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Abstract
Background. Starch is one of the most potential natural polymers used for various bio applications. Literature reports a num-
ber of modification strategies such as physical, chemical, enzymatic and genetic to enhance the positive attributes and iron 
out the undesired features of neat starch.
Objectives. To synthesize a crosslinked porous starch (CPS) as an efficient cargo for the delivery of calcium carbonate in an 
efficiently controlled manner for the treatment of hyperphosphatemia.
Material and Methods. The CPS carrier was synthesized using a natural crosslinker, malic acid. The drug delivery system was 
formulated, followed by the in situ loading of calcium carbonate during the preparation of the CPS. The developed system 
was characterized with respect to FTIR, DSC, SEM, moisture content, zeta potential, encapsulation efficiency, phosphate 
binding efficiency and dissolution studies.
Results. The developed formulation was observed to deliver calcium carbonate in an enterically controlled manner. The 
binding of calcium to phosphate was established to be pH dependent and efficient at pH 7. The moisture content of CPS was 
in the range of 0.2–0.8%. The zeta potential of the colloidal system was noted to be sufficiently high, indicating the stability. 
The encapsulation efficiency of CPS particles for calcium was found to be 88–96%
Conclusions. An efficient, cost-effective, facile and commercially-viable formulation was demonstrated to deliver calcium 
carbonate for the treatment of hyperphosphatemia (Polim. Med. 2015, 45, 1, 11–19).
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ORIGINAL PAPERS

Starch is one the most commonly used ingredi-
ent in foods and pharmaceuticals. Its versatile role of-
ten grabs the attention of the formulator. Depending 
upon the source, quantity, and method of addition, 
its role varies, such as diluent, binder, thickener and 
disintegrant  [1–4]. Starch is a  macromolecular poly-
saccharide composed of amylose and amylopectin. 
Both of them have different characteristics [5]. Starch 
is abundant, economical, biocompatible, and biode-
gradable. To achieve great end-use quality and value 
addition to the material, a burgeoning number of re-
ports are available, ranging from chemical function-
alization, gelatinization, co-extrusion, and microwave 
treatment to supercritical fluid extraction [6–12]. One 
of the important methods for adding a  modification 
to the existing properties of starch is crosslinking [8]. 
Crosslinking results in better mechanical properties 
and water resistance [13].

The literature is well stocked with the crosslinking 
of materials for the modification of the physical and 
chemical properties of materials  [14–16]. The cross-
linking of starch results in a more uniform particle size 
and hydrophobicity [17]. These properties may be posi-
tively tendered for the controlled release of nutraceuti-
cals or drugs.

The preferred source of calcium is often calcium 
carbonate, which is inexpensive and readily available 
and often used as a food complement. The absorption 
site for the calcium after oral administration is the in-
testine. A majority of calcium accumulates in the skel-
eton. The route of elimination for calcium is urine and 
for carbonate through carbon dioxide exhalation [18]. 
Calcium carbonate is often indicated for hyperphos-
phatemia (for end stage renal disease patients) and os-
teoporosis  [19]. A  commercially available product for 
treatment of hyperphosphatemia is lanthanum carbon-
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ate, which is available under the brand name of Fos-
renol tablets and approved by the USFDA in the year 
2004 [20].

In the present work, our objective was to develop 
and evaluate a carrier-cargo (i.e. starch-calcium carbon-
ate) system which can deliver calcium in a  controlled 
manner with a good phosphate binding capacity.

Materials and Methods

Materials
Malic acid and calcium carbonate were purchased 

from Loba Chemie, India. The starch was a  kind gift 
from Gangwal Chemicals, India. A phosphate assay kit 
was obtained from Bioassay, USA. Dinitrosalicylic acid, 
hydrochloric acid, sodium chloride and potassium di-
hydrogen phosphate were acquired from Merck, India. 
Pancreatin and amyloglucosidase were purchased from 
Himedia, India. Avicel 102, sodium starch glycolate 
and magnesium stearate were kindly supplied by Signet 
Chemicals, India. Wherever required, deionized water 
(Millipore) was used throughout the study.

