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Abstract 

Polysaccharides are biopolymers distinguished by their complex secondary structures executing 

various roles in microorganisms, plants, and animals. They are made up of long monomers of 

similar type or combination of other monomeric chains. Polysaccharides are considered 

superior as compared to other polymers due to their diversity in charge and size, 

biodegradability, abundance, bio-compatibility, and less toxicity. These natural polymers are 

widely used in designing of nanoparticles (NPs) which possess wide applications in therapeutics, 

diagnostics, delivery and protection of bioactive compounds or drugs. The side chain reactive 

groups of polysaccharides are advantageous for functionalization with a nanoparticle-based 

conjugate or therapeutic agent such as small molecules, proteins, peptide and nucleic acid. 

Polysaccharide NPs show excellent pharmacokinetic and drug delivery properties, facilitate 

improved oral absorption, control the release of drug, increases in vivo retention capability, 

targeted delivery, and exert synergistic effects. This review updates the usage of polysaccharides 

NPs particularly cellulose, chitosan, hyaluronic acid, alginate, dextran, starch, cyclodextrins, 

pullulan, and their combinations with promising applications in diabetes, fibrosis and arthritis. 

Key words: Polysaccharides; Nanoparticles; Drug delivery; Inflammation; Arthritis.  
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1. Introduction 

One of the significant complications in achieving efficient drug delivery is their incapability to 

cross the cellular membrane. Plasma membrane acts as a border between the cell and its 

surroundings to exertcellular response which is fundamental for cell function [1]. This membrane 

can limit or block the entry of particular therapeutic agents inside the cellular organelle. The 

lysosomal or endosomal degradative compartments are not the absolute therapeutic objective and 

hence, a hunt for competent strategies with the ability to deliver or transport the therapeutic 

agents that thwart the biological membranes followed by subsequent protection against the 

vicious hydrolytic surrounding conditions of lysosomes is indispensable. This can be 

accomplished by means of novel drug delivery systems (NDDS) having enhanced encapsulation 

potential for target specific delivery of genes, drugs, diagnostic and theranostic agents to the 

particular cells or to specific intracellular organelles and releasing their contents in a controlled 

manner over a specific duration of time [2]. In this context, various nano-based polymeric 

nanoparticles (NPs) have emerged as novel candidates in the area of biological research and its 

application. Growing evidence from pre-clinical to translation to clinical settings has highlighted 

its tremendous potential in the area of biological sciences [3-6]. The size of polymeric NPs 

ranges between 1-1000 nm, exhibiting the typical characteristics of ultrafine colloidal particles. 

Source materials, in their nanoforms show different properties as compared to their original form 

like enhanced binding efficiency, increased reactivity and improved therapeutic outcome [7, 8]. 

For the synthesis of polymeric nanoparticles, the use of polymers is not limited to synthetic 

origin such as polyethylenimine, polycaprolactones, polyacrylates and poly(lactic-co-glycolide) 

but also natural polymers like polysaccharides, and proteins [9]. In general, transportation of 

macromolecules across the cell membrane and from there to lysosomal vesicles happens via 

endocytosis. Following the uptake of NPs, they are competent to increase the drug concentration 

and serve as an intracellular reservoir of drug for an extended release [10, 11]. Therefore, natural 

polymer based nano-formulations appears to be superior because of their presence in most of 

living organisms and their use in the biological settings does not provoke or produce any toxic 

effects in the organism pertaining to their biodegradability and biocompatibility. Amongst 

different natural polymers, polysaccharides have the tendency to attach to cells with swift 

internalization and degradation and thus, enable the release of drugs or conjugates at the 

intracellular space [12]. Increased reports on the use of polysaccharide based NDDS have 
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substantially increased in the past few years [13]. In this review, we have made an attempt to 

summarize the therapeutic potential of polysaccharide NPs against chronic inflammatory 

disorders including rheumatoid arthritis (RA), diabetes and organ fibrosis. This review highlights 

the recent advancements in polysaccharide NPs for these chronic diseases and their unique 

advantages over the conventional polymers. 

2. Limitations of current treatment options of chronic inflammatory diseases 

In the treatment of chronic inflammatory diseases, the major focus is to alleviate the 

inflammation and then the cause behind it. In some autoimmune chronic inflammatory diseases 

such as RA, principal therapeutic approach is on disease altered anti-rheumatic drugs (DMARD) 

namely sulfasalazine, methotrexate, and hydroxychloroquine that works by suppressing the 

immune system which may lead to secondary infections in long term use [14, 15]. Moreover, 

supplementary medications are also required due to delay in the effectiveness of these drugs. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are popularly utilized as ad interim drugs in 

chronic inflammatory diseases, inhibiting cyclooxygenase-1 (COX-1) and COX-2 but have 

significant side effects like cardiovascular and gastrointestinal toxicity along with renovascular 

effects [16].   

In addition, there are multiple pathways responsible in this cascade, so focusing over a few 

targets is not sufficient. It can out-turn into another compensatory response if the incorrect target 

is suppressed. Additionally, some proteins such as antibodies are also utilized in treating 

inflammatory diseases that focus on the suppression of TNF-α and anti-B cell agents that are 

administered via injection, which is a non-patient tractable approach. These are alternative 

therapies for those patients who have miscarried the traditional strategy for the treatment, which 

also have some side effects such as hyperemia, itchiness, shortness of breath and variety of 

mycobacterial infections. Major impediment of current treatment options is that none of the 

therapies are solely competent enough and multiple supplementary drugs needs to be 

administered to the patient [17, 18]. 

3.  Advantages of nanomedicine 

With the advent of nanotechnology, the domain of drug delivery has gone through extensive 

modifications, as a result, various nanomaterials have been approved for clinical use. It has given 
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us many clinically approved nanoformulations, which are being used for the accurate diagnosis 

and treatment of several diseases [19, 20]. These could be utilized to encapsulate free molecules 

as well as protein based drugs to increase their time in blood circulation with controlled release. 

Drugs delivered through these nanomaterials have been shown to encompass lesser side effects 

and toxicity along with better results [21-23]. As in case of RA, drug delivery to the target site is 

of major concern that could be effectively achieved with the help of nanotechnology. It has 

benefitted with the pharmacokinetic solutions for multiple drug administration in autoimmune 

and inflammatory disorders [24]. 

In contrast to the traditional treatment options, NPs aid in the amelioration of delivery of various 

insoluble drugs and maximized their bioavailability with controlled release. Nanotechnology 

facilitates the transport of drugs across biological barriers. They can increase efficiency of 

treatment and reduce the development of tolerance [25]. Furthermore, experimental findings 

have indicated that these nanomaterials exhibit efficient tissue penetration hence, aid in more 

targeted action of the drug. Consequently, benefits of nanotechnology in treating chronic 

inflammatory diseases offers various innovative methods to enhance the efficiency of presently 

available immunosuppressive therapies and helps to compensate side effects related to classical 

treatment options [26]. 

4.  Advantages of polysaccharide nanoparticles over other types of nanoparticles. 

Polysaccharides are being conventionally used in nanotechnology due to different chemical 

composition, size, molecular weight and the charge present over them. They are used for 

personalized treatments that helps to reduce drug dose and alleviate side effects  [27]. They can 

be amended into any shape and size to carry the drug and to deliver at the target site that prevents 

adverse effects caused to healthy tissues. Another beneficial use of polysaccharides as 

nanocarriers is their abundance in nature and they are highly accessible material which makes 

their processing very cheap as compared to the other synthetic nanomaterials [28]. The most 

commonly wielded polysaccharides and their derivatives as nanoparticles are chitosan, 

hyaluronic acid, alginates, pectin, carrageenan, chondroitin, guar gum, fucoidans, cyclodextrin, 

cellulose etc. They possess hydrophilic groups attached to their structure that are responsible for 

their high solubility in water and the genesis of non-covalent bonds with biological membranes 

which enhances their bioavailability in blood stream hence provide sustained action [29].  
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Chitosan acts as an ideal carrier for various drugs because of its nontoxic nature, high 

biocompatibility, low immunosuppressive, and bio-degenerative nature. By virtue of its 

capability to create a protective polymeric network, it enhances the stability of drug inside 

gastrointestinal environment against enzymatic degradation [30]. With the intention to elevate 

drug’s half-life in the body, chitosan has been predominantly incorporated into nanocarriers that 

non-covalently interact with biological tissues and act as a bio-adhesive. Polysaccharide 

nanoparticles not only act as a system to encapsulate the drug but because of their good 

availability, non-toxicity, biodegradability, lesser side effects and more availability in nature, 

they are widely utilized in treating chronic inflammatory diseases [31, 32]. 

5. Diabetes 

5.1 Overview of pathophysiology of diabetes 

Diabetes is a heterogeneous disorder correlated with disturbed metabolism and inappropriate 

hyperglycemia. The pathophysiology of diabetes is an intricate process that encompasses several 

hormones into cogitation. It is characterized by progressive beta-cell dysfunction and insulin 

resistance. Genetics plays a major role in type2 diabetes (T2DM) in comparison to type-

1diabetes (T1D) [33, 34]. Three primary cytokines comprehended in inflammatory response in 

T1D are tumor necrosis factor-alpha (TNF-α), interferon gamma (IFN-γ), and interleukin-1 beta 

(IL-1β). Patients suffering from diabetes have substantially inflamed beta cell pancreatic islet 

due to the pancreatic islet’s apoptosis, known as insulitis. It may trigger due to the synergic 

response of these cytokines which further promote the synthesis of nitric oxide. In case of obese 

individuals, bioactive substances such as adiponectin, chemokines, TNF-α, and interleukins 

facilitate inflammatory response. Due to augmented infiltration by B cells and T cells (immune 

cells) and macrophages into the adipose tissues, a low-grade islet inflammation gets triggered. 

This inflamed pancreatic islet is not able to produce adequate amount of insulin for the body 

which results in hyperglycemia. Consequently, metabolic stress is produced due to pernicious 

influence of inflammatory and autoimmune mediated pancreatic islet [35]. 

5.2 Polysaccharide nanoparticles for the treatment of diabetes and associated complications 

Diabetes mellitus (DM) is a chronic metabolic disorder which adversely affects the quality of life 

of patients. Worldwide more than 4 million deaths were reported in the year 2020 and the risk 
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factors include stress, sedentary lifestyle, lack of physical activity, obesity, genetics and age [36]. 

Diabetic patients exhibit impaired insulin production, action and resistance is classified into type 

1 diabetes mellitus T1DM (also called as insulin-dependent DM and T2DM called as insulin-

independent diabetes mellitus) T2DM, respectively. T1DM involves autoimmune damage of 

pancreatic β-cells resulting in complete insulin deficiency whereas T2DM is due to insulin 

resistance [37, 38]. DM leads to the development of other secondary complications including 

macrovascular and microvascular disorders. In both types of diabetes, the target of therapy is to 

reduce hyperglycemia and its associated complications [39]. Currently available oral therapies 

are based on glycemic control. In case of T1DM and severe conditions of T2DM, insulin 

administration is preferred [40]. 

Marketed anti-diabetic drugs are available in the form of conventional dosage forms such as 

capsules or tablets and this poses many disadvantages including reduced bioavailability, short 

half-life and duration of action, frequent dosing, risk of hypoglycemia, irritation in the digestive 

system and low water solubility [41]. Further, widely, used therapy for T1DM is insulin 

administration through the subcutaneous route. However, this presents several limitations such as 

poor patient compliance, tissue necrosis at the site of injection, nerve damage, chances of 

developing an infection, self-administration leads to dosing error causing hypoglycemic shock 

and death [42]. Hence, developing a more appropriate, safe and non-invasive approach to surpass 

the disadvantages of conventional therapy includes the loading of insulin and other oral 

hypoglycemic drugs into polysaccharide nanoparticles is an emerging strategy to treat DM. 

