
Citation: Kotsou, K.; Chatzimitakos,

T.; Athanasiadis, V.; Bozinou, E.;

Athanassiou, C.G.; Lalas, S.I.

Utilization of Spent Coffee Grounds

as a Feed Additive for Enhancing the

Nutritional Value of Tenebrio molitor

Larvae. Sustainability 2023, 15, 16224.

https://doi.org/10.3390/

su152316224

Academic Editor: Dimitris Skalkos

Received: 5 October 2023

Revised: 12 November 2023

Accepted: 21 November 2023

Published: 23 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Utilization of Spent Coffee Grounds as a Feed Additive for
Enhancing the Nutritional Value of Tenebrio molitor Larvae
Konstantina Kotsou 1 , Theodoros Chatzimitakos 1 , Vassilis Athanasiadis 1 , Eleni Bozinou 1 ,
Christos G. Athanassiou 2 and Stavros I. Lalas 1,*

1 Department of Food Science and Nutrition, University of Thessaly, Terma N. Temponera Str.,
43100 Karditsa, Greece; kkotsou@agr.uth.gr (K.K.); tchatzimitakos@uth.gr (T.C.);
vaathanasiadis@uth.gr (V.A.); empozinou@uth.gr (E.B.)

2 Laboratory of Entomology and Agricultural Zoology, Department of Agriculture, Crop Production and Rural
Environment, School of Agricultural Sciences, University of Thessaly, Phytokou Str., 38446 Volos, Greece;
athanassiou@uth.gr

* Correspondence: slalas@uth.gr; Tel.: +30-24410-64783

Abstract: Increasing demand for sustainable protein sources has spurred interest in the exploration
of alternative protein sources with a reduced environmental impact. This study investigates the use
of spent coffee grounds (SCG), a widely available by-product, as a feed additive for Tenebrio molitor
larvae, aiming to contribute to the circular economy and enhance the nutritional quality of the insects.
The larvae were fed with a mixture of bran (the conventional feed) and SCGs (10 and 25% w/w).
Larval viability, growth, and nutritional composition, including protein, fat, carbohydrates, ash,
carotenoids, vitamins A and C, and polyphenols, were evaluated. Increasing the proportion of SCGs
in the larvae’s feed led to an enhanced nutritional value of the larvae. In particular, crude protein
increased by 45.26%, vitamin C showed an increase of 81.28%, and vitamin A showed an increase
of 822.79%, while polyphenol content increased by 29.01%. In addition, the oil extracted from these
larvae showed enhanced nutritional value and greater resistance to oxidation. The results highlight
the promising use of SCGs as a feed additive for T. molitor larvae, offering a sustainable approach to
enhance their nutritional value. Delving deeper into the results, the addition of 10% SCGs resulted in
a 45.26% increase in crude protein compared to the SCG0 sample. Concurrently, increasing SCGs
in the dietary substrate led to an increase in vitamin content; in sample SCG25, vitamin C content
increased by 81.28% while vitamin A content increased by 822.79% compared to the control sample.
Moreover, there was a large increase in polyphenol content with the SCG25 sample showing the
highest value, which was a 29.01% increase over the control sample.

Keywords: carotenoids; coffee by-products; edible insects; fat; fatty acids; proteins; proximate
composition; vitamin A; vitamin C; yellow mealworm larvae

1. Introduction

In light of the Earth’s increasing population, the widespread consumption of natural
resources, and the resulting production of significant amounts of agricultural by-products,
there is a continuous and urgent concern for sustainable practices [1,2]. In the scientific
and industrial sectors, ongoing efforts are made to establish sustainable methods for
managing these discarded by-products in order to reduce the consumption of natural
resources [3]. Among the various by-products generated and discarded annually, one
noteworthy example is the residue produced after the roasting and brewing of coffee
beans [4]. Coffee is the most widely consumed beverage globally and ranks as the second-
largest commercial product, following petroleum [5]. According to the study by Getachew
et al. [6], the improper disposal of coffee grounds, due to their high tannin and caffeine
content, could pose environmental risks. Consequently, research efforts have increased to
investigate the coffee grounds’ properties and potential applications.
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According to previous research, it has been elucidated that spent coffee grounds (SCG)
contain bioactive compounds, notably polyphenols, which are well-documented for their
antioxidant and antimicrobial attributes [7–9]. These by-products also encompass a variety
of phenolic compounds, including caffeic acid, chlorogenic acid, and its isomer, neochloro-
genic acid, known for their diverse biological activities, including anticancer, antilipidemic,
antidiabetic, antiviral, and antipyretic effects, among others [10–12]. Despite their unsuit-
ability for human consumption, coffee by-products have found utility as an ingredient
in poultry feed, demonstrating their compatibility with animal consumption [13]. This
multifaceted application of coffee by-products underscores their pivotal role in promoting
a circular economy. Consequently, it prompts further exploitation regarding potential
additional avenues for their sustainable utilization.

The expanding global population and the aforementioned patterns of resource con-
sumption have led the scientific community toward the exploration of novel, innovative
food sources [14]. Among the most promising solutions, the rearing and utilization of
insects have garnered significant attention [15]. One promising insect species in this context
is the larvae of Tenebrio molitor (TM) (Coleoptera: Tenebrionidae), commonly referred to as
yellow mealworm larvae, which is frequently used as feed for fish, poultry, and pigs [16].
These larvae have gained recognition for their exceptional nutritional profile, characterized
by high protein content, essential amino acids, fats, and essential fatty acids [17,18]. No-
tably, the TM insect participates inherently in a circular economy model by being reared on
substrates derived from various by-products, thus contributing to a sustainable ecosystem.
Various by-products have been subjected to examination in order to assess their effects on
TM larvae growth. Among these substrates are rice bran, corncob, and potato peels [19]
along with a range of industrial by-products, including chicken feed, wheat and rye bran,
rapeseed meal and cake, flax cake, and Silybum marianum cake [20,21].

