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Abstract
The bioprospects of condensed corn distillers solubles (CCDS) from novel selective milling technology was investigated 
using a modified lab-scale separation. The valued-added products such as mineral fraction (MF), protein fraction (PF), and 
solvent-extracted fraction (SEF) were obtained. Including characterization of fractions, the enzymatic hydrolysis of PF 
using trypsin was done to examine the potential of bioactives. The yields of PF, MF, and SEF were 25.43, 8.59, and 65.09%, 
respectively from CCDS. Glu, Leu, and Pro were the most abundant amino acids (AAs) of PF, thereby expecting greater pos-
sibility of bioactives. The significant presence of potassium, phosphorous in MF, and extractable 2,3-butanediol, glycerol in 
SEF shows promising future applications. Besides, the protein hydrolysate from PF had VFVDHPLFLER, NPESFLSSFSK, 
ILHTISVPGEFQFFFGPGGR, TGGLGDVLGGLPPAMAANGHR, and FAFSDYPELNLPER as the identified peptides 
with antioxidant characteristics and inhibition against ACE, DPP-III, and DPP-IV. The bioactivities forecasted by BIOPAP 
software were verified with larger contents of hydrophobic, aromatic, and other AAs in PF. The porous and amorphous 
nature of MF and PF as found by microstructural study revealed potentiality of these products for nutritional purposes for 
feed industries. The prospective of CCDS can be anticipated as per the outcomes and further optimization for value-chain 
can be established.
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AACC​	� American association of cereal chemists
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ACE	� Angiotensin-converting enzyme
BDO	� Butanediol
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FST	� Fiber separation technology
GC–MS	� Gas chromatography-mass spectroscopy
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LC–MS	� Liquid chromatography-mass spectrometry
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NDF	� Neutral detergent fiber
PF	� Protein fraction
SMT	� Selective milling technology
SEF	� Solvent-extracted fraction
SEM	� Scanning electron microscopy
SI	� Supporting information
TS	� Thin stillage
WD-XRF	� Wavelength dispersive x-ray fluorescence 

spectroscopy

1  Introduction

Bioethanol production from corn continues to attract atten-
tion across the globe. In 2018, Canada produced 13.90 mil-
lion tons of corn wherein Ontario contributed to 8.60 million 
tons [1]. Around corn (~ 33.30%) was utilized for bioethanol 
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and other industrial purposes [1]. With recent advances in 
selective milling technology (SMT), this more efficient 
process is being increasingly adopted by leading industries 
in the sector like IGPC Ethanol Inc., a bioethanol plant in 
southern Ontario. In SMT, the fiber component is segregated 
from raw corn before fermentation. Significant variations 
were observed in co-products from SMT compared to dry/
wet milling technologies [2].

Condensed corn distillers solubles (CCDS) from SMT is 
a co-product acquired by condensing thin stillage (TS) after 
fermentation and distillation. The CCDS contains proteins, 
carbohydrates, minerals, glycerol, succinic acid, acetic acid, 
and lactic acid [3, 4]. Firstly, the dry matter content of CCDS 
from SMT (~ 30 to 40%) is slightly greater than CCDS of 
dry-grind process (25.1–28.6%) [5]. Secondly, SMT also 
increases the ethanol yield (~ 3%) by increasing accessible 
starch for ethanol conversion (https://​icminc.​com/​icms-​selec​
tive-​milli​ng-​techn​ology-​new-​and-​impro​ved/). However, 
many problems are linked with CCDS despite the process-
ing used in its production that likely restricts its usages. For 
instance, drying of CCDS is a constraint for market applica-
tions [5–7]. The efforts for drying were less efficient due to 
recalcitrant drying behavior caused by glycerol, oil, and pro-
teins present in the range 5.0–6.5%, 5.0–5.5%, and 4.0–7.0% 
(wet basis), respectively [5, 8]. Furthermore, thermal 
(40–50%) and electrical energies (30–40%) for the drying of 
the mixture comprising CCDS and distillers wet grains were 
huge [6]. There might be mold growth in undried CCDS dur-
ing storage [8]. Another concern is higher sulfur in CCDS 
observed via augmented polioencephalomalacia in cattles 
(Beef cattle, https://​beef-​cattle.​exten​sion.​org/​what-​are-​corn-​
conde​nsed-​disti​llers-​solub​les/). The shortcomings of high 
susceptibility to heat [6] and the altering mixing ratios are 
also associated with CCDS. The issues with CCDS neces-
sitate further valorization routes of this co-product.

Sedimentation separates a dilute slurry based on the size 
and densities of particles into solid sediment and a clear 
fluid product using “g” force. Contrarily, centrifugal sedi-
mentation (CS) uses many folds “g” forces/centrifugal forces 
which do not change the relative settling velocities of small 
particles and govern the troubling effects of free convection 
currents and Brownian motion. Single-step CS was applied 
for the CCDS from dry-grind processing to generate value-
added products [3, 4]. However, the products were largely 
contaminated with interfering constituents within each other. 
The influence of centrifugal parameters such as centrifuge 
force and time on the composition of separated fractions 
from corn coproducts has been documented [4, 9]. Liu and 
Barrows [4] found the insignificant effect of centrifuge force 
on the composition of mineral and glycerol fractions from 
CCDS. Besides, a centrifuge force of around 3000 g has been 
stated suitable for producing TS in industries [9]. The mass 
yield of wet and dry matter did not increase significantly 

when centrifugal force was raised after 3000 g [9]. Another 
study has also suggested “3000 g” as an appropriate cen-
trifugal force for creating value-added fractions from CCDS 
[10]. Moreover, in some cases, insignificant effect of cen-
trifugation time on separation efficiency was observed [11]. 
The addition of centrifugal stages especially second step has 
been described very effective in separating fractions [12]. 
Thus, exploration of similar separation approach for CCDS 
might provide its new valorization routes. Moreover, the pro-
tein in CCDS also comprises a yeast protein from fermen-
tation [13]. The yeast protein further adds value to CCDS 
protein because dead yeast cells contribute to the enhanced 
amino acids (AAs) composition in addition to an increment 
in nutritive value and taste [13].

There has been less previous evidence for value addi-
tion to constituents of CCDS. Moreover, few studies have 
focused on its oil and glycerol [4, 5, 10, 14, 15]. However, 
CCDS compositional analysis demonstrates valorization 
prospectives of its proteins, minerals, and chemicals. Con-
sequently, the objectives of the current study were framed 
as (a) to fractionate CCDS from SMT using modifications in 
existing separation methods, (b) to investigate the composi-
tion of extracted fractions, (c) to analyze the bioactive pep-
tides from PF using enzymatic hydrolysis, (d) to characterize 
PF and MF using electron microscopy for evaluating their 
potential as an individual product. The key contribution of 
this work is the solution it provides for more concentrated 
fractions of CCDS. The processing steps in SMT are shown 
in Fig. 1.

2 � Experimental section

2.1 � Materials

The CCDS was procured from IGPC Ethanol Inc., Aylmer, 
Ontario 20 L container and was stored at − 20 °C for further 
investigation. The moisture content of CCDS sample was 
computed as 67.00 ± 0.43%, respectively. Ethanol and other 
chemicals were purchased from Fisher Scientific (Ontario, 
Canada).

