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Abstract: Pineapple is a highly demanded fruit in international markets, thanks to its unique ap-

pearance and flavor, high fiber content, vitamins, folic acid, and minerals. It makes the pineapple 

production and processing market a significant source of income for producing countries, such as 

Costa Rica. Nowadays, its processing produces a large amount of waste with negative consequences 

for the environment. However, pineapple waste is an essential source of cellulose, hemicellulose, 

lignin, and other high-value products like enzymes (bromelain). These by-products can be obtained 

by pineapple waste biorefinery, generating an additional source of export goods and foreign cur-

rency, framing pineapple processing in the concept of the circular economy. This review discusses 

how incorporating biorefinery in the pineapple production processes can contribute to the post-

COVID 19 economy in Costa Rica. Pineapple production in Costa Rica is explored, and the contam-

ination of generated residues is delineated. Furthermore, the primary processes for by-product ex-

traction via biorefinery, their general characteristics and applications in the medical field, and their 

contribution to the circular economy are presented. 

Keywords: pineapple; wastes; biorefinery; COVID-19; circular economy; biomedical. 

 

1. Introduction 

Pineapple production in Costa Rica has been one of the largest sources of income and 

work since the 1980s. In the 90s, the export of fresh pineapple began, mainly to the United 

States and Europe, and increased to a considerable extent once the country's pineapple 

sector received several international certifications to affirm such aspects as product qual-

ity, environmental protection, innocuity, and social responsibility, among others[1]. 

Large-scale pineapple production began by the Pindeco SA company, which was in 

charge of creating a product that covers as many cultivation hectares as possible through 

dependence on technological machinery and the use of chemical products, so much so 

that they exceeded the number of chemicals used in banana cultivation [2]. 

There has been such a substantial expansion in production that, according to a com-

parative study, Costa Rica increased from 24,000 tons in 1994 to producing nearly 3 mil-

lion tons in 2014, which in turn, directly and indirectly, generated 32,000 jobs by 2017 [3]. 

By 2020, the total of pineapple exported worldwide from Costa Rica was 1993767,56 tons, 

where the leading destinations for this product were the United States, the European Un-

ion, the United Kingdom, Russia, and Turkey (see Figure 1). [4]    
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Figure 1. Geographical distribution of the Costa Rican pineapple exportations during 2020 

(the first year of the Covid-19 pandemic). 

 

Due to the high exportation and demand for pineapple, several modifications have 

needed to be made. For example, pineapple is grown in three different areas to achieve 

the highest possible amount of produced pineapple, which correspond to the North Sea, 

Atlantic Ocean, and the Pacific Ocean; notably, a specific variety of exported fruit referred 

to as "Golden Pineapple," has generated production that improves the quality using pes-

ticides and fertilizers [5]. 

The use of this type of chemical product, soil overexploitation, and inappropriate use 

of waste have had a negative impact on the environment, society, and human health. An 

example of this is chemical contamination of the aquifers near the crops that are a source 

of water for the nearby villages, which threatens the residents' health; moreover, the in-

appropriate use of waste led to an overpopulation of the stable fly (i.e., Stomoxys calci-

trans), which is associated with problems in cows such as malnutrition and death, among 

others, and a decrease in species of monkeys in the northern part of the country due to 

extending the use of land for pineapple cultivation [2]. 

While the exact amount of waste produced per one-hectare crop is unknown, an es-

timate indicates that 300 metric tons are generated per hectare, which is alarming consid-

ering that there are currently more than 43,000 hectares dedicated to pineapple cultiva-

tion. For this reason, the need for biorefinery is evident; this practice consists of the trans-

formation of biomass through biochemical or thermochemical processes to achieve a sec-

ond use for waste matter and ensure all resources are utilized via renewable energy, 

thereby entering a circular economy system [6]. 

Biorefinery generates many value-added products that can be useful in several in-

dustrial areas, which can be obtained through different methods. One example of this 

practice is the use of solid-state fermentation to produce biofuels (i.e., bioethanol) to re-

place fossil fuels and lessen the use of forest biomass (i.e., reduced deforestation); these 

biofuels are primarily composed of materials with lignocellulose and are considered to be 

economically profitable and ecologically responsible [7].There are also various medical 

products that can be created from the biomass of agricultural products, such as the crea-

tion of antibiotics from rice husks or peanuts, for example. Studies have indicated that 

products such as oxytetracycline are obtained through solid-state fermentation in a Strep-

tomyces rimosus culture; extracellular rifamycin B, an antibiotic used in the treatment of 

tuberculosis and leprosy, can be produced with the use of Amycolatopsis mediterranei [7]. 

The circular economy resulting from the creation of value-added products from pine-

apple waste biorefinery may help to mitigate the negative economic impact of the 

COVID-19 pandemic. This worldwide event caused severe problems in the economy of 
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many countries, including that of Costa Rica, which mainly was affected at the national 

level by the paralysis of many productive activities that significantly affected production, 

exportation, jobs, and the income of the country and its citizens [8]. According to PRO-

COMER data, 2020 was the lowest income due to exportations in the last five years (2017-

2021). It indicates it is necessary to recover from the economic effects of this pandemic. In 

this regard, the biorefinery of pineapple by-products could contribute to the development 

of a circular bioeconomy to improve Costa Rican national economy, promoting more sus-

tainable practices in the pineapple life cycle [4].  

For this reason, this study goals to compile bibliographic information dating back to 

the beginning of pineapple production in Costa Rica; the benefits, environmental impact, 

and waste thereof; the most-used biorefinery treatments; the main components obtained 

from the biorefinery process, such as lignin, cellulose, and hemicellulose; the applications 

of these by-products in the pharmaceutical industry; and the contribution thereof to the 

circular economy in the post-COVID19 economy for pineapple producing countries.  

2. Discussion 

2.1. Pineapple Production 

Pineapple (i.e., Ananas comosus, Bromeliaceae family) is a fruit that is native to South 

America, specifically Brazil, Paraguay, and Argentina. It was discovered on Christopher 

Columbus's second visit to this area, and consumption of pineapple spread during the 

16th century due to trade along the Spanish and Portuguese sea lanes. Cultivation of this 

fruit can take between 14 and 20 months and involves three stages: planting and growth 

of shoots, flowering and harvesting, and the production of new shoots for future planta-

tions [9]. 

Worldwide, pineapple cultivation has been very successful. There is a high demand 

for this fruit in the international market, mostly due to its flavor. Its high fiber content and 

the presence of vitamins C, B1, and B6, folic acid, and minerals, and how it can eliminate 

toxins through urine and prevent constipation also make it one of the healthiest in-de-

mand fruits [10]. Likewise, pineapple has many nutritional and healing properties. The 

high content of potassium, iodine, carbohydrates, fiber, and vitamins A, B, and C, have 

prompted recommendations to consume pineapple to treat such diseases as fluid reten-

tion due to its diuretic effects, hypertension, cholesterol, anemia, poisoning due to its pu-

rifying action, immune system disorders due to its ability to strengthen defenses and as-

sist in the formation of both red and white blood cells, cardiovascular problems, and obe-

sity, among others [11]. 

Due to its tremendous success in the international market, pineapple cultivation has 

become a global industry. According to FAO, 2019 exports rose to 3.1 million tons, mainly 

due to increased exportations from the Philippines and importations into China. Costa 

Rica is currently the largest producer and exporter of pineapple, followed by the Philip-

pines and Brazil [12]. 

It should be noted that there is a variety of pineapples, each of which has different 

characteristics that make them widely traded. One variety is the Smooth Cayenne, which 

has a high yield, good potential for conservation, and organoleptic qualities; this pineap-

ple is sensitive to problems such as black spots and other parasites, however, which can 

affect the overall quality. It is why MD 2, or the "Golden Pineapple," was developed in the 

1980s; this variety has excellent preservation properties, flavor, color, and minimal sensi-

tivity to parasites and discoloration, and it is the most popular commonly used variety in 

commerce and exportation. There are several other widely distributed varieties, including 

but not limited to Queen Victoria, Sugar Loaf, and Champaka [9]. 

As was already mentioned, Costa Rica is the largest global producer and exporter of 

pineapple followed by Philippines and Brazil. As mentioned before, pineapple exporta-

tion began in Costa Rica in the 1980s with the integration of the Pineapple Development 

Company (i.e., Pindeco), which led to increased production and higher crop yield [13]; 

this occurred with the use of imported technology and the creation of dependence on 
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chemical inputs, such as herbicides, fungicides, insecticides, and fertilizers [14]. Produc-

tion began to increase significantly: 24,204 tons of pineapple were produced in 1984, and 

this increased to 651,000 tons by 1998 [3]; production expanded to plantations in the 

Huetar Norte, the Atlantic Zone (figure 2), and throughout the Central and South Pacific 

area. During this period, pineapple production began to gain additional relevance because 

of reducing poverty in rural sectors through the generation of direct and indirect jobs; 

there were 4,200 direct jobs in 1995, and these grew to more than 31,000 jobs in 2015 [1]. 

Figure 2. Pineapple plantation in the Atlantic zone, Limón Province, Costa Rica.  

