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Abstract: Background: Several disease conditions require controlled or sustained drug release leading to complete 
recovery. In recent years, there has been a considerable research interest in bio-inspired biomaterials due to their potential 
as an alternative to the traditional synthetic counterparts. Methods: Herein, we extensively reviewed, analyzed and 
compiled salient information from the authentic bibliographic databases including PubMed, Scopus, Elsevier, Springer, 
Bentham Science and other scientific databases. A focused review question and inclusion/exclusion criterion were adopted 
to appraise the quality of retrieved peer-reviewed research literature. Results: Research is underway around the globe on 
the development of ‘greener’ technologies with an aim to engineer novel drug delivery systems (DDS). Bio-based 
constructs are being engineered for target applications in different bio- and non-bio sectors of the modern world, to 
address growing concerns about a global dependence on non-renewable petroleum-based resources. Therefore, in recent 
years, bio-inspired biomaterials have gained a considerable attention with high-value biomedical and pharmaceutical 
potentials. Moreover, owing to their novel characteristics like non-toxicity, biocompatibility, together with the adjustable 
thermo-mechanical and controllable properties, collagen, poly (lactic acid) (PLA), and chitosan-based novel constructs 
have raised interesting applications in many sectors of the medical world. So far, many of such bio-constructs have been 
implicated in drug delivery systems, tissue repair, nutritional and therapeutic uses. Conclusions: In conclusion, this 
review comprised of different bio-based novel materials including collagen, PLA, and chitosan and their valorization for 
DDS. In this review, detailed information is summarized on various geometries like microspheres, composites, and nano-
films, etc. from each material. Towards the end, information is also given on their future perspectives and concluding 
remarks. 
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1. INTRODUCTION 

The materials produced by biological systems either by 
living organisms such as microorganisms and plants are 
generally termed as “biomaterials”. From an application 
point of view, a biomaterial is a non-viable and inert material 
used in a medical device and intended to interact with 
biological systems. The use of biomaterials in industrial and 
biomedical applications has been grown exponentially in the 
past two decades. Biomedical engineers have been 
investigating the specific characteristics of biomaterials for 
various biomedical applications [1, 2]. The bulk and surface 
properties of biomaterials such as mechanical and thermal 
properties, chemical structure, durability, biocompatibility, 
and functionality are the key criteria for biomedical 
applications [3]. Biomaterials play the core role in 
biotechnology engineering as the developer looks to obtain 
the right behavior and characteristics for a specific 
application, such as tissue engineering, prostheses, contact 
lenses, scaffolds and drug delivery systems, to mention a few 
examples. During last few decades, there has been a 
continuous increase in interest on the development of 
stronger, stiffer, lighter-weight, and multifunctional 
engineering materials for a variety of biotechnological and 
biomedical applications [4-7]. Research is underway, around 

the globe, in the commercial development of ‘greener’ 
technologies with high performance at affordable costs. The 
principle of ‘going green’ has diverted this search towards 
eco-friendly materials. The development or selection of 
materials to meet the structural and design challenges calls 
for a compromise between conflicting visions/objectives 
which are often non-commensurate, and any improvement in 
one is in conflict with the other [8]. On the other hand, 
biomaterials have some advantages over petroleum-based 
polymers, such as being renewable, abundant and 
biodegradable while also providing competitive mechanical 
properties [9, 10]. 

Recent advances in the biomaterials and biomimetic 
environments have created potential opportunities to 
fabricate tissues at a small scale in the laboratory. Apart from 
biocompatibility and non-toxicity, the biodegradability of 
extracellular matrices is also recognized as a valuable 
property for diverse applications [6]. A range of biomaterials 
has been developed in recent years for their targeted 
applications. These materials have a variety of design 
characteristics that include physical, chemical, and 
mechanical properties, which depends mostly on the final 
application [11].  
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As far as the use of tools and materials in medicine is 
concerned, owing to the emergence of novel green 
technologies, the benefits of carefully selected and crafted 
materials have been well established. Over the last 50 years, 
innovative devices such as joint replacements, pacemakers, 
lenses, cochlear implants, artificial heart valves, and blood 
vessels have significantly extended the lifetime and life 
quality of patients [3]. These devices are termed 
“implantable medical devices”, and uses “biomaterials”. 
Although highly successful in several clinical applications, 
the design of such materials is far from its optimum [12]. 
Consequently, the anticipation and inspiration for further 
research in biomaterials with unique characteristics 
intensifies. The interdisciplinary research area is more active 
and innovative than ever and ranges from physics and 
chemistry through to molecular cell biology and medicine. 