2.2 � Two‑step process of centrifugal sedimentation

The two-step CS process has been used in our recent work 
and was modified from previous studies [4, 10, 16]. The rea-
sons for consideration of this modified process were clearly 
explained [16]. Also, CCDS was de-oiled using physical 
separation via centrifugation by IGPC Ethanol Inc. Aylmer, 
although some oil was still observed during preliminary 
work. Briefly, the lab-scale two-step CS process was cre-
ated for CCDS with constant centrifugation (3000 g, 30 min) 
and stirring parameters (30 min, 200 rpm). The centrifugal 
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parameters were selected after carefully studying the previous 
studies [4, 9, 10] and results of initial experiments as presented 
in Fig. 4S, Supporting information. Considering our objective 
of maximum purity, greater centrifugation time (30 min) was 
considered in our study. The preliminary studies with three-
step and four-step CS revealed no significant improvements. 
In the first step, CCDS weighing 300 g was solubilized in 
690 mL water to raise the moisture up to 90% due to greater 
flow-ability. The mixture was stirred at the conditions with 
consequent sedimentation (3000 g, 30 min) using a super-
centrifuge (Sorvall LYNX 6000, Fiberlite F12-6 × 500L, Max 
RCF 24,471 × g). Furthermore, the organic fraction (superna-
tant) was isolated in a container. Second step with precipitates 
was performed similar to first step. The whole organic fraction 
was mixed with 95% ethanol in such a manner that ethanol 
became 60% of the total solution volume. This mixture was 
stirred (200 rpm, 10 min) and left for 1 h at room tempera-
ture to precipitate out. The solution was centrifuged (3500 g, 
30 min) to recover suspended particulates and precipitates as 
a mineral fraction (MF) and a supernatant. The recovered PF 

and MF were freeze-dried (HRC-7–115, Harvest Right, USA). 
Lastly, ethanol was evaporated from the supernatant at 80 °C 
using a rotary evaporator (IKA RV8, HB10, rotovap, USA) 
until its density approached to 1.3 g.mL−1. This fraction was 
solvent-extracted fraction (SEF). All the three fractions were 
kept at − 20 °C for further analysis.

2.3 � Compositional analysis

Moisture content was examined using the American Asso-
ciation of Cereal Chemists (AACC) International method 
44–01.01 [17]. The protein content (%) was calculated 
according to the AACC method 46–30.01 [18] using a nitro-
gen analyzer (LECO FP-528 series, LECO Corporation, St 
Joseph, MI, USA) calibrated with ethylenediaminetetraacetic 
acid. The carbohydrates such as cellulose, hemicellulose, 
and lignin contents were computed using a method previ-
ously developed [19]. Ash content in each sample was com-
puted at 575 °C using American society for testing and mate-
rials E1755-01 [20]. All the experiments were performed 

Fig. 1   Schematic diagram explaining the steps to produce condensed 
corn distillers solubles from the selective milling technology in corn 
ethanol industries. SMT - selective milling technology; FST - fiber 
separation technology; TS - thin stillage; WS - whole stillage; FWS - 
fiber with syrup; S/L - solid/liquid; PIL/P2L - pass 1 liquid/pass 2 liq-
uid/pass; LQT1, 2 & 3 - liquefaction tanks 1, 2, and 3; DDGS - distillers 

dried grains with solubles; CCDS: condensed corn distillers solubles; 
HiPro - high protein; EVAP - evaporation; FERM - fermentation: 
DIST - distillation
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in triplicates. The oil content was determined by Soxhlet 
apparatus using petroleum ether as a solvent [4]. The glyc-
erol content was determined using a spectrophotometric 
method using standard curve shown in Fig. 1S (Supporting 
information) [21].

2.4 � Mineral fractions analysis

Elemental analysis for CCDS and MF was carried out using 
wavelength dispersive X-ray fluorescence (WD-XRF) spec-
trometer (Panalytical Zetium Model-Zetium 4.0 Kw, the 
Netherlands) with Rh anode and 4 kV x-ray generator [22], 
and the average values were presented. Three grams of MF 
with density and thickness of 1020 kg.m−1 and 3 mm was 
filled in a primary window with a transparent film of the 
thickness (0.5 mm) inserted into a secondary window. The 
actual state parameters were fixed as conductivity (28.57 
μS/m), internal flow (4.37 L.min−1), cabinet temperature 
(35.0  °C), medium pressure (899.61  kPa), and helium 
environment. The spectrum was examined using the pre-
calibrated SuperQ software envisioned for analysis of 95 
elements from hydrogen to americium and each sample was 
scanned 50 times. The parameters are listed in Table 1S 
(SI).

2.5 � Protein fraction analysis

2.5.1 � Amino acid composition

The digestion tubes with PF (0.1 g) were filled with 6 N 
HCl (5 mL). Then, the tubes were flushed with nitrogen gas 
for 10 s and sealed. The tubes were kept in heating blocks 
at 110 °C for 24 h. The tubes were filled with 1 mL of nor-
valine standard solution (5 mM) followed by cooling after 
24 h. Following vortex, the samples were taken out and sedi-
mented by microcentrifuge at 13,000 g for 2 min. The super-
natants were mixed with 120 μL of acid and then 100 μL of 
6 N NaOH was added, and vortexed. Further 400 μL mil-
liQ water was added and vortexed again. The samples were 
obtained after microcentrifugaion at 13,000 g for 2 min. The 
derivatization of samples and AA standards (10 μL) was per-
formed through ACCQTag Ultra derivatization kit (Waters 
Corporation, Milford, MA, USA) [23]. The UPLC was used 
to segregate the derivatized AAs at 260 nm (UV detection) 
using 10 min cycle time for each sample. The 1 μL of deri-
vatized AAs injected in a column (2.1 × 2000 mm, 1.7 μL) 
held at 55 °C and separated. The peak areas of AAs were 
matched with their known standards. The data were exam-
ined by Waters Empower 2 Software (Waters Corporation, 
Milford, MA, USA). The oxidized and alkaline hydrolysis 
of PF were also performed to find contents of Trp, Tyr, Gln, 
and Asn with similar analysis using UPLC.

2.5.2 � Enzymatic hydrolysis

The PF was mixed with 50 mM Tris–HCl (pH 8.0) [solid: 
liquid ratio = 1:10, protein: liquid = 1:20 (w/v)]. The mix-
tures were stirred for uniform blending and heated at 90 °C 
for 30 min in water bath to denature protein and to improve 
the hydrolysis efficacy [24]. The pH of mixture was adjusted 
to 8.0 after cooling to room temperature. The concentra-
tion of trypsin, i.e., 1:20 (w/w) has been used as an opti-
mal value in previous studies [25, 26]. It is according to the 
range recommended by Sigma-Aldrich. Preliminary studies 
also suggested trypsin as more effective, whenever used in 
1:20 (w/w). Hence, this was used in the present study for 
the hydrolysis performed in VWR 1585 shaking incubator 
(VWR International, Radnor, USA). The reaction was ter-
minated by holding at 95 °C for 15 min to confirm complete 
inactivation of residual trypsin activity. Subsequently, the 
hydrolysate was centrifuged at 15,000 × g for 30 min at 4 °C 
to remove insoluble solids and lipids if present and was lyo-
philized in a freeze drier and stored at − 20 °C for future 
analysis.