In drug delivery, nanosystems are a widely used approach to increase drug bioavailability, 

producing more sustained or prolonged release of drugs with improved drug stability so that drug 

can be easily delivered to the target site inside the body. NPs exhibit distinctive features that 

affect the physical, chemical, and biological behavior. Modified NPs can be smoothly taken up 

by cells and used a successful delivery tools for the currently available bioactive drugs [43]. 

Encapsulation of drugs into nanoparticles inside the polymeric matrix or attached to the surface, 

favors the release of the drug near the absorption site, increased circulation time, improved 

average residence time with less clearance [44]. Drug loaded NPs are chiefly used for specified 

as well as controlled drug delivery into the body with better physicochemical features of the 

drug. Drug containing nanoparticles present several advantages such as enhanced stability, high 
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carrier capacity, and drugs targeting a specific site, compatible with hydrophilic and hydrophobic 

substances, wide therapeutic window, reduce the drug side effects, and reduce the dosing 

frequency with better patient compliance. NPs could be administered via variable routes such as 

injection and oral administration [45]. 

Polysaccharide based NPs are an emerging tool for the management and treatment of DM and 

associated complication. Polysaccharides can be categorized into two categories such as 

polyelectrolytes and non-polyelectrolytes. In addition, polysaccharides are classified based onan 

intrinsic charge such as cationic charge carrying chitosan, anionic charge carrying are alginate, 

hyaluronic acid, pectin, heparin, and neutrally charged polysaccharides like dextran. They have 

excellent properties to prolong the release of drugs. Besides, they have an affinity with mucosal 

covering of the pulmonary, nasal, and gastrointestinal tract. It also helps to improve the proteins 

and peptides permeability and bioavailability at the absorption site [46]. Polysaccharide 

nanoparticles with their potential roles in treating diabetes is shown in Table 1. 

Table 1: Polysaccharide based nanoparticles used for the treatment of diabetes 

S. 

No. 

Polysaccharide 

nanoparticles 

Molecular 

weight (Da) 

Source Applications in 

diabetes 

Ref. 

1. Starch 

Amylose: 10
7 

-10
8 

Amylopectin: 

10
6
 -10

7 

Higher plants 

Controlled release of 

insulin such as trans-

nasal insulin delivery, 

anti-diabetic potential 

[47, 48] 

2. Cellulose 
10

4 
-10

6 

 

Cell wall of green 

plant, algae and 

oomycetes 

Possess potent diabetic 

wound healing 

properties 

[49] 

3. Dextran 
10

7 
-10

8 

 
Bacterial strains 

Aids in releasing 

growth factors in 

diabetes for wound 

healing and in insulin 

delivery 

[50] 

4. Cylodextrin 
2 x 10

3 
-10

7 

 
Starch degradation 

via enzymes. 
Oral insulin delivery [51] 

5. Pullulan 
Thousands to 

2000000 

Bacterial 

homopolysaccharide 

and Aureobasidium 

pullulans 

Wound healing, oral 

insulin delivery 
[52] 

6. Guar gum NA 

Extracted from the 

seeds of Cyamopsis 

tetragonoloba 

Anti-diabetic activity, 

decreases postprandial 

glucose levels for 

prolonged time and 

[53, 54] 
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aids in controlling 

diabetes 

7. Chitosan 3800-20000 

Cell wall of fungus, 

shells of shrimp and 

krill, crab 

Effective oral insulin 

delivery 

 

[55] 

8. Alginate 
200000-

500000  

Cell wall and 

marine brown algae 

Enhanced glucose-

triggered insulin 

delivery or oral insulin 

delivery, anti- diabetic 

drug delivery 

 

[56] 

9. Pectin 
50000-

180000 

Cell wall of all 

plants 

Enhance the glucose 

uptake and anti-

diabetic potential in 

synergy 

[57, 58] 

10. Hyaluronic acid 
Can reach 

upto10
7
  

Vertebrate organism 

Wound healing and 

aids in treatment of 

type 2 diabetes 

[59] 

 

5.3 Polysaccharide nanoparticles for insulin delivery 

TIDM patients are solely dependent on the administration of external insulin to control the 

hyperglycemia and the insulin preparations available in the market are administered through the 

subcutaneous route.The insulin administration pathway has been shown in Figure 1. Further, 

nowadays insulin therapy is also recommended at the chronic/severe stage of T2DM along with a 

combination of oral hypoglycemic drugs.To control blood glucose, multiple injections are 

required, which leads to patient discomfort and poor compliance [60, 61]. Therefore, researchers 

are developing a nanotechnology based approach for insulin delivery to enhance the period of 

action, reduces the need for frequent dosing with better patient compliance [62]. Further, high 

mobility and small size of NPs favors high intracellular uptake [10]. Insulin loaded NPs protect it 

from enzymatic damage in the gastrointestinal tract with improved pharmacokinetics, 

bioavailability and therapeutic efficacy of insulin after administration .[56]  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



10 
 

 

Figure 1: Insulin administration pathways. (A) Oral administration of insulin along with 

polysaccharide NPs in diabetic patients, (B) Polysaccharide NPs-mediated insulin injection in 

diabetic patients, (C) Endogenous insulin pathway under physiology. 

In addition, there are various other pathways for insulin administration such as buccal, nasal, 

oral, inhalational and other are still under investigation [63, 64]. From these, the oral insulin 

delivery system has gained wide attention. However, it is very challenging to develop effective 

oral insulin which is resistant to gastrointestinal enzymatic degradation with increased 

gastrointestinal stability [65]. Several oral delivery systems for insulin-loaded NPs were 

established, like natural polymeric, synthetic polymeric, solid lipid, liposomes, nano-emulsions 

and inorganic NP.Among these nanoparticles, natural polymeric NPs are more biocompatible, 

biodegradable with enhanced safety and physiological stability .[60 ,61]  It has been reported that 

polysaccharides such as chitosan, alginate, dextran and glucan are used for designs of NPs-based 

oral delivery of insulin [66-68]. 
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Mukhopadhyay et al, .showed chitosan-based insulin NPs for the delivery of insulin through the 

oral route. The size of these self-assembled chitosan-insulin NPs reaches from 200 to 550 nm 

having an overall spherical/subspherical shape that ensured ~85% of the encapsulation of insulin 

within the NPs. In addition, in vitro experiments revealed that in gastric tissue a good amount of 

insulin was retained and a considerable amount was delivered in simulated intestinal condition. 

Further, in vivo experiments in mice showed that treatment with oral chitosan-insulin NPs 

reduces the glucose level with a significant amount of intestinal absorption in alloxan-induced 

diabetes model [69]. Similarly, Zhao et al., used a response surface methodology to develop and 

optimize insulin chitosan NPs. They reported that within the first 1 hr, more than 16.8%of the 

overall drug was delivered and more than 93% was released slowly within 24 hr, presenting 

prolong drug release with change of morphology of NPs [70]. Insulin is released from NPs 

possibly due to pH variation and strong ionic concentration in the gastrointestinal tract resulting 

in weakened electrostatic interactions with the disassembly of matrix network [71] . 

In the acidic environment of the stomach, chitosan is highly soluble due to the amine group's 

protonation that causes dissociation/swelling of the chitosan-NPs resulting in the burst delivery 

of insulin. On the other hand, in the basic pH of the small intestine, the network of polymers gets 

weakened resulting in the disruption of NPs due to deprotonation and water insolubility of 

chitosan-based-NPs. Therefore, to tackle this limitation, chitosan has been modified by chemical 

cross-linking to produce a more rigid network of polymers [66]. Li et al synthesized 

carboxymethyl chitosan and phenylboronic acid based NPs for the oral delivery of insulin with 

improved gastrointestinal tract stability. The loading of insulin was done into the NPs through 

ionic interactions with carboxymethyl chitosan and the hydrophobic interactions with 

phenylboronic, a glucose-sensitive unit. Thereafter, an experiment was conducted to study the 

insulin release form the loaded NPs. The NPs were incubated in the variable pH condition of the 

phosphate buffer solution having varied glucose concentrations. They reported 16.6% of insulin 

release from the NPs in simulated gastric fluid (pH 1.2-2.0) condition indicating diminished and 

sustained release of insulin at low pH conditions because of protonation of carboxy groups of 

carboxymethyl chitosan thereby reducing the NPs swelling [72]. 

In addition, Kondiah et al. studied the gastric absorption and immediate release of trimethyl 

chitosan copolymer-based oral insulin and reported significant enhancement in the levels of 

glucose within 4h of insulin administration to diabetic New Zealand white rabbit model [73]. 
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Likewise, Elsayed et al. developed insulin-loaded chitosan NPs by polyelectrolyte complexation 

technique for the oral administration of insulin. They revealed that the formulated NPs are 

resistant from proteolytic destruction, thereby prolonged the duration of action of insulin over 

24h duration [74] . 

Contrary to chitosan, the protonation behavior of alginate is different; alginate is insoluble at low 

pH (gastric) whereas at high/alkaline pH, it exists in soluble form. The NPs based on alginates 

reported to be released faster in the simulated intestinal fluid condition indicating the rapid 

dissolution of alginate-based NPs at neutral or basic condition but it behaves opposite in 

simulated gastric fluid [75]. Therefore, stabilizing the alginate NPs to achieve controlled delivery 

of insulin in the simulated intestinal fluid can be done using various chemical and physical cross-

linkers. But, before using the linkers the safety of chemical and physical cross-linkers should be 

carefully considered. Further, several studies showed that a divalent ion Ca
2+

could be utilized as 

a potential crosslinking agent for the development of alginate-NPs. As the concentration of 

cross-linker goes on increasing in the range of 0.5-1.1 mM, the delivery of insulin gets declined 

indicating an improvement in the release kinetics of calcium alginate-based NPs [76]. 

Also, Bhattacharyya et al.prepared a controlled oral delivery system by encapsulating the insulin 

with pH-sensitive polyurethane–alginate NP through crosslinking of the sodium alginate with 

calcium chloride. Further, NPs treatment showed improvement in glucose level in diabetic mice 

with improved bioavailability of 8.75%. The polyurethane–alginate-based insulin NPs are 

resistant from the enzymatic degradation and possess a controlled release profile with no sign of 

kidney and liver damage in mice [77]. In addition, Bhattacharyya et al. designed another 

experiment and prepared polyurethane-alginate/chitosan core-shell NPs of size 90-110 nm for 

the administration of insulin via oral route. These NPs reported to be safe in acute toxicity 

studies and showed sustained swelling and insulin release with improved insulin encapsulation 

potency (greater than 90%) and bioavailability (10.36%) [78].  

Further, Lopes et al.formulated insulin-loaded alginate/dextran sulfate with a double coating of 

albumin andchitosan. This NPsystem is capable to prevent 70% release of insulin in a simulated 

gastrointestinal fluid condition, presenting controlled release of insulin following the passage to 

simulated intestinal fluid conditions. The albumin coating protects the insulin from the 

degradation by proteases thereby improves the stability of NPs at low pH as well as at basic pH. 
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This dual coating on NPs showed enhanced association with the intestinal cells as compared to 

the uncoated-NPs, leading to increased insulin permeability through Caco-2/HT29-MTX/Raji B 

cell monolayers [79]. Unlike chitosan and alginates, hyaluronic acid is negatively charged, more 

energetically stable due to its stereochemistry [80] . 

Liu et al. prepared calcium carbonate-based NPs coated with hyaluronic acid for the oral delivery 

of insulin [81]. Likewise, Han et al. developed pH-sensitive insulin-coated with hyaluronic acid 

nanoparticles of size 182.2 nm for oral insulin delivery using the reverse-emulsion-freeze-drying 

method NPs are resistant from the degradation in gastric as well as protected from the proteolytic 

loss and showed 95% entrapment efficiency with strong hypoglycemic action in diabetic animals 

[82]. It has been studied that CD44 on pro-inflammatory cells in obese adipose tissue is 

associated with inflammation and develop resistance against insulin T2DM. Rho et al. have 

shown that  HA-NPs gets assembled in adipose tissue of diet-induced obese (DIO) mice because 

of enhanced expression of CD44, inhibit hyaluronic acid (HA) binding to CD44, and 

downregulate HA promoted inflammatory cascade by stimulating CD44 clustering, thereby 

resulting into enhanced insulin sensitivity and glycemic control as shown in Figure 2 [83].  