 

The Costa Rican pineapple production process (Figure 3) begins with cultivation, 

which requires the use of agrochemicals, machinery, fuels, and water; this process results 

in pineapple that can be exported and product that remains for local consumption. In the 

case of exportation, there is a packaging process before this fruit is exported to different 

countries and continents, and the United States and the European Union are the main 

importers of pineapple [5].  

 

 

Figure 3. Diagram of fresh pineapple system [5]. 

There are currently more than 65,000 hectares devoted to this crop in Costa Rica, 

which amounts to approximately 1.29% of the total national territory, which are located 

in four areas—the Huetar Norte Region, the Central Pacific Region, the Huetar Caribe 

Region, and the Brunca Region—the three main cantons of which are San Carlos, Los 

Chiles, and Buenos Aires [16]. Of the pineapple grown in the country, 90% is exported, 

and the remaining 10% is sold locally. The Monte Lirio, Cayena Lisa, Champaca, and MD 

2 (i.e., "Golden Pineapple") pineapple varieties are grown in Costa Rica; the MD 2 variety 

is considered to be the most important for export due to its high quality, which presents 

a high degree of brix and weighs as much as two kilograms [17]. 
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Most of the Costa Rican pineapple exports are sent to the United States and to the 

European market, where countries such as the Netherlands, Belgium, Italy, Spain, the 

United Kingdom, and Russia are high consumers of this product; to a lesser extent, Costa 

Rica also exports to the Central American, Middle Eastern, and Asian sectors [1]. Nine 

containers of pineapple were exported to Shanghai in China for the first time in 2017, 

which resulted in increased business on the Asian continent and participation in such 

events as Asia Fruitlogistica and the Asiafruit Congress [18] 

The details of the main destinations of Costa Rican pineapple exportation in the first 

year of the pandemic outbreak are shown in figure 1. The USA is the most important mar-

ket with 51% of the total exports. The European Union is the second most important mar-

ket with almost 36% of the total distributed in several countries, then the United Kingdom, 

Russia, and Turkey as a combined consumers represent more than 10% of the Costa Rican 

pineapple exportations. Finally, the rest of the countries represent 2,23% of the exports.   

 

Table 1. Details of the Costa Rican pineapple exportations during 2020 (first year of Covid-

19 pandemic outbreak). Source: own design based on the Costa Rican Foreign Trade Pro-

moter (PROCOMER) data. [4] 

 

Destination Metric tons Percentage 

USA 1016951,89 51,01 

European Union 715785,82 35,90 

United Kingdom 142386,54 7,14 

Russia 45673,77 2,29 

Turkey 28414,61 1,43 

Other countries 44554,93 2,23 

Total 1993767,56 100,00 

 

2.2. Agricultural Waste 

It is estimated that more than 4,000 tons of solid waste are produced each day in 

Costa Rica, of which 0.18% is agricultural, and forestry waste and 1.32% is the result of 

industrial processes. In general, this waste has been poorly handled; only 78% is collected 

by the municipalities and taken to sanitary landfills, and the location of the remainder of 

the waste and the environmental impact thereof is unknown [19]. In the specific case of 

agro-industrial waste, some is generated from industrial activity and processes, including 

the transformation of agricultural and livestock materials [20]. The number of residues 

from these processes have significantly increased due to the large-scale production that is 

demanded by the country's agro-industrial sector, which also requires 81,000 hectares for 

coffee crops, 64,000 hectares for sugar cane, 53,000 hectares for bananas, and 40,000 hec-

tares for rice, among others [21]. These requirements have resulted in several harmful im-

pacts on the environment and society, forcing companies to be more sensitive to the effects 

of their activity and seek solutions for problems resulting from the mismanagement of 

solid waste [22]. 

The pineapple industry has not been the exception to these problems due to residues 

produced in the area of cultivation [23]. It takes approximately 13 months for the residues 

generated during pineapple cultivation to decompose. The length of time needed to con-

tinue cultivating and resulting in the presence of pests that cause diseases in pineapple 

crops are unfavorable factors for which various waste management solutions have been 

sought. The waste was initially burned, and while this was a low-cost option, it led to 

other environmental impacts. The same results occurred with alternative solutions, such 

as crushing and applying herbicides, the use of which are not recommended in the pro-

duction of organic products; a proposed alternative for this was the use of decomposing 

microorganisms, which allow for improved soil mineralization and do not generate envi-

ronmental problems [24]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2022                   doi:10.20944/preprints202209.0365.v1

https://doi.org/10.20944/preprints202209.0365.v1


 

Similarly, pineapple crops are associated with the generation of pesticide residues 

due to the widespread use of pesticides in this agricultural practice; this has resulted in 

multiple cases of pesticide contamination, mainly in bodies of water such as aqueducts 

that provide drinking water to communities located near areas where pineapple is pro-

duced. As a result, several hydrogeological studies were conducted to demonstrate vul-

nerabilities; in the Guácimo and Pococí cantons, specific actions were taken to solve the 

problem with drinking water, resulting in the construction of two new aqueducts [25]. 

Furthermore, a large amount of waste is also generated in the pineapple processing 

industry because of pineapple by-products—such as pineapple juice, concentrated juice, 

dehydrated pineapple, and cut pineapple (also known as "canned pineapple")—which 

represent a large part of the exports. These by-products generate a tremendous amount of 

waste because they only use parts of the cultivated pineapple and render the rest of the 

product unusable [26]. For this reason, agro-industrial waste is classified into two catego-

ries, agricultural waste and industrial waste, as is shown in Figure 4. 

 

 

Figure 4. Agro-industrial wastes and their types [7] 

Agricultural waste includes waste generated when crops are harvested, such as 

leaves, stems, seeds, pods, and stems; additional crop processes that produce molasses, 

husk, bagasse, seeds, pulp, and stubble are also included in this category. Industrial waste 

includes material produced when creating the by-products of a fruit or vegetable, such as 

cellulose, hemicellulose, lignin, humidity, ashes, carbon, nitrogen, etc. that remains after 

juices and canned goods are created; these waste products are beneficial in the creation of 

other products, such as biofuels [7]. 

In general, the pineapple plant is composed of eight parts, the names of which corre-

spond to the whole plant—the stubble, crown, shell, flesh, stem, roots, leaves, and heart—

and all create a significant amount of lignocellulosic biomass (i.e., lignin, cellulose and 

hemicellulose); however, most of this biomass is discarded after the pineapple, and the 

by-products mentioned above are produced [27]. 

 

2.3. Biorefinery and the Importance Thereof for Costa Rica and other pineapple producing countries 

Biorefinery is a process with several definitions, which can be summarized in the use 

of all raw materials to create value-added products, by-products, and energy; the latter is 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2022                   doi:10.20944/preprints202209.0365.v1

https://doi.org/10.20944/preprints202209.0365.v1


 

produced by a sustainable treatment of lignocellulosic biomass obtained from the residues 

of the first round of processing. Biorefinery is similar to the oil refinery (figure 5) in that 

the objective is the use of all raw materials through a treatment similar to oil fractionation, 

wherein different products of each fraction are obtained [28]. Biorefinery procedures were 

devised to address the environmental impacts caused by the excessive use of fossil fuels, 

the mismanagement of agro-industrial waste, and industrial wood waste. This type of ac-

tivity is intended to generate the least possible amount of non-renewable natural re-

sources and reduce the use of fossil fuels to minimize possible effects on the environment 

[29]. 

The practice of reusing lignocellulosic biomass began in the 1930s when William Jay 

Hale envisioned the creation of commercial products from carbohydrates originating in 

the agro-industrial sector. The biomass produced from photosynthesis results from the 

reaction between carbon dioxide and water and is mainly composed of three biopolymers: 

cellulose, hemicellulose, and lignin. It should be noted that the composition and propor-

tions of each biopolymer depend on the type of biomass and the origin thereof [30]. 

 

 

Figure 5. Comparison between biorefinery and oil refinery [28] 

Multiple notable studies have been conducted in Costa Rica on biomass to create new 

value-added products. Many of these stand out because of different methodologies and 

various biomass components to determine different applications in various productive 

areas. Most research related to a biorefinery in Costa Rica has focused on the reuse of 

pineapple stubble due to the high demand for pineapples in the country and the environ-

mental impact of production. Even though a pineapple biorefinery process to create bio-

fuels has been proposed as a strategy to end oil dependence, not many companies have 

implemented it, so future studies are needed to explore the implementation of this pro-

cess, and it is essential that aspects of the impact, carbon footprint, and life cycle of the 

variety of products are measured [6]. 

Despite not being implemented, the start and growth of this process was taken into 

account in the National Bioeconomy Strategy Costa Rica 2020– 2030, in which objectives 

were proposed to transform Costa Rica into a model country in the development of sus-

tainable resources that would make a bioeconomy one of the pillars of Costa Rica's pro-

duction transformation and promote convergence of the country's wealth and biological 

resources. These objectives were intended to be fulfilled by structuring the country along 

five main axes: rural development, biodiversity, and development; residual biomass bio-

refinery; an advanced bioeconomy; an urban bioeconomy; and green cities [31]. 

