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Abstract 28 

The behavior of starch during processing and its performance in products is influenced 29 

by the surface energetics/structure of the constituent particles. This work investigates 30 

the effect of enzymatically-produced porous maize starch particles on their energetic 31 

surface properties using inverse gas chromatography-based surface energy analysis 32 

(SEA). Three modified maize starch samples treated with amylase (AM), glucoamylase 33 

(AMG) and cyclodextrin-glycosyltransferase (CGT), were used for the study.  The 34 

dispersive surface energy varied from 36.71 (native) to 43.34 mJ/m
2
 (AMG < CGT < 35 

AM). Enzyme catalysis resulted in porous starches with a more acidic (AMG) and a 36 

more basic (AM) surfaces. CGT exhibited similar acid-base balance as native starch but 37 

with higher concentration of active sites on the surface. This is the first study on the 38 

surface energy of enzymatically-treated porous starch materials using SEA, revealing 39 

significant information regarding the surface interactions that can affect performance of 40 

food and pharmaceutical products.  41 

 42 
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1 Introduction 48 

Starch is a well-known non-toxic, available, renewable and low-cost source of novel 49 

biomaterials and it is one of the first-choice ingredients and excipients in the food and 50 

pharmaceutical fields, respectively. Starch is comprised of glucose units joined together 51 

by glycosidic bonds. However, the main components of starch, amylose [essentially 52 

linear with degree of polymerization (DP) between approximately 600 and 3300] and 53 

amylopectin (extensively branched with DP between 4800 and 15,900), are packed into 54 

semi-crystalline granules that contain low surface areas and pore volumes (Vamadevan 55 

& Bertoft, 2014), which may find limitations in certain applications requiring reagent 56 

accessibility or powder flowability. As an example, in the pharmaceutical field, native 57 

starch displays poor flow and elastic deformation during tableting, and therefore it is 58 

used mostly as a disintegrant.  59 

The development of starches with abundant micro-sized pores, known as porous 60 

starches, has been shown to improve significantly the physical retention of liquids 61 

throughout the starch granule (Whistler, Madson, Zhao, & Daniel, 1998; Karim, Sufha, 62 

& Zaidul, 2008; Benavent-Gil & Rosell, 2017). Porous starch can be obtained by 63 

different physical and biological methods (Sujka & Jamroz, 2007), although enzyme 64 

treatments are the most widely used. The treatment of maize starch granules with 65 

glucoamylase (also known as amyloglucosidase) or α-amylase is for long time known to 66 

produce porous starch (Fitt & Snyder 1984) and over the years, other enzymes such as 67 

β-amylase, pullulanase, isoamylase and cyclodextrin-glycosyltransferase (CGTase) 68 

have also been used (Dura, Błaszczak, & Rosell, 2014; Blazek & Gilbert, 2010; Chen & 69 

Zhang, 2010; Benavent-Gil & Rosell, 2017). The size distribution, area of the pores and 70 

physical retention of liquids (water and oil absorption capacity) are contingent upon the 71 

type of enzyme used for the starch treatment. In particular, Benavent-Gil & Rosell 72 
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(2017) reported that glucoamylase leads to porous starches with larger pores (wider 73 

diameter), whereas CGTase resulted in pores with significantly smaller diameter. 74 

Although it seems that the external pore diameter is positively correlated to the water 75 

and oil retention capacity of the porous starch, non-visible interconnecting interior 76 

channels have been reported to constitute a cavity capable of carrying 54 % or more 77 

weight of substances (Zhao et al. 1996). Interestingly, there are no studies considering 78 

both the outer pore diameter and inner porosity, which could be approached by a 79 

combination of microscopic observations and the specific surface area (SSA) 80 

quantification by means of Inverse Gas Chromatography (IGC). 81 

IGC has proven to be a reliable tool for measuring the surface properties of different 82 

solid materials. Although similar in principle to gas chromatography, in IGC, samples 83 

are located in the column as stationary phase and different identified non-polar and 84 

polar probes are passed through it. The differences in the retention times of the probes 85 

with respect to a non-interacting probe (usually methane) can be used to determine 86 

different properties, such as SSA, surface energy and acid-base properties 87 

(Mohammadi-Jam & Waters 2014; Kondor & Hogan 2017). These parameters have 88 

been shown to relate with different processes involving interfacial phenomena, 89 

including powder flow, tabletability and wettability (Planinšek, et al., 2003; Chamarthy, 90 

Pinal, & Carvajal, 2009; Karde & Ghoroi, 2014).  91 

In the food industry, porous starches are used due to their improved physical retention 92 