 

Figure 2: The role of HA-NPs in enhancing insulin sensitivity and glycemic control by 

promoting CD44 clustering. This figure is adapted with permission from [83]. 
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Furthermore, other polysaccharides such as dextran a water-soluble, complex branched glucan 

comprised of approximately 95% αD-1-6 (glucopyranose) association 1,3-branching. Dextran is 

a biocompatible and biodegradable polysaccharide and contains many hydroxyl groups in its 

structure which allows a variable number of chemical modifications [84]. In the view of this 

Alibolandi et al. prepared a dextran-poly-lactic-co-glycolic acid NPs for oral delivery of 

insulin.The author has blended the insulin aqueous solution with dextran–poly-lactic-co-glycolic 

acid copolymer showed more than 90% encapsulation of insulin with 30% loading capacity at a 

copolymer to insulin ratio of 10:3 and also exhibited insignificant insulin delivery in simulated 

gastric fluid and controlled release in simulated intestinal fluid. The in vitro permeability of 

dextran-poly-lactic-co-glycolic acid NPs and bioavailability is reported as greater than the free 

insulin [85] 

Chalasani et al. formulated NPs using dextrans of variable mass and epichlorohydrin as cross-

linking agent by an emulsion method. The surface of nanoparticles was altered using succinic 

anhydride, and linked with amino vitamin B12 derived carbamate linkage. In vitro studies 

revealed that conjugated NPs prevent 65-83%of trapped insulin from the gut proteases and also 

showed insulin release through burst mechanism accompanied by diffusion dependent first-order 

kinetics with 75-95% delivery within 48 h. Among different dextrans, dextran 70K showed the 

best results for the oral delivery of insulin [86]. Moreover, glutaraldehyde cross-linked gelatin 

NPs have been prepared to offer a sustained release pattern of oral insulin through swelling 

mechanism [87]. Hence, developing insulin encapsulated polysaccharides-based NPs with 

glucose-responsive property could be very challenging, but it opens novel methods for safer and 

efficacious delivery of insulin by oral administration. 

5.4 Polysaccharide nanoparticles for delivery of synthetic FDA approved anti-diabetes 

drugs 

Drug loading into NPs can improve the stability, prevents enzymatic degradation in the 

gastrointestinal tract, contact time with gastrointestinal epithelium is increasing with enhanced 

residence time, pharmacokinetics and bioavailability. Generally, the drugs are entrapped within 

the matrix of NPs or may attach over the surface so that the drugs reach the absorption site and 

are released to produce maximal efficacy [44]. NPs based drug delivery gain more attention 

because of several advantages such as the potential of controlled release of drug, targeting, 

biocompatibility, safety makes potent utilization of these nanostructures in drug delivery [88]. 
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Pereira et al.used metformin hydrochloride-loaded poly-lactic-co-glycolic acid for the treatment 

of diabetes-induced periodontitis in rats [89]. Further, Woo et al.prepared the pioglitazone loaded 

poly)lactide-co-glycolide (nanospheres of the size range 125~170 nm by using the emulsion-

evaporation method with more than 85% entrapment efficiency at the loading of 30% of 

pioglitazone when formulated with 3% (w/v) of polyvinyl alcohol. 

Further, in vitro study reveals that pioglitazone released at a constant rate for 40 days indicating 

controlled released of preparation and in vivo study reported that the treatment with pioglitazone 

loaded poly-lactide-co-glycolidenanospheres significantly reduces the glucose level in diabetic 

rats without any toxicity to vital organs including heart, kidney, liver, spleen and lungs [90]. 

Borkhataria et al.formulated the pioglitazone hydrochloride-loaded chitosan NPs of size range 

250-503 nm by using a variable concentration of ionic gelation of chitosan with tri-

polyphosphate anions with zeta potential +30.70 to +40.50 mV.The formulated NPs exhibited 

54-77%of encapsulation efficiency by 29-52% of loading capacity. In vitro experiment reveals 

that the pioglitazone hydrochloride-loaded chitosan NPs exhibit sustained release of the drug for 

20 h with improved kinetics release profile [91]. Repaglinide loaded ethyl cellulose NPs were 

prepared and characterized by using the solvent diffusion method exhibited an encapsulation 

efficiency of 86.4% with 9.61% of drug loading capacity [88]. 

In addition, Naik et al. used oil in water single emulsion solvent evaporation technique to 

develop sustained release nateglinide-loaded ethyl cellulose nanoparticles of size 248.37 nm with 

91.16%encapsulation efficiency [92]. Moreover, Averineni et al.developed the gliclazide loaded 

chitosan NPs by salting out of chitosan with sodium citrate having better efficiency of 

encapsulation and drug loading capacity. The drug was delivered from the formulated NPs 

initially through the burst mechanism accompanied by a sustained release for a period of 24h. 

Further, increased polymer content in the NPs lead to decrease the rate and quantity of the drug 

release. The authors reported the 1:2.5 is the ideal ratio for producing enhanced encapsulation 

efficacy and sustained drug delivery with high stability for three months [93]. 

Further, Devarajan et al. formulated the gliclazide-loaded Eudragit L100 & RSNPs as a sustained 

release carrier having increased efficiency using controlled precipitation method and solvent 

evaporation method respectively with high encapsulation efficiency. Further, gliclazide-loaded 

Eudragit NPs exhibited superior efficacy in comparison to drug gliclazide in diabetic rats [94] . 
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Likewise, Dora et al, used the solvent displacement method to formulated glibenclamide-loaded 

Eudragit L100 NPs with increased efficacy as compared to simple glibenclamide in the alloxan-

induced diabetic rabbit model [95]. Li et al. prepared oral exenatide-loaded NPs using ionotropic 

gelation method with altered chitosan, that was linked with goblet cell-target peptide, 

CSKSSDYQC (CSK) peptide. The CSK-chitosan NPs exhibited low toxicity as compared to 

non-modified chitosan and increased the drug permeation across the Caco-2/HT-29 co-cultured 

cell monolayer. The bioavailability of the CSK-chitosan NPs was reported to be 1.7-fold higher 

as compared with the non-modified chitosan, with better hypoglycaemic effect [96] . 

5.5 Polysaccharide nanoparticles for delivery of plant delivery molecules for improvement 

of anti-diabetic activity 

Besides insulin replacement therapy and oral hypoglycaemic drugs, herbal drugs also have anti-

diabetic activities including increased uptake of glucose in the cells, restoring β-cells 

functioning, enhancement of insulin synthesis, decrease in insulin resistance and regulation of 

the carbohydrate and lipid metabolism. Many plants secondary metabolites exhibit anti-diabetic 

activity. In general, phytochemicals encapsulated in polysaccharide nanocarriers can exhibit 

better carrying capacity of drugs, modulates the drug release, reduces the toxicity, and also 

enhanced the glucose-decreasing potency of the formulations. Poly-lactic-co-glycolic acid 

complexed with polyvinyl alcohol, poly-ε-caprolactone, poly-lactic-co-glycolic acid, poly-lactic-

co-glycolic acid-polyethylene glycol, chitosan, chitosan-gum-arabic, chitosan-alginate and chito-

oligosaccharidesare used as nanocarriers to enhance the pharmacokinetic features and anti-

diabetic efficiency of naturally derived phytochemicals like luteolin, curcumin, silybin, 

thymoquinone, fisetin, ferulic acid, and astaxanthin, etc. as compared to their free form [97] . 

Preclinically, it has been observed that herbal extract loaded NPs improved the glucose level and 

Hb1Ac in diabetic animal. The phyto-nanoformulation recommended for wound healing showed 

a decline in the level of inflammatory mediators TNF-α and IL-6, enhancement in the levels of 

transforming growth factor-β (TGF-β), which all together leads to granulation tissue formation 

and less wound healing time [98]. It has been reported that topical phyto-nanoformulation 

increases the levels of various growth factors include fibroblast growth factors, platelet-derived 

growth factor, and vascular endothelial growth factor thereby stimulating angiogenesis and 

epithelialization [99]. These achieved 98-100% wound healing pre-clinically. However, further 
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clinical investigations are required to study oral and topical delivery of phytochemicals in the 

management of diabetes-related impaired wound healing. 

Curcumin is one of the well-established phytochemical which restores β-cell functioning, but has 

poor water solubility (8 mg/L), chemical instability, poor absorption rate, high metabolism, fast 

excretion with an average half-life of 2h [100]. To overcome all these drawbacks, curcumin was 

encapsulated with chitosan NPs which improves solubility and was also showed enhanced 

muscle cell glucose uptake potency of curcumin [101]. Curcumin is mainly recommended for 

wound healing.To improve the biocompatibility and tissue regenerating property, curcumin-PGT 

(prostaglandin transporter), Dicer substrate small interfering RNA (DsiRNA) chitosan NPs were 

developed with excellent anti-diabetic activity [102, 103]. Furthermore, resveratrol has poor 

pharmacokinetic and biopharmaceutical properties. It has good antioxidant activity and has β-

cell-protective properties. Encapsulation of resveratrol with casein nanoparticles shows an 

enhancement in pH stability, higher penetration rate and controlled drug release with 10 times 

increase in oral bioavailability [104] . 

Similarly, naringenin encapsulated in soluthin-maltodextrin nanocarrier and naringenin-loaded 

chitosan NPs coated with alginate shows protection of drugs from gastric pH and allows 

sustained release with an increase in oral bioavailability [105]. In addition, quercetin-

succinylated chitosan-alginate nanocarrier enhances the oral hypoglycaemic effect of quercetin 

in diabetic rats in comparison to free quercetin [106]. Gymnemic-acid is a well-known anti-

diabetic phytochemical and gymnemic-acid-chitosan NPs showed 24hr controlled release of 

drugs with better efficacy in the control of glucose levels [107]. Similarly, researchers found 

excellent thermal stability and controlled release for 14 h in in vitro studies of Rosmarinic acid-

chitosan nanocarriers and rosmarinic acid-loaded solid lipid NPs (Witepsol H15). This 

nanosystem was used for topical drug delivery with better wound healing property in comparison 

conventional rosmarinic acid-gel. Moreover, it allows sustained delivery of drug for a period of 

14 h. However, very limited clinical reports are available on rosmarinic acid nanoformulation in 

diabetes management [108] . 

Glycyrrhizin is another phytoconstituent with less water solubility, was embedded with chitosan-

gum-arabic NPs. The NPs showed improved bioavailability with enhanced sustained-release 

property [109]. Sibylin provides good stability, mucoadhesion, sustained release, increase in 
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absorption rate when administered with chitosan nanocarrier [110]. Inhibition of α-glucosidase 

and α-amylases are properties of catechin, which are enhanced by catechin-grafted inulin and 

catechin-grafted chitosan NPs [111]. Ferulic acid-chitosan NPs enhanced the decrease blood 

glucose levels and an increase in plasma insulin levels in diabetic rats in comparison to free 

ferulic acid [112]. Taken together, phytochemicals when delivered in the form of 

nanoformulations orally or topically improve its anti-diabetic action by a reduction in their 

drawbacks like less stability, low water solubility, and higher degradation in gastric and external 

environment with low skin penetration rate. 

6. Overview of the pathology of rheumatoid arthritis 

RA is a chronic, debilitating disorder with slackening course. The pathophysiology of RA is not 

completely understood and the disease can be triggered from any external factor or stochastic 

event. This may result in an autoimmune reaction leading to dysregulated inflammation of joints, 

T-cell activation, synovial cell hypertrophy and endothelial cell activation [113]. Various genetic 

as well as immunologic co-morbidities are associated with the propagation of this disease. 