The digestive capabilities of mealworm larvae have garnered attention for their ability
to process a diverse array of substrates and by-products [22]. Furthermore, these larvae
have been documented as having negligible or limited quantities of specific essential
nutrients, including vitamins A and C, as well as other bioactive compounds such as
polyphenols [23]. Building upon these observations, the aim of our study was the ex-
amination of the feasibility of utilizing SCGs as a rearing substrate for TM insects. This
investigation serves a dual purpose: firstly, to evaluate the influence of the substrate on the
growth and development of the larvae, particularly up to the pupae stage, which follows
the larval stage and precedes adulthood in insects [24], and, secondly, to assess the impact
of the substrate on the nutritional composition of the larvae. The ultimate objective of this
research is the enhancement of the nutritional value of a food source (TM larvae), while
simultaneously adhering to principles of cost-effectiveness (by utilizing SCGs, a by-product
that is abundantly available, to contribute to the economic viability of insect farming) and
ecological sustainability (by repurposing a waste product to contribute to waste reduction
and promote a circular economy, aligning with broader sustainability goals). By adopting
such an approach, we aspire to contribute to the development of an economically viable
and environmentally friendly method for producing a high-quality food resource. This
approach represents a novel and environmentally conscious strategy for repurposing waste
materials and aligns with the growing emphasis on circular economies in agriculture. More-
over, our dual focus on larval growth and development, coupled with considerations of
cost-effectiveness and ecological sustainability, sets our approach apart, contributing to a
more comprehensive understanding of the potential of alternative feed sources and their
broader implications for sustainable and environmentally friendly agricultural practices.
Based on the above, this study aligns with several Sustainable Development Goals (SDGs)
by contributing to the global agenda for sustainable development. Firstly, the investigation
into utilizing SCGs as a feed additive for TM larvae aligns with SDG 12 (Responsible
Consumption and Production) by promoting the efficient and sustainable use of resources,
specifically by repurposing a widely available by-product to enhance nutritional value.
The emphasis on circular economy principles and waste reduction corresponds to SDG
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12 targets. Additionally, the study aligns with SDG 2 (Zero Hunger) by exploring alterna-
tive protein sources to meet the increasing demand for sustainable food resources. The
enhancement of nutritional content in TM larvae, particularly the substantial increase
in crude protein and vitamins, contributes to SDG 3 (Good Health and Well-being) by
addressing the nutritional aspect of food security. Furthermore, the research aligns with
SDG 15 (Life on Land) by promoting sustainable practices in insect rearing, offering a
potential eco-friendly solution to enhance food production while mitigating environmental
impact. In summary, this study actively supports the interconnected goals of responsible
consumption, zero hunger, good health, and environmental sustainability outlined in the
United Nations’ Sustainable Development Goals.

2. Materials and Methods
2.1. Chemicals and Reagents

High-performance liquid chromatography (HPLC) grade solvents, specifically, hexane,
acetone, ethanol, and methanol, were employed in this study and were supplied from Carlo
Erba (Val de Reuil, France). Bradford reagent, ascorbic acid, β-carotene, trichloroacetic
acid (163.69 M), hydrochloric acid (6.00 N), and iron (III) chloride (162.20 M) were sourced
from Sigma-Aldrich (Steinheim, Germany). Gallic acid, Folin–Ciocalteu reagent, sodium
anhydrous carbonate, 2,2-diphenyl-1-picryl-hydrazyl (DPPH), and 2,4,6-tri-2-pyridinyl-
1,3,5-triazine (TPTZ) were obtained from Penta (Prague, Czech Republic).

2.2. Insects and Spent Coffee Grounds (SCG) Material

The experiments were performed using newly hatched Tenebrio molitor (TM) larvae
(7 days old). To obtain the above population, a plastic tray (24 × 29.5 × 10 cm) with an
opening in the top cover for adequate ventilation was filled with 2 kg of white flour (as
an oviposition substrate), and about 500 adult TM were added over a mesh (to avoid
cannibalization of the eggs). In addition, agar was also added as a source of moisture to
the insect substrate. Insects were maintained under constant conditions, i.e., 26 ± 1 ◦C,
55 ± 5% relative humidity (RH), and continuous darkness, for 7 days in order to oviposit.
The eggs were left to hatch and removed for further use when the larvae reached 7 days old.

The SCGs were obtained from a local coffee store in Karditsa city, Greece. The coffee
grounds (60% Arabica and 40% Robusta) were transferred to the laboratory and underwent
lyophilization in order to remove water.

2.3. Feeding Trial

In a series of feeding trials, the growth of TM larvae on wheat bran–based feeding
substrates with different percentages of dried SCG, namely, 10% (SCG10), 25% (SCG25),
50% (SCG50), 75% (SCG75), and 100% (SCG100), was evaluated, while wheat bran alone
(SCG0) was used as a control. The bran was procured from a local shop in Volos, Greece,
and had a particle size <2 mm.

In the preliminary experiments, 50 TM larvae were transferred into plastic, cylindrical
vials (diameter 6.5 cm, height 8.8 cm, Carl Roth GmbH & Kg, Karlsruhe, Germany) with
a shielded opening in the top cover allowing air circulation, together with 8 g of each
substrate. As with the oviposition process, agar was provided as a source of moisture,
three times a week while rearing conditions were 26 ± 1 ◦C, 55 ± 5% RH, and continuous
darkness. To avoid depletion and inability of larvae to develop and grow, 2 g of food was
added to each vial (the food nearly ran out). Each feed substrate was examined in nine
replicates. In order to determine larval survival and development, larvae were separated
from the substrate and counted, and their total weight was determined on a precision scale
(Equinox EAB125i, Adam Equipment Inc., FoxHollow Road, Oxford, UK). This procedure
was repeated every week until the first pupa appeared in each vial.