2.5.3 � Protein hydrolysate analysis

Liquid chromatography–mass spectrometry (LC–MS) was 
used to identify proteins, peptides and to examine molecular 
weight (Mw) distribution in PF hydrolysate. The distribution 
of Mw in hydrolysate was examined employing PLRP-S col-
umn (1000 Å, 5 μm, Agilent) at Advanced Analysis Centre, 
University of Guelph using similar conditions below.

The hydrolysate was analyzed for protein and peptide 
identification by Agilent 1200 HPLC liquid chromatograph 
interfaced with an Agilent UHD 6530 Q-Tof mass spectrom-
eter equipped with an electrospray ion source. In brief, 30 μL 
of sample was injected, in triplicate, onto C18 column (Agi-
lent AdvanceBio Peptide Map, 100 mm × 2.1 mm × 2.7 μm) 
for chromatographic separation at a flow rate of 0.2 mL.
min−1. Mobile phases utilized for LC were (A) 0.1% formic 
acid in water and (B) acetonitrile with 0.1% formic acid. 
The mobile phase gradient was as follows: initial conditions, 
2% B increasing to 45% B in 40 min and then to 55% B 
in 10 more min followed by column wash at 95% B and 
10-min re-equilibration. The first 2 and last 5 min of gradi-
ent were sent to waste and not the spectrometer. The mass 
spectrometer operated in extended dynamic range positive 
ion auto MS/MS mode, with a drying gas temperature of 
350 °C [flow rate = 13 L.min−1] and a capillary voltage of 
4.0 kV, in the mass range from m/z 300 to 2000, permitting 
the successive separation of the three signal intensity ions 
for collision-induced dissociation at a fragmentation voltage 
of 150 V. The instrument was externally calibrated with the 
ESI TuneMix (Agilent). Nebulizer pressure was 40 psi and 
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the fragmentor was set to 150 V. Nitrogen was used as both 
nebulizing and drying gas, and collision-induced gas.

The tolerance values such as 0.05 Da and 15 ppm in case 
of fragment and parent ions were included in the search 
measures that permitted one unused oxidation of Met and 
deamidation of Asn, Gln as variable modifications. The pro-
teins and peptides were scored using Mascot algorithm with 
the Swiss-Prot database for 95% confidence (p < 0.05). The 
bioactivities were predicted using online BIOPEP-UWM 
database (http://​www.​uwm.​edu.​pl/​bioch​emia/​index.​php/​pl/​
biopep/) [27].

2.6 � Solvent‑extracted fraction analysis

The method adopted in the current study has been taken 
from earlier work on the identification of volatile compounds 
by gas chromatography-mass spectroscopy (GC–MS) [28]. 
SEF weighing 100 mg was mixed with 1000 μL ethanol 
and 50 mg NaCl. Furthermore, 400 μL of ethyl acetate 
was added and centrifuged (3000 rpm, 5 min) following 
2 min of vortex mixing. The two injections of 1 μL each 
from the supernatant were taken for GC–MS (Agilent GC 
7890, Santa Clara, CA, USA) interfaced with an Agilent 
5975C mass selective single quadruple detector and injec-
tion run at 70 eV energy. Chromatography was performed 
using HP-5MS (30 m × 0.25 mm × 0.5 μm) stationary phase 
column [28]. Helium (grade 5.0) was used as the carrier gas 
with a constant flow rate of 1 mL/min. The MS was oper-
ated in scan mode with a mass range of 50 to 350 amu at 
5 scans s − 1. The MS source and quadruple temperatures 
were 230 °C and 150 °C, correspondingly. The data was 
analyzed on Agilent MSD ChemStation software (version 
E02.02.1431). A total of 10 chromatographic runs were 
executed on SEF sample.

2.7 � Scanning electron micrographs

The freeze-dried CCDS, PF, and MF were examined using 
FEI Quanta FEG 250 scanning electron microscope (SEM) 
(Thermo Fisher Scientific, Waltham, MA, USA) at 10 kV. 
All the samples were positioned into an auto sputter coater 
(Cressington 108) under vacuum and set at a current 25 mA, 
wherein each sample was coated with a 10-nm fine gold–pal-
ladium layer within 90 s − 1 to augment electrical conductiv-
ity and to prevent charge build-up before investigation.

2.8 � Statistical analysis

The data analysis was executed using R studio software 
version 3.5.1, 2018. The data were represented as the 
mean ± standard deviation of triplicate determinations unless 
otherwise stated. Tukey’s honest significant difference test 
was performed for statistical significance of pair-wise com-
parisons of means. A value of p < 0.05 was statistically sig-
nificant throughout the study.

3 � Results and discussion

3.1 � Mass balance and chemical composition

The mass balance on CCDS and its extracted fractions is 
illustrated in Fig. 2. The significant variations were observed 
in the contents of proteins, carbohydrates, glycerol, and ash 
among distinct samples, as presented in Table 1. The yield of 
fractions differed significantly to each other (p < 0.05). The 
highest yield of SEF (> 65%) agreed with the literature [5]. 
Besides, glycerol and organic acids in CCDS (db) were also 
revealed earlier [29]. The yields of MF, PF, and SEF were 
obtained in order of SEF > PF > MF. The results concurred 

Fig. 2   Fractions and yields 
for condensed corn distillers 
solubles (dry basis) (CCDS, 
condensed corn distillers solu-
bles; PF, protein fraction; MF, 
mineral fraction; SEF, solvent-
extracted fraction)
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with earlier studies [5, 8, 29, 30]. The composition of differ-
ent samples is summarized in Table 1.

The effect of separation can be visualized through the 
purification of individual components. For instance, the con-
tents of hemicellulose and cellulose in PF were 3.11% and 
25.00% greater than dried CCDS. This could be attributed 
to the water insoluble nature of NDF [31]. Moreover, the 
content of NDF in PF was 10.11% larger than CCDS. The 
results were different from literature, wherein carbohydrates 
in protein extract were 38.29% more than CCDS [10]. This 
could be attributed to the addition of second step in separa-
tion used in our study.

The content of protein accumulated to more than thrice 
in PF as compared to CCDS in the case of two-step CS. 
It was significantly distinct compared to doubled protein 
in PF reported in an earlier study [4]. Although, in our 
study, protein content in PF extracted via one step CS was 
37.94 ± 0.27%. This suggests that addition of a second step 
in CS significantly concentrates protein in PF (Table 1), 
which could be verified by observing the composition of 
other fractions as well (Table 4S, SI). The results con-
curred with the study by Lin et al. [12], wherein the num-
ber of centrifugation steps were altered to analyze purity 
of extracted products and two-step centrifugations was 
found to be the most effective in getting the high purity of 
the products. It could also be supported by Wang et al. [9], 
in which four-step centrifugal filtration method was devel-
oped for separating corn whole stillage into TS and wet 
grains. They employed multiple washing and redispersion 
steps to eliminate trapped fine particles from wet grains 
after first centrifugation. The results showed the efficacy 
of their developed method by comparing with industrial 
techniques as well as single step CS. Similar methods have 
also been used in corn wet milling for protein separation 
[30]. Additionally, accumulation of protein in PF could be 
due to the water insoluble nature of CCDS protein, which 

was identified to be of zein origin [5]. The Mw of zein was 
in the range of 150–300 kDa and 10–15 kDa contribut-
ing to 10–26% and 26–44%, respectively, of total CCDS 
protein [5] Furthermore, the probability of glycoproteins 
also exists in PF proteins because CCDS is formed by 
evaporating TS. This is because sugars and proteins react 
to create glycoproteins due to the thermal treatment dur-
ing evaporation. The zein proteins might also get cross-
linked in the protein bodies owing to heat treatment [5]. 
These reasons can also result in concentration of protein 
and carbohydrates together during two-step CS. This could 
also be supported by the outcomes of our earlier study in 
which the glycation was revealed in PF using analytical 
pyrolysis [16].

