however, 
may not be similar across different materials. Water activity 
is a unitless parameter that ranges from 0 to 1 and can be 
derived from the ratio of water vapor partial pressure divided 
by saturation pressure. Water activity reflects the escaping 
tendency or fugacity of water from a substrate. Accordingly, 
water activity gives an indication of the degree freely avail-
able moisture for reaction and hence, the reactivity (16).

The solid-moisture interactions depend largely on the 
physicochemical properties of the materials. Nokhodchi et 
al. (1) reported an increase in moisture uptake with increas-
ing particle size of hydroxypropyl methylcellulose. Simi-
larly, Agrawal et al. (17) observed differences in distribu-
tion of sorbed moisture in relation to the particle size of 
ethylcellulose whereby larger particles had more internally 
absorbed moisture and less externally adsorbed moisture. 
However, Saripella et al. (18) reported no significant effect 
of crospovidone particle size on moisture affinity of the 
material and that similar moisture distribution patterns were 
observed. Besides particle size, molecular arrangements in 
solids (crystalline or amorphous structure) can also deter-
mine their interaction with moisture (19, 20). Mihranyan et 
al. (20) suggested that structural properties of the materi-
als including surface area and pore volume should be con-
sidered along with crystallinity, when evaluating moisture 
interactions. Particle porosity was also found to affect the 
state of moisture found in the material, as bound or unbound 
moisture (21). Yet, another study showed similar moisture 
uptake when the particle porosity was varied (22). There-
fore, various physicochemical properties of the materials 
have to be examined holistically to explain moisture-solid 
interactions.

Starch is a natural carbohydrate polymer comprising of 
two main polysaccharides, amylose and amylopectin, and 
some minor secondary components (proteins, lipids, and 
minerals) in relatively small fractions (23). Depending on 
the botanical origins, the starches differ slightly in their 
compositions. Amylose-amylopectin ratio has been reported 
to influence gelatinization temperature, gelling/pasting 
behavior, swelling, crystallinity, and moisture interaction 
of starches (24–26). Starch can also be modified to confer 
suitable properties for specific purposes. The modifications 
of starch including but not limited to etherification, esteri-
fication, crosslinking, oxidation, cationization, and grafting 
could potentially alter properties of starch (27–29). How-
ever, modification may alter moisture interactivity of the 
starch.

In the pharmaceutical industry, starch is commonly used 
as a multifunctional excipient, functioning as a binder, disin-
tegrant, diluent, or glidant (30). Different starches have been 
evaluated for their performance as tablet diluent. Differences 

in terms of the compression behavior of starches were attrib-
uted to variations not only in constituents but also in physi-
cal attributes such as shape, size, and size distribution. Par-
onen and Juslin (31) reported that particle rearrangement 
had minimal effect on the densification of larger starch 
granules (e.g., potato starch) during compression. On the 
contrary, the densification of smaller starch granules (e.g., 
maize starch) was primarily due to particle rearrangement. 
It has also been reported that gelling property of amylose 
contributes to formation of tablets having higher tensile 
strength (32). Starches of different botanical origins also 
exhibited differences in distribution of sorbed moisture and 
notably, a tablet formulation that contains starch with more 
of the moisture held as internally absorbed moisture had 
lower drug degradation (33).

Despite the massive amount of information on the struc-
ture and composition of starch, there is still limited literature 
information on moisture effects relating to tableting and drug 
stability of starch-based formulations. Also, variations of 
starch grains in their shape, size, and size distribution could 
confound the findings related to the differences in amylose-
amylopectin ratio. Accordingly, it is essential to obviate 
variations due to physical attributes. Therefore, the aim of 
this investigation was to unravel the moisture properties of 
starches having different amylose-amylopectin ratio and to 
relate the findings to tableting properties and drug stability. 
Interaction of starch with moisture can be of consequential 
interest in formulations containing moisture-sensitive drugs 
or components. In the study, moisture interaction of the 
starches was evaluated by the moisture sorption-desorption 
isotherm and distribution pattern of the sorbed moisture. 
Effects of moisture on tableting properties, including tab-
letability, compactibility, and yield pressure, were investi-
gated. Viscoelastic recovery of the tablets was also assessed. 
Lastly, stability of moisture-sensitive drugs in tablets formu-
lated with starch was evaluated at 75% RH, 40°C.

MATERIALS AND METHODS

Materials

Native maize starches of different amylose-amylopectin 
ratio were used: high-amylose maize starch (amylose ≥ 
88%; maize starch amylo N-400, Roquette, France) and 
high-amylopectin maize starch (amylopectin ≥ 88%; waxy 
maize starch N-200, Roquette, France) (34, 35). Acetylsali-
cylic acid (ASA; USP grade, Bengbu Bayi Pharmaceuticals, 
China) was used as the model drug. The presence of ester 
functional group makes ASA susceptible to degradation by 
hydrolysis.

Magnesium chloride hexahydrate  (MgCl2∙6H2O; Merck 
Chemicals, Germany), magnesium nitrate hexahydrate 
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(Mg(NO3)2∙6H2O; Merck Chemicals, Germany), and 
sodium chloride (NaCl; Merck Chemicals, Germany) were 
used for maintaining RH conditions of 33, 53, and 75% 
RH, respectively (36). For evaluation of ASA degradation, 
the following solvents were used — acetonitrile (HPLC 
Grade, Fisher Chemical, USA), ortho-phosphoric acid 
(Merck Chemicals, Germany), and purified water.

Conditioning of Starch

Prior to RH conditioning, the starch samples were oven-
dried at 60°C for at least 12 h. Subsequently, the oven-dried 
samples were stored at 25°C for at least 2 weeks over a 
series of saturated inorganic salt slurries of  MgCl2∙6H2O, 
Mg(NO3)2∙6H2O, and NaCl for storage conditions of 33, 53, 
and 75% RH, respectively.

Assessment of Morphology

Morphology of the starch was examined under a scanning 
electron microscope (SEM; JSM-6010LV, JEOL, Japan). 
The starch sample was mounted on a sample holder using a 
copper tape and subjected to sputter coating with platinum 
(MSP-2S, IXRF Systems, USA) prior to observation at 500× 
magnification with 2.5-kV accelerating voltage.

Characterization of Starch Grain Size

Images of at least 600 grains were randomly captured using 
a SEM (JSM-6010LV, JEOL, Japan). Size of the grains was 
measured with the in-built software (InTouchScope, JSM-
6010, v.1.11). Size characterization was performed in terms 
of  D10,  D50, and  D90, which correspond to the 10th, 50th, and 
90th percentile grain sizes, respectively. The size distribu-
tion was calculated as span based on Eq. 1.