(absorption) of liquid inside the channels in a sponge-like manner that indirectly 93 

protects sensitive elements. In this way, they are used as carriers of colorants, spices, 94 

flavorings and sweeteners and also for the protection of oils, minerals, vitamins, 95 

bioactive lipids, food pigments such as β-carotene and lycopene which are sensitive to 96 

light, oxidation or high temperature (Belingheri, Giussani, Rodriguez-Estrada, Ferrillo, 97 
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& Vittadini, 2015; Luo et al., 2013; Majzoobi, Hedayati, & Farahnaky, 2015). On the 98 

other hand, porous starches have also been reported to be interesting in the food and 99 

pharma industries for their increased reagent accessibility to the hydroxyl groups that 100 

bring about potential metal ions-starch coordination or chemical reactions such as 101 

esterification or etherification. Therefore, not only the SSA, but also the surface free 102 

energy (defined as the excess of energy that is caused by the unbalanced forces between 103 

the surface and the bulk) are outstanding parameters that will mark the functionality of 104 

porous starches. It could therefore be envisaged that porous starches could show tailored 105 

mineral retention (Luo et al., 2013; Baczkowicz et al., 2003; Tomasik & Schilling, 106 

2004; Lii, Tomasik, Hung, & Lai, 2002) or be useful for the development of oral dosage 107 

forms with modified drug release. We hypothesized that the surface energy could be 108 

significantly altered when using enzymes with different catalytic mechanism, since the 109 

granular surface might be comprised by starch molecules with different structure 110 

(Martinez & Gomez, 2017a,b). 111 

In the present work, the effect of different enzymes (amylase, CGTase and 112 

amyloglucosidase) on macrostructure, SSA, starch fine structure, non-polar (dispersive) 113 

and polar surface forces (specific) was studied. In addition, a more detailed study on the 114 

acid-base behavior (polar forces) was performed with the aim of obtaining detailed 115 

insight on molecular moieties and unbalances forces that would affect the physical 116 

features of porous starches. For the first time, different surface properties of 117 

enzymatically-made porous starches is reported. Ultimately, this work will provide 118 

mechanistic understanding on the use of enzymatically-made porous starches as mineral 119 

and drug carriers in food and pharma applications, where physical texture is paramount, 120 

encompassing parameters including wettability, powder flowability, agglomeration and 121 

tabletability (Grimsey, Feeley, & York, 2002).  122 



  

 

6 

 

2 Materials and Methods 123 

2.1 Materials 124 

In a previous publication by Benavent-Gil and Rosell, 2017, the development and 125 

preparation of enzymatically modified porous starches are described in detail.  Three of 126 

these modified starches were used for the study. In particular, AMG 55 (55 U 127 

amyloglucosidase / g starch), AM 55 (55 U amylase /g starch) and CGT 1 (1 U CGTase 128 

/ g starch) were chosen since they were treated with the highest enzyme activity and 129 

expected to show the largest differences in surface properties. In addition, three more 130 

samples were used, a native corn starch (Miwon, Seoul, Korea) and two controls that 131 

consist of starch samples placed at pH 4.0 (AMG control) and pH 6.0 (AM and CGTase 132 

controls) but without being subjected to the action of the enzyme. 133 

All the other chemicals were analytical reagent grade and used without further 134 

purification. All solutions and standards were prepared by using deionized water. 135 

2.2 Methods 136 

2.2.1 Particle size distribution 137 

The particle size of each sample after dip-in wet dispersion with the Hydro EV unit was 138 

measured with a laser diffraction particle size analyzer Mastersizer 3000 (Malvern 139 

Instruments, Worcestershire, UK). 140 

2.2.2 Starch fine molecular structure 141 

The molecular size distributions of debranched starches were analyzed in duplicate 142 

using a size exclusion chromatography (SEC) system (Agilent 1260 series, Agilent 143 

Technologies, Waldbronn, Germany) equipped with a refractive index detector (RID, 144 

1260 RID, Agilent, Agilent Technologies, Waldbronn, Germany) following the method 145 

of Cave, Seabrook, Gidley, and Gilbert (2009) with minor modifications. Starch 146 

samples were dissolved in DMSO-0.5% (w/w) LiBr solution (DMSO/LiBr), and 147 
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possible remaining non-starch polysaccharide components were then removed by 148 

precipitating starch using 6 volumes of ethanol followed by centrifugation at 4000 g for 149 