Immune activation results into incitement of T-lymphocytes that lead to the synthesis of 

antibodies in an uncontrolled manner. Lymphocytes and immune cells of synovium produce 

rheumatoid factor and anti-cyclic citrullinated peptide antibody (anti-CCP) in response to the 

preformed antibodies [114]. Chronic inflammation triggers the synovial membrane enlargement 

that grows out over the surface of cartilage and results in the development of a tumor like mass 

known as ‘pannus’. As a result of destruction of subchondral bone, there is a rise in the count of 

synoviocytes, immune cells and cytokines in the synovial fluid. Due to which immigration of 

polymorphonuclear leukocytes (immune cells) starts occurring which results in synovitis. This 

inflamed synovium is hypoxic and as a consequence of increase in fluid volume, the capillary 

flow of synovial fluid decreases [115]. Lysosomal enzymes secreted by these inflammatory cells 

lead to destruction of cartilage and cause bone erosion. Similarly, prostaglandins produced in the 

process result in vasodilation and chronic pain in the joints. Various resident factors of 

synovium, change their phenotype and aggravate in succession with the disease and result in the 

induction of various inflammatory mediators. In consequence, it is apparent that RA is not just a 

single disease but is an orchestrated response to various pathways leading to auto-reactivity of 

the immune system [116]. 
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6.1. Polysaccharide nanoparticles for the treatment of RA 

RA is considered as a multifactorial, poly-articular and chronic autoimmune inflammatory 

disease that is known for bone and cartilage wrecking in the synovial joints evolving into joint 

deterioration. It leads to inflammation in the joints, pannus formation, synovial hyperplasia, 

bones and cartilage deterioration and is frequently linked with stiffness, swelling, continuing 

arthritic pain and effort infirmity [23, 117,118]. RA affects nearly 1% of adults in the USA and 

Europe and 0.5% in other parts of the world. The occurrence of RA is higher in women as 

compared to men in the proportion of around 3:1. Stimulation of different types of inflammatory 

cells viz. B cells, CD4 helper T cells, dendritic cells, mast cells and macrophages together with 

the liberation of cytokines namely IL-6, IL-1 and matrix metalloproteinases play crucial role in 

the progress of RA. Significant angiogenesis and relocation of leukocytes into synovial tissue 

from the blood cells are also observed. The main objective of treating RA is to reduce 

inflammation along with maintenance or improvement of joint function. Early diagnosis and 

treatment prior to permanent joint deterioration is needed to keep normal, active and productive 

lifestyle [119, 120]. 

Presently, treatment of RA with glucocorticoids, DMARDs, NSAIDs, and biologic drugs either 

mask symptomatic ease or joint pain. However, these treatments provide only temporary relief 

and leads to impaired adverse effects, namely cardiac complications, immunosuppression, ulcers 

and gastrointestinal injury leading to generation of opportunistic infections. Various biologics 

such as infliximab (Remicade), Etanercept (Enbrel), and adalimumab (Humira) are utilized for 

the treatment of RA and other inflammatory conditions. Inspite of clinical advances, still there is 

an urgent need to evolve RA treatments considering efficacy and safety concerns linked with 

currently accessible drugs [121, 122]. To surpass these restrictions, generation of novel 

therapeutic agents or approaches has been suggested.  

One of the best illustrations of novel therapeutic strategies includes the use of effective and novel 

drug delivery agents likewise NPs. Currently, NPs have been determined efficaciously for 

specified release of drug at the inflammation site. However, NPs allow target specific release of 

therapeutic agents via loose vasculature in the inflammation affected areas that improve disease 

treatment by modulating retention effect and enhanced permeation during drug delivery [123]. 

Therapeutic agents allow encapsulating within the NPs that aid in modifying the drug 
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pharmacokinetic, biological distribution and site-specific release of the targeted drug [124, 125]. 

Moreover, some of the cell receptors are involved in the pathogenesis of RA, thus, specific 

targeting is attainable by attaching to particular ligands on the surface of NPs administered to 

cell receptors that are over expressed on the targeted diseased cells [126]. Side effects due to 

non-selective and non-specific activity of current therapeutics for RA could be decreased by 

encapsulating these therapeutic agents or phytochemical molecules in NPs for the targeted 

delivery of therapeutic agents. 

Drug delivery via NPs avoids high or frequent dosing and aids in achieving appropriate local 

concentration of drug. Moreover, NPs can be engineered to prevent these therapeutic agents from 

degradation and in turn enhancing their bioavailability while minimizing the risk of off target 

effects [127]. The mechanism of action of these NPs can be enhanced by targeting specific 

receptors for invading and delivery of drug, while the uptaking of NPs by the liver and spleen 

could also be inhibited by altering their physiochemical properties. Once the NPs reach at the site 

of action, it is followed by delivery of the therapeutic agent or drugs in a controlled manner 

based on the temperature, pH, redox conditions and solubility etc. Researchers have successfully 

generated nano-carriers that can specifically respond to biological or physical stimuli are called 

as smart or intelligent delivery system [128]. The advancement and development in 

nanomedicine and nanofabrication have encouraged the utilization and exploration of a variety of 

nano-carriers and micro-carriers to enhance the permeability, stability and bioavailability of the 

therapeutic agent while decreasing the immunogenicity. 

These nano-carriers can enhance the physical stability of the encapsulated drug and prevent them 

from enzymatic lysis. Moreover, specific properties like surface charge, shape and size can be 

altered to enhance the in vivo aspects and behavior of drug uptake such as enhanced intracellular 

uptake, enhanced tissue or organ retention and prolonged blood circulation. As explained earlier, 

the release of therapeutic agent can also be regulated in an optimum controlled manner like 

sustained release at the target site maintaining a constant amount within a therapeutic range and 

allow the burst release as a response reaction against specific signs in the pathological 

microenvironment [129]. 

Currently, natural polysaccharides have attained extensive interest considering the generation of 

nano-carriers and micro-carriers due of their favorable attributes, for instance, biocompatibility, 

biodegradability, natural abundance and low immunogenicity. Polysaccharides are a significant 
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ingredient of natural polymers which are generally extracted from plants (guar gum and pectin), 

algae (alginate), microbial (xanthum gum and dextran) and animal (chondroitin and chitosan) 

products. These natural polymers are cheap, abundant and easy to modify through reactive sites 

[130-133]. In this section, the advancement and development of various polysaccharide NPs 

based approaches for the treatment of RA are discussed and summarized in Table 2. 

 

Table 2: Polysaccharide-based nanoparticles used for the treatment of rheumatoid arthritis 

(RA) 

S. 

No. 

Nanopartic

les 
Drugs 

Testing 

method 
Therapeutic effects 

Refere

nces 

1. Dextran MTX in vivo Anti-rheumatic and arthritic effect 
[134, 

135] 

2. Cellulose Curcumin in vivo Anti-inflammatory agent, anti-arthritic 

in adjuvant induced arthritis in rats 
[136] 

3. Guar gum NA in vivo 
Improves arthritis induced by 

Collagen II mice model [137] 

4. Starch Piroxicam in vitro 
Anti-inflammatory activity and anti-

oxidant activity. 
[138] 

5. Chitosan 

siRNA-TNF-

α 
in vivo 

Improvement in arthritis; decline in 

TNF-α expression 
[139] 

EGFP 

plasmid 
in vitro Excellent transfection efficiency [140] 

IL-1Ra 

plasmid 
in vivo 

improved arthritis, decline in PGE2 

and decreased IL-1Ra level 
[141] 

Kartogenin in vivo 
Increases drug retention time in 

osteoarthritic rats 
[142] 

Methotrexate 

in vitro 

and in 

vivo 

Significant decline in IL-6 and IL-8. [143] 

Berberine 

in vitro 

and in 

vivo 

Anti- apoptosis shown osteoarthritis [144] 

Dexamethaso

ne and 

methotrexate 

in vitro 

and in 

vivo 

Stimulate synovial cell line with pro- 

inflammatory mediator, potent activity 

against mouse macrophages, increased 

anti-arthritic and antioxidant activity 

[145] 

6. 
Hyaluronic 

Acid 

HA-γ-

secretase 

inhibitor 

in vitro 

and in 

vivo 

Ligand-dependent targeting of CD44 [146] 

PEG-HA-

TRAIL 
 

Sustained and targeted delivery of 

TRAIL 
[147] 

Prednisolone in vitro Decrease in bone erosion and joint [148] 
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(PD) and in 

vivo 

swelling, decline concentration of 

inflammatory cytokines. 

7. Alginate 

IL-10/DNA 

Tuftsin-

modified 

alginate 

in vitro 

and in 

vivo 

Macrophages repolarization [149] 

Glycol-split 

heparin-d-

erythro-

sphingosine 

in vitro Generate potential suppressive effect [150] 

Transforming 

growth 

factor-β 

(TGF-β) 

in vivo Articular cartilage defects [151] 

IL-10 

plasmid DNA 

in vitro 

and in 

vivo 

Considerably decrease in 

concentration of  pro-inflammatory 

cytokines (TNF-α, IL-1β, and IL-6) 

expression and inhibit the expansion 

of inflammation and joint injury 

[152] 

Glucosamine 

sulfate 

in vitro 

and in 

vivo 

Drug delivery and improved 

osteoarthritis 
[153] 

 

Chitosan is a linear, positively charged polysaccharide comprised of 2-acetamido-2-deoxy-d-

glucopyranose (N-acetyl-D-glucosamine) and 2-amino-2-deoxy-glucopyranose (D-glucosamine) 

residues connected via β-(1-4)-linkages. Chitosan is acquired through alkaline deacetylation of 

naturally produced and amply present chitin, the second most abundantly found polymer after 

cellulose and is present in exoskeleton of crustaceans. Nearly 60% of chitosan must be built up 

of glucosamine residues to vary from chitin. Similar to other polysaccharides it is used because 

of its biocompatibility, mucoadhesive, biodegradability and inexpensive nature. Based upon the 

level of deacylation, its biodegradability in lysosomes into amino sugars that are non-toxic that 

are safer and easily absorbed by the body [154, 155]. Moreover, it is flexible for modifications 

such as covalent bonding to form NPs, ionic crosslinking, films, nano-gels and fibers etc. The 

mucoadhesive property of chitosan allows better absorption of protein based high molecular 

weight drug molecules. Chitosan based NPs with size ranges from 300 to 3000 nm generated by 

addition of precipitant salt were utilized to encapsulate bovine serum albumin (BSA) and ova 

albumin of varied molecular mass. Chitosan is considered as a weak base i.e., its pKa is 6.4, 

hence in acidic conditions it carries cationic charged amino groups which could be used for 
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polyelectrolyte complexes alongwith metal anions and anionic group containing molecules such 

as phosphates or citrates. While in neutral or basic environment, chitosan shows lower water 

solubility due to which supplementary alteration with some hydrophilic molecules like PEG or 

glycol is needed. Also, water soluble chitosan could be conjugated chemically at its primary 

amine and hydroxyl groups with hydrophobic groups to stimulate NPs connection [133, 156]. 

Although chitosan NPs do not show active in vivo targeting but could possess targeting side 

groups conjugated with its backbone to stimulate receptor mediated endocytosis. Hence, chitosan 

NPs could be utilized as actively or passively in diseased animal models. Considering all these 

possibilities, it can be utilized for in vivo NP based drug delivery or in theranostic nanomedicine. 

In a study, a nanocomplex of polymerized siRNA targeting notch1 or TNF-α with chitosan 

polymers and was utilized for the treatment of RA as shown in Figure 3 [157, 158]. The results 

obtained by microcomputed tomography and MMP-3-specific nanoprobe demonstrated that 

intravenous injection of these chitosan NPs considerably inhibited bone erosion and 

inflammation in tissues in an RA mice model [159]. For the treatment of RA, chitosan coated 

calcium phosphate encapsulating bovine lactoferrin was orally administered in an arthritic mice 

which decreased joint inflammation and inhibition of inflammation-related genes expression via 

c-Jun N-terminal kinase, nitric oxide, MAPK and IL-1β etc [160]. Moreover, chitosan coated 

NPs have the capability to remove the calcium pyrophosphate crystals from the joints of mice, 

showing their therapeutic prospective in the treatment of chronic inflammatory diseases. Also, 

chitosan-HA nanogels encapsulating anionic photosensitizers were also prepared for specifically 

targeting synovial macrophages, that can attain photodynamic treatment in case of RA [161]. 
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Figure 3. Polysaccharide nanoparticle (NP) approach in rheumatoid arthritis. siRNAs and drugs 

are delivered by NPs to inhibit the expression of pro-inflammatory cytokines, that prevents RA. 