2. Biomedical and Biotechnological Applications 

The use of biomaterials for biomedical and 
biotechnological applications has many intrinsic advantages 
such as biocompatibility, biodegradability, renewability, 
sustainability, and non-toxicity [6, 13]. The sustainability 
concept is shown in Figure 1. In recent years, from a 
biological point of view, a broad spectrum of biomaterials 
based biocomposites have been engineered for target 
applications. Herein, Figure 2 illustrates an overview of the 
recent uses of biomaterials for biomedical and 
biotechnological applications. Some of the major examples 
include collagen, PLA, and chitosan. All these materials are 
characterized and well organized/developed into value-added 
structures, thus can provide a proper route to emulate bio-
systems - a biomimetic approach. 

Figure 1 Concept of “sustainability” [6]. 

Figure 2 Emerging and well-established applications of 
novel biomaterials or biomaterials-based novel constructs. 

3. Drug Delivery – General Classification  

Drug delivery systems (DDS) can refer to any methods, 
devices, technologies and techniques to infuse or apply a 
certain pharmaceutical compound to a patient. It is important 
to control the dosing of the pharmaceutical agent since one 
neither wants to release an amount too high as to be toxic to 
the patient nor have the dose being as small in concentration 
where fails to function. Therefore, the ideal drug delivery 
system would be one that gets to a point where it doses the 
compound and maintains its concentration until all the 
pharmaceutical agents are completely delivered. There are 
many types of DDS currently being used such as (i) 
diffusion-controlled delivery systems, (ii) water penetration 
controlled systems, (iii) chemically controlled systems and 
(iv) regulated delivery systems such as pumps. The DDS are 
classified based on how they release the pharmaceutical 
compound carried in the reservoir or the nucleus of the 
device. There are many factors to consider in choosing and 
developing a proper drug delivery system for a specific 
application such as the capability of constant drug release, a 
method of drug delivery, manufacturing cost and safety. To 
date, the most commercially successful DDS of the diffusion 
type are playing a core role in transdermal applications. 
Another example of DDS is in the development of novel bio-
constructs or geometries like microspheres of polymeric 
materials, such as Lactide-glycolide copolymers for 

delivering synthetic analogs of luteinizing hormone-
releasing hormone (LHRH) for control of prostate cancer [3]. 

4. Novel Biomaterials for Drug Delivery 

Novel developments and discoveries in nano- and 
biotechnology have revolutionized the science of medicine. 
Since the early years of humanity, delivery of medicinal 
drugs and their mechanism of action in a human body has 
been an important area of study because it is fundamental to 
identify and treat numerous diseases that affect human 
health. Despite the development of numerous drugs in the 
recent years, traditional pharmaceuticals have various 
drawbacks that decrease their efficacy due to their poor 
solubility, high toxicity, non-specific targeting, high dosage, 
among others [14]. Various approaches have been 
considered to increase the efficacy of drugs. DDS are 
gaining more importance due to the provision of medicinal 
drugs in a specific site of action with a controlled release rate 
to obtain a therapeutic effect [15]. DDS are based on the 
encapsulation of a medicinal drug into a polymeric matrix 
which may contain ligands (peptides, antibodies, aptamers, 
etc.) on the surface to achieve a higher specificity (Figure 3). 
The polymeric matrix protects the drug from physiological 
environments providing a higher stability. Furthermore, the 
polymeric matrix in nano- size can improve the 
bioavailability, solubility, decrease the toxicity, and provide 
a prolonged release of the drug [14, 16]. There are different 
routes of administration that can be used such as oral, 
pulmonary, transdermal, injectable, ocular, nasal, 
implantable and transmucosal [17]. Once the drug loaded 
construct reaches the desired target site, drug release takes 
place as shown in Figure 3. At the end of the release, the 
polymeric material is eliminated from the body through 
hydrolysis where polymer chains are cleaved to monomeric 
acids and are removed via the Krebs cycle as carbon dioxide 
and urine [18]. 

Figure 3 Engineering biomaterials-based novel drug 
delivery system (DDS) and its targeted delivery. 

5. Collagen and Drug Delivery – Processing, Properties, 
and Applications  

Collagen a natural material and an important constituent 
of connective tissue as an auxiliary protein of any organ is 
important biomaterial for drug delivery. In this context, the 
utilization of collagen and collagen-based novel constructs is 
currently experiencing a renaissance in the current medical 
sector, particularly in the novel drug delivery systems and in 
the tissue designing field. Nonetheless, a basic understanding 
of collagen natural chemistry and the handling innovation 
along with comprehension of the physicochemical 
characteristics is fundamental for a sufficient/adequate 
utilization of collagen as a carrier for drug delivery systems. 
The collagen utilization in medical applications has been 
expanding considerably due to many unique characteristics 
like non-toxicity, biocompatibility, biodegradability, surface 
tension properties, and bio-absorption, all making it less 
likely to have a host reaction once it is applied, for instance, 
in a protein delivery system [19, 20]. In another study, 
collagen-carboxymethylcellulose or hydroxyapatite was 
loaded with tetracycline which proved to be released slowly 
for up to 6 days [21]. 