10 min. The precipitated starch was collected and re-dissolved in 0.9 mL of warm 150 

deionized water and kept in a boiling water bath for 15 min, cooled down to room 151 

temperature, and mixed with 5 µL sodium azide solution (40 mg/mL), 0.1 mL acetate 152 

buffer (0.1 M, pH 3.5), and 2.5 µL isoamylase in sequence. The debranching reaction 153 

was carried out at 37 °C for 3 h. The debranched starch dispersion was neutralized to 154 

pH ∼7 with 0.1 M NaOH solution and then heated at 80 °C in a thermomixer for 1 h to 155 

inactivate the enzyme. Debranched samples were freeze-dried, dispersed in 1 mL 156 

DMSO/LiBr, and injected into PSS GRAM 100 and 1000 columns (PSS GmbH, Mainz, 157 

Germany) connected in series, which had a separation range of 100 to ∼10
6
 Da. An 158 

example of a SEC distribution represented as RID signal v elution time is represented in 159 

supplementary material 1.  160 

The size distribution was plotted as SEC weight distribution, w[logVh (hydrodynamic 161 

volume)], derived from RID signals against Rh. The DP of linear branches was 162 

calculated from the Vh using the Mark-Houwink equation (Vilaplana, & Gilbert, 2010). 163 

The fine molecular structures of amylopectin branches are reported as the DP at each 164 

peak maximum (XAp1 and XAp2), and the peak height of each peak maximum is 165 

reported as a ratio to the height of the first amylopectin (Ap) peak maximum (denoted 166 

by hAp2/Ap1). The amylose content of maize starch was determined from the SEC 167 

molecular size distribution of debranched starch as the ratio of the area under the curve 168 

(AUC) of amylose branches to the AUC of overall amylopectin and amylose branches 169 

(International Standardization Organization, 2011; Vilaplana, Hasjim, & and Gilbert, 170 

2012). 171 

2.2.3 X-Ray Powder Diffraction (PXRD) patterns  172 
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The powder X-Ray diffraction pattern of the samples were analyzed using a Shimadzu 173 

6000 X-ray Diffractometer (Shimadzu) operating at 40 kV and 30 mA, producing CuKa 174 

radiation of 0.154 nm wavelength. Diffractograms were obtained by scanning from 3◦ to 175 

40◦ (2theta) at a rate of 2 ◦/min. Relative crystallinity was calculated as the sum of the 176 

area of each crystalline peak divided by the total area (both crystalline peaks and 177 

amorphous background) using Origin pro 2016 (Origin lab corporation, Northampton, 178 

MA, USA.). 179 

2.2.4 Moisture sorption analysis 180 

The moisture sorption isotherms were determined at 25 °C on a symmetrical 181 

gravimetric analyzer (Model SGA-100, VTI Corporation, Hialeah, FL, USA) from 10% 182 

to 90% RH. The samples were dried on the instrument at 25 °C until constant weight 183 

was attained. Sodium chloride and polyvinylpyrrolidone (PVP) were used as calibration 184 

standards to ensure the proper functioning of the instrument. Analysis was performed 185 

through the range of relative pressure (P/P0) of 0-0.90 at 25 °C. 186 

2.2.5 Surface energy analysis  187 

All IGC surface energy analysis experiments were carried out using an SMS-IGC 2000 188 

system (Surface Measurement Systems NA, PA, USA) equipped with a flame ionization 189 

detector. All IGC analyses were carried out using IGC Surface Energy Analyzer and the 190 

data were analyzed using SEA Analysis Software Advanced version 1.4.2.0. For each 191 

measurement, pre-silanised glass columns with 30 cm length and 4 mm internal 192 

diameter were filled with about 500 mg of the samples and gently packed by tapping. 193 

Each column was pre-conditioned in-situ for 1 hour at 30 °C and 0% RH with helium 194 

carrier gas to remove any physisorbed water. Methane was used as the tracer molecule 195 

(dead-time determination). All solvents employed were obtained from Sigma Aldrich 196 

(USA) and were of analytical grade. 197 
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The SSA of a powder can be determined from applying the linear form of the Brunauer–198 

Emmett–Teller (BET) equation on the isotherm of a gas that weakly interact with a 199 

solid, as follow: 200 

𝑝 𝑝0⁄

𝑛(1 − 𝑝 𝑝0)⁄
=

1

𝑛𝑚𝐶
+

𝐶 − 1

𝑛𝑚𝐶
(𝑝 𝑝0⁄ ) 

where p and p
0
 are the equilibrium and the saturation pressure of adsorbates at the 201 

temperature of adsorption, n is the specific amount adsorbed at the relative pressure 202 

p/p
0
, nm is the specific monolayer capacity, and C is the BET constant. The SSA can 203 

then be calculated from the equation: 204 

𝑆𝑆𝐴 =
𝑛𝑚𝑁𝐴𝜎𝑚

𝑚
 

Where NA is Avogadro’s number, σm is the molecular cross-sectional area of the 205 

adsorbing species, and m is the mass of the sample (Thommes et al, 2015). 206 

N2 isotherms are among the most common gases employed for SSA measurements. 207 

However, N2 measurements in organic materials are problematic due to the difficulty to 208 

employ typical degassing conditions and the very low N2 uptake at the surface of the 209 

solid. In this study, the physical adsorption of octane was measured through IGC, since 210 

it has proven to be a viable alternative for measuring the SSA, as precondition of the 211 

sample (degassing) and experiments can be performed at room temperature and on 212 

materials with a SSA below 1 m
2
/g (Sharif, DiMemmo, Thommes, Hubert, & Hubert, 213 