Specifically, the main objective of the residual biomass biorefinery axis was to pro-

mote the development of new productive activities to ensure the full use and valorization 

of residual biomass from agricultural, agro-industrial, forestry, and fishing processes; 

with this objective, the Costa Rican government seeks to position the country as a leader 

in the field of biorefinery concerning the total use of residual biomass. This goal is ex-

pected to be achieved in conjunction with a large amount of research conducted by Lano-
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tec in this area supported by Executive Decree No. 36567 MICIT, which declared that nan-

otechnology research and the applications thereof are of public interest [31]. This decree 

was created to support and promote the development of research in the area of nanotech-

nology, so public and private institutions are both motivated by science and technology 

innovations to achieve greater understanding and environmental sustainability, as well 

as to strongly promote economic and social development in Costa Rica [32]. 

 

2.4. Circular Economy in Costa Rica" 

The circular economy, which consists of a sustainable economic model intended to 

maintain the efficiency of products in the productive market to the greatest possible de-

gree and avoid generating waste, is closely related to the previous topic [33]. To achieve 

these goals, the circular economy is premised on three fundamental principles—the 

preservation and improved usage of natural capital, optimized yields of resources, and 

the promotion of efficient systems—all of which can be fulfilled by controlling finite re-

serves, rethinking production, and recycling systems that enable materials to continue cir-

culating in the economy and reduce the damage to the environment caused by different 

sectors of the economy [34]. In general, the circular economy includes five fields of action: 

Extraction, which is a process in which raw materials are obtained that attempts to avoid 

an environmental impact; transformation, wherein raw materials go through the indus-

trial processes to create products in the most sustainable manner; distribution to custom-

ers, which seeks to ensure product traceability; the usage phase, wherein the customer has 

a product that ideally has the least possible impact on energy usage; and waste recovery 

for a product that ensures it can be recycled and additional value-added products can be 

created (figure 6) [35]. 

Economists have identified five main characteristics of the circular economy—waste-

free production, increased resilience, the use of energy from renewable sources, thinking 

about the system, and a cascading effect—the last characteristic refers to the fact that sev-

eral systems are not linear, and adding value to some products cascades to other applica-

tions [36]. This type of economy is a radical change from current systems because many 

of these fail to consider the impact of the massive amount of waste generated by compa-

nies day after day, which not only affects the environment but also has an impact on the 

climate and human health [37]. 

The circular economy is considered to be a solution to problems in the Costa Rican 

economy, such as the impact of the COVID 19 pandemic that led to the imposition of 

mandatory health orders throughout the country by entities such as the Ministry of Health 

and the Government and resulted in the restriction of various activities, a notable reduc-

tion of people in the workplace, the closure of borders, and limited exports. Fewer export-

ers and increasing difficulty related to being able to export generated a significant crisis 

that caused many people to become unemployed and resulted in less-effective crop pro-

duction, and these problems have proven to be difficult to solve [38]. Forecasts of the me-

dium and long-term effects on the Costa Rican economy have estimated that the country's 

fiscal deficit will increase to 7.7% or more, which will increase the national debt by as 

much as 65% [39]. 
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Figure 6. Fields of actions in the circular economy [35] 

The circular economy was thus presented as a potential long-term solution in the 

Costa Rica National Bioeconomy Strategy 2020– 2030; one of the objectives of this strategy 

was the transformation of Costa Rica's productivity through innovation, value aggrega-

tion, diversification, and sophistication, all of which are principles of a circular economy. 

The importance of this concept is the application of reuse, repair, recycling, and valuation 

to achieve production systems that fulfill functions to repair and regenerate ecosystems, 

thereby improving the use of natural capital and optimizing resources [31]. 

To enact these changes, the Ministry of the Environment and Energy organized work-

shops held in October 2020 wherein local governments could discuss an approach to im-

plement a circular economy, in which 23 municipalities and representatives of the Na-

tional Union of Local Governments, the Directorate of Climate Change, the National In-

stitute of Statistics and Census, and other organizations participated. These workshops 

were intended to increase municipalities' knowledge about a circular economy and incen-

tivize and motivate them to implement and begin using it. Moreover, many believe that 

implementing a circular economy would help achieve other goals, such as the 2020– 2050 

Decarbonization Plan and the Sustainable Development Goals [40]. 

 

2.5Main raw materials from pineapple biomass 

As was mentioned earlier in this text, the lignocellulosic biomass obtained from pine-

apple agro-industrial residues is mainly composed of cellulose, hemicellulose, and lignin; 

a compilation of information for these three compounds is presented below, with a spe-

cific focus on treatments and pretreatments that can be employed to obtain and purify 

them, as well as the most common applications of each. 

 

2.5.1. Lignin 

Lignin is one of the most abundant biopolymers in the earth's crust and is exclusively 

found in vascular plants, where it fulfills its function by providing structural integrity and 

mechanical resistance [41, 42]. Lignin is in the range of 15– 30% by dry weight –from pine-

apple peel wastes- and is known to be a high-volume, renewable, and aromatic material [ 

43]. Lignin is formed by a reaction of photosynthesis in cell walls, and it has a resin role 

because it fills spaces between cellulose and hemicellulose, thereby providing support for 

lignocellulosic biomass. Lignin is known for its complex structure, and depending on 

where it was extracted, it has been found multiple unrepeatable structural units [ 44 ]. 

Certain characteristics are typical of most lignins; for example, lignins formed as a result 

of phenylpropanoid contain most of the methoxyl groups of wood, are resistant to acid 

hydrolysis and produce vanillin, syringaldehyde, and p hydroxybenzaldehyde when re-

acting with nitrobenzene in an alkaline solution [41]. 
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As has already been mentioned, lignin comes in different forms and structures, and 

these can affect the properties and characteristics of its conversion into value-added prod-

ucts. These are usually classified according to the sulfur content thereof, as shown in Fig-

ure 7; the lignin with the lowest sulfur content is the most ecologically sound and has 

more applications due to the smell of other types of lignin [45]. Lignin that contains sulfur 

is derived from the paper industry and is divided into three categories: Kraft lignin, sulfite 

lignin, and hydrolyzed lignin. Lignin with no sulfur content is primarily created through 

biomass conversion technologies and solvent and soda pulping processes; this type of lig-

nin has the highest number of applications in the creation of value-added products [45]. 

 

 

Figure 7. Different sources of lignin and their current volume [45].  

Multiple studies have been conducted to improve lignin extraction from lignocellu-

losic biomass, devise more effective extraction methods, and enhance the purity of ex-

tracted lignin, which employed several different methodologies. One of the greatest chal-

lenges in the lignin extraction process is the existence of lignin–carbohydrate complex, 

which consists of different reactive components that are covalently bonded to hemicellu-

lose; this is why it is necessary to extract lignin and achieve depolymerization in the most 

efficient manner possible to break these bonds, even though the reactivity of these com-

ponents creates new C C bonds after depolymerization that form different intermediates 

with different properties [43]. 

There arephysicochemical technology and biological techniques that can be em-

ployed during lignin depolymerization: The first is achieved through the use of high tem-

peratures and chemical additives, catalysts, and other compounds, which are commonly 

used in industrial areas. While the second technique, biological depolymerization, is a 

slower process, it is more environmentally friendly; this technique uses microorganisms 

such as bacteria and fungi to degrade lignin due to lignin-modifying enzymes that act by 

oxidative means, which can be classified according to their specific mechanism-of-action 

and according to the organism from which they originate [46]. 

There are also thermochemical techniques that can be employed: The most-used tech-

nique is the hydrogenolysis of lignin by means of solvents and catalyst systems. The most-

commonly used solvents for this process are water, various alcohols, and compound sol-

vents, which define the efficiency and distribution of products according to the specific 

characteristics of each compound, such as solubility, polarity, and the capacity of hydro-

gen supply [47]. There are also a variety of catalyst systems, including but not limited to 

acidic, basic, metallic, and ionic liquid catalyst systems. In the case of liquid acids, there is 

significant use of formic acid, sulfuric acid, hydrochloric acid, and phosphoric acid; the 

most commonly used solid acids are zeolite, metal oxides, metal phosphides, and Lewis 

acid; and basic catalysts include NaOH, KOH, MgO, and Na2CO3, and metallic catalysts 

such as Fe, Ni, Cu, and Co are also used [47]. Different systems have been devised that 
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use solvent and catalyst variations, as well as different reaction times and temperatures; 

some examples of these are shown in Table 2. 

 

Table 2. Conversion of lignin in different solvents [47].  

Feed Solvent Catalyst Reaction 

conditions 

Major product Major 

product 

yield 

(%) 

Ref. 

Temp. 