Powder X‑ray Diffraction

Structure of the starch was characterized for X-ray diffrac-
tion pattern (XRD; XRD-6000, Shimadzu, Japan). The XRD 
pattern was evaluated for starch samples that had been con-
ditioned to 33, 53, and 75% RH. The sample was scanned 
(Cu-Kα radiation source, 40 kV, 30 mA) from 5 to 50° 2θ, 
in 0.02° steps at 2°/min. Relative crystallinity of the sample 
was estimated using the software (XRD-6100/7000 v.7.00), 
based on the ratio between crystalline peaks and total inten-
sity. The determination of relative crystallinity was per-
formed in triplicates and averaged results reported.

(1)Span =
D90 − D10

D50

Evaluation of Starch Interaction with Moisture

Moisture Content

Moisture contents of the oven-dried and RH equilibrated 
starch were measured by drying approximately 500 mg of 
the sample at 105°C (HE73, Mettler Toledo, Switzerland) 
until a constant sample weight. The moisture content was 
subsequently calculated based on Eq. 2.

Dynamic Moisture Sorption‑Desorption Isotherm

The moisture sorption-desorption isotherm was 
obtained using a vapor sorption analyzer (Aqualab, 
Meter Group, USA) at 25°C. Approximately 1000 mg 
of oven-dried starch sample was placed in the sample 
chamber and subjected to conditions of increasing RH 
from 10 to 90% (sorption process) and decreasing RH 
of 90 to 10% (desorption process). The starch sample 
was equilibrated to each RH condition before moving 
to the next RH conditions. Equilibration was achieved 
when change in the sample mass with time was less 
than 0.05%/h.

Data from the sorption-desorption isotherm was fitted 
using a non-linear regression analysis to the Guggenheim-
Anderson-de Boer (GAB) model (Eq. 3).

where  Mw is the equilibrium moisture content,  Mm is the 
monolayer moisture content,  CGAB is a constant that repre-
sents total heat of the first layer of sorption, and  KGAB is a 
constant that is related to multilayer sorption.  aw refers to 
water activity. Specific surface area (SSA) was derived from 
 Mm using Eq. 4.

where N,  Aw, and  Ww refer to Avogadro’s number (6.02 
×  1023  mol−1), area covered by one water molecule (10.60 
×  10−20  m2), and the molecular weight of water (18.02 g/
mol), respectively.

Area of hysteresis loop was obtained by taking the differ-
ence between area under curve (AUC) of the sorption and 
desorption isotherms (Eq. 5).

(2)

Moisture content(%) =
[initial weight] − [final weight]

[initial weight]
× 100

(3)M
w
=

M
m
C
GAB

K
GAB

a
w

(

1 − K
GAB

a
w

)(

1 − K
GAB

a
w
+ C

GAB
K

GAB
a
w

)

(4)SSA =

M
m
NA

w

W
w

(5)Area of hysteresis loop = AUCdesorption − AUCsorption
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Locality of Sorbed Moisture

Data from the moisture sorption isotherm was also fitted into 
the Young and Nelson model to evaluate locality of sorbed 
moisture (Eqs. 6–13) (14, 15).

where θY-N is the fraction of surface covered by a mon-
olayer of water molecules. RH is the relative humidity and E 
is a constant unique to each material, which can be expressed 
by Eq. 7.

where  ql is the heat of adsorption of water molecules on 
the surface,  qL is the normal heat of condensation of water 
molecules (40.8 kJ/mol),  kB is the Boltzmann’s constant 
(1.38 ×  10−23 J/K), and T is the absolute temperature.

To calculate the fraction of surface covered by multilayer 
moisture (Φ), Eq. 8 was used. Equation 9 was used to deter-
mine total amount of adsorbed moisture in the multilayer 
(α).

From θY-N, Φ, and α, locality of moisture as monolayer 
 (AY-NθY-N), externally adsorbed moisture  (AY-N(θY-N + α)), 
and internally absorbed moisture  (BY-N Φ) were obtained 
from Eqs. 10 and 11.

where  Ms and  Md refer to moisture contents of the sam-
ple during the sorption and desorption phases, respectively. 
 RHmax is the maximum relative humidity.  AY-N and  BY-N are 
constants unique to each material and can be expressed using 
Eqs. 12 and 13, respectively.

where ρw is the water density (1 g/mL).  Wm refers to the 
dry sample weight used, which was 1000 mg.  Vm and  Va 

(6)θ
Y−N =

RH

RH +(1 − RH)E

(7)E = exp
−
(

ql − qL

)

kBT

(8)Φ = (RH)θY−N

(9)
� = −

E (RH)

E − (E − 1)RH
+

E
2

E − 1
ln
E − (E − 1)RH

E
− (E + 1) ln (1 − RH)

(10)Ms = AY−N

(

θY−N + α
)

+ BY−NΦ

(11)Md = AY−N

(

θY−N + α
)

+ BY−NθY−NRHmax

(12)A
Y−N =

ρ
w
V
m

W
w

(13)B
Y−N =

ρ
w
V
a

W
m

are the volumes of the adsorbed and absorbed moisture, 
respectively.

As multilayer moisture is contributed by monolayer 
 (AY-NθY-N) and externally adsorbed moisture  (AY-N(θY-N + 
α)), multilayer moisture can be estimated from Eq. 14 (1).

Characterization of Tableting Properties

Evaluation of Tabletability and Compactibility

Compression was performed on starch samples that had been 
equilibrated to different RH conditions (33, 53, and 75% 
RH). Starch, 200 mg per tablet, was compressed into tablets 
at different pressures — 64, 127, 191, 255, and 318 MPa 
using a compaction simulator (STYL’One Evolution, Medel-
Pharm, France). Flat face punches and die set of 10-mm 
diameter (Natoli Engineering Company, USA) were used for 
the compression. The upper and lower punches were set to 
move at a linear speed of 35 mm/s. Only freshly withdrawn 
samples of RH conditioned starch were used for compres-
sion into tablets. Immediately after preparation, the tablets 
were kept in the corresponding RH chamber at 25°C until 
required for analysis. Tablet evaluation was carried out on 
tablets that have been kept for at least 24 h post-production.

Tabletability describes tablet tensile strength as a function 
of applied compression pressure. Tabletability profile was 
obtained by plotting a graph of tablet tensile strength against 
the compression pressure. Slope of the linear line of the plot 
was used as a tabletability index.

Tablet tensile strength (σ) was calculated according to 
Eq. 15. The tensile strength was determined using five ran-
domly chosen tablets and results were averaged.

where F refers to the tablet breaking force and was meas-
ured using a hardness tester (TBF 1000, Copley Scientific, 
UK). Thickness of tablet was measured 24 h after production 
 (H24h) using a thickness gauge (Mitutoyo Absolute, 547-
300S, Japan). The same thickness gauge was also used to 
obtain the tablet diameter  (D24h).