2015). SSA of the different samples were determined by measuring the octane 214 

adsorption isotherms at 30 °C, 0% RH and with a helium flow rate of 5 standard 215 

cm
3
/min. The BET surface areas were subsequently calculated from the corresponding 216 

octane isotherms within the partial pressure range of 5% to 19% P/P0.  217 

Surface energy experiments were carried out at different surface coverages. The 218 

dispersive energy was determined from the retention time of a series of alkanes (heptane 219 

to decane) injected onto the column. Dichloromethane, ethyl acetate, ethanol and 220 
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acetonitrile were used to determine the specific surface energy (polar). From the 221 

retention times of nonpolar and polar probes, a methodology has been established to 222 

calculate the powder’s surface energy following the next equation: 223 

𝑅𝑇𝑙𝑛𝑉𝑁 = 2𝑁𝐴𝛼√𝛾𝑆
𝐷𝛾𝐿

𝐷 + 𝐶 

Where R is the gas constant (J/mol K), T is the temperature (K), VN is the net retention 224 

volume of the probe (min), NA is the Avogadro number, α is the cross-sectional area of 225 

the probe molecule (m
2
), 𝛾𝑆

𝐷 is the dispersive component of the free energy of the solid 226 

(J/m2), 𝛾𝐿
𝐷 is the dispersive component of surface free energy of the liquid probe (J/m

2
), 227 

and C is a constant. The dispersive component of the free energy is thus obtained from 228 

the gradient of a plot of RT ln VN against 𝛼(𝛾𝐿
𝐷)

1
2⁄ . The value of 𝛾𝑆

𝐷 is calculated from 229 

(slope/2N)
2
. The specific contributions for the polar probes are obtained from the 230 

specific free energy of adsorption (∆G) which is the vertical distance of the polar probe 231 

from the dispersive probe reference plot (Gamble et al., 2012). 232 

2.2.6 Statistical analysis  233 

Differences among results were studied by analysis of variance (one-way ANOVA). 234 

Fisher’s least significant difference (LSD) was used to describe means with 95% 235 

confidence intervals. The statistical analysis was performed with the Statgraphics 236 

Centurion XVI software (Statpoint Technologies, Inc., Warrenton, USA).  237 

3 Results and discussion 238 

3.1 Granular and supramolecular structure of porous starches  239 

The particle size distribution of the different samples is displayed in Fig. 1. Generally, 240 

all samples exhibited a monomodal particle size distribution, with a predominant 241 

population of granules with a mean particle diameter of around 14 μm. All starches 242 

displayed a rather small population of granules with a mean particle diameter ranging 243 

from 0.5 to 3 μm, which could result from some erosion during the process (Jane et al. 244 
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1992). Therefore, we can infer that the different treatments to produce porous starches 245 

do not cause changes in granule size, which agree with the SEM findings reported by 246 

Benavent-Gil & Rosell (2017). Interestingly, only amylase-treated porous starch (AM) 247 

exhibited a small population of particles with a mean particle diameter of ~150 μm, 248 

suggesting granular aggregation. Dura, Błaszczak, & Rosell (2014) showed some 249 

granular aggregation in the SEM micrographs of the starches, but it seems that those 250 

granule-granule interactions were weak, because dip-in dispersion with the Mastersizer 251 

centrifugal pump before particle size determinations were sufficient to broke them (Fig. 252 

1). In this way, only the resulting action of α-amylase may bring about granular 253 

agglomeration, which could be related to surface changes.  254 

 255 

 256 

Figure 1. Particle size distributions of native maize starch and porous starches. 257 

Abbreviations: CNT: control for AM/CGTase at pH 6.0 or AMG at pH 4.0; porous 258 

starches were obtained by treatment with amylase (AM), amyloglucosidase (AMG) or 259 

cyclodextrin glycoxyl transferase (CGT). 260 

 261 
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Starch samples were analyzed to report potential variations in the proportion of 262 

crystalline and amorphous regions that could impart differences in the starch adsorptive 263 

capacity and/or surface properties. All samples exhibited a typical A-type pattern (Fig. 264 