(°C) 

Time 

(h) 

Poplar wood 

sawdust 

Alkaline 

aqueous 

solution  

NiAl alloy 220 3 Aromatic 

monomers 

76 [ 48] 

Kraft lignin Alkaline 

water 

Ni/ZSM-5 

zeolite 

200 4 Monomers 17 [49] 

Birch 

sawdust 

water Pd1Ni4/MIL-

100(Fe) 

130-180 6 Phenol+ 

acetophenone 

56,3 [50] 

Organosolv 

lignin 

Methanol Cu20PMO 300 24 Liquid phase 

products 

26,3 [51] 

Hydrolyzed 

lignin 

Methanol PD/C, CrCl3 300 4 Monomers 60-86 [52] 

Asian lignin Ethanol Pt/C 350 2/3 Lignin-oil 77,4 [53] 

Kraft lignin Isopropanol Ni-Cu/H-Beta 330 3 cycloalkanes 40,39 [54] 

beech 

dioxasolv 

lignin 

Methanol W/C 200 6 Lignin. Oil 56,4 [55] 

Birch lignin Aqueous 

solution 

Ru / Nb 2 O 5 250 20 Liquid 

hydrocarbons 

35,5 [56] 

Enzymatic 

lignin 

Water  Ru / Nb 2 O 5 250 20 Hydrocarbons 99,6 [57] 

Alkali lignin Ethanol Ni 2 P/SiO 2 + 

CuMgAl 2 O 3 

340 4 Monomers 53 [58] 

Corn stover 

lignin 

N-octane Ru/Al 2 O 3 + 

Hf (OTf) 

250 4 Hydrocarbons ＞30 [59] 

 

The lignin extraction process consists of three steps, which are illustrated in Figure 8. 

The first step is the extraction of lignin from biomass, which can be achieved by several 

methods, including hydrolysis, acidic, alkaline hydrolysis, enzymatic hydrolysis, oxida-

tion or reduction fractionation, and a combination of pretreatment methods; followed by 

this. In the second step, the characterization process is continued by molecular weight 

determination, nuclear magnetic resonance analysis, and Fourier transform (FTIR). In the 

third and final step, the conversion process is conducted by different methods to obtain 

different products [43]. 
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Figure 8. Overview of valorization of lignin to valuable products [43]. 

 

Regarding the environmental impact of this process, the use of products made from 

lignin have been shown to greatly assist efforts to combat climate change and the green-

house effect since one of the main by-products reduces the use of fossil fuels. Furthermore, 

the use of renewable, environmentally friendly biofuels derived from lignin to produce 

heat, electricity, and automobile fuel can further reduce the carbon footprint of these prod-

ucts and processes [45]. 

 

2.5.2. Cellulose 

Like lignin, cellulose is a biopolymer widely found in nature, mostly in plant bodies, 

some types of algae, the extracellular activities of microorganisms, and the structures of 

some marine animals. It has a semi-crystalline structure that is based on glycosidic bonds, 

which vary depending on the source from which the cellulose was obtained, resulting in 

multiple morphologies and structures that generate different physicochemical properties 

[60]. Cellulose is a biopolymer composed of groups of two or more repeated glucose 

unitsand these can form microfibrils when several cellulose strands are connected to one 

another. These microfibrils are typically found in the cell walls of trees and plants, and 

they provide flexibility, strength, and rigidity; the latter is because cellulose is hydrophilic, 

and absorbing water allows it to create a softer and more flexible wall [61]. 

The morphology of cellulose is presented in crystalline form with a strong system of 

hydrogen bonds in intra and intermolecular forms, which generates a highly ordered, 

rigid, and strong crystalline structure. Four polymorphic structures of cellulose are cur-

rently known—named as I, II, III, and IV—and the mechanisms of each have been studied 

to understand the different structures of native cellulose, as shown in Figure 9 [62]. 

 

 

Figure 9. Scheme of transitions between various polymorphic crystalline forms of 

cellulose [62]. 
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Cellulose is considered a compound with tremendous potential due to certain char-

acteristics it possesses, such as its biodegradable, renewable, hydrophilicity, high absor-

bent potential, non-toxicity, and mechanical properties and its safety when discarded after 

use. The wide availability of cellulose in lignocellulosic materials such as wood biomass, 

coconut, mango, tomato, almonds, and pineapple has made it possible to generate several 

applications for crude and modified cellulose, with it being most commonly used as an 

absorbent to eliminate pollutants in wastewater and as a precursor for activated carbon 

[63]. Cellulose has also been found to have a property that facilitates the separation of 

solutions of water and oil; this was investigated, and several materials were created to 

treat oily wastewater in a simpler, more efficient, and environmentally friendly manner 

than traditional methods that caused other types of pollution and were typically more 

expensive [64]. 

Regarding the cellulose present in pineapple waste, more than 55% of the fruit is 

fibrous waste composed of lignin, hemicellulose, and cellulose, with cellulose represent-

ing a large proportion of this waste [65]; as was previously stated, the proportions of each 

vary according to the source of extraction, as is shown in Table 3.  

 

Table 3. Lignocellulosic material composition [66] 

Lignocellulosic Material Cellulose (%) Hemicellulose 

(%) 

Lignin (%) 

Pineapple crown (leaves) 45,53 ± 1,17 21,88 ± 0,22 13,88 ± 1,70 

Pineapple peel 40,55 ± 1,02 28,69 ± 0,35 10,01 ± 0,38 

Pineapple core 24,53 ± 1,68 28,53 ± 1,37 5,78 ± 0,429 

Pineapple stubble 32,2 21 2,83 

 

Due to its great abundance in pineapple residues, several treatments and pretreat-

ments for cellulose, microcellulose, and nanocellulose have been studied to identify ap-

plications in the field of biomaterials. An example of this are biofuels such as bioethanol 

that are obtained by extracting cellulose from pineapple bagasse, which can be carried out 

through initial physical pretreatments of the waste such as drying and washing, followed 

by acid hydrolysis. After two phases of sulfuric acid for six hours, the fermentation of the 

obtained cellulose obtained is continued with the use of yeast such as S. cerevisiae, and 

the bioethanol is finally obtained with a final distillation [67]. 

The properties of nanocellulose include a high resistance to bending, which is helpful 

for the reinforcement of polymeric matrices and a great stabilizing potential for suspen-

sions; this is why nanocellulose is used as an excipient in medications for enzymatic im-

mobilization and to provide scaffolding for tissue engineering and biosensors. It is neces-

sary to carry out two different acid hydrolysis processes on cellulose: HCl is added in the 

first step to obtain microcrystalline cellulose, which is then hydrolyzed with sulfuric acid, 

thereby reducing the lignin content and allowing nanocellulose fragments to be obtained 

[68]. There are several methods to evaluate the treatments, properties, and composition of 

nanocellulose extracted from pineapple, which make it possible to obtain information of 

the chemistry, morphology, crystallinity, and thermal properties thereof that are useful to 

know when considering possible applications in value-added products. Some of the tech-

niques used are high-resolution liquid chromatography, FTIR, scanning electron micros-

copy (SEM), X-ray diffraction analysis, and thermogravimetric analysis [69]. 

A study on nanocellulose demonstrated the great thermal stability thereof that makes 

it an affordable means to create bionanocomposites; it was also shown that cellulose pre-

treatments could be optimized based on tensile properties, reagent concentrations opti-

mized in hydrolysis increases the amount of cellulose that can be obtained, and an efficient 

pineapple crushing process can improve mechanical properties of nanocellulose, such as 
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its tensile strength [69]. In another study on the production of nanocellulose from pineap-

ple leaves, acid hydrolysis was used as a pretreatment in conjunction with bleaching to 

eliminate other hemicellulose and lignin, after which a homogenization process that in-

volved high shear and ultrasounds was carried out to obtain nanocellulose. After the final 

product was obtained, several studies were conducted, which determined that the degra-

dation temperature of nanocellulose fibers is significantly higher than that of the initial 

fiber, which indicates that it has great thermal stability and commercial potential [70]. 

Nanocellulose is currently being investigated for a variety of valuable applications 

because of its potential for large-scale production, its mechanical properties, and its char-

acteristics such as low thermal expansion, thermal stability, and biodegradability, among 

others. Some examples of applications include use in adhesives, paper-based materials, 

cement, food coatings, drilling liquids, transparent and flexible electronics, catalysis sup-

port structures, and biomedical materials [71]. 

 

2.5.3. Hemicellulose 

Hemicellulose is a mixture of several heteropolysaccharides in branched form, which 

varies depending on the location origin or extraction. The presence of pentoses, hexoses, 

and uronic acids stands out because of the amorphous nature of its branched shape, which 

is why hemicellulose is easier to solubilize and hydrolyze than cellulose and is, therefore, 

easier to obtain. There are two types of hemicelluloses: xylose, which is mainly found in 

hardwoods, and glucomannan, mainly found in softwoods. Hemicelluloses are found 

with lignin and cellulose in the cell walls of plants, where it acts as an interface between 

these compounds through hydrogen bridges, which allows them to fulfill several func-

tions, such as the storage of substances and regulatory functions, providing structure, and 

controlling cell expansion [72]. 