Several others drugs were used in combination with 
collagen for sustained release of drugs like antibiotics 
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namely amikacin, ceftazidime, cefotaxime, chloramphenicol, 
doxycycline, rolitetracycline, minocycline, metronidazole, 
gentamicin, tobramycin, and vancomycin; antiseptics like 
chlorhexidine, Vitamins like riboflavin, statins like 
rosuvastatin, Parasympathomimetic drugs like pilocarpine 
[22-24]. Cisplatin-loaded collagen (COLL)/hydroxyapatite 
was also developed and studied for its effect against bone 
cancer and results showed that this conjugate proved to be a 
suitable alternative for current chemotherapy of bone cancer 
[25]. Many different types of structures or geometries can be 
given to this biomaterial to present its maximum potential in 
a specific way or fulfill a certain role while delivering a 
pharmaceutical compound/agent. 

5.1. Collagen-Based Microspheres 

Collagen-based microspheres are widely being used in 
the field of medicine for treatment purposes to cure many 
diseases such as cancer, pulmonary diseases, cardiology, 
radiology, gynecology, oncology, tissue engineering, among 
others [19]. Figure 4 illustrates an overview of different 
geometries of various biomaterials for drug delivery 
applications. Some possible examples are as a diffusion 
controlled reservoir and microspheres, and chemically 
controlled microspheres. Some studies on collagen 
microspheres, for diverse applications such as drug delivery 
in tissue engineering for bone regeneration, have shown a 
higher level of cell viability as compared to the pure collagen 
counterpart. The newly developed microspheres possess 
osteoinductive activities as demonstrated by the ability to 
induce cells to commit to crystals in contact co-culture. It 
has also been documented in the literature that collagen-
based microspheres have great biocompatibility and 
biodegradability, but sometimes they require the support of 
another material, either natural or synthetic, to acquire other 
characteristics such as mechanical, thermal, or chemical 
properties [26]. Depending on the essential application, the 
properties needed for a material may not be sufficient, 
materials of interests can be fabricated along with other 
materials to make a new counterpart that will have the right 
properties to suffice the needs presented [27, 28]. 

5.2. Collagen-Based Composites 

Collagen-based composite films of approximately 0.01–
0.5 mm of thickness have been prepared by solution casting 
technique and others. Collagen and collagen-based 
composite materials have many applications in the biological 
and medical fields for the development of novel drug 
delivery systems and delivery of cells, proteins, and other 
biomolecules (Figure 4). They are also used as novel 
constructs for cellular growth in the field of tissue 
engineering, among many other biomedical applications [29, 
30]. Various functional characteristics including low toxicity 
or non-toxicity, osteoinduction, surface functional groups, 
along with biocompatibility make collagen-based composite 
materials are potential candidate constructs for drug and cells 
delivery systems [31-34]. 

Collagen-based thin films, nano-films, and composite 
films have considerable potential to apply as coatings for 
drug delivery systems. Among the most common and in 
practice techniques to fabricate such collagen-based nano-
films is a layer-by-layer (LbL) assembly method, which has 
been proven to be a versatile method for fabrication of 
controlled layered structures from various kinds of 

component materials using very simple, inexpensive, and 
rapid procedures [35-37]. The main idea of the layer-by-
layer fabrication method consists of re-saturation of polyion 
adsorption, resulting in the alternation of the terminal charge 
after every subsequent layer deposition. A few applications 
for the films mentioned above in the biological and medical 
fields are microencapsulation, control of cell inflammation 
and targeted drug delivery systems [38, 39]. 

Figure 4 A brief overview of different biomaterials-based 
geometries for drug delivery application. 

6. PLA and Drug Delivery – Processing, Properties, and 
Applications 

In recent years, PLA and PLA-based materials appear as 
the preferred candidates to fabricate new constructs, where 
safe elimination is required. Evidently, PLA is a 
biocompatible and biodegradable material having potential 
environmental and biomedical applications. In this context, 
owing to its biocompatible and biodegradable characteristics, 
PLA-based novel materials have been researched and used in 
a wider spectrum of many sectors of the modern world [40, 
41]. The utilization of PLA-based materials has played a 
major role for the realization of projects where 
environmental-friendly needs must meet, which represents 
an advantage over other polymeric materials [42]. This 
characteristic makes PLA play a major role in the DDS since 
it has been approved by the US Food and Drug 
Administration (FDA) for direct contact with biological 
systems, due to its renewability, biocompatibility, non-
toxicity, processing ease, and energy saving [43]. PLA can 
be used in drug delivery, for dosage purposes, in different 
forms such as pellets, microcapsules, microspheres, 
nanoparticles, sustained release and targeted drug, 
RNA/DNA delivery [42]. 