In order to produce sufficient TM population for further experiments, TM larvae were
reared on a larger scale. The substrates that showed satisfactory survival and growth results
(vide infra) were used (i.e., SCG0, SCG10, and SCG25). Into plastic trays (24 × 29.5 × 10 cm),
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1500 larvae were introduced along with 300 g of each substrate and reared for eight weeks
under the same conditions while using agar as a moisture source. Larvae were separated
by sieving from the rearing substrate, fasted for 24 h, weighed, and euthanized by freezing
(−20 ◦C). Larvae were then placed in a freeze-dryer for 24 h and crushed into a fine powder
stored in sterile glass vials at −40 ◦C for further analysis.

2.4. Larval Composition Analysis
2.4.1. Water Content

A Biobase BK-FD10P (Jinan, China) lyophilizer was used to remove the moisture
content from all larvae samples. Subsequently, the quantification of moisture content
within samples was conducted using a gravimetric method referred to by May et al. [25].

2.4.2. Crude Protein Content

In order to extract the proteins from the sample, 1 g of the sample was immersed in
10 mL of distilled water adjusted to pH 12 with 1 M NaOH. The extraction process was
carried out for 60 min at 500 rpm and at room temperature. Subsequently, the mixture
underwent centrifugation for 5 min at 4500× g, and the supernatant was retracted, so as to
be further analyzed. To ensure the complete extraction of proteins, the extraction procedure
was repeated two more times on the solid residue.

Quantification of protein content, expressed as a percentage, was conducted using the
Bradford method [26]. For protein quantification, 900 µL of Bradford reagent was combined
with 100 µL of the sample, and this mixture was allowed to react for a duration of 10 min
in the absence of light. Ultimately, the absorbance of the samples was quantified at 595 nm
using a spectrophotometer (Shimadzu UV-1700 Pharma Spectrophotometer, Kyoto, Japan).

2.4.3. Carbohydrates Content

For the extraction of the carbohydrates, 1 g of the larval sample was added to 10 mL of
distilled water. The mixture was stirred at 500 rpm for 1 h at 50 ◦C. The mixture was then
centrifuged for 5 min at 4500× g and the supernatant was retracted and further analyzed.
The phenol/sulfuric acid method was used to quantify the amount of carbohydrates [27].
In brief, 0.22 mL of the supernatant was transferred to a plastic tube and 0.65 mL of con-
centrated sulfuric acid and 0.13 mL of 5% w/v aqueous phenol solution were immediately
added. The mixture was placed in a water bath at 90 ◦C for 5 min and then allowed to cool
to room temperature for 5 min. The absorbance of the solution was measured at 495 nm
using a spectrophotometer while a calibration curve was prepared using D(+)-glucose as
a standard.

2.4.4. Ash Content

The ash content of the samples was calculated gravimetrically [26]. Approximately
5 g of the sample was placed in porcelain crucibles and placed in an oven. The temperature
of the oven was increased to 550 ◦C with a rate of 5 ◦C/min, and the samples were heated
until no black residues were visible. The crucibles were then placed in a desiccator and left
to cool to room temperature. Then the weight of the crucibles was recorded and the ash
content was determined.

2.4.5. Total Fat, Fatty Acids, and Calculated Oxidizability Value (COX)

For the determination of the fat content of the larvae, a defatting process was carried
out. More specifically, 1 g of sample was mixed with 10 mL of n-hexane in a glass vial with a
screw cap. Extraction was performed by stirring at 40 ◦C and 600 rpm for 60 min. To isolate
the supernatant, the solution was centrifuged at 4500× g for 10 min. The supernatant was
transferred to a pre-weighed flask. The extraction process was carried out two more times
on the solid residue and the supernatants were pooled. Finally, the solvent was removed
using a rotary evaporator at 40 ◦C. For the identification and quantification of the fatty
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acids of the samples as well as the calculation of the various indices, the method used in
our previous research [26] was used.

2.4.6. Energy Content

The determination of the energy of TM larvae was based on the standard Equation (1):

Energy (kcal/100 g) = (9 × % crude fat)+(4 × % crude protein) + (4 × % carbohydrates) (1)

2.4.7. Vitamin C Content

The screening and quantification of the amount of vitamin C samples was performed
using a modified colorimetric analysis [28]. An accurately weighed amount of 5 g of
powder from each sample of T. molitor was mixed with 27 mL of a distilled water:methanol
mixture (60:40, v/v) and 3 mL of a 10% w/v trichloroacetic acid solution. The mixture was
stirred vigorously for 60 sec and then 20 mL of n-hexane was added. The final solution
was stirred at room temperature for 30 min and then centrifuged for 10 min at 10,000× g.
The lower aqueous phase was withdrawn and used as a sample. Next, 1 mL of the sample
was mixed with 0.5 mL of Folin–Ciocalteu reagent (10% v/v) and allowed to incubate for
10 min. Absorbance was measured at 760 nm and quantification was performed with an
ascorbic acid calibration curve.