One of the most common applications for all the components of lignocellulosic bio-

mass is the creation of biofuels such as bioethanol. A study on the role of hemicellulose in 

this process proved that it can could be carried out by enzymatic hydrolysis with a two-

phase multiscale process, and it was shown that after an optimal initial mixing that max-

imizes sugar yields and minimizes costs, said sugars are fermented until bioethanol is 

obtained with the use of yeasts or bacteria. This process has pretreatment, enzymatic hy-

drolysis, and fermentation [73]. Associated with this study, a different study indicated 

that pretreatment could improve the time and efficiency of enzymatic hydrolysis; micro-

wave radiation was employed in conjunction with a hydrothermal-and-alkaline pretreat-

ment, which resulted in a significant improvement in enzyme digestion, and a yield of 

89.4% was obtained, compared to untreated residues wherein only 71.6% and 28.4% were 

obtained [74]. 
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A study on hemicellulose in pineapple peels used an alkali-based method with 5%, 

10%, and 15% concentrations and temperatures ranging from 36– 65°C, and a yield of 

more than 95% of the hemicellulose was obtained under the following conditions: a 15% 

concentration for 16 hours at 45°C. This study also discussed applying acid hydrolysis 

directly to the pineapple skin using diluted nitric acid such as xylitol. Finally, the study 

described the entire process of extracting hemicellulose and converting it into xylooligo-

saccharides and xylose, which are high-value end products that can be used to create bio-

fuels and other products; this process is presented in Figure 10 [75]. 

 

Figure 10. Schematic for extraction of hemicellulose from pineapple peel waste and its 

valorization into xylooligosaccharides [75] 

 

Associated with this study, a different study affirmed that mass fractionation tech-

niques are necessary to achieve the highest, most efficient recovery of hemicellulose, of 

which a hydrothermal pretreatment was shown to be the most prominent and valuable 

due to the use of high temperatures and pressures; this study also discussed several pre-

treatments of this type, such as supercritical water hydrolysis and subcritical water hy-

drolysis, as shown in Figure 11; these make it possible to recover a large number of prod-

ucts and result in several applications related to bioresins, bioenergy, hydrogels, bioetha-

nol, food industry, among others [76]. 

                      

2.6. Medical Applications 

Finally, the functions, varieties, and characteristics of several biomedical applications 

that are manufactured from by-products obtained from the biorefinery of pineapple waste 

will be described. 
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2.6.1. Hydrogels force cellulose sources 

Hydrogels are products that can be used in the field of biomedicine, which form 

three-dimensional (3D) cross-linked polymeric networks with properties that allow for 

the absorption, swelling, and retention of large amounts of water without dissolving [77]. 

These properties have allowed application of this product in the area of biomaterials for 

cell cultures, tissue engineering, drug administration, and wound dressing [78]. Hydro-

gels are also considered to be very attractive products due to their advantage in relation 

to other materials of being biocompatible, biodegradable, and low in toxicity [79]. An ex-

ample of this is the hydrogel derived from lignin created by Xu et al. (2021), which was 

manufactured through the free radical polymerization of sulfobetaine methacrylate 

(SBMA) and partially methacrylated lignin, resulting in a functional cytotoxic hydrogel 

with antifouling and antimicrobial properties because lignin serves as a hydrogel skeleton 

and antibacterial agent; while the high hydration of the SBMA reduces the adsorption of 

proteins and prevents the adhesion of bacteria [80]. 

 

 

Figure 11. Hydrothermal pretreatments applied to lignocellulosic biomass and the 

possibility of multi-product recovery [76]. 

      

Hemicelluloses are also known to have properties that allow them to be transformed 

into hydrogels through chemical, physical, and enzymatic crosslinking methods; the en-

zymatic method is a more-recent alternative to hydrogels because it does not use toxic 

chemicals [81]. An example of this type of hydrogel was created by Liu in 2019 from waste 

hemicelluloses; polyvinyl alcohol was added and integrated into the hemicelluloses and 

resulting in improved swelling properties; this hydrogel was described by means of SEM, 

FTIR, and TG techniques to determine such aspects as morphologies, structure, and ther-

mal stability [82]. 

As it relates to cellulose, bacterial nanocellulose that is free of hemicellulose, lignin, 

and pectin is known for its notable biocompatibility and its water retention capabilities, 

flexibility, mechanical properties, and hydroxyl groups similar to those of native tissues. 

For this reason, a significant amount of research has been conducted on its application in 

the area of tissue engineering, specifically in the creation of hydrogels to aid in the regen-

eration of hard tissues. This type of hydrogel was first used in the 1980s to treat severe 

burns, skin grafts, and chronic skin ulcers, and it started to be used to create artificial blood 

vessels in microsurgery at the beginning of the 21st century [83]. To date, extensive re-

search has been conducted on the use of this type of hydrogel for the formation of 3D 

scaffolds for bone and dental structures due to its notable structural stability, traction re-

sistance, and capacity for cell adhesion and the proliferation of fibroblast cells, and human 
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osteoblastic cells. Some of the studies that have been conducted to investigate the use of 

biomaterials for tissue regeneration are delineated below in table 4. 

 

Table 4. Examples of the potential of nanocellulose biomaterials in the regeneration of 

bone tissues [83]. 

Composition Scaffold 

Form 

Cell/Drug/ 

Biomolecule 

Features Ref 

BNC Membrane NIH-3T3 

fibroblast cells 

Suitable biocompatibility and 

enhanced cell viability, 

remarkably formation of 

large new bone area 

[84] 

BNC Membrane - Low biocompatibility and 

large amount of mature 

connective tissue in filling the 

defect (adult male rat) 

[85] 

BNC Nanofibrous BMP-2, C2C12 

cells 

Suitable biocompatibility and 

osteogenic differentiation of 

fibroblast-like cells, and BNC 

scaffold with BMP-2 

exhibited more bone 

formation and higher 

calcium content than that of 

BNC only 

[86] 

BNC/collagen Fibrous UCB-MSCs and 

NIH3T3 cells, 

BMP-2, 

dexamethasone 

Favorable cell adhesion and 

growth, more up-regulated 

osteogenic markers and 

remarkably uplifted proteins 

and calcium deposition, and 

positive signals (-smooth 

muscle actin) for 

neovascularization 

[87] 

BNC/Gel Nanofibrous NIH-3T3 

fibroblast cells 

Decreased crystallinity and 

improved thermal stability, 

Enhanced Young's modulus 

and decreased tensile 

strength, and excellent 

biocompatibility 

[88] 

BNC/fisetin Nanofibrous BMSCs Decreased crystallinity and 

improved thermal stability, 

Enhanced Young's modulus 

and decreased tensile 

strength, and excellent 

biocompatibility 

[89] 
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BNC/HAp Nanofibrous - 3D porous network with 

homogenous precipitation of 

carbonated-HAp crystals on 

BC fibers 

[90] 

 

In addition to these studies, a different study carried out two approaches—one pre-

surprise and the other during in situ adsorption—to investigate the application of hemi-

celluloses (i.e., galactoglucomannan, xyloglucan[XG], and xylan) as crosslinking agents, 

which adjust the cellular behavioral properties in nanofibrillated cellulose hydrogels 

(NFC) during wound healing. In the pre-surprise method, XG was found to be the hemi-

cellulose with the greatest adsorption capacity in NFC, and it also demonstrated the high-

est efficacy when supporting cell growth and proliferation of the cell, making it a highly 

functional polysaccharide that can be applied in wound healing [91]. 

 

2.6.2. Enzymatic products  

Bromelain is a proteolytic enzyme found in pineapple residues; while it is mostly 

found in the stem, it can also be obtained from the pulp, core, and peel. Obtaining this 

enzyme involves a 10-step process—reception, washing, cutting, grinding, pressing, tan-

gential microfiltration, ultrafiltration, microencapsulation, drying, and mixing—which 

yields a yellow powder [92]. 

Significant research on the properties of bromelain has been conducted. This enzyme 

was found to be an anti-inflammatory agent that reduces prostaglandin, and it can also be 

used as an analgesic agent to treat muscle injuries, reduce inflammation from arthritis, 

and ease the pain of surgical cuts in the perineum. Studies have also shown that bromelain 

acts as an anticancer and antimicrobial agent; in fact, this enzyme was found to inhibit the 

first phases of the metastatic process [93]. As an example, a study was conducted that 

demonstrated that bromelain inhibited cell growth in tumor cell lines [94]; this also oc-

curred in a study on gastric carcinoma cell lines, in which bromelain therapy caused to 

decrease significantly; and the inhibition of MCF-7 breast cancer cells observed after an 

oral bromelain treatment [95]. 

Another well-known application of bromelain is in the treatment of burns and 

wounds; this enzyme in this capacity is considered an alternative treatment to surgery 

because it collaborates in the elimination of necrotic tissues and accelerates the skin's heal-

ing process. As a result, there are currently medicines based on proteolytic enzymes such 

as bromelain available as either a powder or a gel, which is applied to the skin for 24 hours 

after a significant burn has occurred [96]. 

Finally, a study on the collagenase activity found in bromelain was conducted; here, 

the enzyme was immobilized with the use of a gold nanoparticle interface, which resulted 

in improvements in the thermal stability and enzymatic activity of this biomaterial in ther-

apeutic applications that rely on the anti-inflammatory, anticoagulant, antitumor, anti-

metastatic in vitro properties and in vivo immunogenicity properties [97]. 

 

2.6.3. Drug Delivery 

The application of these compounds as materials to deliver drugs throughout the 

body has been extensively researched. Several studies have investigated the delivery of 

different types of drugs concerning lignin, cellulose, and hemicellulose; some of these 

studies are presented below. 