6.1. PLA-Based Microspheres  

The solvent evaporation method to develop PLA-based 
microspheres has been studied extensively. In the solvent 
evaporation process, the PLA is dissolved in a water-
immiscible solvent, and the pharmaceutical compound is 
dispersed or dissolved in this polymeric solution. The 
resultant solution or dispersion is then emulsified in a 
continuous aqueous phase to form droplets. For the 
microspheres to form, the organic solvent must first diffuse 
into the aqueous phase and then evaporate at the water/air 
interface. As solvent evaporation occurs, the microspheres 
harden and free flowing microspheres can be obtained after 
proper filtration and drying [44]. The amount of drug that 
can be incorporated into PLA-based microspheres varies 
depending primarily on the solubility of the drug in the 
aqueous phase and the precipitation of PLA at the droplet 
surface. Also, pH changes determine the behavior of the 
microsphere’s polymeric surface, sometimes presenting 
precipitation of the same, causing leakage of the drug [45]. 

During the past few years, PLA has emerged as a novel 
candidate material with varied applications in the 
biomedicine field as drug carrier matrices, including drug 
delivery systems for breast cancer and tumor therapies 
without the need for surgical intervention [46]. Some 
examples where PLA-based microspheres are used as drug 
delivery systems, as a carrier for paclitaxel, and nimesulide, 
among others [47, 48]. Another application of PLA in the 
form of injectable microspheres is temporary fillings in 
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facial reconstructive surgery. PLA-based microspheres have 
also been used as embolic material in transcatheter arterial 
embolization, which is an efficient method to manage 
arteriovenous fistula and malformations, massive 
hemorrhage, and tumors [49-51]. 

6.2. PLA-based Composites 

There are different materials, including PLA, that have 
been studied as DDS [52-63]. In vitro work has shown that 
several different cell types have been successfully grown on 
nanocomposites [64], making it reasonable that this can be 
done in biomedical applications for drug delivery systems 
since cells can interact with these types of materials. Some 
investigations have also been performed to develop PLA-
PEG-based electrospun nanofibers for anticancer drug 
delivery systems [65, 66]. 

Nano-films can also be prepared by spin coated assisted 
deposition, first delivering a sacrificial layer which can be 
dissolved in water or a specific solvent, thus enabling the 
detachment of the film from the substrate and the 
manipulation of the nano-film in liquid. Ricotti et al. [67] 
fabricated PLA-based ultra-thin films or nano-films. Apart 
from biocompatibility along with other necessary 
characteristics, composite and nano-films have noteworthy 
flexibility, but the final structural features such as 
mechanical, morphological and chemical properties must be 
arranged or modified for a specific type of cell, tissue or 
application [67, 68]. Some of the largely investigated 
applications of PLA-based nano-films are the growth of 
cells, as well as their adhesion and proliferation for tissue 
engineering purposes [67], and stem cell differentiation [68]. 
Since drug delivery and tissue engineering are very closely 
related fields, tissue engineering may be considered as a 
form of drug delivery in which the goal is to have the cells 
be delivered to the spot where they must adhere and start 
spreading. PLA nano-films can also be used in drug or cell 
encapsulation for localized drug delivery systems [69]. 

The blood-brain barrier (BBB) protects the entry of the 
central nervous system (CNS) from toxic substances. 
Macromolecules and hydrophilic compounds cannot reach 
the CNS since it is protected by BBB [70]. When poly 
(lactic-co-glycolic acid) (PLGA) nanoparticles are used as 
carriers for delivery of drugs these drugs can reach the CNS. 
Curcumin conjugated with PLGA nanoparticles showed 
improvement in curcumin release in the cerebral cortex and 
hippocampus [71]. Loperamide carried with PLGA 
nanoparticles had longer antitumor effect against 
glioblastoma in a rat model [72].  PLA microspheres are also 
used for ocular delivery of drugs and studies have been 
conducted in rabbit eyes. PLA-carried drugs stay for more 
than a month in the vitreous humor of the normal rabbit eye 
[73]. Some studies are used copolymers of poly(lactic acid)–
poly(ethylene glycol)–poly(lactic acid) (PLA–PEG–PLA) 
conjugated with lisinopril, an antihypertensive drug, and the 
results showed that copolymer had a prolonged release of the 
drug [74]. 