2.4.8. β-Carotene–Vitamin A Content

A previously described technique was used to estimate the β-carotene and Vitamin A
content [29]. First, 1 g of each sample was added to the extraction stage along with 10 mL
of ethanol, and the mixture was stirred at room temperature for 30 min at 300 rpm. The
mixture was then centrifuged for 5 min at 3600× g while being periodically shaken in an ice
bath. Using a standard β-carotene calibration curve and the resulting extract’s absorbance
at 450 nm, the amount of carotenoid concentration was calculated (range: 0–50 mg/L,
equation: y = 0.0182x + 0.0119, R2 = 0.9982).

2.4.9. Ferric-Reducing Antioxidant Power (FRAP) Assay

The FRAP method was used to determine the antioxidant capacity of the samples
according to Makris and Kefalas [30]. The extracted solution as described in 2.4.7 was
used in this assay. 50 µL of the extracts were mixed with 50 µL of FeCl3 solution (4 mM in
0.05 M HCl) and incubated at 37 ◦C for 30 min. Then 900 µL of the TPTZ solution (1 mM in
0.05 M HCl) was added and the absorbance was measured at 620 nm. A calibration curve
(concentration range: 50–500 µmol/L in 0.05 M HCl) was generated using ascorbic acid as
a standard compound.

2.4.10. Total Polyphenol Content (TPC) Determination

A previously documented technique was used to calculate the extract’s total polyphe-
nol content (TPC) [31]. The extracted solution as described in 2.4.7 was used in this assay.
A total of 100 µL of the extract was mixed with an equal amount of Folin–Ciocalteu reagent
and left for 2 min. Following the addition of 800 mL of Na2CO3 solution (5% w/v), the
mixture was incubated for 20 min at 40 ◦C without light. Using a standard calibration
curve, the absorbance was measured at 740 nm to calculate the TPC, which was represented
as mg of gallic acid equivalents (GAE) per g of dry weight (dw) (range: 0–100 mg/L,
equation: y = 0.0138x − 0.0044, R2 = 0.9996) with gallic acid, and the concentration of total
polyphenol (CTP) was determined. To calculate the extraction yield of total polyphenol
(YTP), the following Equation (2) was used:

YTP(mg GAE/g dw) =
CTP × V

w
(2)

where V represents the volume of the extraction medium (in L) and w represents the dry
weight of the sample (in g).
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2.5. Statistical Analysis

For the determination of larval survival and growth, a total of nine measurements were
taken. For the proximate composition analysis, three samples were used, each analyzed in
triplicate, resulting in a total of nine measurements. Results were expressed as the mean
values of the nine measurements using standard deviation (SD). The data was examined to
see if they were frequently distributed using the Kolmogorov–Smirnov test. The presence of
statistically significant differences (p < 0.05) among the samples was assessed using one-way
ANOVA (Analysis of Variance) with a post-hoc Tukey HSD (Honestly Significant Difference)
Test Calculator (Tukey HSD used with Tukey–Kramer formula). For the statistical analysis,
SPSS (version 29) (SPSS Inc., Chicago, IL, USA) software was used.

3. Results and Discussion

The primary focus of the study was to investigate the impact of SCGs as a feed additive
on the nutritional value of Tenebrio molitor larvae. While acknowledging the importance
of chemical composition analysis of the feed, the scope of the study was more centered
on T. molitor and on the nutritional aspects, such as protein, vitamins, and polyphenols,
rather than an exhaustive examination of all chemical components of the feed. Moreover,
SCGs have been explored in various studies for their nutritional value, as well as toxic
compounds such as ochratoxin A. While the presence of ochratoxin A is a legitimate
concern in coffee-related products, existing safety standards may provide insights into
the likelihood of contamination. The SCGs were obtained from coffee stores, intended
for human consumption. As such, it was taken for granted that the raw materials were
thoroughly and carefully examined, so as to be available in the market.

3.1. Survival and Growth of TM Larvae

A number of factors need to be considered in order to evaluate a feed substrate for its
suitability for insect rearing [32]. One of the main factors that needs to be examined is the
survival of the insects. The selection of bran as a dietary control was based on the fact that
it is a widely used substrate that promotes rapid growth and ensures high survival and
high larval weight gain [33]. From preliminary experiments, it was learned that larvae in
the SCG50, SCG75, and SCG100 samples did not survive more than one week after SCG
addition, while those in the SCG0, SC10, and SCG25 samples survived to constitute the
examined samples. The % survival rates of the larvae in the three remaining substrates
(i.e., SCG0, SCG10, and SCG25) at each week are reported in Table 1. As can be seen, as
the SCG content in the larval feeding substrate increases, the number of larvae decreases,
albeit to a small extent (i.e., up to 10% in the eighth week). This may be due to the fact
that in SCGs several compounds are present, some of which may induce toxicity in the
larvae, such as ochratoxin A [34]. However, it is also known that TM larvae can self-select
their diet preferences [35]. Therefore, the reduced survival may also be due to reduced feed
consumption from their dietary preferences.

Table 1. Survival (%) of T. molitor larvae (±SD) fed for eight weeks with wheat bran (control) (SCG0)
and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25)) (n = 9).

Diets 2nd Week 3rd Week 4th Week 5th Week 6th Week 7th Week 8th Week

SCG0 97 ± 2 95 ± 3 94 ± 3 93 ± 4 91 ± 3 90 ± 2 a 89 ± 2 a

SCG10 96 ± 4 95 ± 4 93 ± 4 92 ± 3 92 ± 3 87 ± 5 a,b 86 ± 5 a

SCG25 96 ± 2 95 ± 2 93 ± 3 91 ± 4 90 ± 3 83 ± 3 b 80 ± 3 b

In all cases, values represent means ± SD. Within each evaluation interval (Week 2–8), means followed by the
same superscript letter are not significantly different (p > 0.05). Where no letters exist, no statistically significant
differences were noted.