Methods

Synthesis of Calcium Carbonate Loaded 
CPS Particles (Ca-CPS)
2 g of starch were dispersed in 20 mL of cold wa-

ter to prepare a  slurry. 180 mL of water with a  speci-
fied quantity of malic acid (cross-linker) was heated to 
100ºC in a separate beaker. The slurry was then added 
to the hot water under high shear mixing/homogeni-
zation using ultra-turrax (IKA-Werke, Germany). The 
system was steadily brought down to room temperature 
under stirring. While cooling, a suspension of calcium 
carbonate powder (2 g) was added to the gelling system. 
The resultant mass was then filtered and washed several 
times with deionized water to remove the malic acid. 
The material was then further dried, milled and stored 
under vacuum till further use. The process was redone 
at different starch to cross linker ratios (weight basis) of 
1:2, 1:4 and 1:8, and the resulting particles were desig-
nated as T1, T2 and T3, respectively.

Determination of the Degree  
of Cross-Linking
Viscosity values were used to calculate the degree 

of cross linking (DC) of the starch particles  [21]. The 
peak viscosity of each sample was determined by pre-
paring a slurry of 20% w/w. The samples were subjected 
to a  rheometer armed with the pasting cell. (AR1000, 

TA instruments, USA). Following heating and cooling 
of the slurry, the following protocol was utilized during 
the testing:

The sample was heated from 50  to 95°C  at I)	
11°C/min, and then held at 95°C for 2 min.
Afterwards the temperature of the sample was II)	
brought down to 50°C  at 11°C/min and finally 
maintained at 50°C  for 2  min. The DC was 
determined using the following equation:

	 DC = (A–B)*100/A.	 (1)

Where A, and B are the peak viscosities of the neat 
starch and cross-linked starch, respectively.

Paste Clarity
Reddy and Seib’s method was used to evaluate the 

clarity of the starch paste [22]. In a glass stoppered test 
tube, 50 mg of the sample was dispersed using 5 mL of 
deionized water and heated to 95°C  for half an hour, 
with intermittent shaking. The system was slowly 
brought down to room temperature and the clarity of 
the paste was determined using UV spectrophotometer 
(Shimadzu, Japan) at 650 nm, keeping deionized water 
as blank.

Swelling Factor
A  test sample (0.1  g) was dispersed in 5  mL de-

ionized water and mixed in an isothermal shaker at 
70°C  for half an hour  [23]. The system was rapidly 
brought down to 20°C and mixed with 0.5 mL of Dex-
tran blue solution (5 mg/mL). The system was centri-
fuged at 3000 × g for 10 min and the absorbance of the 
supernatant was determined at 620 nm.

Solubility
A  test sample (500  mg) was added to 40  mL of 

warm water [24]. The temperature was slowly increased 
to 90°C for half an hour followed by centrifugation at 
3000  ×  g for 10  min. The supernatant was collected, 
dried and weighed. The % solubility was then calculated 
as follows:

solubility (%) = weight of dried  
	 supernatant in mg*100/500.	 (2)

In Vitro Digestibility

A  previously published method was used for the 
determination of in vitro digestibility  [25]. Briefly, 
1 g of pancreatin was mixed with 12 mL of water using 
a  cyclomixer (CM101, Remi, India). The supernatant 
was separated using an ultracentrifuge at 3000 × g for 
10 min, and mixed with amyloglucosidase (0.2 mL). This 
system was then diluted to 10  mL using a  volumetric 
flask. This solution (enzyme digestibility test solution) 
was freshly prepared for every digestibility test. A  test 
sample (30 mg) along with 2 mL of pH 5.2 sodium ac-
etate buffer was mixed in an eppendorf tube and incu-
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bated at 37°C for 20 min. Afterwards, freshly prepared 
enzyme digestibility test solution (0.75 mL) was added 
and mixed using a cyclomixer at 500 rpm for 20 min. 
The system was then boiled for 10 min to cease the reac-
tion. The dinitrosalicylic acid (DNS) method was used 
to determine ‘rapidly digestible starch content’ (RDSC). 
The glucose concentration was also determined at the 
end of 2 hours of incubation and termed as ‘slowly di-
gestible starch content’ (SDSC). The resistant starch 
content (RSC) was determined as follows:

	 RSC = (100 – RDSC – SDSC).	 (3)

Particle Size Analysis

The Ca-CPS particles were dispersed in water and 
subjected to analysis using a  dynamic light scattering 
instrument (Malvern Mastersizer, UK). The measure-
ment was done in triplicate for the samples [26].

Particle Morphology
The morphology of the particles was analyzed 

through a  scanning electron microscope (Jeol, Japan). 
Briefly, the particles were first coated through a gold/
platinum sputtering under vacuum process. Then the 
sputtered particles were mounted on aluminum stubs 
via double sided adhesive carbon tape. The images were 
taken at 15kV and 10A [27].