7. Chitosan and Drug Delivery – Processing, Properties, 
and Applications 

Chitosan is a polysaccharide that can be produced, in 
bulk, from chitin found in the exoskeletons of crustaceans at 
low costs. Its natural abundance, biocompatibility, 
biodegradability, non-toxicity, antiviral and antibacterial 

properties allow this biomaterial and its different 
combinations with other materials to be an excellent 
candidate for biomedical applications such as drug delivery 
systems. Additionally, it has the unique potential to 
participate as an outstanding polymeric matrix for 
pharmaceutical carriers or gene delivery systems in diverse 
morphologies such as microspheres, nanoparticles, tablets, 
and others [75]. When compared with all biodegradable 
polymers Chitosan possesses a cationic nature which is 
essential for its properties and also for the delivery of drugs 
[76]. Table 1 illustrates a comparative evaluation of different 
technologies used for the development of drug-loaded 
chitosan-based materials and their applications. Whereas, 
Figure 5 illustrates various properties of chitosan and various 
of routes such as ocular, nasal, oral, parenteral, vaginal route 
of administration of chitosan conjugated drugs. 

Table 1 A comparative evaluation of different technologies 
used for the development of drug-loaded chitosan-based 
materials and their applications. 

Figure 5 Properties of chitosan and various routes of 
administration of chitosan conjugated drugs. Different routes 
like ocular, nasal, oral, parenteral, vaginal route can be used 
for drug delivery purposes.  

Anionic polymers like alginate, polyacrylates and sodium 
carboxymethylcellulose can be used for sustained release of 
cationic drugs but for delivery of anionic drugs chitosan is 
the suitable choice. Work has been carried out with 
naproxen, a cationic drug complexing with chitosan 
produced a good sustained release of drugs [87]. Enoxaparin 
drug and chitosan nanoparticulate complex were noticed to 
be stable, and the sustained drug release of sustained and its 
uptake was also higher [88].  The cationic nature of chitosan 
also attributes to the mucoadhesive properties. Chitosan has 
colon specific degradation property, and hence drugs that are 
to be delivered at colon can be coated with chitosan [89, 90]. 
Chitosan also has efflux pump inhibitor activities. This was 
confirmed by co-administer of chitosan and rhodamine 123 
resulted in increased uptake of the drug [91, 92]. At pH 
higher than 6.5 chitosan loses its mucoadhesive property 
hence in the lower part of the intestine where the pH is above 
6.5 drugs that are intended for this part of the intestinal tract 
may not be useful. Hence, advancement has been made, and 
the use of thiolated chitosan microparticles has increased the 
time of drug release in the lower part of the intestine [93]. 
Derivatives of chitosan like trimethylated chitosan, chitosan–
thiobutylamidine conjugates and chitosan–thioethylamidine 
conjugates do not precipitate at any pH of the intestinal tract 
[94, 95]. Studies also showed that insulin complexed with 
chitosan proved to have decreased blood glucose level [96]. 
Chitosan can also be used for ocular delivery of drugs since 
there is no toxicity, good permeation and also due to its 
physiochemical characters. Isosorbide dinitrate uptake 
increased through nasal route when administered with 
chitosan in a rat model [97, 98]. Chitosan nanoparticles 
loaded with insulin had increased insulin absorption through 
nasal route than chitosan in solution form (Figure 4). 
Metronidazole tablets combined with chitosan polymer was 
developed for vaginal delivery of drugs. A study revealed 
that chitosan derivative methyl-pyrrolidone chitosan had 
better mucoadhesive and permeation properties both by oral 
and vaginal route [99]. Chitosan also possesses antibacterial 
effect hence much study is needed to know the effect of 
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chitosan in the normal flora of vagina when chitosan is used 
for vaginal delivery [100]. To prevent the first pass effect of 
a drug in the liver buccal route of delivery has been used for 
several drugs. Buccal delivery of drugs needs the prolonged 
presence of the drug at that site to have the effect of the drug. 
Due to the mucoadhesive property and permeation enhancing 
a property of chitosan, it can be used for delivery of drugs 
through buccal route [101]. A study was conducted with a 
peptide pituitary adenylate cyclase-activating polypeptide 
(PACAP) complexed with chitosan delivered through buccal 
route to pigs showed that plasma concentration of the drug 
was maintained throughout the study period. This was due to 
the higher permeation effect of the chitosan [102]. Chitosan 
in purified form does not possess toxicity hence it can be 
used through parenteral route [103]. A study done using 
nanoparticles made of poly (lactic acid)/chitosan (PLA/CS) 
carrying anti-HIV drug revealed that these nanoparticles are 
better carriers for sustained release of anti-HIV drugs. This 
study also showed that PLA/CS was nontoxic to mouse 
fibroblast cells hence the authors concluded that this material 
could be used for drug encapsulation. PLA/CS nanoparticles 
started to decay at pH above 8 hence drugs that are indented 
to be delivered to the intestine bypassing stomach can be 
delivered using these carriers [104]. 