The second parameter that must be examined for new feed substrates is the weight
gain of the larvae. Results from the weight of the larvae fed with SCGs are shown in
Figure 1. As can be seen, a statistically significant increase (p < 0.0.5) in the weight gain
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of the larvae was recorded at weeks 5 and 6 for both SCG percentages, compared to the
control larvae. However, in the next two weeks, although a 7.8% increase in the weight gain
of the larvae fed with SCG25 was recorded, this was not statistically significantly different
(p > 0.0.5) compared to the control sample. Although no significant increase in the weight
of the larvae was recorded, it is noteworthy that the weight of the larvae did not decline
due to selective feeding [35]. This result opens new avenues in insect rearing, given that
both domestically and scientifically SCGs and their various extracts act as a repellent for
insects such as mosquitoes [36,37].
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Figure 1. Individual weight (mg) of T. molitor larvae fed for eight weeks with wheat bran (control)
(SCG0) and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25))
(n = 9). Statistically significant differences (p < 0.05) are denoted with different letters (e.g., a–c).

Although the microbiological safety of products is often studied for food products, this
analysis was not carried out in this case. As such, any potential risk to larvae or subsequent
consumers would need to be addressed in further research or product development. The
present study does not present a ready-to-eat food product but a potential additional
ingredient, TM flour, for the preparation of a new product. Our focus on nutritional
improvements through SCG supplementation does not negate the significance of safety
considerations in food product development. However, we believe that addressing these
concerns falls within the purview of future research endeavors that specifically aim to
develop ready-to-eat food products using TM flour.

3.2. Evaluation of the Nutritional Value of the Larvae

The first step was to determine the water content of the samples. The larvae fed with
bran, considered as the control sample, exhibited a moisture content of approximately 30%,
while the larvae fed with varying proportions of SCGs displayed a moisture content of
approximately 17.7%. TM larvae present a high water content [38], sometimes ranging from
60.80 to 72.60%. Nevertheless, when the water content is so high, very low percentages of
crude protein, in the range of 23.50–16.50%, respectively, also occur [39]. Consequently, the
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water content in the present study may not reach such high values and this fact may be
attributed to their rich protein content, which is presented afterwards.

3.2.1. Proximate Composition

The high crude protein content has instigated substantial interest in yellow mealworm
larvae within both the scientific community and the food industry. Consequently, the
impact of SCGs on the crude protein content of the larvae was investigated. Detailed
proximate composition data for TM larvae, fed with different SCG-based diets, is presented
in Table 2. Commonly, TM larvae reared on bran, their primary dietary substrate, typically
exhibit a crude protein content ranging from 13.68% to 27.60% [40,41]. However, it is crucial
to acknowledge that the variability in crude protein content among larvae is influenced by
geographic and rearing conditions, as evident in the diverse results. Although SCGs contain
a small amount of crude protein [42], their use as a feed additive resulted in a significant
boost in the crude protein levels of larvae. Specifically, the SCG10 sample exhibited a crude
protein content of 47.34%, which was a 45.26% increase over the control sample, while
the SCG25 sample exhibited a substantial 30.86% increase over the SCG0 group, as its
amount of crude protein was 42.65%; both samples’ differences were statistically significant
(p < 0.05). Last but not least, it is worth mentioning that SCG10 was 10.99% more enhanced
in crude protein content than SCG25.

Table 2. Proximate composition of T. molitor larvae fed for eight weeks with wheat bran (control)
(SCG0) and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25))
(n = 9).

% Composition of
Dry Weight SCG0 SCG10 SCG25

Crude protein 32.59 ± 0.43 c,* 47.34 ± 0.17 a 42.65 ± 0.26 b

Crude fat 22.77 ± 1.29 a 20.2 ± 1.07 a 21.93 ± 1.55 a

Carbohydrates 25.72 ± 0.04 a 13.41 ± 0.77 c 19.42 ± 0.21 b

Crude ash 1.89 ± 0.07 c 3.51 ± 0.04 a 2.44 ± 0.03 b

Energy (kcal/100 g) 438.17 ± 13.49 a 424.8 ± 13.39 a 445.65 ± 15.83 a

* Within each line, statistically significant differences (p < 0.05) are denoted with different superscript letters (e.g.,
a–c).

Given the ongoing exploration of TM larvae as potential substitutes for conventional
sources of crude protein like meat, it is important to underscore the magnitude of this
increase. For context, beef typically contains ~21.35 g/100 g of crude protein content,
while chicken contains ~19.40 g/100 g [43]. In comparison, these contents are 52.64% and
67.99% lower compared to the control sample, and 121.73% and 144.02% lower compared
to the SCG10 sample. This underscores the substantial nutritional advantage of TM larvae
over conventional protein sources. Notably, the high (47.34%) crude protein content in
SCG10 makes TM larvae close to the highest recorded percentage of crude protein in these
larvae (50%) [44]. While amino acid profiling provides valuable insights into the specific
constituents of proteins, emphasis was placed on the overall protein content, which serves
as a pertinent and meaningful indicator of the nutritional enhancement achieved through
SCG supplementation. The fundamental premise lies in recognizing that protein content
itself is a critical determinant of nutritional value. As such, since our study aimed to
contribute to the discourse on sustainable protein sources, with a focus on the circular
economy and reduced environmental impact, the demonstrated increase in protein content,
independent of the amino acid profile, underscores the potential of SCGs as a viable and
sustainable feed additive.