Zeta Potential Measurement
Zeta potential was determined by dispersing the 

particulate sample in purified water and analyzing the 
zeta potential at 25ºC using a Zetasizer (Malvern, UK). 
The measurements were repeated in triplicate.

Moisture Uptake Studies
The particles were exposed to three different levels of 

moisture, specifically 31, 45 and 79.3% relative humid-
ity, in controlled chambers for a period of one month. 
The corresponding increase in weight was noted.

Encapsulation Efficiency Studies
Particles equivalent to 200 mg of calcium carbonate 

were dissolved in 6M hydrochloric acid solution and 
sonicated for 10 minutes to ensure complete extraction 
of calcium. The calcium in the solution was then quan-
tified with an atomic absorption spectrophotometer 
(Shimadzu, Japan).

Tablet Formulation
The developed particulate system was blended with 

the excipients, sifted through an ASTM 40  mesh and 
then compressed into tablets to have a  final dosage 
form with the composition as shown in Table 1.

The tablets were compressed using a 10 mm stan-
dard concave punch with a single station manually oper-
ated machine (Cadmech, India). The crushing strength 
of the tablets was maintained at 8 ± 2 kg/cm2.

In Vitro Dissolution Kinetics

A USP type  2 dissolution test apparatus was used 
for the study. The dissolution test apparatus was oper-
ated at 50 rpm and 37ºC. The dissolution studies were 
carried out in two stages. The dissolution media vol-
ume was 500 mL for each stage. In the first stage of two 
hours the dissolution media was simulated gastric fluid 
without enzymes, and this was followed by the second 
stage of phosphate buffer of pH 7. At regular time in-
tervals the sample was removed, suitably diluted and 
quantified for calcium release using an atomic absorp-
tion spectrophotometer.

Phosphate Bbinding Dependency on pH
Potassium dihydrogen phosphate was used to pre-

pare phosphate ions in purified water with a phosphate 
strength of 5  mg/100mL of the solution. Particles of 
F3 formulation (100 mg) were added to the each phos-
phate solution, whose pH was adjusted to 3, 5 and 7 us-
ing hydrochloric acid. The systems were incubated in 
a  shaker operated at 150  rpm and 37ºC for 3  hours. 
One milliliter was removed, filtered, suitably diluted 
and analyzed using a phosphate assay kit, every hour. 
The samples were analyzed by a UV spectrophotometer 
(Shimadzu, Japan) at 650 nm.

Fourier Transform Infra-Red 
Spectroscopy
The samples were mixed with anhydrous potassium 

bromide at a  ratio of 1:10  in a  mortar and pestle. The 
blend was then compressed into a KBr pellet press and 
analyzed for FTIR spectrum by using a FTIR spectropho-
tometer (Perkin Elmer, USA). A total of 32 scans were 
performed for each sample with a resolution of 4 cm–1.

Differential Scanning Calorimetry
A DSC instrument (Perkin Elmer, USA) previously 

calibrated using Indium, was used for the study. An 
empty crimped aluminum pan was used as a reference 
cell. 100 mg of the sample was filled into another pan, 
crimped and put into the test cell. Thermal scanning 
was performed from 40 to 900ºC at a rate of 10ºC/min 
under nitrogen purge of 20  mL/min. The heat flow 
within the sample was plotted as a function of the tem-
perature and the resultant graph would give the DSC 
thermogram.

Table 1. Tablet composition for Ca-CPS particles

Ingredients Quantity in mg/tab

Ca-CPS Equivalent to 100 mg 
of calcium carbonate

Microcrystalline cellulose (Avicel 102) 76

Sodium starch glycolate 20

Magnesium stearate 4
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Results and Discussion
Malic acid was used as a crosslinker to form a cross-

linked network within the starch. The use of malic acid 
is a well-known strategy [28]. Malic acid itself will give 
an acidic environment during crosslinking. Thus cal-
cium carbonate, when incorporated during gelatiniza-
tion and crosslinking, will get readily dissolved and in 
situ encapsulation within the network of crosslinked 
starch would occur [29]. The resultant calcium carbon-
ate loaded CPS particles were water insoluble.

Degree of Cross-Linking, Paste Clarity, 
Swelling Factor and Solubility
The values are expressed as mean±RSD for triplicate.
An increase in crosslinker concentration was found 

to be related to the degree of crosslinking in almost 
a directly proportional manner.