7.1. Chitosan-based Microspheres 

The surface properties, which include biocompatibility, 
toxicity, and biodegradation, among others are considered 
the most critical for drug delivery systems in the form of 
microspheres. As for as the chemical and bulk properties, 
Zou et al., [105] have analyzed and observed the behavior of 
the microspheres with two different cross-linking agents at 
various pH levels. Other characteristics measured and noted 
that can affect the formation of the microspheres, as well as 
their swelling behavior, is the emulsifier concentration, the 
chitosan concentration, and the water/oil ratio [105]. On the 
other hand, the higher swelling ratio at different pH levels, 
make it highly suitable for the drug release mechanism. 
Chitosan microspheres, in general, are mostly delivered via 
the oral, ocular and parenteral routes of administration 
depending on the need of the patient and the nature of the 
pathogen [106]. 

7.2. Chitosan-based Composites 

Owing to the biological and physicochemical properties, 
chitosan on its own as a biomaterial has drawn much 
attention for biomedical applications, particularly in drug 
delivery systems. However, the capability of enhancing this 
material’s properties by adding other materials to make 
chitosan-based composite biomaterials has proven to be 
much better and efficient than using pure chitosan. One of 
the main drawbacks of using chitosan is its poor solubility at 
physiological pH levels. Therefore, it is necessary to 
compensate this issue by adding a different material to the 
system [107]. In a recent study, Rubentheren et al. [108] 
fabricated a chitosan-based nano-composite material 
reinforced with chitin whiskers or filaments, cross-linked 
with tannic acid. Other studies have also been carried out to 
modify the properties and behavior of chitosan-based 
composite materials for diverse applications such as wound 
healing [109]. Some other examples include chitosan-zinc-
pectin composites for delivery of resveratrol to the colon 
[110], chitosan-sodium alginate tablet for vaginal delivery of 
chlorhexidine digluconate [11], chitosan-cyclosporin, a 

composite applied to the management of extraocular diseases 
by using fast drug release and therapeutic concentrations in 
extraocular tissue [112], and many others. Chitosan-
polyelectrolyte composite films have been engineered for 
skin related drug delivery [113]. Other applications in which 
chitosan films have already been used include drug delivery 
systems composed of chitosan films incorporated with 
prednisolone [114]. 

8. Cyclodextrins 

Cyclodextrins (CDs) are oligosaccharides which have (a-
1, 4)-linked a-D-glucopyranose has a lipophilic central core 
and hydrophilic outer surface [115]. Three different forms 
namely α, β and γ CDs are used for delivery of drugs 
transdermally [116]. CDs form a hydrophilic complex with 
the lipophilic drugs in aqueous environment thereby 
improving the solubility of the drugs without altering their 
nature to penetrate lipophilic barriers [117]. No covalent 
bond is formed during this complex formation, and in 
aqueous solution, drugs are dissociated freely [118]. CDs can 
extract lipophilic components from the skin when used for 
transdermal drug delivery. CDs also have the ability to 
modify the drug release from the polymer. CDs increase the 
solubility of poorly soluble drugs, and absorption of the drug 
is also increased when a drug is complexed with CDs [119, 
120]. Drugs complexed with CDs also get improved 
physical, chemical and thermal stability [116]. 

CD-based DDS have been successfully used through 
several routes like oral, rectal, parenteral, ocular, and 
transdermal [121].  CDs, when used orally, increased the 
bioavailability of the drug due to increased solubility of the 
drug and improved dissociation from the compound. In the 
United States and the United Kingdom, a CD-based 
itraconazole DDS has been commercialized [122]. Drugs 
complexed with CDs showed good absorption of poorly 
soluble drugs [123-125]. Albendazole complexion with CDs 
improved anthelmintic activity and also improved plasma 
concentration of the metabolite [126]. Derivatives of CDs 
like hydroxypropyl-β-CD (HP-β-CD) and sulfobutylether-
beta-cyclodextrins (SBE-β-CDs) are studied mostly for their 
parenteral drug delivery due to their high solubility and 
reduced toxicity [121]. Phenytoin parenteral complex with 
HP-β-CD showed reduced tissue irritation and precipitating 
potential [127]. 

9. Hydrogels 

Hydrogels are 3D (three-dimensional), water-soluble 
polymers with cross-linking networks. Hydrogels can be 
carved out from any polymers possessing the ability to be 
soluble in water, and have excellent physical and chemical 
properties. Hydrogels mimic living tissues better than many 
other biomaterials used for drug delivery systems due to 
their consistency, which is soft, and also their higher water 
content [128]. Due to their higher moisture content, these 
hydrogels are used as synthetic skin materials, contact 
lenses, human-made lining for hearts, biosensor membranes 
and also for delivery of drugs [129-132]. Hydrogels can be 
made into different shapes and size like coatings, films, 
microparticles, nanoparticles, and slabs. The physical nature 
of hydrogels makes them easy to be used as delivery vehicles 
for drugs. Their porous nature can be controlled by their 
cross-linking nature and this porous nature also aids in 
loading drugs that can be delivered slowly at the place 
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indented to be released [133]. The major benefit of hydrogels 
is their ability to deliver drugs slowly which is used mainly 
for local drug delivery though they can be used for systemic 
delivery of drugs. Due to their high water content, hydrogels 
are biocompatible making its successful use in the 
peritoneum [132]. 