2), whose main peaks are allocated at 2θ of around 14.9
o
, 17.0

o
, 17.9

o
, and 23.0

o
 265 

(Lopez-Rubio, et al., 2008). The relative crystallinity calculated (area of the crystalline 266 

peaks divided by the total area of the diffractogram) showed no significant differences 267 

among them, except for CGTase-treated porous starch (Table 1). A side-by-side and 268 

even hydrolysis mechanism of amylase starting from the channels was suggested by 269 

Zhang et al. (2006) in maize starch, which was suggested to likely result in a 270 

simultaneous hydrolysis of crystalline and amorphous regions. However, it seems that 271 

CGTase impaired an even hydrolysis of crystalline and amorphous fractions, the latter 272 

being significantly more hydrolyzed (as seen by the higher relative crystallinity). In fact, 273 

Benavent-Gil and Rosell (2017) explained the pore morphology indicating that CGTase, 274 

and in less extent AM, attacked a higher proportion of amylose, leading an increase in 275 

the amount of amylopectin, suggesting deeper pinholes and the attack of amorphous and 276 
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crystalline structure.277 

 278 

Figure 2. PXRD diffraction pattern. 279 

In order to measure the changes in the area endowed by the enzymatic catalysis, we 280 

determined the SSA of the samples by means of the BET equation.  The SSA values of 281 

the native and control samples showed no significant differences among them, whereas 282 

the samples treated with enzymes showed higher SSA (see table 1). The tendency in 283 

SSA values observed (AM > AMG > CGT > Native/Controls) can be related with the 284 

pore sizes induced by the different enzymes (Benavent-Gil & Rosell, 2017). 285 

Nevertheless, the relatively high SSA of CGTase-treated porous starch contrasts with 286 

the small superficial pore area (reported in Fig. 1r by Benavent-Gil & Rosell, 2017), 287 

which reinforces the hypothesis that CGTase-treated granules were extensively 288 

hydrolyzed in an inside-out manner. 289 

 290 

Table 1. Relative crystallinity (RC) and specific surface area (SSA) of native and 291 

enzymatically-treated porous starches. 292 
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Starch RC (%) SSA (m
2
/g) 

Native 21.7 ± 0.2 ab 1.74 ± 0.04 a 

CNT AM/CGT 20.1 ± 2.8 a 1.83 ± 0.10 a  

CNT AMG 23.7 ± 0.5 b 1.64± 0.19 a 

AM 22.1 ± 0.0 ab 2.53 ± 0.24 c 

CGT 27.2 ± 0.4 c  1.96± 0.15 ab 

AMG 19.3 ± 0.7 a 2.25 ± 0.18 bc 

Values with different letters in the same column are significantly different with P <0.05. 293 

CNT AM/CGT, sample treated at pH 6 (pH for amylase and cyclodextrin-294 

glycosyltransferase treatments) without enzyme; CNT AMG, sample treated at pH 4 295 

(pH for amyloglucosidase treatment) without enzyme; AM, amylase-treated porous 296 

starch; CGT, cyclodextrin-glycosyltransferase-treated porous starch; AMG, 297 

amyloglucosidase-treated porous starch. 298 

 299 

 300 

3.2 Unit chain length distribution of starch molecules 301 

Molecular size distributions were normalized to yield the same height of the highest 302 

peak to expose detailed features and to facilitate qualitative comparison and 303 

interpretation (Fig. 3). The chain length distributions of starch molecules showed three 304 

peaks representing short (peak Rh ∼1.5 nm or DP ∼16) and long (peak Rh ∼2.5 nm, DP 305 

∼50) amylopectin chains as well as amylose chains (Rh ∼5–80 nm, DP ∼100–10,000) 306 

(Wang, Hasjim, Wu, Henry, & Gilbert, 2014). Short amylopectin branches are supposed 307 

to be a mixture of short B-chains (B1-chains) and A-chains whereas long amylopectin 308 

branches represent B-chains (B2, B3, etc) (Perez & Bertoft, 2010). Albeit no differences 309 

were found in the average length of short and long amylopectin chains, a significantly 310 

lower long to short amylopectin chains molar ratio was found in CGT sample (0.48) 311 

compared to the others (~0.56), which can be seen in Fig. 3. Interestingly, this suggests 312 

that the amorphous fraction of CGTase-treated starch granules was removed by 313 

simultaneous hydrolysis of amylose and long chains from the amylopectin backbone 314 