Compactibility is the ability of a material to form a com-
pact of sufficient strength. The compactibility of a material 
can be evaluated from a plot of tablet tensile strength against 
tablet porosity at different compression pressures. Tablet 
porosity (ε) was calculated based on Eq. 16.

(14)
Multilayer moisture = AY−N(θY−N + α) − (AY−NθY−N)

(15)σ =
2F

πD24hH24h

(16)ε = 1 −
ρapp

ρtrue
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where ρapp and ρtrue refer to the apparent density and true 
density of the material, respectively. ρapp was calculated 
using Eq. 17. ρtrue was measured using a helium pycnom-
eter (Pentapycnometer, Quantachrome Instruments, USA). 
ρtrue was measured on dried starch to minimize influence of 
volatile moisture on the measurement.

where W is the tablet weight. The tablet was weighed 
using an analytical weighing balance with a readability up 
to 0.1 mg and reproducibility of ±0.1 mg (QUINTIX224-
1CEU, Sartorius Lab Instruments GmbH & Co. KG, Ger-
many).  r24h is the tablet radius measured 24 h post-produc-
tion.  r24h was derived from the tablet diameter, which was 
measured using a thickness gauge.

The Ryshkewitch-Duckworth equation (Eq. 18) can be 
transformed into a linear equation. By plotting ln tensile 
strength against tablet porosity, information on tablet tensile 
strength at zero porosity (σ0) and constant b, which is related 
to pore distribution within a tablet, can be obtained (37, 38).

Determination of Yield Pressure

Yield pressure of the starch sample was indirectly deter-
mined by assessing compressibility of the sample. Com-
pressibility refers to the ability of a material to undergo vol-
ume reduction. For the assessment of compressibility, 500 
mg of starch was compressed using a compaction simulator 
(STYL’One Evolution, MedelPharm, France) installed with 
14-mm flat face punches and die set (Natoli Engineering 
Company, USA). The upper and lower punches were set to 
move at 15 mm/min linear compression speed to achieve 
maximum compression pressure of 95 MPa. Changes in the 
tablet thickness with compression pressure were recorded 
and used in computation of the ρapp using the Analis soft-
ware (AnalisMX v2.07.08).

Heckel equation (Eq. 19) (39) was used to analyze the 
compressibility, based on in-die method.

where  KH and  AH are obtained from the slope and 
y-intercept of the linear portion of the Heckel plot, respec-
tively.  KH is a constant related to ability of a material to 
undergo plastic deformation. The reciprocal of  KH is 
equivalent to yield pressure, which indicates compress-
ibility of the material.  AH is a constant related to degree 
of packing that can be achieved by particle rearrangement 

(17)ρapp =
W

πr
24h

2H
24h

(18)σ = σ0e
−bϵ

(19)ln

[

1

(1 − D)

]

= KHP + AH

before considerable interparticle bonding takes place. D is 
the relative density, obtained from the ratio between ρapp 
and ρtrue at compression pressure, P.

The extent of particle rearrangement in the die was 
further evaluated in terms of Da (relative density during 
the initial densification resulting from die filling, parti-
cle slippage, and rearrangement),  D0 (relative density at 
zero applied pressure), and  Db (relative density due to the 
change in density resulting from particle rearrangement). 
From the value of  AH obtained from the y-intercept of the 
linear portion of the Heckel plot,  Da was calculated using 
the following equations (Eqs. 20 and 21).

Similarly, using  0H obtained from the starting point of 
the Heckel plot before compression starts,  D0 was calcu-
lated according to Eqs. 22 and 23.

Db was obtained by taking the difference between  Da 
and  D0 (Eq. 24).

Evaluation of Viscoelastic Recovery

Tablets for the evaluation of viscoelastic recovery were 
produced in the same manner as described in the sec-
tion on evaluation of tabletability and compactibility. To 
account for changes in the axial and radial directions, the 
viscoelastic recovery was assessed by measuring tablet 
dimensions (height and diameter) using a thickness gauge. 
Tablet dimensions were measured immediately and 24 
h after production to obtain tablet volume immediately 
 (Vimm) (Eq. 25) and 24 h post-production  (V24h) (Eq. 26).

where  rimm and  Himm refer to the tablet radius and thick-
ness measured immediately after production.

(20)AH = ln

[

1
(

1 − Da

)

]

(21)Da = 1 − e−AH

(22)0H = ln

[

1
(

1 − D0

)

]

(23)D0 = 1 − e−0H

(24)Db = Da − D0

(25)Vimm = π × rimm
2 × Himm

(26)V24h = π × r24h
2 × H24h
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The viscoelastic recovery was then expressed as change 
in tablet dimensions according to Eq. 27.

Degradation of ASA

Tablet Preparation

Tablets, each weighing 300 mg, comprising starch and ASA 
(4:1, w/w) were produced using a compaction simulator 
(STYL’One Evolution, MedelPharm, France). Prior to tablet 
production, powder mixture was prepared by mixing starch 
and ASA in a glass bottle (diameter: 5.5 cm, height: 5.5 cm) 
with a figure of 8 mixing motion for 3 min. An accurately 
weigh amount of powder mixture was then filled manually 
into the die. The compression was performed using 10-mm 
flat face punches and die set (Natoli Engineering Company, 
USA) with both the upper punch and lower punch linear 
compression speeds set at 35 mm/s. Compression pressure of 
191 MPa was used. Three batches of tablets were produced, 
with the starch fractions as (A) high-amylose starch, (B) 
mixture of high-amylose and high-amylopectin starches 
in 1:1 ratio, and (C) high-amylopectin starch. The tablets 
immediately after fabrication were stored under 75% RH, 
40°C to accelerate ASA degradation. The tablets were also 
evaluated for viscoelastic recovery. The evaluation was 
performed on five randomly chosen tablets according to the 
method described in the previous section.

Evaluation of ASA Degradation

Tablets containing ASA were evaluated for ASA degradation 
using a HPLC method as previously reported (33). The 
tablets were evaluated 7, 14, 28, 60, and 90 days after 
production. At each sampling time point, at least three 
randomly chosen tablets were evaluated for ASA degradation 
and results were averaged. Individual tablet was pulverized 
in a mortar using a pestle. Subsequently, about 150 mg of 
the pulverized powder, accurately weighed, was mixed with 
a menstruum of acetonitrile:water (35:65, v/v) to 10 mL and 
ultrasonicated (LC60H, Elma, Germany) for a minute before 
passing through a 0.45-μm filter (regenerated cellulose; 
Sartorius, Germany) prior to HPLC analysis. The filtrate (20 
μL) was next injected into the HPLC column for analysis. A 
reversed phase C-18 column (ACE Generix, 5 μm, 4.6 mm 
× 100 mm, Advanced Chromatography Technologies, UK) 
was used as the stationary phase and maintained at 40°C. The 
mobile phase comprising acetonitrile:water:ortho-phosphoric 
acid (35:65:0.2, v/v/v) was eluted at 0.8 mL/min using an 

(27)

Change in tablet dimensions (%) =
V24h − Vimm

V24h

× 100

isocratic elution mode. Detection of ASA and its degradant, 
salicylic acid (SA), was carried out at 273 and 296 nm for 
ASA and SA, respectively. The percentage degradation of 
ASA was calculated using Eq. 28.

where [SA mole] and [ASA mole] are the molar concentra-
tions of SA and ASA, respectively.