Hydrogels can be formed either in vivo or in vitro for 
delivery of drugs. Usually, they are formed in vitro using 
cross-linking strategies like chemical cross-linking or by the 
use of ultraviolet photopolymerization technique. Later these 
polymers are loaded with a drug that is to be delivered either 
locally or systemically [133]. It is important to remove the 
toxic chemicals from the polymers before delivery of the 
drug which is a difficult task as the process should not leach 
out the drug loaded. Hydrogels are bulky which may cause 
problems in the delivery through needle needing 
implantation technique [133]. This disadvantage can be 
sorted out with the recent nano-technology which aids in 
smaller particle size. Hydrogel formation in vivo is also 
possible but the risk involved for UV exposure to make the 
polymer needs to be taken into consideration [132]. To 
alleviate these problems, linear polymers of hydrogels may 
be used for drug delivery, and the drug release is related to 
its viscosity [134]. Increasing the solubility of polymer 
concentration to improve the drug delivery but this may 
increase stress while injection due to the bulkiness and also 
the viscosity may be high leading to resistance to its flow. 
Hence a combination of two namely linear polymers outside 
the body and cross-linking polymers inside the body may 
help in slow drug release. Loaded drugs can be released 
through various mechanisms like a chemically controlled 
release, diffusion controlled, environmental responsive 
release and swelling controlled [135]. Matrix devices or 
reservoir devices represent diffusion controlled hydrogels. 
Reservoir delivery has a drug in its core covered by 
hydrogels commonly available as cylinders, capsules, slabs 
and spheres. The core possesses a highly concentrated drug 
leading to the slow and sustained release of the drug [135]. 
The drug is spread evenly in the hydrogel’s 3-D structure in 
the case of matrix devices. The drug is released through the 
pores from these matrices [135].  In the case of swelling-
controlled devices drug is dissolved evenly in a glass 
polymer similar to matrix devices and the system swells 
when it comes in contact with a biofluid thereby allowing the 
release of the drug [136]. 

Based on the route of administration, the shapes and sizes 
of hydrogels differ. Several researchers have documented a 
successful topical usage of hydrogels. Hydrogels made of 
poly (vinyl alcohol) or poly (vinylpyrrolidone) loaded with 
canavalia gladiate, houttuynia cordata, and celandine has 
yielded successful results when used to treat atopic 
dermatitis. Hydrogels are also used for transdermal delivery 
of drugs where hydrogels made of polyurethane were used as 
monolithic drug reservoirs. Hydrogels with high swelling 
capacity were also used for ocular delivery of drugs. These 
hydrogels were kept in the lacrimal canal without causing 
irritation to the patient, and these plugs slowly released the 
drugs [137].  Ocular therapeutics™ produces several optical 
drug delivery systems of which punctum plugs loaded with 
dexamethasone were developed for delivery of steroids 
during conditions of post-operative pain and inflammation. 
This product is under clinical phase III trial. After 4 weeks of 
the treatment period and once the drug has been completely 

released, the system has been removed automatically through 
the nasolacrimal system [135]. Poly (amidoamine) hydrogels 
have the advantage of providing slow drug release instead of 
a sudden burst of drugs immediately after delivery. Cervidil® 
is a good example of hydrogel-based drug delivery where 
misoprostol drug is loaded and is used in the vagina to 
induce labor. Pilobuc™ is another drug delivery system 
containing pilocarpine and used as a buccal patch. This patch 
is used for the treatment of an autoimmune disease namely 
Sjogren’s syndrome where glands that secrete saliva and 
tears are destroyed [135]. SUPPRELIN LA, subcutaneous 
hydrogel insert is developed to deliver a gonadotropin-
releasing hormone namely histrelin acetate for the treatment 
of central precocious puberty in children. This device is non-
degradable hence after the treatment period it needs to be 
removed from the subcutaneous tissues [135]. Gastric 
retention drug release systems were also developed using 
(meth) acrylic acid or (meth) acrylamide with the use of gas-
blowing technology that resulted in polymerization and 
foaming. This system stays more than 24 hours in the 
stomach leading to the sustained release of the drugs [138, 
139]. Hydrogels are also used for oral delivery of non-
steroidal anti-inflammatory drugs and also for drugs that are 
susceptible to proteolytic degradation like insulin. Hydrogel 
made of poly(methacrylic acid-g-ethylene glycol) loaded 
with insulin when administered orally protects insulin from 
deterioration in the acidic environment of the stomach [140, 
141]. Hydrogel products have also been used successfully 
for wound dressing cases. Hydrofiber® is one such product 
that captures moistures thereby forming a seal at the wound 
site [142]. Burnshield hydrogel is a burn dressing foam 
containing polyurethane and extract of melaleuca 
alternifolia. The PEG-based hydrogel containing silver can 
be used for wound dressing and the available silver acts 
against several bacterial pathogens [143]. 