The ash analysis is important because ash, due to alka-
linity characteristic, was directly related to acid intake dur-
ing acid hydrolysis for biomass valorization [4]. The ash 
content in MF was 71.71% greater than CCDS. This infers 
that MF constitutes more than thrice the amount of ash in 
comparison with CCDS (Table 1). On the contrary, ash 
contents in CCDS were 77.87% and 81.45% higher than PF 
and SEF, respectively. It was inferred that acid hydrolysis 
of MF would require a higher amount of chemicals than 
PF, CCDS, and SEF, whenever this route will be followed 
for value addition. That makes PF and SEF preferable for 
bioconversion to produce bio-products.

The glycerol content in SEF was 62.86% larger than 
CCDS. The content of glycerol in CCDS was greater than 
the previously published results that might be due to the 
lesser oil in CCDS sample obtained from the industry. Sec-
ondly, CCDS was produced through a novel SMT method. 
On the contrary, PF and MF contained lower contents of 
glycerol, i.e., 2.39% and 1.78%. Contrary to the previous 
findings, our study revealed more purified PF and MF frac-
tions in terms of glycerol, whereas SEF was heavily accu-
mulated with glycerol (> 75%) [4, 10]. The results illustrated 

Table 1   The composition of condensed corn distillers solubles and its fractions extracted by two-step sedimentation

a Data are denoted as mean values ± standard deviation of three individual experiments
b Data were represented on dry basis (%) excluding the moisture content. Distinct letters
among columns represent significant difference (p < 0.05). PF, protein fraction; MF, mineral fraction; SEF, solvent-extracted fraction 

Composition CCDS PF MF SEF

Moisture 64.79 ± 3.13a 80.93 ± 0.43b 80.99 ± 0.07c 55.16 ± 0.44d

Protein 17.53 ± 0.23a 54.63 ± 1.29b 05.96 ± 0.16c 02.73 ± 0.01d

NDF 29.78 ± 0.66a 33.13 ± 1.36b 55.08 ± 1.70c 12.10 ± 0.13d

Ash 10.89 ± 0.39a 02.41 ± 0.54b 38.49 ± 1.59c 02.02 ± 0.64d

Cellulose 07.98 ± 0.09a 10.64 ± 0.86b 21.39 ± 0.43c 04.77 ± 0.09d

Hemicellulose 21.80 ± 0.57a 22.50 ± 0.50a 31.68 ± 1.27c 07.33 ± 0.04d

Glycerol 27.88 ± 0.38a 07.42 ± 0.03b 01.22 ± 0.01c 75.06 ± 0.04d

Oil 12.34 ± 0.84a 02.39 ± 0.42b 01.78 ± 0.23c 08.03 ± 1.08d
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the improved efficiency of the two-step CS in the purifica-
tion of individual components.

3.2 � Mineral analysis

The qualitative and quantitative analysis of minerals in 
CCDS and MF were conducted using WD-XRF, and their 
values in CCDS and MF were calculated, as depicted in 
Table 2. The mineral content of MF was 61.08% greater than 
CCDS. The major macro elements such as potassium (K), 
phosphorus (P), and sulfur (S) with concentrations of 7.00%, 
2.59%, and 1.56% were revealed in CCDS, whereas P, K, 
magnesium (Mg), calcium (Ca), and S with concentrations 
of 13.95%, 11.00%, 4.41%, 3.81%, and 1.57% were revealed 
in MF, as stated in Table 2. Besides, major trace elements 
like iron (Fe) and zinc (Zn) were revealed in CCDS with a 
concentration of Fe higher than Zn, whereas Zn greater than 
Fe in MF, as presented in Table 2. The significant differences 
between CCDS and MF showed that separation had a sub-
stantial influence on the elemental composition (p < 0.05). 
Similar results in corn co-products and mineral fractions 
were discerned previously [10, 32].

The variations in minerals play an important role in feed 
production. Qualitatively, as shown in Fig. 2S (SI), the 
peaks of K, P, S, Ca, and Cl were visualized in decreasing 
order. Besides, MF revealed new elements like Si, Cl, and 
Rb, which could be attributed to SMT involved during corn 
processing. The results go beyond the previous study that 
reveals the uniqueness of our results [10]. There could be 
advantages and disadvantages linked with larger as well as 

smaller mineral quantities. For instance, the wide range of 
minerals in corn CDS was investigated with probable nega-
tive influence on feed applications [32]. This is because 
the actual mineral composition could vary as compared to 
accounted values. In diet preparation, undernourishment can 
also be avoided with lesser minerals. During this postulation, 
the overfeeding chances are extremely large that can further 
cause mineral wastage and nutritional ailments [32].

The P and K were the most important components in MF. 
The P occurs as phytate in cereals and chelates with pro-
teins and/or other minerals particularly Zn and Ca, affect-
ing nutritional characteristics [33, 34]. The phytate was 
present nearly 60–82% and 40–50% of the whole P in corn 
and fermentation mash, correspondingly and thus becomes 
three times denser in dried distillers grains with solubles 
(DDGS) [35, 36]. Consequently, P being highest in MF can 
be a potential nutrient as phytate. Additionally, P usage in 
chemical and food industries is another interesting applica-
tion. The lower biological availability (~ 60%) of P in corn 
DDGS was investigated, which restricts its applications for 
poultry feed [37]. Besides, the separation of P breaks its 
linkages with K forming K-rich MF that can be an alterna-
tive for animal feeding. The potential of K as fertilizer espe-
cially for starch synthesis in corn was shown earlier [34]. We 
speculate that higher K with or without P could be a viable 
choice for plant growth. Moreover, MF also purifies PF as 
verified by its lowest ash content (Table 1).