ASA degradation rate was approximated from the slope 
of the graph of percentage of ASA degradation against time 
fitted into the Leeson and Mattocks model (Eq. 29) (40).

where  [A0] and  [C0] are the initial ASA and SA concentra-
tions, respectively. [A] and [C] indicate concentrations of 
ASA and SA at time t, respectively.  [D0] is the total concen-
tration of ASA and SA. p refers to the vapor pressure. k is 
obtained from the slope of Leeson and Mattocks model and 
is related the rate constant. n is the order of sorption reaction 
with respect to p.

ASA Content Uniformity

ASA content in ten randomly chosen tablets was determined 
using the HPLC method described in the previous section.

Data Analysis

All graphs were plotted using the software (GraphPad Prism, 
v.6.01, USA). The same software was used to perform linear 
regression. Data fitting to the GAB model, Young and Nel-
son model, and Leeson and Mattocks model was carried out 
using Matlab (R2013b, MathWorks, USA).

RESULTS

Morphology, Size, and Size Distribution

SEM images of the starch grains (Fig. 1) showed that 
there were no obvious differences in the morphology of 
high-amylose starch and high-amylopectin starch. The 
starch grains can be described as having irregular and 
angular surfaces with polygonal shapes. However, results 
from the size characterization (Table  I) revealed that 
high-amylopectin starch had slightly larger grain size 
with wider size distribution compared to high-amylose 
starch.

(28)

ASA degradation(%) =
[SA mole]

[ASA mole] + [SA mole]
× 100

(29)log

[

A0

]

(

[

D0

]1∕2
+ [C]1∕2

)2

[A]

(

[

D0

]1∕2
+
[

C0

]1∕2
)2

=

[

D0

]1∕2
kp3n∕2t

2.303
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XRD Pattern

XRD patterns of the two starches are shown in Fig. 2 and 
the diffractograms are generally in agreement with those 
from other studies (41, 42). No obvious changes in XRD 
patterns of the starches after storage at different RH condi-
tions were detected. Distinct peaks at 2θ values of about 15° 
(peak 1), 18° (peak 2), and 24° (peak 3) were observed in 
the XRD patterns of high-amylopectin starch. In contrast, 
high-amylose starch showed peaks at 2θ values of around 
17° (peak 1) and 20° (peak 2). The high-amylopectin starch 
generally exhibited higher relative crystallinity than high-
amylose starch, except samples equilibrated at 75% RH 

where both starches had almost comparable relative crys-
tallinity (Table I). Additionally, the relative crystallinity of 
high-amylose starch was close to that of high-amylopectin 
starch when both starches were equilibrated at 75% RH.

Interaction of Moisture With Starch

Moisture Content

Figure 3 shows that after oven drying, both starches had 
comparable moisture content. Differences in the moisture 
content manifested after storage at different RH whereby 
high-amylose starch had higher moisture content than high-
amylopectin starch at all RH conditions. For both starches, 
the moisture content showed increasing trend with increas-
ing storage RH.

Moisture Sorption‑Desorption Isotherm

Moisture sorption-desorption isotherms of the starches are 
shown in Fig. 4a. The general shape of the isotherms is simi-
lar for both starches. The isotherms showed non-linear incre-
ment in moisture content with increasing water activity and 
had the characteristic sigmoidal shape curve, similar to typi-
cal moisture sorption-desorption isotherm of starch (26, 43). 
Hysteresis between sorption and desorption isotherms was 
also observed over the entire range of water activity studied. 
The area of hysteresis was larger for high-amylose starch 
than for high-amylopectin starch. The areas of hysteresis 
were approximately 1.87 and 1.12  aw.% moisture for high-
amylose starch and high-amylopectin starch, respectively.

GAB Modeling

Table  II shows results of fitting the moisture sorption-
desorption data to the GAB model. The experimental data 
were relatively well fitted to the GAB model (R2 = 1). 
While high-amylose starch had similar isotherm in shape as 
high-amylopectin starch (Fig. 4a), values of the parameters 
obtained from the GAB model were dissimilar between the 
starches. This suggests that the starches have their definitive 
modes of interaction with moisture. Values of  Mm and  CGAB 
derived from the sorption isotherm were lower than the val-
ues obtained from the desorption isotherm. In contrast,  KGAB 
values from the sorption isotherm were slightly higher than 

a 

b 

Fig. 1  Representative SEM images of a high-amylose starch and b 
high-amylopectin starch

Table I  Characteristics of 
High-Amylose Starch and High-
Amylopectin Starch

± represents standard deviation

Starch type Size (μm) Span Relative crystallinity (%)

D10 D50 D90 33% RH 53% RH 75% RH

High amylose 5.90 8.80 12.0 0.69 37.9 ± 0.29 38.9 ± 0.30 40.4 ± 0.75
High amylopectin 6.83 11.2 16.2 0.83 40.2 ± 1.03 41.2 ± 0.61 40.1 ± 0.65
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 KGAB values obtained from the desorption isotherm.  CGAB, 
a constant that is related to total heat of the first layer of 
sorption, was observed to have higher magnitude compared 
to  KGAB. This confirmed the stronger interaction between 
sorption sites on the starch matrix and water molecules of 
the monolayer moisture. The lower magnitude of  KGAB, a 

constant that is related to heat of multilayer sorption, implied 
weaker interaction of water molecules in the bulk or multi-
layer moisture compared to the monolayer moisture.

In general, high-amylose starch had higher  Mm than high-
amylopectin starch. Accordingly, SSA approximated from 
 Mm was also higher for high-amylose starch than for high-
amylopectin starch. The SSA values approximated from 
 Mm of the corresponding sorption isotherm were 296.87 
and 253.26  m2/g for high-amylose and high-amylopectin 
starches, respectively. Similarly, the SSA values obtained 
using  Mm from the corresponding desorption isotherm 
were about 430.38 and 319.70  m2/g for high-amylose starch 
and high-amylopectin starch, respectively. In terms of the 
energy parameters, high-amylose starch was found to have 
higher  CGAB than high-amylopectin starch for the param-
eters derived from the sorption and desorption isotherms. 
This indicates higher driving force for moisture sorption in 
high-amylose starch, specifically for formation of monolayer 
moisture.  KGAB values derived from the sorption isotherm 
were almost comparable for the two starches, whereas the 
 KGAB derived from the desorption isotherm was marginally 
higher for high-amylopectin starch than for high-amylose 
starch.