 

Hyaluronic acid (HA, also called as hyaluronan) is a linear, negatively charged anionic 

polysaccharide. It is non-sulfated glycosaminoglycan consisted of repeating units of N-acetyl-D-

glucosamine and D-glucuronic acid disaccharide, bound by alternative glucosidic beta-(1,3) beta-

(1,4) linkages. HA is present throughout in the body in connective, neural, epithelial tissue 

particularly in the skin, synovial fluid and vitreous of the eye. HA plays a crucial part in cell 

proliferation, cell-cell adhesion and regulated cell motility. It is necessary for inflammation, 

wound healing and embryonic development. Also, it possesses a requisite structural module as in 

a 70 kg person there is nearly 15 g of HA present [162, 163]. It can work as a shock absorber and 

lubricant, and it is FDA approved to treat knee ache in osteoarthritis or RA. Naturally, HA is 

present in freely circulating, attached to cell surface receptors, glycosaminoglycans or proteins 
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via covalent binding or electrostatic interactions. HA based NPs are used to keep the bio-

adhesive and targeting features and unaltered HA have had successful outcomes in 

nanomedicines [164]. HA can easily encapsulate protein based therapeutic agents in well 

hydrated environment, preserving the protein structure. Scientists have found that positively 

charged proteins such as lysozyme could be successfully loaded on HA via ionic interactions and 

hold the secondary structure of protein through the building of HA and protein complex 

coacervates. Therefore, HA can generate complex coacervates with proteins having positive 

charge via electrostatic interactions that could enhance the physical durability of encapsulated 

therapeutic protein [165, 166]. HA can function as both targeting ligand and drug carrier. It is 

reported that inhibitors of γ-secretase can potentially enhance inflammatory arthritis by 

modulating the notch signaling pathway. Hence, Park et al. generated hyaluronic NPs carrying a 

γ-secretase inhibitor i.e. dual antiplatelet therapy (DAPT). Moreover, in synovial tissues of RA 

such as in lymphocytes and macrophages, the overexpression of CD44 is reported, it is studied 

that HA-NPs can successfully target the inflamed joint of RA by binding to the CD44 expressing 

inflamed cells. Therefore, Heo et al. prepared HA-NPs encapsulating a γ-secretase inhibitor 

namely DAPT for targeting the inflamed RA site thereby acts as a therapeutic agent for treating 

RA as shown in Figure 4 [146]. The HANPs exhibited therapeutic capacity in a RA mouse 

model by decreasing neutrophil infiltration, tissue damage and clinical scores [167, 168]. TRAIL 

i.e., TNF associated apoptosis inducing ligand has been reported as pro-apoptotic on fibroblast-

like synoviocytes (FLS) hence, is a potent therapeutic agent for RA. 
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Figure 4: HA-NPs encapsulating a γ-secretase inhibitor (DAPT) for targeting the inflamed RA 

site acts as a potential therapy in RA. This figure is adapted with permission from [146]. 

 

In one of the studies, HA was complexed with PEGylated TRAIL and the resulting NPs showed 

prolonged lifetimes and sustained release of TRAIL, emerging as a favorable therapeutic 

consequence[169]. Moreover, Lee et al. prepared a HA-AuNPs-TCZ complex which has the 

potential to bind to VEGF and IL-6R for treating RA. TCZ is an immunosuppressive drug 

inhibiting IL-6 and HA is utilized for preventing cartilage and lubrication as shown in Figure 5 

[170]. Jo
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Figure 5: The potential of HA-NPs complex in treating RA as it is involved in protecting 

cartilage and provide lubrication. This figure is adapted with permission from [170]. 

 

Alginate is an anionic linear polysaccharide with magnificent mucoadhesive properties that 

exhibit biodegradability and biocompatibility. It is an unsymmetrical block copolymer consisting 

of α-L-guluronic acid and α-L-guluronic acid residues. It is a favorable molecule for targeted 

delivery of heat sensitive therapeutic agents as it requires very mild temperature in aqueous 

environment during preparation [171]. Additionally, alginate exhibit the capability to mask 

fragile therapeutic agents specially proteins and peptides from the acidic condition of the 

stomach, enabling their safe delivery to the intestine [172]. Alginate is mostly complexed with 

other different polymers such as chitosan to enhance the efficiency of delivery of therapeutic 

agents. Alginate NPs modified with tuftsin, packed with IL-10 plasmid DNA can effectively 

repolarize macrophages to an anti-inflammatory state from a pro-inflammatory state and protect 

the joint injury linked to adjuvant-induced arthritis and RA [173]. 

Various other polysaccharides have also been explored in biomedicine as gene delivery or drug 

carriers. Guar gum, pectin, cyclodextrin, β-glucan, carrageenan, fucoidans, chondroitin, cellulose 

and others also employed as templates for creating NPs and these nanoformulations have been 

utilized for drug delivery such as peptide and antibody delivery, delivery of synthetic FDA 

approved anti-arthritic drugs, for delivery of plant derived molecules for improved anti-arthritic 

activity and for encapsulation purpose [174].  
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6.2 Polysaccharide nanoparticles for delivery of synthetic FDA approved anti-arthritic 

drugs 

Polysaccharide NPs have the potential to increase the oral bioavailability of less soluble 

compounds and enhance the tissue uptake and adherence capability to the capillary wall. Many 

of the FDA approved drugs are successfully delivered to the target site in RA. Higaki et al. 

illustrated the encapsulation of betamethasone sodium phosphate in PLGA NPs for targeting 

inflammation in the joints of rats with antigen-induced arthritis (AIA) and in mice with AbIA 

(anti-type II collagen antibody induced arthritis) [175, 176]. The rats were allowed to inject 

intravenously with PLGA NPs after the appearance of initial stages of arthritis. After one week 

of treatment, there was a significant decline in paw inflammation and inflammatory reaction. 

Moreover, histological analysis revealed a large decline in the amount of inflammatory cells in 

the joints. One more study by Hwang et al. investigated the usage of alpha methylprednisolone 

conjugated with cyclodextrin NPs for the treatment of RA [177, 178]. This conjugate was 

injected into rats with AIA intravenously and it reduced arthritis score. Also, histological 

analysis after 28 days revealed reduction in synovitis showing that polysaccharide NPs have the 

ability to upgrade the efficacy of RA treatment [179].  

 

Thao et al. developed albumin NPs loaded with tacrolimus to enhance the anti-arthritic efficacy 

and improved targetability. They investigated spherical morphology with a mean diameter of 185 

nm having charge +30.5 mV. Due to the encapsulation, the water solubility of these designed 

NPs is enhanced by 46 times as compared to that of the free form of tacrolimus (TAC). These 

albumin coated TAC NPs gets discharged steadily from the developed NPs within 24 hours, that 

gives sufficient time for treatment and targeting by intravenous injection at inflamed arthritic site 

[180]. In vitro studies revealed that anti-proliferative activity of TAC albumin NP upon activated 

T-cells in comparison to that of non-activated T-cells. As per the clinical score, the TAC NPs 

showed significantly greater anti-arthritic potential than that of oral suspension of TAC and 

intravenous injection of TAC solution. Therefore, they concluded that these new albumin coated 

TAC NPs may be significantly effective for drug delivery and increased solubility with enhanced 

accumulation of drug in joints for the treatment of RA [180]. 

Ishihara et al. showed the curative potential of betamethasone disodium 21-phosphate (BP) that 

are encapsulated in NPs of PEG-block-PLGA copolymers and PLGA homopolymers in mice 
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with AbIA and in rats with AIA for the treatment of inflammation in joints. The conjugate was 

delivered intravenously. In rats with AIA, paw inflammation decreased by 35% after the first 

injection. The degradation of PEG copolymer along with BP during incubation was studied and 

it was found that BP accumulated in the inflammatory lesion of arthritis rat models and the 

concentration of BP successively declined. Results revealed that the enhancement of BP in the 

lesion was because of retention effect and enhancement in permeability. Also, the internalization 

in inflammatory macrophages was explained because of lost coating polymer i.e., PEG and the 

delivery of BP with the hydrolysis of PEG in the cells [181]. 

6.3 Polysaccharide nanoparticles for delivery of plant derived molecules for improved anti-

arthritic activity 

Currently, the scientists focus of the plant based bioactive compounds, their pharmacological 

potential and chemical constituents of several plant species for generation of novel active 

ingredients having lesser side effects than presently available molecules [182]. Since long time, 

plants are known for huge source of medicinally important natural compounds that can be used 

for the development of novel and highly efficacious drugs. Presently, many of the nanomedicines 

make use of these plant-based active ingredients [183]. The release of these active ingredients 

from NPs improves the bio-distribution and pharmacokinetic profile. Polysaccharide based NPs 

offer benefits against existing formulations because polysaccharide coated NPs directed towards 

specific issue show enhanced absorption/uptake by the cells with low toxicity profile. Bioactive 

ingredients such as berberine, ellagic acid, curcumin, quercetin, resveratrol and some other 

compounds such as doxorubicin, vancomycin and paclitaxel can be loaded into polysaccharide 

NPs for the tissue/cell targeted delivery [184].  

Polysaccharide NPs loaded with plant based active ingredients exhibit improved activity with 

sustainable release, reduced toxicity and increased cellular uptake [185]. American College of 

Rheumatology has indicated that currently available drugs for RA have high toxicity and 

restricted efficacy [186]. Furthermore, patients are not satisfied with current therapies and around 

60-90% of RA patients depend on alternative and complementary medicine or active ingredients 

extracted from the plant sources [187]. There are various phytoconstituents such as flavonoids, 

terpenoids, steroids and fatty acids that have been studied for their anti‐RA activity. These 
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compounds have shown efficacy for RA treatment with their specific targeting potential against 

inflammatory mediators, namely cytokines, nitric oxide, NFκB, chemokines, lipoxygenase 

(LOXs) adhesion molecules, and arachidonic acid (AA) [182]. These active phytoconstituents 

can be coated or encapsulated with polysaccharide based NPs for better efficacy, targeted 

delivery and lower toxicity for the treatment for RA.  

Polyphenols, gallic acid, quercetin like active ingredients from Punica granatum exhibited 

considerable efficacy against cartilage destruction. Furthermore, it is non-toxic to chondrocytes 

in RA rat models. Moreover, it has downregulatory action against NFκB and JNK‐MAPK 

pathways [188]. Another important phytoconstituent is thymoquinone (TQ), a bioflavonoid, and 

is known to treat inflammatory disorders. Administration of TQ in rats with AIA showed 

inhibition of serum levels of TNF‐α and IL‐1β [189]. Resveratrol is polyphenolic 

phytoconstituent obtained from grapes. Moreover, it inhibits ROS, IL‐1, tumour protein p53-

induced apoptosis, LTB‐4, MPPs and PGE2 in animal models with RA. Hesperidin, a citrus 

flavonoid showed therapeutic benefits in rats with AIA where it downregulates the formation of 

TNF‐α, IL‐6, IL‐1 and prevents paw swelling in rats with RA. Also, it significantly suppresses 

the proliferation of synoviocytes in rats with AIA. Curcumin is mostly utilized for its antioxidant 

and anti‐inflammatory activity [190]. It is documented that curcumin in rats with RA inhibits 

catabolic mediators like stimulated nitric oxide, IL‐β, COX‐2, PGE2 , MMP‐3, MMP‐9, IL‐8. 

Furthermore, it also prevents JAK/STAT, NFκB and JNK pathways in human chondrocytes 

[191]. 