(B2+B3, etc). In fact, since hydrated amylopectin molecules within starch granules may 315 
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behave as a liquid-crystalline polymer, this would entail a removal of spatial constraints 316 

and allow double helices to align into more crystalline structures (Vermeylen et al., 317 

2004; Wang et al., 2012), which may also explain the increase in the relative 318 

crystallinity of CGT sample (Table 1).  319 

 320 

 321 

Figure 3. Molecular size distribution of debranched native maize and porous starches. 322 

CNT AM/CGT, sample treated at pH 6 (pH for amylase and cyclodextrin-323 

glycosyltransferase treatments) without enzyme; CNT AMG, sample treated at pH 4 324 

(pH for amyloglucosidase treatment) without enzyme; AM, amylase-treated porous 325 

starch; CGT, cyclodextrin-glycosyltransferase-treated porous starch; AMG, 326 

amyloglucosidase-treated porous starch. CD, cyclodextrins.  327 

The average amylose length (DP at peak maximum) represented in Fig. 3 was lower for 328 

CGTase-treated starch [DP = 152 glucose units (GU)], followed by amylose from AM 329 

(292 GU) and AMG samples (364 GU). Results also showed a significantly lower 330 

amylose size of enzyme-treated samples with respect to native and control samples 331 
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(550-700 GU). Since all samples come from the same material (maize starch), a shorter 332 

amylose length would reflect a more extensive amylose hydrolysis.  333 

It is important to mention that molecular size of starch branches was analyzed to the 334 

whole population of starch molecules, i.e. molecules located both in the inner part of the 335 

granule and on its surface. Therefore, variations in the molecular structure as a result of 336 

amylolysis are partially masked by the intact starch molecules present in the crystalline 337 

and less accessible parts of the granule.   338 

 339 

3.3 Water sorption isotherms  340 

The water sorption-desorption isotherms for the various modified (porous) corn starches 341 

are shown in Fig. 4. The isotherms for the modified, as well as the control and native 342 

starches, were very similar. The similarity of the sorption isotherms indicates that the 343 

change in surface area induced by the presence of pores in the modified starches has a 344 

minimal effect on water vapor sorption.  On the other hand, when the same modified 345 

materials were exposed to bulk (liquid) water, their water-saturation uptake capacity 346 

was different (Benavent-Gil & Rosell, 2017).  The water sorption profiles show no 347 

evidence of water vapor condensation in the pores of the modified starches, based on 348 

the similarity of the isotherms between the samples. Additional studies are needed in 349 

order to explain the difference in water uptake observed in the water-saturated samples 350 

but not observed from vapor sorption. However, a reasonable explanation, based on 351 

capillary phenomena, could be related to the geometry (radius and volume) of the pores 352 

that makes them effective reservoirs for bulk (liquid) water but no adequate to promote 353 

water condensation from the vapor. 354 
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 357 

Figure 4. Water-sorption isotherms at 25 
o
C of the different powder porous starches. (a) 358 

individual isotherms; (b) direct comparison of the isotherms.  359 
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3.4 Surface energy  361 

Surface energy, which is the excess of energy associated with a surface, was evaluated 362 

to characterize the solid surface. The surface energy is caused by the unbalanced forces 363 

between the surface and the bulk. The total surface free energy is the result of the non-364 

polar forces (dispersive) and polar forces (specific), and therefore, it is sensitive to the 365 

surface chemical composition (Ho & Heng, 2013). Surface energy determinations have 366 

been traditionally assessed by contact angle measurements, but this method is designed 367 

for flat homogeneous materials (Parsons, Buckton, & Chatman, 1992). In this study, the 368 

surface energy was tested by means of IGC, which has been proven to be suitable for 369 

analyzing powders regardless of their chemical nature, surface heterogeneity, surface 370 

area and porosity (Sunkersett et al., 2001; Lapčík et al., 2016).  371 

Fig. 5 shows the combined plot of the dispersive, polar and total surface energy as a 372 

function of the surface coverage of the different starches analyzed (surface energy 373 

heterogeneity map). The surface energy of the starches is governed mostly by dispersive 374 

forces (values >30 mJ/m
2
), with a polar contribution of approximately 5 mJ/m

2
. Native, 375 

AM, AMG and CGT samples displayed a heterogeneous profile characterized by high 376 

surface energy values that diminish as the surface coverage increases. On the other 377 

hand, CNT AM/CGT and CNT AMG showed a homogeneous surface energy 378 

distribution through all the surface coverage measured, indicating a smoothening of the 379 

surface due to the incubation process. This phenomenon could be related to the presence 380 

of water, since it has shown to induce changes in both polar and dispersive components 381 

(Sunkersett et al., 2001; Papirer, Brendle, Balard, & Vergelati, 2000).  382 
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 383 