3.3 � Investigation of protein fraction

3.3.1 � Amino acid analysis

Total AAs in PF were computed (as is basis) as shown in 
Fig. 3a. The AA composition is a main nutritive marker 
of PF that includes AAs from yeast comprising about 
40% of CCDS proteins found by multiple linear regres-
sion model [38]. The difference in sum of AAs and pro-
tein content in PF, i.e., 58.56 ± 1.08 and 57.47 ± 0.79, 
respectively was insignificant (p > 0.05). This implies the 
presence of primarily protein nitrogen in CCDS neglect-
ing the other forms of N. The Glu and Leu with contents 
of 7.56 ± 0.08% and 7.09 ± 0.02% were revealed to be 
the two most abundant AAs, followed by Pro, Phe, Ala, 
Asp, Arg, and Ser. Trp was the least content AA in PF. 
The results were slightly different from Liu [10], wherein 
prime AAs in PF from CCDS of dry milling process in 
order of greatest to smallest concentration were Asp > L
eu > Glu > Ala > Pro > Val. However, protein content in 
PF was significantly higher (~ 20%) in our study to that 
of Liu [10]. Furthermore, Adom et al. [34] investigated 
the major AAs of CCDS from dry-grind process as Ala ≈ 
His > Asp > Gly ≈ Thr. Thus, the effects of different pro-
cessing techniques on AAs could be verified. Figure 3a 

Table 2   The average elemental composition of condensed corn dis-
tillers solubles (CCDS) and its mineral fraction (MF)

CCDS, condensed corn distillers solubles; MF, mineral fraction; SD, 
standard deviation

Elements Concentration (weight%)

CCDS MF

Macro elements
  Sodium (Na) 00.18 ± 0.02 00.16 ± 0.00
  Magnesium (Mg) 00.64 ± 0.30 04.41 ± 0.10
  Silicon (Si) 00.03 ± 0.00 00.06 ± 0.01
  Phosphorous (P) 02.59 ± 0.85 13.95 ± 2.62
  Sulfur (S) 01.56 ± 0.36 01.57 ± 1.38
  Chlorine (Cl) 00.85 ± 0.06 00.14 ± 0.05
  Potassium (K) 07.00 ± 1.30 11.00 ± 1.13
  Calcium (Ca) 00.36 ± 0.03 03.81 ± 1.01

Trace elements
  Iron (Fe) 00.08 ± 0.00 00.31 ± 0.10
  Zinc (Zn) 00.07 ± 0.01 00.40 ± 0.16
  Rubidium (Rb) 00.03 ± 0.00 00.02 ± 0.00
  Total 13.94 ± 2.73 35.82 ± 0.32
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Fig. 3   a Amino acid composi-
tion of protein fraction. Molecu-
lar weight (Mw) distribution in 
trypsin hydrolysate of protein 
fraction. b deconvoluted spectra 
from complex, multiply charged 
protein groups of peaks in m/z 
raw data of high Mw to obtain 
actual mass (10.68–11.58 min); 
c non-deconvoluted spectra from 
raw data containing low Mw 
(9.43–10.46 min), d peaks A 
and B represents the larger and 
smaller Mw range, respectively
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displays the significant amounts of lipid-soluble AAs 
in PF, thereby offering a good scope for producing bio-
active hydrolysates and peptides. The least quantity of 
bitterness-causing Trp (0.43 ± 0.03) must result into the 
desired quality of PF hydrolysates (Fig. 3a). Besides, 
the essential AAs of PF were similar to AAs pattern in 
high-quality protein for human application [39]. Hence, 
PF fulfills all needs excluding Lys. Moreover, Leu and 
Glu can be recovered from PF considering their huge 
demands.

3.3.2 � In silico evaluation of bioactivities

Proteins and peptides were identified in the protein hydro-
lysate prepared using trypsin from PF, as listed in Tables 3 
and 4. The peptides were investigated for possible bioac-
tivities using BIOPAP-UWM and PeptideRanker. The 
peptides with PeptideRanker score > 0.5 were counted as 

“potentially bioactive” as listed in Table 4. Five of them 
were found to be bioactive peptides (Table 4). The fore-
most activities predicted by BIOPEP-UWM were the inhi-
bition of angiotensin-converting enzyme (ACE), dipepti-
dyl peptidase (DPP)-IV, DPP-III, alpha-glucosidase, renin, 
and CaMPDE, antiamnestic, antithrombotic, antioxidative, 
anticancer, hypolipidemic, and stimulating characteristics. 
The anticipated activities were associated with particular 
smaller peptides primarily comprised 2–3 AA residues 
encoded in their sequences. Precisely, LHT, LH, EL, PEL, 
and YPEL had antioxidant actions. The occurrence of sig-
nificant quantities of hydrophobic, aromatic, or branched 
chain AA residues were accountable for the antioxidant 
behavior, which can easily solubilize the peptides into the 
lipid bilayer of cell membrane [40]. The ACE inhibition 
was certainly subsidized by the simultaneous presence of 
aromatic or hydrophobic AAs at the carbon terminal and 
Met, Thr, Ser, Glu, and Asp [27]. Explicitly, the smaller 

Table 3   Identification of 
proteins and peptides in trypsin 
digested protein fraction by 
LC-mass spectral analysis

a Accession number of the best match of each protein obtained via MASCOT software from Swiss-Prot and 
NIST databases
b From PeptideRanker (https://​www.​biowa​re.​com.​ucd.​ie/​~compa​ss/​biowa​reweb/​Server_​pages/​pepti​deran​ker.​php)
c Percentage of the sequence that is enclosed by the identified biopeptides
d Average mass of the biopeptides
e Mass to charge (m/z) ratio
f Retention time
g Deamidation (NQ) (+ 0.98)
Protein fraction was trypsin digested before liquid chromatography-mass spectrometry (LC–MS) investiga-
tion
Probability-based MASCOT score is defined as –10 × log (p), where p is the probability that the observed 
match is a random event
The bold entries indicate bioactive peptides, which are explained further in Table 4

Accessiona protein Score (%)b Area%c Massd

(Da)
Unique amino acid sequence m/z ratioe

(z)

P04713|SSG1_
MAIZE

Granule-bound 
starch synthase 1, 
(Zea mays)

0.2
0.5
0.2
0.01
0.5
0.1
0.2
0.1
0.2
0.4
0.8

16.69
13.14
3.49
10.17
5.21
5.19
4.06
1.94
2.82
2.03
5.27

1980.06
1370.73
1395.74
3551.83
1696.81
2805.49
1349.66
1081.53
786.44
2847.47
1959.99

VLTVSPYYAEELISGIAR 
(241–321)

VFVDHPLFLER (81–161)
EALQAEVGLPVDR (321)
LEEQKGPDVMAAAIPQLMEM-

VEDVQIVLLGTGK (401)
FAFSDYPELNLPER (241)
AGILEADRVLTVSPYYAEELIS-

GIAR (241–321)
VVGTPAYEEMVR (481)
YDVSTAVEAK (321)
VMVVSPR (81)
NWENVLLSLGVAGGEPGVE-

GEEIAPLAK (561)
TGGLGDVLGGLP-

PAMAANGHR

661.03 (3)
457.92 (3)
698.88 (2)
888.97 (4)
849.41 (2)
936.17 (3)
675.84 (2)
541.77 (2)
394.23 (2)
1424.74 (2)
654.34 (3)

P15590|GLB1_
MAIZE

Globulin-1 S 
allele precursor 
(OS = Zea mays)

0.5
0.3
0.2
0.6
0.2

3.77
7.03
6.97
8.63
3.74

1241.59
1273.70
2079.13
2205.14
1216.66

NPESFLSSFSK
VFLAGADNVLQK
LSPGTAFVVPAGHPFVAVASR
ILHTISVPGEFQFFFGPGGR​
VLRPFDEVSR

621.81 (2)
637.86 (2)
1040.57 (2)
736.05 (3)
406.56 (3)
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sequences DY, GE, GD, TG, SF, VF, and LF were classi-
fied under this category. Yet, ACE inhibitor activity was 
also improved by peptides such as PL, GL, and IL con-
taining hydrophobic and branched chain AAs at nitrogen 
and carbon terminals, respectively [27]. Besides, ACE 

inhibition was provided by “GP” sequence owing to its 
hypothetical strength to trypsin cleavage [41]. The pep-
tides with antioxidant and ACE inhibitory activities have 
also been studied in the case of corn gluten meal and zein 
hydrolysates [40, 42].