Similarly, there are other phytoconstituents for RA therapy that are known to show promising 

results. Encapsulation of these phytoconstituents in polysaccharide based NPs have been shown 

to enhance the bioabsorption of such phytoactive compounds [192]. Polysaccharide based NPs 

release both hydrophilic and hydrophobic drugs in a controlled manner with good stability, high 

drug dose loading capacity and suitable for topical and systemic drug delivery. Moreover, 

considering the higher surface area‐to‐volume ratio, the polysaccharide based NPs give a 

remarkable advantage in the biodistribution and pharmacokinetic features of these 

phytotherapeutic agents at the place of action [193, 194]. 

6.4 Polysaccharide nanoparticles for peptide and antibody delivery 
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Therapeutic proteins and peptides have grabbed significant attention due to their various vital activities 

in biological functioning. The release of therapeutic proteins and peptides to targeted site is, 

nevertheless, challenging because of their internal susceptibility to various environmental conditions 

[195]. Polysaccharide NPs are utilized as a masking agent to prevent encapsulated therapeutic proteins 

and peptides and allow their endolysosomal escape and promote cellular penetration. 

Polysaccharide NPs can provide not only physical prevention from environmental conditions but also 

target these therapeutic agents to specific site of action [196]. In this regard, various features of 

polysaccharide NPs such as size, shape, surface and structure need be taken into consideration as 

these features play a crucial role in NP stability, specificity, therapeutic efficacy and protein 

release kinetics. 

Denosumab is a monoclonal antibody that works against receptor RANKL that plays a crucial 

role in the activation of osteoclasts causing rheumatoid bone erosions and differentiation of 

macrophages into osteoclasts. Inhibiting the activity of RANKL with denosumab may be 

beneficial in inhibiting erosions [197]. Encapsulation of denosumab in HA NPs showed 

increased efficacy for the treatment of RA. Lee et al. studied hyaluronate gold NP/tocilizumab 

complex for treating RA. Tocilizumab was used as an immunosuppressive monoclonal antibody 

that aims to target IL-6 receptor. HA NPs showed lubricant and cartilage protective effect. In 

vitro results demonstrated the therapeutic potential of these HA-Au NPs loaded with tocilizumab 

monoclonal antibody targeting IL-6R and VEGF for the treatment of RA [198]. 

7. Overview of pathology of organ fibrosis 

Organ fibrosis is a process of pathological scarring due to hardening, overgrowth and excessive 

deposition of extracellular matrix (ECM) by activated profibrotic fibroblast resulting in 

dysfunctioning of organs. Several factors such as allergic reactions, tissue injury or any 

persistent infection that can trigger chronic inflammation in the organs could lead to fibrosis. 

Due to secretion of soluble mediators such as IL-10 and platelet-derived growth factor (PDGF) 

by immune cells; fibroblasts underlying the connective tissues could get stimulated[199]. The 

imbalance between synthesis of ECM and its degradation leads to fibrotic tissue deposition 

resulting in organ damage. Moreover, TGF-β is considered as one of the cardinal elements 

initiating the fibrotic response in many organs and causes fibroblast migration as well as its 

proliferation. It actuates a multifarious reaction orchestrated by various proteins and cofactors 
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which mediate the resulting transcriptional response in a cell [200]. Myofibroblasts serve as 

important mediators in the process of fibrosis which gets activated by paracrine as well as 

autocrine signals and interacts with receptors present on fibroblasts. In conclusion, organ fibrosis 

is not operated by a single entity rather as a part of an intricate signaling network consisting of 

multiple signaling pathways resulting in degradation of normal tissue architecture [201]. 

7.1. Polysaccharide nanoparticles for treatment of lung fibrosis 

In the neoteric epoch, arrays of treatment recourses have been developed for the management of 

pulmonary infections such as lung fibrosis. However, the unpropitious effects arising from 

traditional methods have always caused concern either for local or systemic application. It 

encompasses numerous diminutions, including pharmacokinetic instability, drug resistance and 

low therapeutic index. Inhalational route for systemic drug delivery acts as an effective substitute 

due to its non-invasive nature, high permeability through pulmonary membrane and rapid onset 

of action. Pulmonary delivery of NPs along with therapeutic agent has been considered recently 

for both lung and systemic circulation. However, therapeutic options based upon polysaccharide 

nanocarriers have been proved to be a favorable candidate to abolish the impediments of 

conventionally used drug therapy owing to their low pulmonary toxicity, biocompatibility and 

diverse nature [202].  

These NPs can bind non-covalently to the drug or by encapsulation and help in targeted drug 

delivery. They have also shown to have precise control over composition of particles and 

sustained drug release activity with more ability to penetrate biological membranes. To prevent 

any adverse effects such as pulmonary embolism, submicron sized particles are administered 

through intravenous route [43]. Lungs have high vascularization with larger surface area of 

alveolar epithelium which acts as promising feature for more drug absorption. Therefore, 

inhalation route of drug administration seems to be a better alternative to intravenous route in 

which NPs are generally suspended in a gaseous medium. Polysaccharide NPs have their 

precedence as they can be contrived according to the patient’s stipulation. HA is one of the 

foremost, naturally occurring extracellular matrix entities which contains negative charge and is 

comprehensively present in several tissues of the body [203]. Due to its non-immunogenicity, 

biodegradable nature and versatility in nature, it has been widely studied as a nanocarrier for 
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various drug delivery options. It acts as a predominant signaling molecule present in alveolar and 

bronchiolar region which work as regulator of inflammatory response of pulmonary tissue [204].  

Hybrid NPs composed of hyaluronic acid along with iron oxide have been instigated where both 

are conjoined electrostatically and have been proved to be efficient in delivery of peptides. With 

the advent of nanotechnology there arises the possibility to deliver hydrophobic molecules 

without getting degraded inside the hostile environment of tissue [205]. Lierova et al. asserted 

that both animals as well as human models manifested a rise in HA levels in the lungs during 

chronic inflammation due to leukocyte infiltration which reinstate its equanimity once HA 

concentration reaches to baseline. Whereas, low molecular weight-HA (LMW-HA) fragments 

correspond through CD44 which reinforce inflammatory cells recruitment at the site of 

inflammation. Mice model that were deprived of CD44 receptors indicated an upsurge in 

accretion of LMW-HA inside the lung tissues along with increased inflammatory gene 

expression. This substantiated that CD44 plays a crucial role in the renewal of homeostasis and 

for targeted drug release at the injury site in lungs.  

In case of lung fibrosis, water content in the mucus layer of tissue is lesser as compared to the 

normal mucus along with copious presence of mucin fibers which entangles and forms a mesh 

type network with decreased area, where these nano sized particles are able to pass through 

hence, penetration of the drug increases. As a result of hypersecretion of mucus in chronic 

fibrosis of lung, the sputum becomes highly adhesive that impedes the penetration of these NPs. 

To enhance delivery to the targeted tissue and to increase penetration through mucus, shielding 

of the surface of NPs is performed [206]. Due to diversity in charge present over these naturally 

occurring polysaccharide NPs, they can be altered with respect to patient’s condition and 

targeting site. Hence, they are able to control severe inflammation and hypersecretion of mucus 

in the airway more effectively [207]. 

On the other hand, chitosan is being used for its mucoadhesive properties and high potency in 

protein binding. Various hydrophilic as well as hydrophobic molecules can be administered with 

chitosan NP by aerosol system. It showed great deposition to the target site with non-destructive 

intracellular delivery of the medication. Chitosan and its derivative, polylactide-co-glycolic acid 

(PLGA) have shown promising results in this domain[208]. It has shown excellent candidature 

for transmucosal administration. Elena at el., showed promising results from CFTR-specific 

LNA biopolymer based nanoparticles in the therapeutics of lung fibrosis as well as the stability 
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of CS-NP in biological system during incubation in Opti-MEM containing HEPES and mannitol. 

Inside the transfection media, an enhancement of average particle size was seen which was near 

to 350nm for the particles made up of animal chitosan and contrasting for the particles made up 

with synthetic chitosan. As stability of a nanocarrier in transfection medium is a crucial aspect 

for the estimation of drug effectiveness and its biodistribution where chitosan nanoparticles 

showed exciting results and remained stable throughout the study [209].  

Likewise, alginates composed of 1, 4-linked D-mannuronic acid, a-L-guluronic acid and serves 

as an ideal carrier for sustained drug release. Carboxy methyl cellulose, another polysaccharide 

nanomaterial is being used to increase permeation and internalization through mucus membrane 

along with sustained release of drug in systemic circulation [172]. Similarly, carbopols have 

been used mainly for their mucoadhesive properties in liquid as well as semi solid 

pharmaceutical preparations. Nanospheres or nanocapsules can be easily prepared with the help 

of amphiphilic cyclodextrins. Hence, it seems to be clear that the use of polysaccharide 

nanoparticles provides an additional value in the therapeutics of lung fibrosis [210]. We have 

tabulated some of the polysaccharide nanoparticles with their potential applications in fibrosis in 

Table 3. 

Table 3: The polysaccharide NPs studied against organ fibrosis. 

S. 

No. 
Nanoparticles Drug 

Testing 

method 
Advantages Reference 

1. Hyaluronic Acid Silibinin 

Both in 

vivo and in 

vitro 

Anti-hepatic fibrosis 

effect in vivo; wound 

healing in lung tissue 

[211] 

2. 
Alginate 

 

Rifampicin 
in vivo 

Staphylococcus 

aureus induced 

cystic fibrosis 

[212] 

3. Chitosan 

Collagenase 

loaded 

Both in 

vivo and in 

vitro 

Improves scar in 

liver fibrosis 
[213] 

siRNA 

Both in 

vivo and in 

vitro 

Drug delivery to 

fibrotic livers [214] 

NF-κB 

oligonucleotide 

in vitro 

and Cell 

based 

Immunomodulation 

of cystic fibrosis 

epithelial cells 

[215] 

4. Cellulose Docetaxel in vivo Showed anti-fibrotic [216, 217] 
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effect in liver fibrosis 

5. 
Dextran siRNA 

Both in 

vivo and in 

vitro 

Aids in drug delivery 
[218] 

 

7.2. Polysaccharide nanoparticles for treatment of liver fibrosis 

Liver fibrosis is the process of continual assemblage of extracellular matrix (ECM) as a wound 

healing response to undirected liver injuries that distorts hepatic architecture by developing a 

fibrous scar. It entails a variety of cells such as of proteins, different macromolecules, collagen, 

insoluble fibers and microfibrils that makes the process of drug delivery complicated. Due to 

this, various methods have been developed to digest the collagen rich extracellular matrix where 

fibrotic scar is present in case of chronic hepatic disease [219]. Liver encompasses primarily 

hepatic parenchymal cells (60%-70%) and non-parenchymal cells (30%-40%), out of which non-

parenchymal cells contain Kupffer cells, hepatic stellate cells (HSC), macrophages and various 

immune cells. Amongst these, quiescent hepatic stellate cells are the foremost cells that secrete 

extracellular matrix (ECM) and interstitial collagen which plays a crucial role in the 

enhancement of liver fibrosis (Figure 6) [220]. 
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Figure 6: Different cell types present in liver under healthy and fibrotic conditions. Upon liver 

injury, macrophages recruited to injured site and secrete proinflammatory and profibrogenic 

activators that lead to hepatic stellate cells (HSC) activation. HSC transorms into myofibroblasts, 

that leads to excess extracellular matrix synthesis and fibrosis development. This figure is 

adapted from [221] under creative common license. 

 

Due to any hepatocellular impairment that leads to liver injury can activate these hepatic stellate 

cells which then undergo into morphological as well as functional alterations and transformed to 

be proliferated. Hence, obstructing these activated HSCs is the conventional method of 

treatment. Because of their meagre presence and physiological location of these HSCs, it is 

difficult to target them specifically low tissue distribution, poor selectivity of the target tissue 

and lack of in vivo stability are the major pitfalls of traditional clinical treatment options [222]. 