10. CONCLUSIONS AND FUTURE PERSPECTIVES 

Bio-based biomaterials are versatile to synthesize novel 
constructs with multifunctional characteristics for potential 
applications in the biomedical sector [144-148]. Therefore, 
in recent years, many applications have appeared for bio-
inspired biomaterials including cellulose, keratin, collagen, 
PLA, and chitosan, resulting in demands for specific drug 
delivery and cosmeceutical sectors [144-151]. Considering 
this scenario, research, production, and commercialization of 
such novel materials have drawn global efforts from 
numerous transnational companies as well as highly skilled 
research groups from around the world and diverse research 
areas. Moreover, with the aid of nanotechnology, bio-
inspired bio-constructs have made a positive impact in 
emerging sectors such as drug-delivery technologies, and 
healthcare advances. Other alternatives like bacterial ghosts, 
recombinant bacteria, microbots, viral vectors, virus-like 
particles, virosomes and other eukaryotic cells like RBCs, 
WBCs are also studied recently for their effectiveness for the 
delivery of drugs in a sustained manner. These alternatives 
could pay the way for greater output in the field of drug 
designing and delivery. 
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Figures and figure legends 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Concept of “sustainability” [6]. 
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Figure 2 Emerging and well established applications of novel biomaterials or biomaterials-based novel constructs. 
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Figure 3 Engineering biomaterials-based novel drug delivery system (DDS) and its targeted delivery. 
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Figure 4 An overview of different biomaterials-based geometries for drug delivery application. 
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Figure 5 Properties of chitosan and various of routes of administration of chitosan conjugated drugs.  Different routes like 
ocular, nasal, oral, parenteral, vaginal route can be used for delivery of drugs with chitosan. Sustained release of drugs, 
protection of drugs from acidic pH are some important advantages of chitosan. 
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Table 1 A comparative evaluation of different technologies used for the development of drug-loaded chitosan-based materials 
and their applications. 

Drug Material Chemical Technology Application Reference 

 
Indomethacin Chitosan Granules Methanol and 

Acetic Acid 

Solvent 
evaporation 

method 

Anti-
inflammatory 

drug 
[77] 

Aminosalicylic 
acid 

Chitosan-Ca-
Alginate 

Microparticles 
Acetic Acid Spray drying 

method 
Colon-specific 
drug delivery [78] 

Gentamicin-sulfate 
Calcium 

Phosphate/Chitosan 
Composite Scaffold 

Phosphate-
buffered 
Solution 

- 
Antibiotic 

treatment of 
osteomyelitis 

 
[79] 

 
Silver sulfadiazine 

 
Bilayer Chitosan 
Wound Dressing 

NaOH (2 wt 
%)-Na2CO3 
(0.05 wt %) 

Aqueous 
Solution 

Combined 
wet/dry phase 

inversion 
method 

 
Control of 

wound 
infections 

 
[80] 

 
Phenobarbitone 

 
Chitosan 

Microspheres 

 
Glutaraldehyde

(GA) 

Emulsion 
Cross-linking 

method 

Treatment of 
seizures or 

sleep disorders 

 
[81] 

Chlorhexidine 
digluconate 

Chitosan gels and 
films 

Glycerine 
(Plastisizer) 

 
Cross-linking 

method 

 
Oral mucosal 
drug delivery 

 
[82] 

Doxorubicin 

Gold Nanorods 
Contained Polyvinyl 

Alcohol/Chitosan 
Nanofibers 

Cetyltrimethyla
mmonium 

bromide, GA, 
Acrylic acid 

(AA) 

Electro-
spinning Cancer therapy [83] 

Erythromycin PVA/chitosan/ 
Lidocaine  

Glutaraldehyde 
(cross-linker) 

Electro-
spinning 

Wound 
healing [84] 

Doxorubicin Collagen/Chitosan 
Films 

-85% Ethanol 
-DMSO 

Probe 
Sonication 

Localized 
chemotherapy [85] 

Piperine Gelatin nanofibers Acetic Acid Electro-
spinning 

Oral drug 
delivery [86] 

 
 