In a study on the synthesis of lignin-based polymeric nanoparticles for use in the 

delivery and administration of drugs during a cancer treatment, was conducted because 

of problems posed by these types of drugs, specifically minimal water solubility, rapid 

elimination from circulation, poor targeting of tumor cells, and inadequate tissue pene-

tration. The synthesis process of this material, which is summarized below in Figure 12, 

resulted in a conjugated folic acid-polyethylene glycol-alkaline lignin base and self-assem-

bly. The material that administered the anticancer drugs was successfully and efficiently 
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obtained; it also demonstrated high loading efficiency, robust stability, and good biocom-

patibility, which in turn resulted in improved blood circulation and cell uptake, and the 

conclusion of this study was that this material was capable of significantly inhibiting ad-

vanced tumor growth [98]. 

  

Figure 12. Synthesis of FA-PEG-AL / HCPT NP [98] 

Another study synthesized lignin-based pH-sensitive nanocapsules for the con-

trolled delivery of hydrophobic molecules, which can be found in certain medications, 

essential oils, and antioxidants. This synthesis was conducted by a three-step interfacial 

miniemulsion polymerization: The first step involved etherification to graft the lignin 

with allyl groups in an emulsion system (i.e., water-oil), followed by a reaction of the lig-

nin with a cross-linking agent to form nanocapsules. Finally, the success and efficiency of 

this polymerization were determined and characterized by FTIR and TEM tests with a 

linear release at pH 7.4 and in accordance with Korsmeyer–Peppas model at pH 4 [99]. 

Studies have also shown that fractionated Kraft lignin can be easily used in the crea-

tion of drug microcapsules of various shapes, such as a hemisphere, a bowl, mini-tablets, 

or spheres with a single hole; this is due to the physicochemical properties of lignin in the 

water-oil interface and its representation as an environmentally friendly, renewable ma-

terial. An emulsion solvent evaporation protocol was utilized in this study, and it was 

determined that the employed method allowed for the creation of a high number of cap-

sules that could be used in a wide range of medical applications in different drugs [100]. 

Lignin has been used to create biomaterials that can help treat or combat oxidative 

stress in compounds containing poly (L-lactic acid). It was achieved through a ring-open-

ing polymerization with different alkylated lignin contents that ranged from 10–50%; after 

which the lignin was combined with poly(l-lactide) to manufacture nanofibrous com-

pounds through electrospinning, which efficiently eliminated radicals and resulted in 

good compatibility, all of which make this a product that can be widely used in the field 

of biomedical materials [101]. Figure 13 below depicts the synthesis route used in this 

study on lignin and PLA biopolymers. 

      

Figure 13. Synthesis route used for lignin and PLA biopolymers [101]. 
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It should be noted that lignin is not the only component used in this area. Studies 

have also been conducted on the potential of cellulose and nanocellulose for drug deliv-

ery. These were based on the fact that nanocellulose crystals are nontoxic and demonstrate 

undirected absorption, which suggests that they may have great potential as drug carriers 

for some specific deliveries [102]. The research was conducted to investigate the applica-

tion of cellulose polymers in the delivery of mucoadhesive nasal medications; in this 

study, the properties of methylcellulose, hydroxypropylmethylcellulose, sodium carbox-

ymethylcellulose, and cationic hydroxyethylcellulose (cationic-HEC) polymers, such as 

the rheology, ciliary beat frequency, and permeability throughout the nasal tissue, were 

evaluated, and all of the polymers presented unique advantages that allowed for the im-

proved administrations of nasal drugs. This study concluded that even though the cati-

onic-HEC was better able to help acyclovir penetrate nasal mucosa, none of the polymer 

characteristics studied stood out, and more cellulose derivatives needed to be developed 

for this type of drug [103]. 

 

2.6.4. Antimicrobial products 

Antimicrobial compounds obtained from pineapple can be encapsulated, immobi-

lized, or added to hydrogels to improve medical devices' antimicrobial properties. The 

most studied antimicrobial compounds in Ananas comosus are bromelain and saponin. 

Their mechanisms of action are associated with the disruption of the bacterial cell, pro-

ducing the cell wall to weaken. Bromelain has antimicrobial properties against Gram-pos-

itive and Gram-negative bacteria [104]. Saponins interact with cholesterol and proteins, 

creating holes that cause cell permeability [104, 105]. Pineapple ethanolic extract contains 

antimicrobial compounds that can be used to produce antimicrobial formulations. Some 

compounds are thiamine, niacin, riboflavin, p-coumaric acid, caffeic acid, ferulic acid, sin-

apic acid, quercetin, ananasic acid, subaphyllin, beta carotene, lutein, cyamin, cyaniding 

3,5,3'-triglucoside, beta-sitosterol, campesterol, and hydroxysitosterol [106]. 

Biogenic silica rosettes (BSR) are another sub-product of the nanocellulose extraction 

process from pineapple peels that present antimicrobial properties [68]. These rosettes 

have ten micrometers in length, 5 µm in height, and are formed by 300 nm granules. The 

minimal inhibition concentration of these BSR is lower than similar length non-nanostruc-

tured silica. Castro et al. reported that the monolayer of these structures on the polydime-

thylsiloxane surface disrupted the bacteria membrane, decreasing the bacteria adhesion 

and growth [107]. These complex microstructures, formed mainly by Si, O, and C, can be 

used to produce antimicrobial coatings on different polymeric materials for medical de-

vices. 

 

2.7. Modeling and simulation studies of pineapple derivates 

The properties of nanocellulose and aqueous hydrogels have been investigated using 

molecular modeling and simulations. The reported literature focuses on applications such 

as hydrogels for biomedical purposes, drug delivery emulsion formation for different for-

mulations and pollutants absorbent materials. 

Trentin et al. investigated the relative hydrophilicity of cellulose surfaces using mo-

lecular dynamics simulations. The water molecules fully spread onto highly hydrophilic 

such as Iα (010), Iα (11̅0), Iβ (010), and Iβ (110) faces, among others. They showed that 

surface oxidation is a key factor influencing surface hydrophilicity nonlinearly [108]. Me-

handzhiyski et al. reported the Young Modulus value of 110 GPa of one nanocellulose 

fibril; self-diffusion coefficients of 17 and 1 E-12 m2/s for nanocellulose lengths between 

50 to 1200 nm [109]. Dong et al. studied the nanocellulose thermal properties using mo-

lecular dynamics. They reported that they depend on the nanocellulose length and cross-

sectional area [110]. The cellulose hydrogel mechanical properties were studied using a 

poroelastic mechanical model, suggesting that mechanical response depends on the me-

chanical properties of the cellulose network, deformation time, and the water movement 

within the structure [111]. 
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Lombardo et al. focused on the drug delivery capability of nanocellulose, demon-

strating that poorly soluble drug molecule furosemide was spontaneously adsorbed on 

cellulose nanofibers, and its adsorption was driven by charge neutralization between pos-

itive nanocellulose fibers, and the negative furosemide surface charge, figure 14 [112]. Mo-

lecular dynamics simulations were carried out by Ning et al. to gain insights into the in-

teractions between nanocellulose ((110), (100), (1-10), (010)) crystal planes and collagen; 

showing that the structural structure of collagen was preserved during binding and sug-

gested that this structural preservation is correlated with the good biocompatibility [113]. 

Lee at al. investigated via molecular dynamics simulation the cellulose properties as a 

Pickering emulsion stabilizer [114]. The interaction of composites formed by poly (2-hy-

droxyethyl methacrylate) (PHEMA), poly (methacroylcholine chloride) (PMACC) or poly 

(methacroylcholine hydroxide) (PMACH) and bacteria nanocellulose were characterized 

by density functional theory, showing that the matrix and filler interact forming a homo-

geneous material and not mixtures of totally independent domains [115]. Finally, the 

Fe3O4-nanocellulose have been studied by density functional theory as a material to re-

move mercury ion pollution [116]. 

  

 
Figure 14.  Snapshot of the sorption simulation of furosemide on a charged cellulose 

nanofiber [112]. 

 

The surface modification has been reported by Chen et al. using atomistic molecular 

dynamics. They reported that the modification with acetyl groups could disrupt the near-

crystalline order at the interface between two aggregated cellulose nanoparticles [117]. 

Another product obtained from pineapple that has been modeled is bromelain. The re-

ported studies have focused on elucidating the secondary and tertiary structure, intermo-

lecular and intramolecular hydrogen bonds, structure stability of the enzyme, and tem-

perature and osmolytes' effect on its denaturalization [118,119] 

 

4. Conclusions 

As shown throughout this work, pineapple waste is highly useful because it allows 

different types of by-products to be obtained through biorefinery, specifically cellulose, 

hemicellulose, lignin, and enzymes with a high added value. In particular, the proteolytic 

enzyme bromelain is commonly used as an anti-inflammatory agent in many commercial 

products. Moreover, scientists have also discovered its potential in the treatment of burns, 

as antimicrobial agent, and even as inhibitor of cell growth in tumor cell lines. Other by-

products, like cellulose, hemicellulose and lignin, although are not obtained only from 

pineapple waste, have an undoubtedly huge commercial application.  