To enhance drug efficiency, targeting the delivery of drugs to the discrete liver cells is highly 

important. 

Polysaccharide NPs based drug delivery shows encouraging results to enhance the 

bioavailability, stability and targeting of drug. Tailoring of a polysaccharide nanoparticle can be 

achieved to deliver efficacious therapeutic precursors with specific targeting to the tissue site 
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without prompting systemic toxicity. In addition, they can perpetuate the sustained release of 

drug and refines its distribution to the target tissues which leads to the improvement of efficacy 

and depletion of adverse effects [127, 223, 224]. Moreover, a better control over the amount of 

targeting entities on nanoparticle surface can be achieved as chances of leakage of drug molecule 

are very low. Hyaluronic acid, a naturally occurring linear polysaccharide is highly used in 

regulation of fibrosis and inflammatory processes due to its non-immunogenic properties. It is 

one of the major constituent of extracellular matrix inside the organ. It indicatively recognizes 

and binds to the cell surface of overexpressed CD44 receptors present in HSCs that provides a 

conceptual basis for treatment of liver fibrosis using hyaluronic acid as a targeting molecule 

[225]. 

Alginates are also being widely used as a favorable drug delivery nanocarrier for various 

molecules at a regulated release of the drug by altering the pore size of alginate hydrogel. Their 

ingrained functional moieties can represent as attachment points for medication and targeting 

agents with the help of superficial chemical transformation to increase circulation time and target 

specific drug accumulation process [172]. The system containing losartan inside hyaluronic acid 

micelles serves as an effective alternative in the treatment of advanced liver fibrosis in a 

C3H/HeN mouse model. Coupling of the targeting entity on the surface of preformed 

nanomaterials has improved the designing of targeted drug delivery systems. The size of particle 

acting as a drug carrier must be small enough to reach the HSCs passing through these small 

openings. Furthermore, targeting any unintentional tissues can result in damage of contiguous 

normal healthy cells [226]. 

Nanomicelles comprising of semisolid hydrophobic core in its core shell structure can easily 

entrap water insoluble drugs that makes the drug more stable in systemic environment and due to 

its small size, active targeting of the drug was possible. To achieve directed HSC drug delivery 

Wenhao et al. developed a similar system of SLB-loaded HA-based nanomicelles. Amphipathic 

HA were procured by modifying partial side chains containing carboxylic group at the end with 

the help of deoxycholic acid (DOCA) and ethylenediamine as the linking group which was used 

in the process of fabricating the HA-functionalized nanomicelles. Targeted drug delivery to 

HSCs was attained by inserting hydrophobic side chains of HA conjugate inside the hydrophobic 

core along with surface of micelles encased around with hydrophilic main chains of the HA 

conjugate. Even the particle size was retained below 100 nm so that it could pass through the 
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small spaces in LSECs. Both, in vivo as well as in vitro studies were studied to evaluate to 

examine the targeting efficiency of these HA micelles, its biodistribution, therapeutic efficacy, 

systemic toxicity and biological half time in systemic circulation. It showed hampering and 

negating of liver fibrosis during in vivo studies and controlled release of drug during in vitro 

evaluation. In addition, these HA micelles showed targeted uptake to HSCs via CD44 receptor 

mediated cellular infiltration [211].  

Chitosan is a biocompatible polysaccharide that has shown sufficient interaction and binding 

with collagen. They have the ability to encapsulate various therapeutic proteins and desired drug 

molecules by keeping their functional and constitutional form intact within the in vivo 

environment. Azzam et al. evaluated targeting efficiency and therapeutic efficacy with the help 

of in vivo and in vitro systems in which chitosan NPs were loaded with collagenase protein. 

Encapsulation magnitude of these nanoparticles was discerned to be more that 50% and it was 

able to release its content in active form. Furthermore, the surface of chitosan nanoparticle was 

altered by various densities of collagen binding peptides (CBP) to find out if this modification is 

necessary for nanoparticle collagen binding or is it the sole interaction of chitosan with collagen 

molecules.  

It was demonstrated with the help of an in vitro collagen binding analysis that unaltered chitosan 

NPs were able to bind with the collagen molecules and showed reversal of fibrosis with 100% 

survival rate while modified CBPs did not manifested any reinforcement in collagen binding. 

This experiment indicated about the capacity of chitosan NPs in targeted delivery of functional 

collagenase at the site of liver injury [227]. Nanotechnology offers great possibility in the 

deterrence and treatment of chronic liver ailments. Conclusively, these are chosen as first 

generation nanocarriers with lesser side effects and variety of primacy over other traditionally 

used therapeutic methods in the treatment of liver fibrosis.  

7.3. Polysaccharide nanoparticles in treatment of other fibrotic diseases 

Chronic tissue injury predominantly results in the accumulation of extracellular matrix that 

makes up a scar tissue and eventually, fibrosis. Various types of stimuli that can be severe acute 

or chronic including autoimmune response, infection or any physiological injury can result into 

fibrosis. Repair of a damaged tissue occurs mainly in two phases, first one is a regenerative 

phase that includes substitution of damaged cells with healthy cells of equivalent archetype and 
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the other phase is fibrosis which involves replacement of parenchymal tissue by connective 

tissue. The latter can result into the genesis of permanent scar if it continues to transpire on the 

same injured tissue [228]. Contemporary clinical treatment options are present for targeting the 

inflammatory cascade of wide spectrum fibrotic disorders such as hepatic fibrosis, nephrogenic 

system fibrosis, systemic sclerosis, cardiac fibrosis and pulmonary fibrosis, but require more 

contemplation in the field [229]. Albeit, the causative mechanism might be different behind these 

disorders but they share the prevalent feature of continual accreditation of extracellular matrix at 

the site of tissue injury, leading to its dysfunction and sometimes, failure of the organ [230].  

Application of nanotechnological principles in the treatment of fibrotic disorders has intensive 

transformative potential. Customization of nanocarriers according to the desired drug and 

location of targeting tissue is possible which greatly magnify its efficacy, targeted drug delivery 

capacity and tolerability. Its role in the treatment of liver fibrosis and lung fibrosis has already 

been discussed [221]. Treatment and management of fibrotic disease associated with kidney 

delineates an enormous field of attraction and research. Use of nanotechnology has upgraded the 

biodistribution and pharmacokinetics of the drug to enhance its efficacy. Targeted drug delivery 

approach has achieved with improved Cmax and plasma area under the curve (AUC). The drug 

encapsulated inside nanoparticle shows low plasma concentration at first, but reaches to its Cmax 

with progressive increment as the time goes by.  

Nanomedicines show lesser cytotoxicity associated with drug as its pharmacokinetics depends on 

Cmax which shows wider area under the curve as compared to the free drug which shows instant 

peak initially but steep decrease after some time. It implies lesser Cmax associated cytotoxicity of 

nanomedicines in the treatment of fibrotic disorders [231]. Their assemblage has been shown to 

be cramped in the area of glomerular mesangium and extracellular matrix inside the kidney. The 

transference of NPs in systemic circulation is highly influenced by their morphology that plays 

an important role in its biodistribution [232]. Polysaccharide NPs have been remolded at 

nanometric scale boosting their range of potential application in various fibrotic disorders. Due 

to their less toxicity, versatility and biocompatibility, they have been substantially used in 

clinical therapeutics of different ailments. Amongst these, chitosan polysaccharide NPs have 

increasing attention as drug delivery system. It is the only impetuously occurring cationic 

polysaccharide in which chemical modification results into amphiphilicity [233]. 
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Chitosan NPs have been reported in the process of encapsulation of various therapeutic proteins 

and assists in preserving their functionality from degradation inside an in vivo system. 

Hyaluronic acid, being a major component of various connective tissues has been widely utilized 

in different biomedical applications and therapeutics of fibrotic disorders. Cyclic 

oligosaccharide, cyclodextrins are subsisted by different hydrophobic surface which helps in the 

formation of inclusion complexes with various molecules. It has shown propitious results in 

improvement of drug solubility and its biodistribution with enhanced encapsulation efficiency. 

Their hydroxyl group offers as the active sites for surface alterations with variety of targeting 

entities including arginine-glycine-aspartic acid (RGD) and folic acid [234]. 

Likewise, cardiac fibrosis occurs due to the activation of fibroblast cells to myofibroblasts and 

start fabricating extracellular matrix in colossal amounts leading to the formation of scar tissue at 

the mangled site. There is an alteration in normal production and degradation process of 

extracellular matrix proteins that ultimately results into fibrosis. As a result, it builds up the rate 

of accumulation of collagen protein that affects both systolic as well as diastolic functions of the 

heart. Cyclodextran, a glucose polysaccharide nanoparticle intensifies the interaction between 

target and ligand molecule with the help of chemical alterations. McCarthy et al. studied the role 

of cross-linked dextran coating (CLIO) in thrombus targeted fibrinolytic therapy in which two 

different components of thrombus were earmarked including fibrin and activated factor XIII 

(FXIIIa) by peptide affinity ligands present on surface of nanoparticle. Moreover, in another 

experiment magnetic field was used to focus dextran coated iron-oxide magnetic nanoparticles to 

the target tissue and enhancement in thrombolytic efficiency of conjugate particles was observed 

[235]. With the help of various studies, it has been noted that nanoparticles carrying cationic or 

neutral charge have good internalization efficiency as it can easily bind with the cell membrane 

containing a negative surface charge. Due to the above stated parameters and having various 

attractive characteristic features such as biodegradability, non-toxicity, hydrophilicity, low 

production cost and target specific drug delivery efficiency, polysaccharide nanoparticles have 

been intensively developed in the clinical therapeutics of variety of organ fibrotic disorders. 

8. Challenges 

8.1 Fabrication of polysaccharide nanoparticles 
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Several methods, including crosslinking (chemical or ionic), nanoprecipitation, coacervation and 

emulsion-based methods have been employed in the fabrication of polysaccharide nanoparticles. 

Each method has its own merits and demerits. A separate cross-linker is used in the chemical 

crosslinking method that makes an irreversible covalent bond between polysaccharide molecules. 

Oppositely charged small ionic molecules are used in the ionic crosslinking method and 

polysaccharide molecules are connected using electrostatic interactions [236]. However, 

crosslinking methods are not preferred for the drug delivery applications as the cross-linkers 

pose additional toxicity. Nanoprecipitation is one of the widely used methods that employs two 

phases, i.e, aqueous and organic phases. First, hydrophobic compounds are dissolved in the 

water-miscible organic solvent and water or aqueous based buffer solutions are added 

subsequently. Finally, precipitated hydrophobic nano particles can be collected by evaporating 

the solvent [237]. Like nanoprecipitation, emulsion-based methods also use two phases. First, 

polysaccharide molecules will be dissolved in deionized water and subsequently dispersed in the 

oil phase. This method is called oil-in-water or water-in-oil emulsion and the polysaccharide NPs 

are prepared by gelation. In coacervation method, two oppositely charged aqueous polymer 

solutions are mixed and that results in dense liquid and dilute solution phases. Polysaccharide 

NPs are extracted from the dense liquid phase [238]. 

8.2 Stability 

Stability of the polysaccharide NPs is closely linked to its preparation method. NPs prepared 

using chemical crosslinking has very high stability due to its covalent bonding. Whereas, NPs 

prepared using ionic crosslinking show lower stability susceptible to changes to ionic strength, 

temperature and pH. NPs synthesized using nanoprecipitation and emulsification methods have 

varying stability based on the particle size. Czabany et al. have recently reported an improved 

method that increases the stability of polysaccharide NPs [239]. 

8.3 Extraction 

Polysaccharides can be extracted from natural sources such as animals, plants, microbes and 

fungi. Extraction methods are broadly divided into three categories, i.e., solvent extraction 

(water, organic and alkaline), physical extraction (microwave and ultrasonic) and enzyme 

assisted extraction [240]. However, achieving clinical grade purity is of another challenge. 
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Traditional solvent-based methods are often combined with physical extraction methods to 

improve the yield and purity. Moreover, extraction and purification methods significantly alter 

the functional and physicochemical properties of the polysaccharide [241]. Therefore, extraction 

and purification methods that yield lower chemical contamination and does not alter 

physicochemical properties of the polysaccharide should be chosen. 