Table 2 shows a noticeable reduction in the percentage of carbohydrates across various
samples, which is in line with the observed increment in protein percentages. Specifically,
samples SCG10 and SCG25 displayed a substantial decrease of 47.86% and 24.49% (statisti-
cally significant at p < 0.05) in carbohydrate content when compared to the SCG0 group.
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It is noteworthy that the nutritional evaluation of mealworms primarily emphasizes their
crude protein content, often omitting essential components like carbohydrates. Neverthe-
less, in this study, we examined the carbohydrate content as it constitutes a fundamental
component of a balanced diet [45]. Beyond their significance in human nutrition, carbohy-
drates play a pivotal role in the growth and development of insects. A substantial portion
of carbohydrates in insects is attributed to chitin [27], which serves as the main material
composing the exoskeleton of TM throughout all developmental stages [46]. However,
it is observed that as protein levels in the samples increase, there is a concomitant and
significant decrease in carbohydrate content. This observation was somewhat expected,
as carbohydrates provide the larvae with the requisite energy for their development and
the execution of their metamorphosis [35]. Although chitin is undoubtedly a significant
component in insect exoskeletons and plays a crucial role in growth and development, its
quantification was not carried out since it was not aligned with the primary objectives of the
study. In this study, the emphasis was on assessing the overall nutritional changes in TM
larvae when supplemented with SCGs. Focus extended beyond individual components to
encompass macronutrients, micronutrients, and the holistic nutritional value of the larvae.
As far as the human diet is concerned, the consumption of limited carbohydrates can help
reduce overall caloric intake without affecting the intake of essential nutrients, e.g., proteins
and minerals [47]. Finally, low-carbohydrate diets improve cardiovascular risk factors and
prevent or treat diabetes [48].

The determination of crude ash content is of paramount importance as it provides
insights into the mineral composition of a food product, a key aspect of its nutritional
profile. As elucidated in Table 2, the percentage of crude ash in the SCG-fed samples
exhibits a wide variation, from 1.89% in SCG0 to 3.51% in SCG10. Notably, the inclusion of
SCGs in the larval diet resulted in a statistically significant (p < 0.05) elevation in mineral
content. Specifically, SCG10 displayed an 85.14% increase, while SCG25 demonstrated
a 29.10% rise in comparison to the control sample. Furthermore, SCG10 emerged as the
leading sample in terms of crude ash content, aligning with its prominent position in
relation to crude protein levels. It is noteworthy that the highest recorded crude ash value
in previous studies on TM larvae was found to be 3.81% [41], a content comparable to that
of SCG10. Conversely, the control sample was found to contain 1.89%, which is consistent
with prior studies reporting values within the range of 1.23% to 2.20% [40,49]. Collectively,
these findings underscore the substantial increase in mineral content attributed to the
inclusion of SCGs in the larval diet, with SCG10 achieving or surpassing values reported in
prior research.

Another characteristic of TM larvae is their notably high fat content [50]. Extensive
investigations have been conducted to elucidate their fat content, reporting a fat content
between 20% and 45% [51,52]. According to our results, the observed fat percentages ranged
between 20.20% (SCG10) and 22.77% (SCG0). These results were somewhat expected, given
the inverse relationship between crude protein and fat percentages, whereby higher crude
protein content typically corresponds to lower fat content. The fat percentage exhibited
an 11.29% reduction in SCG10 and a 3.69% decrease in SCG25 compared to SCG0. It is
important to highlight that while dietary fat serves as a crucial component of a balanced
diet, it necessitates prudent consumption. This is underscored by research associating the
consumption of high-fat diets with the development of severe health conditions [53].

The percentage of fat in a food product is of paramount significance, but equally
critical is the assessment of its oil content and value, which is determined via relevant
indicators [54]. Fatty acids encompass diverse health-promoting effects, including the
prevention of cardiovascular disease, exhibited by polyunsaturated and monounsaturated
fatty acids [55]. The composition of fatty acids in the samples is presented in Table 3,
revealing substantial quantities of important fatty acids such as palmitic acid (C16:0),
oleic acid (C18:1), and linoleic acid (C18:2 ω-6). Concerning C16:0, higher values were
observed in SCG25, which exhibited increases of 8.76% and 10.82% over SCG0 and SCG10,
respectively. Additionally, C18:1 is known for its anti-cancer properties [56], and our data
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in Table 3 demonstrates a significant (p < 0.05) increase in C18:1 content as SCG content
rises in the TM larval feeding substrates, reaching a peak of 45.87% in SCG25. Similarly
noteworthy is the fatty acid C18:2, known for its protective effects against cardiovascular
diseases [57]. While the C18:2 content of the samples is high, it is noteworthy that an
increase in SCGs in the feed does not appear to increase C18:2 levels. Instead, our findings
indicate a significant (p < 0.05) decrease of 31.77% between the SCG0 and SCG25 samples.
These results collectively underscore the diversity of fatty acids present in TM larvae and
their potential health benefits, while shedding light on the nuanced impact of coffee content
on specific fatty acid compositions. Nevertheless, it should be pointed out that a high
saturated fat intake is associated with atherosclerosis and coronary artery diseases [58] and,
as can been seen in Table 3, TM larvae are quite rich in saturated fatty acids.

Table 3. Fatty acid composition of T. molitor larvae fed for eight weeks with wheat bran (control)
(SCG0) and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25))
(n = 9).