A significant decline in paste clarity was observed 
upon crosslinking of the starch. These reports are 
well in agreement with the previously reported litera-
ture [21, 30]. This change in paste clarity is a result of 
the change in granular structure and density through the 
process of crosslinking [31]. Another proposed justifi-
cation for the reduced clarity of the paste is the dimin-
ished swelling capacity of crosslinked starch [21, 32].

The increased level of crosslinker resulted in de-
creased swelling factor. This observation was found 
to be consistent with an earlier published report  [33]. 
They reported the inverse proportional relationship be-
tween the swelling factor of crosslinked oat starch and 
the degree of crosslinking.

Regression analysis showed that the swelling fac-
tor was related to the concentration of the crosslinking 
reagent in an almost linear fashion. Researchers have 
already demonstrated that crosslinking reinforces the 
bonding between starch chains, thus permitting them 
to oppose swelling [34, 35]. This Phenomenon contrib-
utes to the delayed release of calcium.

As expected, the solubility was also found to de-
crease with higher levels of crosslinker concentration. 
A possible reason for this observation may be the high-
er density of crosslinks in the starch structure which 
subsequently refuse to disintegrate in the media dur-
ing dissolution testing [36]. Thus, this crosslinking may 
positively contribute to calcium release retardation.

In Vitro Digestibility
RSC was found to increase with the increase in 

crosslinker concentration. Almost linear curves (r2  of 
more than 0.9) were obtained when the starch fraction 
contents were plotted against swelling factors as shown 
in Fig. 1. The starch fraction contents have a direct im-
pact on the crystalline structure of the starch, the swell-
ing power, the granule surface area and the amylose 
content, and these factors will influence calcium car-
bonate release [37, 38].

Swelling of the starch material will provide expo-
sure of the inner core to digestive enzymes. Therefore, 
digestion would be hindered in the case of Ca-CPS par-
ticles, giving smaller values for RDSC and SDSC. These 
results were in agreement with previous studies [34, 37, 
39, 40].

Particle Size Analysis
These particulate systems showed by and large 

a  monodisperse system (Table  3). Also the particle 
size was in the order of T1 < T2 < T3. The increase in 
crosslinking causes an increase in viscosity and thereby 
larger particle size [41].

Particle Morphology

The neat calcium carbonate (Fig.  2a) exhibited 
a  glistening appearance. The particles seem to be of 
a  crystalline nature. The crosslinked porous starch 
(Fig.  2b) clearly showed a  spongy morphology along 
with the entrapped calcium carbonate particles inside 
the cavities. This entrapment of calcium carbonate and 
the interaction with the starch became the key factor for 
the controlled release [42].

Table 2. Values of degree of crosslinking, paste clarity, swelling factor and solubility of Ca-CPS particles

Batch Code Degree of crosslinking Paste clarity (%Transmittance) Swelling factor Solubility (%)

Neat starch 0 30.2 ± 2.12 37.4 46.5 ± 3.58

T1 39.6 2.09 ± 0.56 32 8.2 ± 1.97

T2 62.5 1.15 ± 0.22 24 5.4 ± 1.54

T3 88.7 0.86 ± 0.16 11 3.7 ± 0.87

Table 3. Particle size distribution of Ca-CPS

Sample Mean Diameter 
(nm)

Specific surface area 
(m2/g)

Span#

T1 350 49.8 1.37

T2 525 44.2 1.29

T3 657 39.8 1.22

Span# = (d90–d10)/d50.
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Zeta Potential Measurement

The developed Ca-CPS particles were observed to 
have a  negative charge along with a  zeta potential of 
–7 mV to –23.7 mV. These values are sufficiently high 
in order to impart physical stability to the particulate 
system through a phenomena of electrostatic repulsion 
and subsequently circumventing aggregation. The exis-
tence of carbonate groups among the particulate system 
might have contributed to the higher values of zeta po-
tential observed.

Moisture Uptake Studies
Usually crosslinking results in hydrophobicity, 

therefore its prerequisite was to study the influence 
of moisture on Ca-CPS particles. The data obtained is 
shown in Table 4.

These results showed that calcium carbonate in 
a Ca-CPS network heavily influence the moisture up-
take. The moisture uptake for particular Ca-CPS par-

ticles was observed to be almost independent of the 
relative humidity environment which the system was 
exposed to.