Table 4   Predicted potential bioactivities of peptides computed using BIOPEP-UWM

a SVM, support vector machine; anticancer peptides were found with SVM score > 0.05

Peptides Potential bioactive peptides Biological functions

VFVDHPLFLER VF, LF, HP, PL ACE inhibitor
VD, PL, FL, HP, VF Dipeptidyl peptidase IV inhibitor
HP, FL Dipeptidyl peptidase III inhibitor
PLFLE, DHPLF, FVDHP, VDHPL, HPLFL, FVDHPLFLER Anticancer

TGGLGDVLGGLPPAMAANGHR TGGLG, LGDVL, VLGGL, LGGLP, LPPAM, PPAMA, PAMAA, 
AMAAN, MAANG, AANGH, ANGHR, TGGLGDVLGG, LGD-
VLGGLPP, VLGGLPPAMA, LGGLPPAMAA, PPAMAANGHR, 
TGGLGDVLGGLPPAM, LGDVLGGLPPAMAAN, VLG-
GLPPAMAANGHR, TGGLGDVLGGLPPAMAANGH (SVM 
score > 0.5)a

Anticancer

LPP, GLP, AA, GL, GH, GG, LG, GD, TG, NG, PP ACE inhibitor
VL Stimulating
PP Alpha-glucosidase inhibitor
PP, MA, PA, LP, GL, AA, GG, GH, HR, NG, TG, VL Dipeptidyl peptidase IV inhibitor

NPESFLSSFSK PESFL, LSSFS, FLSSF, SSFSK, ESFLS, PESFLSSFSK, NPES-
FLSSFS

Anticancer

SF ACE inhibitor
PE Alpha-glucosidase inhibitor
NP, FL, ES, SF, SK Dipeptidyl peptidase IV inhibitor
FL, PE Dipeptidyl peptidase III inhibitor
SF Renin inhibitor

ILHTISVPGEFQFFFGPGGR​ FQFFF, FGPGG, TISVP, VPGEF, ILHTI, FFGPG, ISVPG, PGEFQ, 
QFFFG, SVPGE, FFFGP, LHTIS, EFQFF, HTISV, TISVPGEFQF, 
ISVPGEFQFF, HTISVPGEFQ, FQFFFGPGGR, SVPGEFQFFF, 
ILHTISVPGE, VPGEFQFFFG, PGEFQFFFGP, ILHTIS-
VPGEFQFFF, LHTISVPGEFQFFFG, HTISVPGEFQFFFGP, TIS-
VPGEFQFFFGPG, ISVPGEFQFFFGPGG, SVPGEFQFFFGPGGR​

Anticancer

GPGG, GP, PG Antiamnestic
GP, VP, GR, FG, GE, GG, PG, FQ, IL ACE inhibitor
GPGG, GP, PG
IL
GPGG, GP, PG
LHT, LH
EF
GP, VP, FQ, GE, GG, HT, IL, LH, PG, QF, SV, TI
GE
EF
EF, QF

Antithrombotic
Stimulating
Regulating
Antioxidative
Hypolipidemic
Dipeptidyl peptidase IV inhibitor
Dipeptidyl peptidase III inhibitor
CaMPDE inhibitor
Renin inhibitor

FAFSDYPELNLPER FSDYP, SDYPE, ELNLP, DYPEL, NLPER, YPELN, FAFSD, 
PELNL, LNLPE

FAFSDYPELN, AFSDYPELNL, FSDYPELNLP, SDYPELNLPE, 
DYPELNLPER

Anticancer

YP, AF, LN, DY
DY
EL, PEL, YPEL
YP, PE
FA, LP, YP, AF, LN, NL
FA, PE

ACE inhibitor
Regulating
Antioxidative
Alpha-glucosidase inhibitor
Dipeptidyl peptidase IV inhibitor
Dipeptidyl peptidase III inhibitor

5894



Biomass Conversion and Biorefinery (2023) 13:5885–5901

1 3

The predicted activity of DPP-IV inhibition was linked 
with type 2 diabetes [40]. The di- or tri-peptides con-
taining Pro residue at carbon terminus and hydrophobic 
AAs in the sequence of length 2–8 AAs exhibited activ-
ity of DPP-IV inhibition [27]. The dipeptides containing 
bulky and aromatic side groups on both AAs were pow-
erful DPP-IV inhibitors [43]. In the present study, FA, 
FL, and HP fragments were discerned to be responsible 
for DPP-IV inhibition action, as summarized in Table 4. 
There were also less common predicted bioactivities of 
peptides (Table 4). However, antioxidant, ACE inhibition, 
and DPP-IV inhibition activities were the prime functions 
retained in the peptides of CCDS even after processing of 
corn for bioethanol production. A recent study has suc-
cessfully shown the application of corn DDGS as antioxi-
dant hydrolysates in ground meat, pet food, feed inclosing 
fish oil, and bulk oils [44]. The proteins in DDGS were 
degraded to a greater extent as compared to CCDS owing 
to the severe temperature treatments [45]. The lipid oxida-
tion in pet food comprising 2% alcalase hydrolyzed DDGS 
was effectively hindered by a decrease of 37.8%. Thus, 
considering elucidated process-induced alternations in 
CCDS proteins, we recommend extraction of PF proteins 
as inappropriate technique; instead, enzymatic hydrolysis 
can certainly be more effective in this case. In line with 
the ideas of Hu et al. [44] and previous studies, our future 
work would focus on evaluation of the major in silico iden-
tified bioactivities of protein hydrolysates prepared from 
PF.

3.3.3 � Molecular weight distribution

The characteristic deconvoluted and non-deconvoluted 
MS spectra signifying Mw distribution in PF hydrolysate 
at different retention times are presented in Fig. 3. The 
various peptide fragments were observed in-between 
9.43 and 11.59 min. The Mw was found to be in the range 
762.63–86,227.14 Da comprising 53.41% of Mw below 
1060.85 Da. The Mw above 1060.85 Da might be attrib-
uted to trypsin activity, whose active pocket containing 
Asp residue cleaves only at C-terminal sideways of Lys 
and Arg [46]. Although trypsin also leans to cut by Pro 
[47]. The CCDS had primarily Arg, Ile, Lys, Val, Ala, 
Asp, Pro, and Glu with radical-scavenging activities 
and metal-chelating capacities [5]. Moreover, trypsin is 
an extremely discriminating proteinase that selectivity 
stimulates the creation of greater as well as lesser Mw 
peptides. These shorter peptides have better absorption 
characteristics than longer peptides. Conversely, Wood 
et al. [5] utilized SDS-PAGE to study Mw distribution in 
CCDS from dry-grind process. The results displayed three 
distinct range of Mw, i.e., 10–15 kDa, 50–-75 kDa, and 

150–300 kDa contributing a total of 26–44%, 15–20%, 
and 10–26% of CCDS, respectively. Our outcomes, how-
ever, found that trypsin can effectively convert larger Mw 
polypeptide chains in protein fractions into smaller frag-
ments, among which peptides (< 1.6 kDa) have potential 
to be applied in feeds and functional foods. Also, Mw 
range of 6–12 kDa was revealed appropriate for pet food 
applications [46] and 15–40 kDa were the most common 
allergens [45, 48]. Since major smaller and the most abun-
dant larger proteins in hydrolysate from PF were lesser 
than 10 kDa, it might be able to fulfill market demands 
of pet food industries.