Locality of Sorbed Moisture

The experimental data were found to fit well to the Young 
and Nelson model (R2 > 0.90) (Table III). Percentage of 
the total moisture content distributed into monolayer mois-
ture, externally adsorbed moisture, and internally absorbed 
moisture is shown in Fig. 4b. Initially, most of the sorbed 
moisture was found as monolayer moisture and the percent-
age reduced gradually as water activity increased. With 
increasing water activity, fraction of the sorbed moisture 
distributed as externally adsorbed moisture and internally 

a

b

Fig. 2  XRD patterns of a high-amylose starch and b high-amylopec-
tin starch

Fig. 3  Moisture content of high-amylose starch (black square) and 
high-amylopectin starch (white square) after subjected to different 
storage conditions
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absorbed moisture increased whereby externally adsorbed 
moisture showing an almost linear increase, while internally 
absorbed moisture exhibited gradual increment towards a 
plateau level.

For high-amylose starch, at water activity >0.4, consider-
able proportion of the sorbed moisture existed as internally 
absorbed moisture. In contrast, proportion of the sorbed 

moisture found as internally absorbed moisture in high-
amylopectin starch was low and at water activity >0.6, bulk 
of the moisture taken up by high-amylopectin starch was 
located externally. From Fig. 4b, it was also observed that 
at water activity >0.6, moisture distributed into externally 
adsorbed moisture was greater than that of monolayer mois-
ture for both high-amylose and high-amylopectin starches. 
Therefore, allowing for estimation of extent of multilayer 

a

bi 

bii 

Fig. 4  Moisture interaction of starches having different amylose-amy-
lopectin ratio. a Moisture sorption-desorption isotherm of high-amyl-
ose starch (white circle) and high-amylopectin starch (white square). 
b Locality of sorbed moisture as monolayer moisture (black circle), 
externally adsorbed moisture (black square), and internally absorbed 
moisture (black triangle), expressed as fraction of the total moisture 
content in (i) high-amylose starch and (ii) high-amylopectin starch

Table II  Fitting Coefficients for GAB Model

Numbers in parentheses represent the upper and lower bounds of the 
95% confidence interval
SSE sum of squares, RMSE root-mean-square error

a GAB parameters from sorption isotherm
GAB parameters Starch type

High-amylose starch High-amylopectin starch
Mm (g/100 g) 8.37 (7.95, 8.80) 7.14 (6.31, 7.80)
CGAB 8.79 (7.68, 9.91) 6.56 (4.93, 8.22)
KGAB 0.68 (0.66, 0.70) 0.69 (0.64, 0.73)
Goodness of fit

  SSE 0.07 0.18
  R2 1.00 1.00
  R2

adjusted 1.00 1.00
  RMSE 0.11 0.18

b GAB parameters from desorption isotherm
GAB parameters Starch type

High-amylose starch High-amylopectin starch
Mm (g/100 g) 12.1 (11.2, 13.1) 9.02 (8.16, 9.88)
CGAB 15.8 (11.9, 15.7) 10.3 (8.42, 12.2)
KGAB 0.49 (0.45, 0.54) 0.57 (0.52, 0.61)
Goodness of fit

  SSE 0.16 0.15
  R2 1.00 1.00
  R2

adjusted 1.00 1.00
  RMSE 0.16 0.16

Table III  Fitting Coefficients for Young and Nelson Model

Numbers in parentheses represent the upper and lower bounds of the 
95% confidence interval
SSE sum of squares, RMSE root-mean-square error

Young and Nel-
son parameters

Starch type

High-amylose starch High-amylopectin starch

AY-N 0.04 (0.03, 0.04) 0.03 (0.02, 0.04)
BY-N 0.09 (0.07, 0.10) 0.03 (0.01, 0.06)
E 0.02 0.02
Goodness of fit

  SSE 0.00 0.00
  R2 1.00 0.99
  R2

adjusted 1.00 0.99
  RMSE 0.00 0.00
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moisture. The results are presented in Table IV. The mul-
tilayer moisture increased as water activity increased and 
high-amylose starch had slightly higher multilayer moisture 
than high-amylopectin starch.

Tabletability, Compactibility, and Compressibility

Tableting properties of the starches are summarized in 
Table V. Tabletability and compactibility of high-amylose 
starch were more sensitive to the effect of RH as seen from 
the marked reduction in the tabletability index, b value, 
and σ0 of high-amylose starch equilibrated to 75% RH. 
At RH of 33 and 53%, high-amylose starch had higher 
tabletability index than high-amylopectin starch. How-
ever, at 75% RH, high-amylopectin starch was found to 
have higher tabletability index than high-amylose starch. 
A material with higher tabletability index suggests that it 
is more sensitive to change in the compression pressure, 

which translated to the production of higher tensile 
strength tablets at a lower compression pressure.

The constant b value of Ryshkewitch-Duckworth equa-
tion is related to pore distribution within a tablet (44). A 
higher b value indicates faster increase in the tablet tensile 
strength as the porosity is reduced. Overall, high-amylose 
starch and high-amylopectin starch had comparable b val-
ues at 33 and 53% RH. However, at 75% RH, high-amyl-
opectin starch had a considerably higher b value than that 
for high-amylose starch. Another parameter of the Ryshke-
witch-Duckworth equation, σ0, was found to be greater for 
high-amylose starch at 33 and 53% RH. However, high-
amylopectin starch that had been equilibrated to 75% RH 
had higher σ0 than high-amylose starch equilibrated to the 
same condition. The 53 and 75% RH equilibrated high-
amylopectin starch samples had comparable σ0.

From the Heckel parameters, high-amylose starch showed 
a lower yield pressure than high-amylopectin starch. For 
both starches, the yield pressure decreased with increasing 

Table IV  Distribution of Sorbed Moisture in High-Amylose Starch and High-Amylopectin Starch at Water Activity >0.6 as Estimated From 
Young and Nelson Model