Applying the circular economy concept to the pineapple production-and-processing 

industry addresses and contributes to solve waste-related environmental issues and cre-

ates an opportunity to build a high-profit market that focuses on manufacturing products 

with biomedical applications. Pineapple processing industry of different food products 

generates a high amount of waste which is easily accessible and is usually concentrated 

in a single point, which reduces the cost of retrieving it for additional treatments. Moreo-

ver, a treatment plant could be built next to processing facilities, what would offer the 

opportunity to develop a closed-loop processing system. 

Pineapple-producing countries, most of which are located in Central and South 

America, have a unique opportunity to generate export markets that would allow them 
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to recover from the economic crisis produced by the COVID-19 pandemic. Furthermore, 

thanks to the reuse of waste, these new markets would lead to a sustainable economy 

aligned with world trends toward a circular economy. State policies that allow the devel-

opment of these technologies are critical for their implementation. In this regard, Costa 

Rica has demonstrated its interest in positioning itself as a leader in the field of biorefinery 

due to proposals that would facilitate the full use of all residual biomass; the country's 

overwhelming support for research on this issue and the implementation of policies at the 

local level to promote the development of new productive activities based on the full use 

and valorization of residual biomass is evidence of this interest. 
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58. Korányi, T. I.; Huang, X.; Coumans, A. E.; Hensen, E. J. Synergy in lignin upgrading by a combination of Cu-based mixed 

oxide and Ni-phosphide catalysts in supercritical ethanol. ACS sustainable chemistry & engineering. 2017, 5, 3535-3543. 

59. Wang, H.; Wang, H.; Kuhn, E.; Tucker, M. P.; Yang, B. Production of Jet Fuel‐Range Hydrocarbons from Hydrodeoxygena‐

tion of Lignin over Super Lewis Acid Combined with Metal Catalysts. ChemSusChem, 2018, 11, 285-291 

60. Gañán, P.; Zuluaga, R.; Castro, C.; Restrepo-Osorio, A.; Cock, J. V.; Osorio, M.; ... Molina, C. Celulosa: un polímero de siem-

pre con mucho futuro. Revista Colombiana de Materiales. 2017, 11, 1-4. 

61. Keller, S. ACS. Available online: https://bit.ly/3vhNf8i. (Access on October 15, 2021) 

62. Kargarzadeh, H.; Ioelovich, M.; Ahmad, I.; Thomas, S.; Dufresne, A. Methods for extraction of nanocellulose from various 

sources. Handbook of nanocellulose and cellulose nanocomposites. 2017, 1, 1-51. 

63. Gupta, V. K.; Carrott, P. J. M.; Singh, R.; Chaudhary, M.; Kushwaha, S. Cellulose: a review as natural, modified and activated 

carbon adsorbent. Bioresource technology. 2016, 216, 1066-1076. 

64. Zhao, X. Q.; Wahid, F.; Cui, J. X.; Wang, Y. Y.; Zhong, C. Cellulose-based special wetting materials for oil/water separation: 

A review. International Journal of Biological Macromolecules. 2021, 185, 890-906. 

65. Morales-Vázquez, J. G.; López-Zamora, L.; Aguilar-Uscanga, M. G. Ethanol production from pineapple waste. Doctoral 

tesis, Instituto Tecnológico de Orizaba, Mexico, 2020. 

66. Sánchez-Pardo, M. E.; Ramos-Cassellis, M. E.; Mora-Escobedo, R.; Jiménez-García, E. Chemical characterization of the in-

dustrial residues of the pineapple (Ananas comosus). Journal of Agricultural Chemistry and Environment. 2014, 3, 53-56 

67. Segura, A., Manriquez, A.; Santos, D.; Ambriz, E.; Casas, P.; Muñoz, A. S. Obtención de bioetanol a partir de residuos de 

cascara de piña (Ananas comosus). Jovenes en la ciencia. 2020, 8, 1-8. 

68. Camacho, M.; Ureña, Y. R. C.; Lopretti, M.; Carballo, L. B.; Moreno, G.; Alfaro, B.; Baudrit, J. R. V. Synthesis and characteri-

zation of nanocrystalline cellulose derived from pineapple peel residues. Journal of Renewable Materials. 2017, 5, 271-279 

69. Rambabu, N.; PAnthapulakkal, S.; Sain, M.; Dalai, A. K.  Production of nanocellulose fibers from pinecone biomass: eval-

uation and optimization of chemical and mechanical treatment conditions on mechanical properties of nanocellulose films. 

Industrial Crops and Products. 2016, 83, 746-754. 

70. Mahardika, M.; Abral, H.; Kasim, A.; Arief, S.; Asrofi, M. Production of nanocellulose from pineapple leaf fibers via high-

shear homogenization and ultrasonication. Fibers. 2018, 6, 28 

71. Moon, R. J.; Schueneman, G. T.; Simonsen, J. Overview of cellulose nanomaterials, their capabilities and applications. Jom. 

2016, 68, 2383-2394. 

72. Rivas-Siota, S. Biomass hemicellulose valorization. Doctoral dissertation, Universidade de Vigo, Spain, 2014. 

73. Dutta, S. K.; Chakraborty, S. Multiscale dynamics of hemicellulose hydrolysis for biofuel production. Industrial & Engineer-

ing Chemistry Research. 2019, 58, 8963-8978. 

74. Sun, S. C.; Wang, P. F.; Cao, X. F.; Sun, S. N.; Wen, J. L. An integrated pretreatment for accelerating the enzymatic hydrolysis 

of poplar and improving the isolation of co-produced hemicelluloses. Industrial Crops and Products. 2021, 173, 114101. 

75. Banerjee, S.; Patti, A. F.; Ranganathan, V.; Arora, A. Hemicellulose based biorefinery from pineapple peel waste: Xylan 

extraction and its conversion into xylooligosaccharides. Food and Bioproducts Processing. 2019, 117, 38-50. 

76. Scapini, T.; Dos Santos, M. S.; Bonatto, C.; Wancura, J. H.; Mulinari, J.; Camargo, A. F.; ... Treichel, H. Hydrothermal pre-

treatment of lignocellulosic biomass for hemicellulose recovery. Bioresource Technology. 2021, 342, 126033. 

77. Huang, Q.; Zou, Y.; Arno, M. C.; Chen, S.; Wang, T.; Gao, J.; ... Du, J. Hydrogel scaffolds for differentiation of adipose-

derived stem cells. Chemical Society Reviews. 2017, 46, 6255-6275. 

78. Bai, T.; Li, J.; Sinclair, A.; Imren, S.; Merriam, F.; Sun, F.; ... Delaney, C. Expansion of primitive human hematopoietic stem 

cells by culture in a zwitterionic hydrogel. Nature medicine. 2019, 25, 1566-1575. 

79. Peppas, N. A.; Hilt, J. Z.; Khademhosseini, A.; Langer, R. Hydrogels in biology and medicine: from molecular principles to 

bionanotechnology. Advanced materials. 2006, 18, 1345-1360. 

80. Xu, C.; Liu, L.; Renneckar, S.; Jiang, F. Chemically and physically crosslinked lignin hydrogels with antifouling and antimi-

crobial properties. Industrial Crops and Products. 2021, 170, 113759.  

81. Sun, X. F.; Zhang, T.; Wang, H. H. Hemicelluloses-based hydrogels. Plant and Algal Hydrogels for Drug Delivery and Regener-

ative Medicine. 2021, 181-216. 

82. Liu, X.; Luan, S.; Li, W. Utilization of waste hemicelluloses lye for superabsorbent hydrogel synthesis. International journal 

of biological macromolecules. 2019, 132, 954-962. 

83. Kumar, A.; Han, S. S. Efficacy of Bacterial Nanocellulose in Hard Tissue Regeneration: A Review. Materials. 2021, 14, 4777. 

84. An, S. J.; Lee, S. H.; Huh, J. B.; Jeong, S. I.; Park, J. S.; Gwon, H. J.; ... Lim, Y. M. Preparation and characterization of resorbable 

bacterial cellulose membranes treated by electron beam irradiation for guided bone regeneration. International journal of 

molecular sciences. 2017, 18, 2236. 

85. Farnezi-Bassi, A. P.; Bizelli, V. F.; Brasil, L. F. D. M.; Pereira, J. C.; Al-Sharani, H. M.; Momesso, G. A. C.; ... Lucas, F. D. A. Is 

the Bacterial Cellulose Membrane Feasible for Osteopromotive Property? Membranes. 2020, 10, 230. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2022                   doi:10.20944/preprints202209.0365.v1

https://doi.org/10.20944/preprints202209.0365.v1


 

86. Shi, Q.; Li, Y.; Sun, J.; Zhang, H.; Chen, L.; Chen, B.; ... Wang, Z. The osteogenesis of bacterial cellulose scaffold loaded with 

bone morphogenetic protein-2. Biomaterials. 2012, 33, 6644-6649. 

87. Noh, Y. K.; Da Costa, A. D. S.; Park, Y. S.; Du, P.; Kim, I. H.; Park, K. Fabrication of bacterial cellulose-collagen composite 

scaffolds and their osteogenic effect on human mesenchymal stem cells. Carbohydrate polymers. 2019, 219, 210-218. 