3.4 � Chemical analysis of solvent‑extracted fraction

GC–MS reveals the chemical footprint of SEF. Excluding 
glycerol, SEF had 56 volatile constituents, among which 13 
the most significant, based on peak purity and concentra-
tion (> 1.0%), were selected and represented with molecular 
structures (Fig. 4A and Table 5). The content was described 
in terms of area percentage. There were 3 alcohols, 8 acids, 
1 furan, and 1 amide, as listed in Table 5. However, glycerol 
was the most important component of SEF that was excluded 
from GC–MS analysis because of too much interference 
with peaks of other chemicals.

3.4.1 � Glycerol

Glycerol is highly concentrated in SEF extracted from 
CCDS due to two-step centrifugation. Glycerol is generally 
not freely accessible and results from oil portion of corn. 
Excess glycerol is generated from the sugars fermented using 
yeast in corn bioethanol industries. By the end of 2021, the 
production of biodiesel from vegetable oils would raise to 
30 × 106 ton. This will cause to the formation of glycerol 
with an amount nearly 3 × 106 ton [49]. This surplus glyc-
erol has accelerated the research to find its new utilization 
methods for creating its valorized products. Glycerol was 
utilized to produce various chemicals such as 1,3-propan-
ediol, acetic acid, and acetone via anaerobic fermentation 
employing Clostridia [29]. Glycerol was also used to pro-
duce succinic acid [29], which could be a potential usage 
of glycerol consituent in SEF. The obtained crude glycerol 
of differing purities is refined by methods such as vacuum 
distillation, nanofiltration, and chemical inclusion to use 
it at the market level [10]. The deodorizing and bleaching 
steps are needed to further refine glycerol depending upon its 
applications, i.e., food or cosmetics or any other [50]. How-
ever, no supplementary processing is needed for feed appli-
cations. The glycerol from biodiesel production cannot be 
directly utilized for cosmetics and food applications owing to 
poor quality; thus, creating the need for an alternative source 
of glycerol. Since, the content of glycerol (76.34 ± 0.89%) 
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in SEF (Table 1) was significant, it might play an important 
role in the extraction and usage of glycerol.

3.4.2 � Alcohols

The content of alcohols was greater than 1.50%, and the 
peaks of major alcohols such as 2,3-butanediol (2,3-BDO) 
(1), benzene ethanol, 4-hydroxy (8), and erythritol (3) per-
ceived with larger intensities, as shown in Fig. 4A. These 
were detected at retention times of 2.37–2.93, 12.20, and 
10.13 min, respectively. Alcohols were products of hetero-
tactic fermentation, which entails the application of fungi 
and bacteria in addition to yeasts [5].

The 2,3-BDO (34.65%) is a C4 diol potential plat-
form chemical with huge applications in pharmaceuti-
cal and cosmetic industries [51], as a bacterial volatile 
and a constituent of fruit volatiles [52, 53]. The global 
projected market value of 2,3-BDO is around 43 billion 
dollars per annum [54]. Previously, 1,3-propanediol was 
utilized from glycerol through a bioprocessing technique 
using a bacterial strain isolated from TS [55]. The 2,3-
BDO could be used to produce diacetyl and acetoin via 
dehydrogenation, two value-added food ingredients. 
Acetoin is utilized in the form of aroma carrier for fla-
vors. Diacetyl is used in butter, cream, and cheese for 
improving their organoleptic quality. Diacetyl is the 

Fig. 4   Gas chromatograms (A) 
and molecular structures (B) 
of the major chemicals and 
fatty acids present in solvent-
extracted fraction
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foremost identified flavoring constituent containing a 
pungent buttery aroma. The various sources exploited 
for 2,3-BDO are corn cob hydrolysate, crude glycerol, 
starch hydrolysate, and whey permeate. However, CCDS 
was never testified with the presence of 2,3-BDO; hence, 
SEF may be an appropriate new feedstock for extraction 
of this chemical.

The SEF contained a larger quantity of tyrosol (10.42%) 
in comparison with erythritol (1.52%), as listed in Table 4. 
Tyrosol was utilized as an antioxidant in defense, an agent 
to lessen hyperglycemia, and a neuroprotective constitu-
ent [56]. Besides, erythritol was examined for character-
istics such as zero glycemic index and least calorific value 
in curing diabetics [57]. Thus, intensifying demands of 
alcohols need effective extraction procedures from SEF 
fractions.

3.4.3 � Acids

Table 4 illustrates the selected acids of SEF that includes 
9,12-octadecadienoic acid (Z, Z)- (C18:0) (15), n-hexade-
canoic acid/palmitic acid (C16:0) (14), benzene acetic acid 
(6), p-coumaric acid, trans (12), 3-hydroxy-4-methoxy-
benzoic acid (10), and neodecanoic acid (2). The peaks of 
acids were visualized clearly with their molecular structures 
(Fig. 4). The 9,12-octadecadienoic acid (Z, Z)- (15), n-hex-
adecanoic acid (14), and benzene acetic acid (6) with val-
ues of peak area% greater than 2.0 instigated to be detected 
in SEF at a retention time of 15.21 min, 14.52 min, and 
11.10 min, respectively. Similarly, p-coumaric acid (12), 

3-hydroxy-4-methoxybenzoic acid (10), and neodecanoic 
acid (2) with peak area% in-between 1.0 and 2.0% were 
detected at retention times of.acid, and succinic acid were 
investigated with concentrations of 8.75 g/L, 10.82 g/L, and 
5.71 g/L in CCDS from dry-grind milling [5]. In line with 
this, the acids of oxalic, succinic, lactic, and acetic with 
quantities 1% (± 0.3%), 1% (± 0.3%), 4% (± 0.1%), and 1% 
(± 0.04%) weight, respectively, were calculated in defatted 
CCDS from dry-grind process [29]. The acetate, lactate, pro-
pionate, and butyrate were produced from corn fiber during 
fermentation [58]. From these results, it is clear that absence 
of such acids in SEF discloses the novelty of SMT, which 
comprises the elimination of corn fiber before fermentation. 
The acids were produced by the bacteria and yeast used in 
fermentation [5]. Besides, the acids accumulated in CCDS 
may act as a preservative hindering bacterial growth. How-
ever, the acids might confine the potential usage of CCDS as 
an ingredient for feed, which necessitates either their reduc-
tion or removal. Moreover, the acids owing to pH variations 
may cause an inadequate fermentation, resulting in the for-
mation of glycerol from dihydroxyacetone phosphate [5]. 
This causes the larger quantity of glycerol in CCDS from 
SMT.