Numbers in parentheses represent moisture associated with the different locations as a percentage of the total moisture content
AY-N θY-N monolayer moisture,  AY-N (θY-N + α) externally adsorbed moisture,  BY-N Φ internally absorbed moisture

a High-amylose starch
Water activity Moisture content (%, w/w) AY-N θY-N (%, w/w) AY-N (θY-N + α) (%, w/w) BY-N Φ (%, w/w) Multilayer moisture (%, w/w)
0.7 14.2 3.72 (26.3) 4.50 (31.8) 5.94 (42.0) 0.78 (5.51)
0.8 16.6 3.73 (22.5) 6.01 (36.3) 6.81 (41.1) 2.28 (13.8)
0.9 20.1 3.74 (18.6) 8.68 (43.1) 7.70 (38.3) 4.94 (24.5)
b High amylopectin starch
Water activity Moisture content (%, w/w) AY-N θY-N (%, w/w) AY-N (θY-N + α) (%, w/w) BY-N Φ (%, w/w) Multilayer moisture (%, w/w)
0.7 8.62 2.84 (33.0) 3.48 (40.4) 2.30 (26.7) 0.64 (7.41)
0.8 10.0 2.85 (28.4) 4.58 (45.6) 2.61 (26.0) 1.73 (17.2)
0.9 12.5 2.86 (22.8) 6.71 (53.5) 2.96 (23.7) 3.85 (30.7)

Table V  Tableting Properties of High-Amylose Starch and High-Amylopectin Starch After Storage at Different RH

± represents standard deviation

a High-amylose starch
RH (%) Tabletability index Ryshkewitch-Duckworth 

parameters
Heckel parameters

b σ0 (MPa) Yield pressure (MPa) D0 Da Db

33 5.84 ×  10−3 ± 0.00 10.7 ± 0.38 9.94 ± 0.92 62.0 ± 0.06 0.43 ± 0.01 0.48 ± 0.00 0.05 ± 0.01
53 7.72 ×  10−3 ± 0.00 9.27 ± 0.90 10.5 ± 1.63 45.2 ± 0.55 0.41 ± 0.00 0.44 ± 0.00 0.03 ± 0.01
75 3.80 ×  10−3 ± 0.00 4.39 ± 1.09 3.28 ± 0.67 34.4 ± 0.55 0.39 ± 0.01 0.45 ± 0.01 0.06 ± 0.01
b High-amylopectin starch
RH (%) Tabletability index Ryshkewitch-Duckworth 

parameters
Heckel parameters

b σ0 (MPa) Yield pressure (MPa) D0 Da Db

33 3.72 ×  10−3 ± 0.00 10.6 ± 0.79 7.75 ± 1.25 73.3 ± 0.17 0.43 ± 0.00 0.47 ± 0.01 0.03 ± 0.00
53 5.20 ×  10−3 ± 0.00 9.75 ± 0.35 9.38 ± 0.74 53.4 ± 1.68 0.41 ± 0.01 0.43 ± 0.00 0.03 ± 0.01
75 4.93 ×  10−3 ± 0.00 8.93 ± 0.81 9.53 ± 1.93 41.6 ± 3.04 0.39 ± 0.01 0.45 ± 0.01 0.06 ± 0.02
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RH. A lower yield pressure means that the material is more 
deformable under pressure. Despite their differences in yield 
pressure values, both starches showed rather similar die fill-
ing properties as evidenced from the comparable  D0,  Da, and 
 Db values. For both starches,  Da was slightly larger than  D0. 
This could be ascribed to the elastic deforming property of 
starch. As such, unlike materials that undergo considerable 
plastic deformation or brittle fragmentation, there is less par-
ticle rearrangement when compressed. As RH increased,  D0 
and  Da values decreased, indicating reduced efficiency of the 
particles to pack in the die.

Viscoelastic Recovery

The powder expansion behavior during decompression was 
assessed as viscoelastic recovery. In general, the change 
in tablet dimensions showed an increasing trend as RH 
increased (Fig. 5). It was found that overall, tablets produced 
from high-amylopectin starch had greater change in tablet 
dimensions than high-amylose starch tablets. ASA tablets 
formulated with the different types of starch also exhibited 
similar trend (Fig. 6). The effect of applied compression 
pressure varied with the types of starch and equilibrium RH. 
For tablets produced from 33% RH equilibrated starches, the 
change in the tablet dimensions initially increased, reached 
the maximum at 127 MPa, and then decreased. Similar trend 
was observed for tablets produced from 53% RH equilibrated 
starches. The change in tablet dimensions with compres-
sion pressure was less remarkable for 75% RH equilibrated 
starches.

Properties of ASA Tablets

ASA content uniformity in the tablets was found to be good. 
The respective ASA content for the different formulations 
was 98.50% ± 1.33%, 99.51% ± 0.75%, and 99.50% ± 1.46% 
for tablets prepared from high-amylose starch, 1:1 mixture 
of high-amylose and high-amylopectin starches, and high-
amylopectin starch. Therefore, influence of drug content 
variation on ASA degradation was negligible. Percentage 
of ASA degradation in tablets produced from the starches 
of different amylose-amylopectin ratio is presented in Fig. 7. 
Differences in the percentage degradation of ASA among 
the tablets were not large but significant. Clearly, ASA deg-
radation was impacted by the amylose-amylopectin ratio. 
Percentage of ASA degradation in tablets formulated with 
high-amylose starch was found to be consistently lower com-
pared to that in the high-amylopectin starch tablets. Percent-
age of ASA degradation in tablets containing 1:1 mixture of 
high-amylose and high amylopectin starches was intermedi-
ate to the tablets containing only the high-amylose starch 
or high-amylopectin starch. After 90 days of storage, ASA 
degradation in tablets produced from high-amylopectin 

a

b 

Fig. 5  Percentage change in dimensions of tablets produced from a 
high-amylose starch tablets and b high-amylopectin starch tablets 
starch equilibrated to different conditions — 33% RH (white square), 
53% RH (gray square), and 75% RH (black square)

Fig. 6  Change in dimensions of ASA tablets produced from high-
amylose starch (black square), 1:1 mixture of high-amylose and high-
amylopectin starches in 1:1 ratio (gray square), and high-amylopectin 
starch (white square), post 24 h storage at 75% RH, 40°C
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starch was 16.96% and 9.62% greater than the degradation 
in tablets containing high-amylose starch, and tablets con-
taining 1:1 mixture of high-amylose and high-amylopectin 
starches, respectively.

Fitting of the degradation data to the Leeson and Mat-
tocks model was successful with R2 > 0.90. Rate of ASA 
degradation was approximated from the slope of Leeson and 
Mattocks model and found to be 1.94 ×  10−3, 1.98 ×  10−3, 
and 2.20 ×  10−3 %∙day−1 for tablets containing high-amylose 
starch, 1:1 mixture of high-amylose and high-amylopectin 
starches, and high-amylopectin starch, respectively.

DISCUSSION

Moisture Interaction of Starches With Different 
Amylose‑Amylopectin Ratio

Starch is made up of predominantly two polysaccharides: 
linear chain amylose and highly branched amylopectin. 
The organization of amylose and amylopectin in starch 
gives starch its semi-crystalline structure (23). Amylose-
amylopectin ratio of starch has been found to vary between 
and within botanical species (45) with implications on the 
molecular packing of the starch grains, whereby starches of 
higher amylopectin ratio have been reported to have higher 
relative crystallinity (25, 46, 47).