Fatty Acid (%)
Diets

SCG0 SCG10 SCG25

C12:0 0.08 ± 0.00 b,* 0.10 ± 0.00 a nd **
C14:0 2.06 ± 0.08 b 2.77 ± 0.19 a 2.36 ± 0.06 b

C16:0 19.3 ± 1.37 a 18.94 ± 0.53 a 20.99 ± 1.26 a

C18:0 0.21 ± 0.01 b 0.23 ± 0.01 a nd
C18:1 23.98 ± 1.39 b 24.83 ± 1.86 b 34.98 ± 1.64 a

C18:2 (ω-6) 53.87 ± 4.04 a 52.67 ± 3.53 a 40.88 ± 1.92 b

C20:0 0.50 ± 0.03 b 0.45 ± 0.03 b 0.78 ± 0.02 a

∑ SFA 1 22.15 ± 1.49 a 22.5 ± 0.76 a 24.13 ± 1.34 a

∑ MUFA 2 23.98 ± 1.39 b 24.83 ± 1.86 b 34.98 ± 1.64 a

∑ PUFA 3 53.87 ± 4.04 a 52.67 ± 3.53 a 40.88 ± 1.92 b

∑ UFA 4 77.85 ± 5.43 a 77.5 ± 5.39 a 75.87 ± 3.57 a

PUFA:SFA ratio 2.43 ± 0.02 a 2.34 ± 0.08 a 1.69 ± 0.01 b

MUFA:PUFA ratio 0.45 ± 0.01 c 0.47 ± 0.00 b 0.86 ± 0.00 a

COX 5 5.79 ± 0.43 a 5.67 ± 0.38 a 4.56 ± 0.21 b

IA 6 0.35 ± 0.00 b 0.39 ± 0.01 a 0.4 ± 0.00 a

IT 7 0.55 ± 0.00 b 0.57 ± 0.02 b 0.62 ± 0.01 a

HH 8 3.63 ± 0.01 a 3.55 ± 0.13 a 3.25 ± 0.03 b

HPI 9 2.82 ± 0.02 a 2.57 ± 0.07 b 2.49 ± 0.01 b

* Within each line, statistically significant differences (p < 0.05) are denoted with different superscript letters
(e.g., a–c). ** nd: not detected. 1 SFAs, saturated fatty acids (%): SUM of C12:0, lauric acid; C14:0, myristic
acid; C16:0, palmitic acid; C18:0, stearic acid; C20:0, arachidic acid. 2 MUFAs, monounsaturated fatty acids (%):
SUM of C18:1, oleic acid. 3 PUFAs, polyunsaturated fatty acids (%): SUM of C18:2, ω-6, linoleic acid. 4 UFAs,
unsaturated fatty acids (%): SUM of MUFAs and PUFAs. 5 COX, calculated oxidizability value. 6 IA, Index of
atherogenicity. 7 IT, Index of thrombogenicity. 8 HH, Hypocholesterolemic/hypercholesterolemic ratio. 9 HPI,
Health-promoting index.

Furthermore, the COX value, an important indicator in assessing the oxidative stability
of oil, was calculated. A lower COX value signifies enhanced oxidative stability and,
consequently, an extended shelf life of the oil product [59]. In our case, we observed a
decrease in the COX value as the SCG content increased, underscoring the fact that SCG
consumption by TM larvae promotes a higher shelf life of their oil. Next, other indicators
pertinent to the overall quality of oils were also examined. These indicators encompassed
the atherogenicity index (IA), thrombogenicity index (IT), and health promotion index
(HPI). A lower IA value is indicative of a healthier food product. For instance, high IA
values, such as 4.08, are reported for milk [60], a value which is ten times higher than
the values recorded for TM larvae oil. In our case, no statistically significant differences
(p < 0.05) were recorded for SCG-fed larvae. A similar principle applies to the IT index,
where lower values are more favorable for human health. For instance, in a study focused
on seaweed, another innovative food product alongside insects, the IT value ranged from
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0.04 to 2.94 [61]. In contrast, our samples exhibited a maximum value of 0.62 (SCG25). The
above comparison further contextualizes the health benefits, highlighting the potential
of SCG-fed larvae as a nutritionally favorable and innovative food source. Last but not
least, HPI is relevant as the consumption of foods with high values of this index has a
positive effect on cardiovascular diseases [62]. Comparing the present HPI data with the
corresponding HPI value of meat (2.91) [63], it is obvious that the data are fully comparable
while proving that the nutritional value of TM larvae does not differ significantly from
conventional food products. This not only supports the larvae’s potential as a sustainable
alternative but also underscores its role in promoting cardiovascular health. In essence,
the analysis of these indices provides a nuanced and comprehensive assessment of the
nutritional quality and health implications of TM larvae reared on SCGs. The results not
only contribute to the broader understanding of insect-based nutrition but also position
SCG-fed larvae as a promising and innovative source of nutrition with potential benefits
for human health.

3.2.2. Vitamin C and A Content of TM Larvae

Vitamins C and A belong to the group of essential vitamins, each serving distinct roles
crucial for proper human physiological function [64]. TM larvae inherently exhibit vitamin
deficiencies [65]. Hence, this study endeavors to naturally enhance their vitamin content
via dietary modifications. Results are presented in Table 4. A substantial increase in vitamin
content within the examined larvae was recorded as the quantity of SCGs in their dietary
substrates increased. While SCGs themselves lack increased ascorbic acid content, they
do contain a quantity of up to 8.18 ± 0.39 mg of vitamin C equivalent (VCE)/g SCG [66].
Evidently, this is efficiently absorbed by the larvae during their developmental stages. The
elevation in ascorbic acid content was high, exhibiting a statistically significant (p < 0.05) rise
of 43.63% with the inclusion of 10% SCGs and an even more pronounced increase of 81.28%
with the addition of 25% SCGs. This underscores the capacity of the larvae to increase
their vitamin C levels, despite prior deficiencies, merely by consuming food waste. Equally
noteworthy is the enhancement in β-carotene content, a vital nutrient for humans because
it contributes to various therapeutic effects in managing numerous diseases, such as cancer,
cardiovascular disorders, COVID-19, cystic fibrosis, and bronchiectasis [67,68]. Larvae fed
with this diet can increase their content up to 8.42 µg/g, marking a substantial increase
from the control sample containing 0.91 µg/g. The same applies for vitamin A. Larvae fed
on bran exhibit a vitamin A content of approximately 2.72 µg RAE/100 g. Intriguingly,
the addition of up to 25% SCGs increases this content by 822.79%. Comparatively, chicken
contains a mere 6.00 µg/100 g of vitamin A [69]. This underscores the nutritional potential
of mealworm larvae, revealing their richness in proteins and essential nutrients, including
vitamins, in comparison to conventional protein sources such as chicken.