3.4.4 � Esters

Table 4 shows the selected esters of SEF, which includes 
pentanedioic acid, 3-(1,2-diphenylpropylidene)-, monome-
thyl ester, and linoleic acid ethyl ester. The pentanedioic acid, 
monomethyl ester (9) initiated to be identified in the fraction at 

Table 5   The major identified compounds in solvent-extracted fraction from condensed corn distillers solubles during GCMS analysis

a Data are represented as mean values ± standard deviation computed using the duplicate GC–MS experiment values
Compounds at peaks 4, 7, and 11 were not considered due to low area % (< 1%)

Peak Compound Molecular formula Retention time (min) %Area Molecular weight Quality

1 2,3-butanediol, [R-(R*, R*)]- C4H10O2 2.37, 2.79, 2.93 34.65 ± 0.96 90.07 91
2 Neodecanoic acid C10H20O2 9.29 1.06 ± 0.08 172.15 40
3 erythritol C4H10O4 10.13 1.52 ± 0.41 122.06 32
5 Benzo furan, 2,3-dihydro- C10H14 10.80 1.05 ± 0.04 120.06 83
6 Benzene acetic acid C8H8O2 11.10 2.33 ± 0.14 136.05 93
8 Benzene ethanol, 4-hydroxy- C8H10O2 12.20 10.42 ± 0.60 161.08 90
9 Pentanedioic acid, 3-(1,2-diphenylpropylidene)-, 

monomethyl ester
C6H10O4 11.92 5.24 ± 0.54 338.15 86

10 3-hydroxy-4-methoxybenzoic acid C8H8O4 12.87 1.69 ± 0.10 168.04 95
12 p-coumaric acid, trans C9H8O3 13.96 1.86 ± 0.16 164.05 91
13 n-(4-methoxyphenyl)-2-hydroxyimino acetamide C9H10N2O3 14.23 1.03 ± 0.13 194.07 95
14 n-hexadecanoic acid C16H32O2 14.52 3.90 ± 0.21 256.24 99
15 9,12-octadecadienoic acid (z, z)- C18H32O2 15.21 10.43 ± 0.76 280.24 99
16 Linoleic acid ethyl ester C20H36O2 15.26 1.39 ± 0.63 308.27 99

5897



Biomass Conversion and Biorefinery (2023) 13:5885–5901

1 3

a retention time of 11.92 min. Similarly, 9,12-octadecadienoic 
acid (Z, Z)- ethyl ester (16) appeared at 15.26 min. The pres-
ence of esters in SEF indicated that the fractions extracted with 
ethanol included longer chain methyl and ethyl esters.

3.4.5 � Quantification of abundant chemicals

The actual quantities of 2,3-BDO and 9,12-octadecadien-
oic acid (Z, Z)- in SEF were computed using their stand-
ard curves (Fig. 3S (SI). The SEF was extracted with ethyl 
acetate in different concentrations of 0.1 g, 0.5 g, 1.0 g, and 
5.0 g of SEF in 2.5 mL of ethyl acetate. The contents of 
2,3-BDO and 9,12-octadecadienoic acid (Z, Z)- were found 
to be 6.05 ± 0.83 mg and 0.75 ± 0.83 mg per gram of SEF. 
Their contents suggest that these chemicals could be worth 
to extract from SEF as potential value-added products.

3.5 � Micro characteristics affecting feed 
manufacturing

The characteristics such as microstructure, morphology, and 
crystallinity of materials play an important role especially 
during feed manufacturing; thereby, the electron photomi-
crographs were obtained and analyzed for CCDS, PF, and 
MF [59]. The dried CCDS exhibited a smooth surface with 
pores, as shown in Fig. 5a. The broken surface could be 

owing to corn processing during SMT. The spherical ionic 
salts interact intensely with glycerol and proteins. Some 
undamaged cell walls were present because germ and large 
portions of endosperm were tedious to degrade during 
bioethanol production [60] (Fig. 5d). Some micro-fractures 
were perceived, which could be due to the unfolding of pro-
teins. The particles were degraded at the circumference and 
external surface, indicating the effect of two-step CS using 
water as a solvent, as presented in Fig. 5b. The particles 
of PF seemed to have an uneven morphology with a vary-
ing particle size dispersal owing to the grinding process. 
Few tiny empty pockets were noticed within the degener-
ated particles from where the starch molecules might have 
left during bioethanol production, as displayed in Fig. 5e 
[61]. The particles in MF were inconsistent, porous, rough, 
amorphous, and irregular, as shown in Fig. 5c and f. Some 
aggregates of mineral particles were noticed in Fig. 5f. The 
aggregation occurs during precipitation of minerals when 
aqueous ethanol was added in the organic fraction and forms 
hydrogen linkages [62]. The variations in particle shape and 
size can influence the densification efficacy of pellet forma-
tion for feed. Besides, the ingredients for animal diets were 
assessed with particle size as an important parameter [63]. 
Hence, fine grinding (200–300 μm) is needed to assure uni-
form feeds. However, average particle size of 600–800 μm is 
more frequently implemented in actual formulations.

Fig. 5   Scanning electron microscope photomicrography of a, d condensed corn distillers solubles, b, e protein fraction, and c, f mineral fraction
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The particles were more amorphous and porous, which 
suggests lower digestion problems might be linked with PF 
and MF, as discerned in Fig. 5e and f. The results ties well 
with previous studies, wherein the issues with digestion and 
effectiveness of feed enzymes for highly crystalline corn 
DDGS were described [64]. We speculate that low crystal-
linity in PF may be from cellulose and/or AAs that creates 
applications in the development of biodegradable products 
such as foams, films, and plastics.

4 � Conclusion

Condensed corn distillers solubles (CCDS) is a co-product 
of selective milling technology, an increasingly adopted pro-
cess by ethanol industries in recent years. There is a lack of 
detailed investigations on profiles and potentials of CCDS 
as a sustainable feedstock for value-added products. This 
study involving the investigation of chemical composition 
has provided new insights. The components of different frac-
tions from CCDS concentrated to a larger extent by two-step 
separation especially proteins in protein fraction (PF). The 
yields of recovered PF, mineral fraction (MF) and SEF were 
25.43%, 8.59%, and 65.09%. The PF hydrolysate had pep-
tides VFVDHPLFLER, TGGLGDVLGGLPPAMAANGHR, 
NPESFLSSFSK, ILHTISVPGEFQFFFGPGGR, and FAFS-
DYPELNLPER with predicted potential bioactivities such as 
antioxidant characteristics and inhibition of ACE, DPP-III, 
and DPP-IV. The MF consisting of potassium and phospho-
rous can be a significant resource for agricultural and indus-
trial applications. The prime constituents of SEF are glycerol 
and solvent extractable biochemicals with a significant pres-
ence of 2, 3-butanediol, and reveals the scope for further 
refining. The results are an important finding in the under-
standing of CCDS. Future research should further develop 
and confirm these initial findings by creating bio-products 
from potential fractions of this novel CCDS through separa-
tion and purification techniques.
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