Interaction of moisture with starch is due to hydrogen 
bonding of water molecules to the hydroxyl groups on 
the polysaccharides (48). Although hysteresis could be 
observed in the isotherms of high-amylose starch and high-
amylopectin starch, the areas of hysteresis loop were not 

comparable (Fig. 4a). This could be attributed to differences 
in the polymeric structural organization, hence affecting 
accessibility and holding capacity of water molecule binding 
sites. Molecular packing or arrangement in solids is known 
to influence the interaction of the materials with water mole-
cules (19, 20). Crystallinity in amylopectin regions of starch 
results from intertwining of the outer chains of amylopectin 
in the form of double helices forming ordered regions that 
appear as “crystalline lamellae” (49). While amylose is also 
capable of forming double helices, packing of the double 
helices is less compact than those of amylopectin (49, 50). 
Consequently, the hydroxyl groups in amylopectin are more 
constrained and become less accessible to interact with the 
ubiquitous water molecules as vapor in the environment. 
Differences in moisture interaction due to different packing 
arrangements in amylose and amylopectin could be observed 
from the results of the GAB as well as Young and Nelson 
model fittings.

Compared to high-amylopectin starch, high-amylose 
starch had higher  Mm for both sorption and desorption 
isotherms. Correspondingly, high-amylose starch also had 
higher SSA than high-amylopectin starch. Although the 
monolayer moisture values obtained from fitting sorption 
data into the Young and Nelson model was not directly com-
parable with the values obtained from the GAB model, the 
same trend was observed in which high-amylose starch had 
higher monolayer moisture content than high-amylopectin 
starch for the range of water activity evaluated. The mon-
olayer moisture content obtained from the Young and Nelson 
model ranged from 3.17 to 3.74% and 2.43 to 2.86% for 
high-amylose starch and high-amylopectin starch, respec-
tively. The lower relative crystallinity of high-amylose starch 
could also contribute to the greater proportion of sorbed 
moisture found as internally absorbed moisture. This is due 
to sorption of moisture occurring not only on the surfaces 
but also in the bulk structure of solids with lower relative 
crystallinity.

Amylose‑Amylopectin Ratio of Starch and Tableting 
Properties

Presence of moisture is known to affect tableting properties 
as moisture often plays an important role in rearrangement, 
packing, and bond formation of the particles during tab-
leting. Tabletability indices of the starches showed optima 
around the 53% RH equilibrated starch samples. The initial 
increase in tabletability index with RH could be attributed to 
the ability of moisture to act as a lubricant, hence facilitating 
volume reduction. This causes greater degree of powder bed 
densification and particle consolidation during compression 
(51). The improved densification in the presence of mois-
ture was also observed as reduction in the yield pressure, as 
has been reported in other studies (52, 53). With increasing 

Fig. 7  Percentage of ASA degradation in tablets produced from high-
amylose starch (solid line), 1:1  mixture of high-amylose and  high- 
amylopectin starches (dashed line), and high-amylopectin starch (dotted 
line) after storage at 75% RH, 40°C
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compression pressure, tablet density approaches true den-
sity of the material and the tablet porosity reaches lower 
porosity at a faster rate. Tablets of lower porosity generally 
have larger areas of interparticulate bonding, therefore form-
ing stronger tablets. This was also supported by the highest 
σ0 observed for tablets produced from the starch samples 
equilibrated to 53% RH. Another possible explanation for 
the improvement in tablet tensile strength as RH increased 
from 33 to 53% could be due to moisture facilitated stronger 
interparticulate bonding by hydrogen bonding. Furthermore, 
moisture could smoothen micro-irregularities and facilitate 
proximal contacts between surfaces, therefore, reducing the 
interparticulate distances and increasing the van der Waals 
forces (54, 55).

However, excessive amount of moisture was detrimen-
tal to the tablet tensile strength as seen from the reduced 
tabletability index, b value, and σ0 of the starch samples 
equilibrated to 75% RH despite the lowered yield pressure. 
The subsequent reduction in tablet tensile strength occur-
ring at higher RH has also been reported in other stud-
ies (56–58). It has been suggested that balance between 
the amount of monolayer moisture, externally adsorbed 
moisture, and internally absorbed moisture influences 
tablet tensile strength (1). From Fig. 4b, at water activ-
ity >0.6, the fraction of sorbed moisture distributed as 
externally adsorbed moisture was greater than the mon-
olayer moisture. As such, for the starch samples stored at 
75% RH, it could be implied that the amount of externally 
adsorbed moisture was higher. Thus, the reduced tablet 
tensile strength at high RH could be attributed to con-
ditions where the labile surface moisture present could 
reduce or disrupt the interparticulate bonding. This was 
supported by the b value being the lowest for the starches 
equilibrated to 75% RH (Table V). The lower b value sug-
gests that tablet tensile strength does not increase as much 
despite the reduction in tablet porosity. This also explains 
the reduced tabletability index and σ0 observed for 75% 
RH equilibrated starch samples, albeit a more prominent 
reduction was observed in tablets produced from high-
amylose starch.

With reference to the amylose-amylopectin ratio and 
tableting properties, tablets produced from high-amylose 
starch were more susceptible to reduction in tablet tensile 
strength when stored under high RH. An analysis of local-
ity of the sorbed moisture revealed that at high RH, amount 
of moisture adsorbed on the surface in excess to the mon-
olayer moisture (extent of multilayer moisture) was higher 
in high-amylose starch (Table IV). The excess monolayer 
moisture could disrupt the interparticulate bonding, con-
sequently lowering tablet tensile strength. Reduced tablet 
tensile strength when moisture level exceeded monolayer 
moisture has also been demonstrated in microcrystalline cel-
lulose tablets (58).

Viscoelastic recovery of the tablets was also investigated 
as change in tablet dimensions in relation to the storage 
RH and the types of starch. Generally, the change in tab-
let dimensions increased as RH increased. This could indi-
rectly contribute to the reduced tablet tensile strength as the 
RH increased from 53 to 75%, in addition to the moisture 
layer that interfered with interparticle bonds. Excessive 
viscoelastic recovery during decompression could disrupt 
the interparticle bonds formed during the compression 
phase, hence compromising tablet tensile strength. It was 
also observed that the viscoelastic recovery varied with the 
compression pressure and the types of starch. Several stud-
ies have reported that viscoelastic recovery can increase, 
decrease, or remain unaffected with the change in compres-
sion pressure (59, 60). For starches equilibrated to 53% RH 
or lower, when compared to tablets equilibrated at 75% RH, 
the viscoelastic recovery decreased with increasing com-
pression pressure, particularly when the compression pres-
sure exceeded 127 MPa (Fig. 5). This could be because the 
high pressure brought the particles closer together, creating 
intensive particle-particle forces that hindered the expan-
sion during the relaxation phase (59). The moisture layer 
on starches equilibrated to 75% RH could have weakened 
the compression pressure-viscoelastic recovery relationship 
that was observed in starches equilibrated to lower RH by 
acting as a cushion to the applied force. Therefore, while 
viscoelastic recovery could be observed in both starches, the 
extent varied with the types of starch, compression pressure 
used and environmental RH.