Figure 5. Surface energy heterogeneity of the different starches studied herein. γd, 384 

dispersive energy; γab, specific surface energy; γt, total surface energy (scale in y axis is 385 

split for clarity). 386 

With the intention to provide further understanding of the differences between the 387 

starches, we performed a more detailed analysis at 0.05 of surface coverage (Table 2). 388 

This zone was selected due to the higher energetic sites observed in the samples. The 389 

dispersive surface energy corresponds to the non-specific interactions, whereas the 390 

specific surface energy relates to the contribution of polar intermolecular forces. The 391 

total surface energy is the sum of the dispersive and specific surface energy. Values of 392 

Ka, Kb and the Ka/Kb ratio indicate the ability of a surface to interact by specific Lewis 393 

acid-base forces. No significant differences in the surface energy (dispersive, specific 394 

and total) were found among native and control samples (CNT AM/CGT and CNT 395 

AMG). However, significant higher values were obtained for the enzymatically-treated 396 
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samples. Among these, the highest dispersive energy was observed for AM, followed by 397 

CGT and AMG. On the other hand, no significant differences were observed in the 398 

specific surface energy for those enzymatically treated samples. The total surface 399 

energy is the combination of the dispersive and specific values obtained, and therefore, 400 

its values depend of the magnitude of both. Thus, the trend AM>CGT>AMG observed 401 

for the total surface energy indicate that, for these samples, this parameter is the 402 

reflection mostly of the dispersive component.   The increase of the dispersive energy in 403 

AM could be the reason behind the granular aggregation observed during the particle 404 

size determinations, as polar components at the surface has shown to promote a better 405 

wettability in comparison to a surface dominated by hydrophobic components (Kondor 406 

& Hogan, 2017). 407 

 408 

Table 2. Surface energy of the different starch samples analyzed at infinite dilution. 409 

 

NATIVE 

CNT 

AM/CGT 

CNT AMG AM CGT AMG 

Dispersive Surface Energy 

(mJ/m2) 

36.71 ± 0.40abc 34.1 ± 0.89a 35.48 ± 0.28ab 43.34 ± 3.71d 39.43 ± 2.35cd 38.42 ± 0.21bc 

Specific surface energy (mJ/m2) 3.78 ± 1.19ab 3.02 ± 0.04a 3.15 ± 0.60a 4.88 ± 0.08bc 5.23 ± 0.40c 5.31 ± 0.01c 

Total surface energy (mJ/m2) 40.49 ± 1.58ab 37.12 ± 0.85a 38.63 ± 0.79a 48.25 ± 3.83c 44.66 ± 2.75bc 43.73 ± 0.23bc 

Acid constant (Ka) 0.07 ± 0.02a 0.09 ± 0.01ab 0.08 ± 0.02a 0.13 ± 0.00c 0.12 ± 0.00bc 0.08 ± 0.00a 

Base constant (Kb) 0.18 ± 0.09a 0.18 ± 0.03a 0.17 ± 0.04a 0.18 ± 0.02a 0.23 ± 0.00ab 0.30 ± 0.05b 

Ratio (Ka/Kb) 0.43 ± 0.09ab 0.51 ± 0.04b 0.51 ± 0.14b 0.76 ± 0.13c 0.51 ± 0.01b 0.27 ± 0.04a 

Values with different letters in the same row are significantly different with P <0.05. 410 

CNT AM/CGT, sample treated at pH 6 (pH for amylase and cyclodextrin-411 

glycosyltransferase treatments) without enzyme; CNT AMG, sample treated at pH 4 412 

(pH for amyloglucosidase treatment) without enzyme; AM, amylase-treated porous 413 

starch; CGT, cyclodextrin-glycosyltransferase-treated porous starch; AMG, 414 

amyloglucosidase-treated porous starch. 415 

 416 

The changes observed in the dispersive and total surface energy would seem to indicate 417 

that the surface energy is directly related with the SSA, however, they are independent. 418 
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SSA changes indicate the presence of larger number of units per area, whereas an 419 

increase in the surface energy is the result of a larger expression of active sites or the 420 

same amount of sites but more reactive per surface area (Yao, et al., 2015). The 421 

amorphous/crystalline content of the sample, and the chemical composition (functional 422 

groups) at the surface are plausible explanations behind the increase in the surface 423 

energy values obtained (Cordeiro, Gouveia, Morales, & Amico, 2011). However, the 424 

lack of differences in the PXRD pattern between the samples studied herein show that 425 

the changes observed in the surface energy do not derive from changes in their 426 

amorphous content, but rather from the chemical modifications entitled by the enzymes 427 

on the samples. Therefore, these results indicate that the enzymatic treatment induce 428 

simultaneously the generation of pores, reflected in an increase in the SSA, and the 429 

formation of new higher energetic interaction sites (dispersive and polar).  430 

From the surface free energy of the polar probes, and by using the Gutmann approach, 431 

the acid (Ka) and base number (Kb) of the starches were calculated (Mohammadi-Jam & 432 