Encapsulation Efficiency Studies
The highest encapsulation efficiency was observed 

in the case of T3 (Fig.  3). The increasing order was 
T3 > T2 > T1. The encapsulation efficiency for the cal-
cium carbonate by CPS was found to be in the range of 
85 to 95%. The higher encapsulation efficiency value for 
F3 may be the result of the use of the highest quantity 
of malic acid amongst all the systems, which allowed 
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Fig. 1. Plot of a) RDSC 
vs. swelling factor,  
b) SDSC vs. swelling fac-
tor and c) RSC vs. swell-
ing factor for Ca-CPS 
particles

Fig. 2. Scanning electron micrograph of a) neat calcium carbonate and b) Ca-CPS particles (scale bar = 10 µm)
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Table 4. Effect of relative humidity on moisture uptake

Sample 31% RH 45% RH 79.3% RH

T1 0.6 0.65 0.6

T2 0.4 0.4 0.4

T3 0.1 0.2 0.2
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for the accumulation of calcium carbonate in the inte-
rior portion of the crosslinked particle. This will also 
safeguard them from being degraded due to moisture 
or acidic environment. At times, low molecular weight 
entities may diffuse quickly and easily and shift their 
encapsulation efficiencies to lower values due to their 
water labile nature. But the occurrence of inorganic 
moieties such as calcium carbonate in polysaccharide-
based formulations [43]. In the crosslinked particulate 
systems the inorganic calcium carbonate was encapsu-
lated to a higher extent compared to previously report-
ed studies  [44, 45]. This may be due to the formation 
of networks resulting from the fractional hydrolysis of 
calcium carbonate, thereby increasing the encapsula-
tion efficiency with crosslinker quantity.

In Vitro Dissolution Study
Fig. 4 shows the in vitro dissolution profile of cal-

cium carbonate from various cross-linked starch par-
ticulate formulations. An extended release profile of 
calcium carbonate from the formulation was observed 
to be released in an extended fashion. Increase in the 

crosslinker ratio for the CPS particles had an influence 
in terms of more retardation of the release of calcium 
carbonate. A burst release at the early stage of dissolu-
tion for T1  in the acid stage might be due to the ad-
sorbed calcium carbonate on the surface of the CPS 
particles. Calcium carbonate, when released in acidic 
media will form calcium chloride, which is less efficient 
with respect to phosphate binding capacity as compared 
to calcium carbonate  [46]. Therefore, to maintain the 
efficiency of calcium, the release should be retarded for 
some time, so as to deliver the calcium carbonate in the 
small intestine. This can easily be achieved by increas-
ing the crosslinker concentration as seen in Fig. 4.

Phosphate Binding Dependency on pH
Calcium released from the T3 particles showed an 

efficient binding with phosphate ions in a  pH depen-
dent fashion as shown in Fig. 5. T3 formulation showed 
tremendous potential for phosphate binding at pH 7. 
The phosphate concentration depleted every hour, at-
taining the minimum value of 3.2 mg/dL in three hours, 
indicating a controlled release of calcium.
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Fourier Transform Infra-Red 
Spectroscopy

Plain calcium (Fig. 6b) carbonate showed a broad 
peak which is intense in nature at 1430  cm–1. Other 
sharp peaks at 1084 cm–1 (symmetric stretch), 878 cm–1 
(symmetric bend) and 713  cm–1  (asymmetric bend) 
confirm the calcite form of plain calcium carbon-
ate [47]. The FTIR spectra of Ca-CPS showed a signifi-
cant difference as compared to neat calcium carbonate. 
The crosslinked starch (Fig. 6a) revealed the presence 
of carbonyl groups through a peak at 1674 cm–1, point-
ing to the successful crosslinking of starch. Another 

observation of reduced peak intensities, which were 
associated with calcium carbonate, suggests an interac-
tion between calcium carbonate and crosslinked starch 
which consequently might have been helpful in release 
retardation during dissolution [48].

Differential Scanning Calorimetry
Fig. 7 shows the thermal behavior of neat calcium 

carbonate and T3 Ca-CPS particles. Calcium carbonate 
showed a phase transition around 825°C with degrada-
tion. The same peak was observed in T3  formulation, 
indicating that the calcium carbonate particles were 
successfully encapsulated within the crosslinked starch 
particles [44]. Peak broadening phenomena may be an 
outcome of the dilution effect [9].

Neat starch was modified using malic acid as 
a crosslinker. The crosslinked starch particles prepared 
using a condensation reaction showed a potential to en-
capsulate, retain and release the calcium carbonate for 
an extended period. This novel system releases calcium 
in delayed release fashion for the management in hy-
perphosphatemia. These studies, therefore, substantiate 
crosslinked starch particles as a  promising device for 
calcium carbonate delivery.
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