Amylose‑Amylopectin Ratio of Starch and ASA 
Stability

Stability of a moisture-sensitive drug in formulations is 
affected by not only the amount of moisture present but also 
how it is retained in the formulations. Differences in the per-
centage of ASA degradation observed between tablets pro-
duced with high-amylose starch and high-amylopectin starch 
suggested that moisture retention in starch was affected by 
the ratio of amylose to amylopectin. This finding was sup-
ported by the lowered ASA degradation in tablets with 
high-amylose starch while ASA degraded faster when high 
amylopectin was used instead. For ASA tablets containing a 
1:1 mixture of high-amylose and high-amylopectin starches, 
the ASA degradation was intermediate, suggesting a linearly 
proportionated outcome. Viscoelastic recovery could change 
tablet porosity, which could affect moisture exposure of ASA 
within the tablet matrix. Tablet porosity is often purported as 
the factor related to the ease of tablet components to come 
into contact with moisture/water, particularly in tablet dis-
integration and dissolution. However, in tablets formulated 
with elastically deforming materials, it has been reported that 
tablet porosity exerts minimal influence on drug degradation 
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(61). Furthermore, accumulation of SA produced from ASA 
degradation can affect tablet pore volume and size with pro-
longed storage, consequently confounding the correlation 
between ASA stability and pore size (62). Therefore, the 
stability could mainly be related to the moisture interaction 
of the formulation components.

While high-amylose starch exhibited lower relative crys-
tallinity than high-amylopectin starch, tablets formulated 
with high-amylose starch resulted in better ASA stability. 
A study on effects microcrystalline celluloses of different 
crystallinity on the stability of moisture-sensitive drugs 
also reported better drug stability in formulations contain-
ing microcrystalline of lower crystallinity (9, 63). Clearly, 
molecular packing as reflected by crystallinity influences 
their interaction with moisture.

Hydrolysis of a moisture-sensitive drug in solid dosage 
form typically occurs when the drug dissolves in the sorbed 
moisture layer (40). Exposure of tablets to a fixed RH envi-
ronment allows the sorbed moisture within the constituents 
to reach equilibrium state. This condition is akin to the pro-
cess for obtaining moisture sorption-desorption isotherm, in 
which the sample is equilibrated to a particular RH before 
moving to the next RH condition. As such, results from fit-
ting of the isotherm data to the GAB model as well as the 
Young and Nelson model could be extended to explain the 
reactivity of the sorbed moisture in relation to the amylose-
amylopectin ratio of the starches.

An inverse relationship between the GAB parameters 
 (Mm and  CGAB) and percentage of ASA degradation was 
observed.  Mm is related to the number of water molecule 
binding sites. As high-amylose starch was found to have 
higher  Mm than high-amylopectin starch, the lower percent-
age of ASA degradation in high-amylose starch tablets could 
be attributed to the greater number of water molecule bind-
ing sites of high-amylose starch.  CGAB is related to the total 
heat of monolayer moisture; the higher  CGAB value of high-
amylose starch implied greater extent of interaction of mois-
ture with the starch at monolayer moisture level. Therefore, 
the moisture may not easily be detached and be available 
for reaction in ASA degradation. Because the difference in 
 KGAB between the two starches was marginal,  KGAB may not 
be able to provide a clear distinction between high-amylose 
starch and high-amylopectin starch regarding the reactiv-
ity of sorbed moisture. Accordingly,  KGAB, a constant that 
is related to binding of multilayer moisture on monolayer 
moisture formed on surface of the substrate, could be less 
descriptive for reactivity of sorbed moisture.

The lower ASA degradation in high-amylose starch tablets 
could also be attributed to the locality of the sorbed moisture. 
Indeed, importance of locality of sorbed moisture on function-
ality of excipients has been illustrated in crospovidone as a 
tablet disintegrant (64). In this study, findings from distribu-
tion of sorbed moisture were used to facilitate understanding 

of reactivity of sorbed moisture in relation to drug hydrolysis. 
In high-amylose starch, it was observed that at water activity 
>0.4, most of the sorbed moisture was the internally absorbed 
moisture. As such, the sorbed moisture was less available 
for hydrolytic reaction. In contrast, the locality of internally 
absorbed moisture in high-amylopectin starch was consistently 
lower than that of high-amylose starch throughout the range of 
water activity studied and at water activity >0.6, most of the 
sorbed moisture was associated with externally adsorbed mois-
ture (Table IV). Therefore, as the tablets were stored at 75% 
RH, the higher amount of externally located moisture in high-
amylopectin starch had been the causative factor to greater ASA 
degradation. Interestingly, while tableting properties of high-
amylose starch were more at risk of reduced tabletability and 
compactibility at high RH (Table V), tablets with high-amylose 
starch had better stability profile than that of high-amylopectin 
starch. This may suggest that the larger values of  Mm and  CGAB 
of high-amylose starch, and distribution of moisture into inter-
nally absorbed moisture are more instrumental in stability of 
hydrolysable drugs than tableting properties.

CONCLUSIONS

This study elucidated differences in tableting properties 
and moisture interactivities related to the amylose-amylo-
pectin ratio of starch. Tableting properties of the starches 
were found to be affected not only by environmental RH 
but also by relative locality of the sorbed moisture. High-
amylose starch demonstrated better tabletability than high-
amylopectin starch at 33 and 53% RH. However, at 75% 
RH, high-amylopectin starch exhibited better tabletability 
than high-amylose starch but drug stability was poorly com-
promised. At high RH, high-amylose starch was observed 
to have larger amount of moisture adsorb on the surface in 
excess to the monolayer moisture which disrupted bonding 
between the particles when compacted. This study also dem-
onstrated that availability of binding sites for the water mol-
ecules, strength of moisture-starch interaction, and locality 
of sorbed moisture were determinant on the susceptibility of 
moisture-sensitive drugs present to degrade.

While this study has shown that variations in amylose-
amylopectin ratio of starch could influence the effects of 
moisture on tableting properties and degradation of mois-
ture-sensitive drugs, it should be noted that the starches used 
in this study were native-unmodified starches. Also, as the 
stability study was performed under elevated environmental 
RH and temperature, the results may be an exaggeration of 
degradation under non-stress conditions. Nonetheless, this 
study highlighted the importance of amylose-amylopectin 
ratio when changing from one type of starch to another dur-
ing formulation development or product manufacture, par-
ticularly with actives that are moisture sensitive.
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