Waters, 2014). This type of analysis provides information related to the orientation of 433 

functional groups at the surface of the powder and the acidic/basic character of the 434 

surface of a solid. Ka is related to the acidic or electron accepting capacity of the 435 

surface, whereas Kb describe the basic or electron donating capacity. The Ka/Kb ratio 436 

can be used to classify a surface as acid (Ka/Kb >1), basic (Ka/Kb <1), or amphoteric 437 

(Ka/Kb ≈1) (Buckton & Gill, 2007). Additional differences between samples can be 438 

observed from the interaction energy of the polar solvents injected. In most cases, 439 

significant changes were detected in the measurements not only with regards to the 440 

native/control samples, but also, between the modified starches. This set of energetic 441 

values allows to discriminate between samples, which demonstrate that the IGC is a 442 

sensitive tool to detect the surface alterations endowed by the enzymes. All the starches 443 
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showed a Ka/Kb ratio <1, which indicate that the electron donating groups prevails over 444 

electron acceptor groups at the surface of the solid (i.e. basic). Native and control 445 

samples showed minor differences in their values for Ka, Kb and Ka/Kb, which 446 

demonstrates that the reaction conditions (without enzyme) does promote minimal 447 

changes in the overall surface energy of the starch, and that the changes observed in the 448 

surface of porous starches are solely derived from the action of the different hydrolases 449 

employed. When using enzymes, AMG sample almost doubled its Kb while maintaining 450 

Ka constant. CGT on the other hand, did not promote significant effect on both Ka and 451 

Kb of its respective control, whereas AM, did only increase its Ka value, leading to a 452 

significant increase of Ka/Kb. Results seem to indicate that an increase in the electron 453 

donating capacity (Lewis base behavior) is attained with the use of exo-acting 454 

hydrolases (amyloglucosidase), which also resulted in lower dispersive surface energy, 455 

compared to the other enzymatically treated starches. Considering the overall surface 456 

acid-base behavior (Ka/Kb), the enzyme catalysis resulted in porous starches with a 457 

more acidic and a more basic surface in AMG and AM samples, respectively, and one 458 

surface analogous to that of native starch but with more acid and basic active sites on 459 

the surface (CGT). 460 

This alteration of the surface chemistry, surface energy and surface acid-base behavior 461 

has shown to be valuable in different fields (Grimsey et al., 2002). For instance, due to 462 

its biodegradable nature, starch is a desired additive in the mineral industry to flocculate 463 

and depress the flotation of certain minerals, but it has the disadvantage that its behavior 464 

can be unpredictable and non-selective towards them. In this regard, it has been studied 465 

that the interaction between the polysaccharides and ions is driven by acid-base 466 

interactions between the surface functional groups at the surface of the starch (hydroxyl 467 
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and aldehyde groups) and the nature (size and valence) of the mineral (Liu, Zhang, & 468 

Laskowski, 2000).  469 

 470 

Conclusions 471 

The suitability of porous starch granules as mineral and drug carriers may rely on 472 

different physicochemical features including their surface properties, such as the 473 

specific surface area, surface free energy and acidic/basic behavior. The analysis 474 

performed by IGC showed that the measurements from the probes injected are sensitive 475 

enough to detect the changes in the specific surface area and energy of the porous 476 

starches. The IGC measurement allowed also to infer that the changes in the surface 477 

energy are the results of new higher energetic sites available at the surface of the starch. 478 

This study also highlights how the mechanistic process carried out by the enzymes tune 479 

the final outcomes obtained at the surface of the starch. IGC results also exhibited that 480 

the enzyme catalysis resulted in porous starches with a more acidic and a more basic 481 

surface in AMG and AM samples, respectively, and one surface analogous to that of 482 

native starch (CGT).  483 
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Figure captions 632 

Figure 1. Particle size distributions of native maize starch and porous starches. 633 

Figure 2. PXRD diffraction pattern.  634 

Figure 3. Molecular size distribution of debranched native maize and porous starches.  635 

Figure 4. Water sorption isotherms at 25 
o
C of the different powder porous starches.  636 

Figure 5. Surface energy heterogeneity of the different starches studied herein. γd, 637 

dispersive energy; γab, specific surface energy; γt, total surface energy (scale in y axis is 638 

split for clarity).  639 