88. Cai, Z.; Kim, J. Preparation and characterization of novel bacterial cellulose/gelatin scaffold for tissue regeneration using 

bacterial cellulose hydrogel. Journal of Nanotechnology in Engineering and Medicine. 2010, 1. 

89. Kheiry, E. V.; Parivar, K.; Baharara, J.; Bazzaz, B. S. F.; Iranbakhsh, A. The osteogenesis of bacterial cellulose scaffold loaded 

with fisetin. Iranian journal of basic medical sciences. 2018, 21, 965. 

90. Hong, L.; Wang, Y. L.; Jia, S. R.; Huang, Y.; Gao, C.; Wan, Y. Z. Hydroxyapatite/bacterial cellulose composites synthesized 

via a biomimetic route. Materials letters. 2006, 60, 1710-1713. 

91. Liu, J.; Chinga-Carrasco, G.; Cheng, F.; Xu, W.; Willför, S.; Syverud, K.: Xu, C. Hemicellulose-reinforced nanocellulose hy-

drogels for wound healing application. Cellulose. 2016, 23, 3129-3143. 

92. Angueta-López, N. O. Diseño de una planta para la obtención de bromelina a partir de residuos de piña. Bachelor's thesis, 

Escuela Politécnica Nacional, Perú, 2019. 

93. Chakraborty, A. J.; Mitra, S.; Tallei, T. E.; Tareq, A. M.; Nainu, F.; Cicia, D.; ... Capasso, R. Bromelain a potential bioactive 

compound: a comprehensive overview from a pharmacological perspective. Life. 2021, 11, 317. 

94. Juhasz, B.; Thirunavukkarasu, M.; Pant, R.; Zhan, L.; Penumathsa, S. V.; Secor Jr, E. R.; ... Maulik, N. Bromelain induces 

cardioprotection against ischemia-reperfusion injury through Akt/FOXO pathway in rat myocardium. American journal of 

physiology-Heart and circulatory physiology. 2008, 294, 1365-1370. 

95. Mahato, D.; Sharma, H. P. Phytochemical profiling and antioxidant activity of Leea macrophylla Roxb. ex Hornem.-in vitro 

study. Indian Journal of Traditional Knowledge (IJTK). 2019, 18, 493-499. 

96. López-Rodríguez, M. Uso en quemaduras de bromelina, un complejo enzimático obtenido de Ananas Comosus. Degree in 

pharmacy, Universidad de Sevilla, Spain, 2020. 

97. Brito, A. M.; Oliveira, V.; Icimoto, M. Y.; Nantes-Cardoso, I. L Collagenase Activity of Bromelain Immobilized at Gold Na-

noparticle Interfaces for Therapeutic Applications. Pharmaceutics. 2021, 13, 1143. 

98. Liu, K.; Zheng, D.; Lei, H.; Liu, J.; Lei, J.; Wang, L.; Ma, X.  Development of novel lignin-based targeted polymeric nano-

particle platform for efficient delivery of anticancer drugs. ACS Biomaterials Science & Engineering. 2018, 4, 1730-1737. 

99. Chen, N.; Dempere, L. A.; Tong, Z. Synthesis of pH-responsive lignin-based nanocapsules for controlled release of hydro-

phobic molecules. ACS Sustainable Chemistry & Engineering. 2016, 4, 5204-5211. 

100. Cui, Y.; Lawoko, M.; Svagan, A. J. High value use of technical lignin. fractionated lignin enables facile synthesis of micro-

capsules with various shapes: hemisphere, bowl, mini-tablets, or spheres with single holes. ACS Sustainable Chemistry & 

Engineering. 2020, 8, 13282-13291. 

101. Kai, D.; Ren, W.; Tian, L.; Chee, P. L.; Liu, Y.; Ramakrishna, S.; Loh, X. J. Engineering poly (lactide)–lignin nanofibers with 

antioxidant activity for biomedical application. ACS Sustainable Chemistry & Engineering. 2016, 4, 5268-5276. 

102. Edgar, K. J., Heinze, T., & Buchanan, C. M. Polysaccharide materials: Performance by design, 1st ed.; American Chemical Society: 

Washington, EEUU, 2009. 

103. Hansen, K.; Kim, G.; Desai, K. G. H.; Patel, H.; Olsen, K. F.; Curtis-Fisk, J.; ... Schwendeman, S. P. Feasibility investigation of 

cellulose polymers for mucoadhesive nasal drug delivery applications. Molecular pharmaceutics. 2015, 12, 2732-2741. 

104. Sayyid, R. 1a, Budi, P., Mustika, A. Antimicrobial activity of pineapple (Ananas comosus L.Merr) extract against multidrug-

resistant of Pseudomonas aeruginosa: an in vitro study. Indonesian Journal of Tropical and Infectious disease. 2017, 6, 118-

123. 

105. Hasan, A., Saha, T., Ahmed, T. Antibaterial activity of the extracts of pineapple and pomelo against five different pathogenic 

bacterial isolates. Stamford Journal of Microbiology. 2021, 11, 1-6. 

106. Istiqomah, N., Ramadhani, A., Ningrum, R., Purwat, E. Ethanol extract analysis of steam pineapple (Ananas comosus.L) 

and its application as antibacterial agent: In vitro and silico studies. IOP Conf. Series: Earth and Environmental Science. 

2021, 886, 012019. 

107. Castro, M., Vázquez, M., Cordero, J., Benavides, M., González, J., López, M., Vega, J., Corrales, Y. Bacterial anti-adhesive 

films of PDMS coated with microstructures of biogenic silica rosettes extracted from pineapple peels residues. Surfaces and 

Interfaces. 2022, 20, 101881. 

108. Trentin, L. N.,Pereira, C. S, Silveira, R. L., Hill, S., Sorieul, M., Skaf, M. S. Nanoscale Wetting of Crystalline Cellulose. Biom-

acromolecules. 2021, 22(10): 4251-4261. 

109. Mehandzhiyski, A., Rolland, N., Garg, M., Wohlert, J., Linares, M., Zozoulenko, I. A novel supra coarse-grained model for 

cellulose. Cellulose. 2020, 27(8): 4221-4234. 

110. Dong, R.Y., Dong, Y., Li, Q., Wan, C. Ballistic-diffusive phonon transport in cellulose nanocrystals by ReaxFF molecular 

dynamics simulations. International Journal of Heat and Mass Transfer. 2020, 148. 

111. Lopez-Sanchez, P., Rincon, M., Wang, D., Brulhart, S., Stokes, J. R., Gidley, M. J. Micromechanics and poroelasticity of hy-

drated cellulose networks. Biomacromolecules. 2014, 15(6): 2274-2284. 

112. Lombardo, S., Chen, P., Larsson, P. A., Thielemans, W., Wohlert, J., Svagan, A. J. Toward Improved Understanding of the 

Interactions between Poorly Soluble Drugs and Cellulose Nanofibers." Langmuir. 2018, 34(19): 5464-5473. 

113. Ning, L., Ma, H., Shi, Q., Li, X., Ren, J. Effects of Nanocellulose on the Structure of Collagen: Insights from Molecular Dy-

namics Simulation and Umbrella Sampling. Research Square; 2022. DOI: 10.21203/rs.3.rs-1242782/v1. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2022                   doi:10.20944/preprints202209.0365.v1

https://doi.org/10.20944/preprints202209.0365.v1


 

114. Lee, K. K., Low, D. Y. S., Foo, M. L., Yu, L. J., Choong, T. S. Y., Tang, S. Y., Tan, K. W. Molecular Dynamics Simulation of 

Nanocellulose-Stabilized Pickering Emulsions. Polymers. 2021 13(4). 

115. Vilela, C., Freire, C. S. R., Araujo, C., Rudic, S., Silvestre, A. J. D., Vaz, P. D., Ribeiro-Claro, P. J. A. Nolasco, M. M. Under-

standing the Structure and Dynamics of Nanocellulose-Based Composites with Neutral and ionic Poly(methacrylate) De-

rivatives using Inelastic Neutron Scattering and DFT Calculations. Molecules. 2020, 25(7). 

116. Zarei, S., Niad, M., Raanaei, H. The removal of mercury ion pollution by using Fe3O4-nanocellulose: Synthesis, characteri-

zations and DFT studies. J Hazard Mater. 2018 344: 258-273. 

117. Chen, P., Lo Re, G., Berglund, L., Wohlert, J. Surface modification effects on nanocellulose – molecular dynamics simulations 

using umbrella sampling and computational alchemy." Journal of Materials Chemistry A. 2020, 8(44): 23617-23627. 

118. Pang, W. C., Ramli, A. N. M., Hamid, A. A. A. Comparative modelling studies of fruit bromelain using molecular dynamics 

simulation. J Mol Model. 2020, 26(6): 142. 

119. Rani, A., Taha, M., Venkatesu, P., Lee, M. J. Coherent Experimental and Simulation Approach To Explore the Underlying 

Mechanism of Denaturation of Stem Bromelain in Osmolytes. J Phys Chem B. 2017, 121(27): 6456-6470. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 September 2022                   doi:10.20944/preprints202209.0365.v1

https://doi.org/10.20944/preprints202209.0365.v1