Table 4. Content of T. molitor larvae fed for eight weeks with wheat bran (control) (SCG0) and bran
fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25)), in vitamin C,
β-carotene, and vitamin A (n = 9).

Diets Vitamin C (µg/g) β-Carotene (µg/g) Vitamin A (µg RAE/100 g)

SCG0 218.09 ± 2.09 c,* 0.91 ± 0.06 c 2.72 ± 0.19 c

SCG10 313.25 ± 3.24 b 4.36 ± 0.56 b 13.02 ± 1.68 b

SCG25 395.35 ± 1.98 a 8.42 ± 0.34 a 25.1 ± 1 a

* Within each column, statistically significant differences (p < 0.05) are denoted with different superscript letters
(e.g., a–c).

3.2.3. Antioxidant Properties of the Larvae’s Extracts

Table 5 provides a summary of the results of the assessment of the antioxidant activity
of mealworm larvae. The results unveil a consistent pattern. As the amount of SCGs in
the dietary substrate increases, both the antioxidant activity and polyphenol concentration
exhibit an increase. More specifically, the addition of 10% SCGs results in a statistically
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significant (p < 0.05) increase of 9.5% in antioxidant activity, and this effect becomes even
more pronounced with the addition of 25% SCGs, where the increase rises to 91.86%. Fur-
thermore, statistically significant differences (p < 0.05) are evident in polyphenol content
among the samples. A comparative analysis between SCG0 and SCG10 reveals a 23.34%
increase, while comparing SCG0 and SCG25 demonstrates a more substantial increase
(29.01%). These findings are comparable with prior studies, proposing that SCGs exhibit
antioxidant activity and contain polyphenols (approximately 34.43 mg GAE/g) [7,8,70].
Hence, it can be inferred from these results that the nutrients present in the larvae feed
substrate are readily absorbed by the larvae, resulting in additive nutritional resources. TM
larvae with enhanced antioxidant properties could be used to develop dietary supplements
targeting specific health problems, such as immune system support, anti-ageing, or cardio-
vascular health. So, these larvae can be processed into various food products like protein
powders, protein bars, and snacks giving them extra significant properties. However,
attention should be paid to the European Union’s indications on the consumption of TM
larvae. In particular, the Commission states that primary sensitization and allergic reactions
to flour proteins from TM larvae may be induced in people with allergies to crustaceans
and dust mites [71].

Table 5. Antioxidant properties (FRAP assay) and total polyphenols (TPC) of T. molitor larvae fed
with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25)) (n = 9).

Diets FRAP (µmol AAE/g) TPC (mg GAE/g)

SCG0 130.8 ± 2.48 c,* 43.22 ± 1.8 b

SCG10 143.23 ± 1.87 b 53.31 ± 1.48 a

SCG25 250.95 ± 3.53 a 55.76 ± 0.24 a

* Within each column, statistically significant differences (p < 0.05) are denoted with different superscript letters
(e.g., a–c).

4. Conclusions

Coffee consumption generates substantial waste. Our present study reaffirms the
suitability of these by-products as animal feed, while opening new avenues for their use in
rearing TM larvae. Although, a minor decrease in their survivability was recorded, without
having a toll on the weight gain of the larvae, the substrate comprising 75% wheat bran
and 25% SCGs proved highly beneficial for TM larvae, enhancing their protein, vitamin,
and polyphenol contents, as well as their antioxidant capacity. Our findings underscore the
utilization potential of SCGs, promoting the sustainability and ecological impact of coffee
consumption. In fact, by adding SCGs in the feed substrate of TM larvae, four goals of the
United Nations Sustainable Development Goals (SDGs) can be achieved. Specifically, goal
2 can be achieved through the production of alternative animal feed, combined with the
achievement of goal 12 for reducing food industry by-products and promoting a circular
economy. TM larvae can be raised using food industry waste, and no negative effects
were observed in their growth, development, and metamorphosis. Additionally, goal 2,
producing new protein-rich foods, can be achieved with a 45.26% increase in crude protein
content in the larvae after their rearing with 10% SCGs. Furthermore, with the increase
in protein content, there was an 81.28% increase in vitamin C and an 822.79% increase in
vitamin A in the samples that were reared with 25% SCGs. This study further substantiates
the notion that insects can effectively consume a wide array of products and efficiently
absorb the nutrients offered in their diet. Moreover, it is important to highlight that TM
larvae possess the potential to become one of the most nutritionally-rich sources of animal-
derived food. These points warrant increased consideration for their consumption either in
their natural form or as additives in low–nutritional value products like bread, cakes, and
biscuits. Moreover, it must be stated that the present study does not present a ready-to-eat
food product but a potential additional ingredient, TM flour, for the preparation of a new
product. Therefore, since the utilization of SCGs was found suitable for insect rearing, we
urge other researchers to use it for the creation of more nutritious larvae and add it to food,



Sustainability 2023, 15, 16224 13 of 16

whereas future work could address concerns regarding the microbiological and chemical
safety of the new food products.
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