8.4 Regulatory status 

Many of the polysaccharide moleculesdescribed in this review are already in use as drug carriers 

for many diseases including diabetes, arthritis and fibrosis. For example, FDA has already 

approved cellulose, alginate, HA, guar gum for ophthalmological treatments [242]. Both, FDA 

and European medicines agency approved chitosan NPs for drug delivery [243]. Since, 

polysaccharides are natural materials and various tissues in human body already contain them, 

they pose minimal side effects and toxicity. This is an additional advantage that polysaccharide 

based NPs can be easily approved by the regulatory agencies. However, chemical compounds 

used during polysaccharide extraction and NPs preparatory methods will pose toxicity. Further 

research is required to develop new NP synthesis methods that use less or no chemical 

compounds to reduce the toxicity. 

9. Future perspectives 

In the last two decades polysaccharide-based NP formulation have emerged as potential 

therapeutic choice in different disease conditions. As polysaccharide based nanoformulations can 

be tailored easily so they can play an important role in the personalized medicine in clinical 

settings which will offer a great advantage in future therapeutics development. But still, most of 

the research for polysaccharide-based nanoparticles is confined to the preclinical setting. For 

clinical translation of these potentially valuable polysaccharide based NPs, considerable work is 

a pre-requisite. In modern era of science by using nanotechnology based tools we can design 

intracellular or subcellular drug delivery system for delivery gene or drug by incorporating 

polysaccharides. As evident from different pre-clinical reported studies, polysaccharide based 

NPs formulations appears to be a favorable strategy in delivering or releasing their content to the 

target site. Their inherent property of muco-adhesiveness can offer the opportunity to enhance 

the mean residence time, enhanced binding efficiency of nanoformulations at the site of 

absorption. Moreover, by coating specific ligand or by surface functionalization of 
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polysaccharide NPs the receptor ligand interaction can be modulated for better therapeutic 

outcomes. However, to assess the interaction of the cell membrane with polysaccharide NPs 

some study have also been performed to address the uptake mechanism and their intracellular 

fate that must be taken into consideration for designing novel drug therapeutics. 

 

10. Conclusions 

Herein, we have reviewed the naturally available polysaccharides for the drug delivery 

applications. It is apparent from the strength and extent of numerous studies that polysaccharide 

NPs are preceding as novel therapeutic option. A distinct number of preclinical studies proclaim 

the increased efficiency of drugs in conjunction with polysaccharide based modifications. Their 

capability to enhance the drug permeability, bioavailability, reduced toxicity and increased 

sojourn time makes them attractive beacon in drug development. Mechanistically, many 

polysaccharides based NPs have been found to show multiple effects like abrogation of ROS, 

impeding inflammatory signaling by modulating the Nrf‐2, NFκB MAPKs, halting fibrotic 

cascade and many more. Indeed, polysaccharide NPs-based intervention can certainly be proved 

as an advantage against different sort of disease ailments. Furthermore, polysaccharide based NP 

interventions embrace ample possibilities for development of advanced therapeutic drug delivery 

systems.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



44 
 

References 

[1] S. Salatin, A. Yari Khosroushahi, Overviews on the cellular uptake mechanism of 

polysaccharide colloidal nanoparticles, Journal of Cellular and Molecular Medicine 21(9) (2017) 

1668-1686. 

[2] J.K. Patra, G. Das, L.F. Fraceto, E.V.R. Campos, M.D.P. Rodriguez-Torres, Nano based drug 

delivery systems: recent developments and future prospects, 16(1) (2018) 71. 

[3] P.I. Siafaka, N.Ü. Okur, I.D. Karantas, M.E. Okur, E.A. Gündoğdu, Current update on 

nanoplatforms as therapeutic and diagnostic tools: A review for the materials used as 

nanotheranostics and imaging modalities, Asian Journal of Pharmaceutical Sciences 16(1) (2020) 

24-46. 

[4] A. Khurana, P. Allawadhi, I. Khurana, S. Allwadhi, R. Weiskirchen, A.K. Banothu, D. 

Chhabra, K. Joshi, K.K. Bharani, Role of nanotechnology behind the success of mRNA vaccines 

for COVID-19, Nano Today 38 (2021) 101142. 

[5] A. Khurana, P. Anchi, P. Allawadhi, V. Kumar, N. Sayed, G. Packirisamy, C. Godugu, 

Yttrium oxide nanoparticles reduce the severity of acute pancreatitis caused by cerulein 

hyperstimulation, Nanomedicine: Nanotechnology, Biology and Medicine 18 (2019) 54-65. 

[6] A. Khurana, P. Anchi, P. Allawadhi, V. Kumar, N. Sayed, G. Packirisamy, C. Godugu, 

Superoxide dismutase mimetic nanoceria restrains cerulein induced acute pancreatitis, 

Nanomedicine 14(14) (2019) 1805-1825. 

[7] J. Jeevanandam, A. Barhoum, Review on nanoparticles and nanostructured materials: history, 

sources, toxicity and regulations, 9 (2018) 1050-1074. 

[8] I. Khurana, P. Allawadhi, A. Khurana, A.K. Srivastava, U. Navik, A.K. Banothu, K.K. 

Bharani, Can bilirubin nanomedicine become a hope for the management of COVID-19?, 

Medical Hypotheses 149 (2021) 110534. 

[9] H.K. Makadia, S.J. Siegel, Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable 

Controlled Drug Delivery Carrier, Polymers 3(3) (2011) 1377-1397. 

[10] S. Behzadi, V. Serpooshan, W. Tao, M.A. Hamaly, M.Y. Alkawareek, E.C. Dreaden, D. 

Brown, A.M. Alkilany, O.C. Farokhzad, M. Mahmoudi, Cellular uptake of nanoparticles: 

journey inside the cell, Chemical Society reviews 46(14) (2017) 4218-4244. 

[11] P. Allawadhi, A. Khurana, S. Allwadhi, U.S. Navik, K. Joshi, A.K. Banothu, K.K. Bharani, 

Potential of electric stimulation for the management of COVID-19, Medical Hypotheses 144 

(2020) 110259. 

[12] S. Raveendran, A.K. Rochani, T. Maekawa, D.S. Kumar, Smart Carriers and Nanohealers: 

A Nanomedical Insight on Natural Polymers, Materials (Basel, Switzerland) 10(8) (2017) 929. 

[13] K. Liu, X. Jiang, P. Hunziker, Carbohydrate-based amphiphilic nano delivery systems for 

cancer therapy, Nanoscale 8(36) (2016) 16091-16156. 

[14] J.M. Davis, 3rd, E.L. Matteson, My treatment approach to rheumatoid arthritis, Mayo Clinic 

proceedings 87(7) (2012) 659-73. 

[15] V. Singh, P. Allawadhi, A. Khurana, A.K. Banothu, K.K. Bharani, Critical neurological 

features of COVID-19: Role of imaging methods and biosensors for effective diagnosis, Sensors 

International 2 (2021) 100098. 

[16] J.S. Smolen, R.B.M. Landewé, J.W.J. Bijlsma, G.R. Burmester, M. Dougados, A. 

Kerschbaumer, I.B. McInnes, A. Sepriano, R.F. van Vollenhoven, M. de Wit, D. Aletaha, M. 

Aringer, J. Askling, A. Balsa, M. Boers, A.A. den Broeder, M.H. Buch, F. Buttgereit, R. 

Caporali, M.H. Cardiel, D. De Cock, C. Codreanu, M. Cutolo, C.J. Edwards, Y. van Eijk-

Hustings, P. Emery, A. Finckh, L. Gossec, J.-E. Gottenberg, M.L. Hetland, T.W.J. Huizinga, M. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



45 
 

Koloumas, Z. Li, X. Mariette, U. Müller-Ladner, E.F. Mysler, J.A.P. da Silva, G. Poór, J.E. 

Pope, A. Rubbert-Roth, A. Ruyssen-Witrand, K.G. Saag, A. Strangfeld, T. Takeuchi, M. 

Voshaar, R. Westhovens, D. van der Heijde, EULAR recommendations for the management of 

rheumatoid arthritis with synthetic and biological disease-modifying antirheumatic drugs: 2019 

update, Annals of the rheumatic diseases 79(6) (2020) 685-699. 

[17] J.N. Hoes, J.W.G. Jacobs, S.M.M. Verstappen, J.W.J. Bijlsma, G.J.M.G. Van der Heijden, 

Adverse events of low- to medium-dose oral glucocorticoids in inflammatory diseases: a meta-

analysis, Annals of the rheumatic diseases 68(12) (2009) 1833-1838. 

[18] J.D. Isaacs, The changing face of rheumatoid arthritis: sustained remission for all?, Nature 

Reviews Immunology 10(8) (2010) 605-611. 

[19] P. Allawadhi, A. Khurana, S. Allwadhi, K. Joshi, G. Packirisamy, K.K. Bharani, Nanoceria 

as a possible agent for the management of COVID-19, Nano Today 35 (2020) 100982. 

[20] S.K. Murthy, Nanoparticles in modern medicine: state of the art and future challenges, Int J 

Nanomedicine 2(2) (2007) 129-41. 

[21] T.M. Allen, P.R. Cullis, Drug Delivery Systems: Entering the Mainstream, Science 

303(5665) (2004) 1818-1822. 

[22] P. Allawadhi, V. Singh, A. Khurana, I. Khurana, S. Allwadhi, P. Kumar, A.K. Banothu, S. 

Thalugula, P.J. Barani, R.R. Naik, K.K. Bharani, Silver nanoparticle based multifunctional 

approach for combating COVID-19, Sensors International 2 (2021) 100101. 

[23] P. Allawadhi, V. Singh, I. Khurana, P.S. Rawat, A.P. Renushe, A. Khurana, U. Navik, S. 

Allwadhi, S. Kumar Karlapudi, A.K. Banothu, K.K. Bharani, Decorin as a possible strategy for 

the amelioration of COVID-19, Medical Hypotheses 152 (2021) 110612. 

[24] D. Prosperi, M. Colombo, I. Zanoni, F. Granucci, Drug nanocarriers to treat autoimmunity 

and chronic inflammatory diseases, Seminars in immunology 34 (2017) 61-67. 

[25] D. Chenthamara, S. Subramaniam, S.G. Ramakrishnan, S. Krishnaswamy, M.M. Essa, F.H. 

Lin, M.W. Qoronfleh, Therapeutic efficacy of nanoparticles and routes of administration, 23 

(2019) 20. 

[26] B. Baig, S.A. Halim, A. Farrukh, Y. Greish, A. Amin, Current status of nanomaterial-based 

treatment for hepatocellular carcinoma, Biomedicine & Pharmacotherapy 116 (2019) 108852. 

[27] M. Gericke, P. Schulze, T. Heinze, Nanoparticles Based on Hydrophobic Polysaccharide 

Derivatives—Formation Principles, Characterization Techniques, and Biomedical Applications, 

Macromolecular Bioscience 20(4) (2020) 1900415. 

[28] Y. Zhang, J.W. Chan, A. Moretti, K.E. Uhrich, Designing polymers with sugar-based 

advantages for bioactive delivery applications, Journal of controlled release : official journal of 

the Controlled Release Society 219 (2015) 355-368. 

[29] T.G. Barclay, C.M. Day, N. Petrovsky, S. Garg, Review of polysaccharide particle-based 

functional drug delivery, Carbohydrate polymers 221 (2019) 94-112. 

[30] U. Garg, S. Chauhan, Current Advances in Chitosan Nanoparticles Based Drug Delivery 

and Targeting, 9(2) (2019) 195-204. 

[31] M. Nahar, T. Dutta, S. Murugesan, A. Asthana, D. Mishra, V. Rajkumar, M. Tare, S. Saraf, 

N. Jain, Functional Polymeric Nanoparticles: An Efficient and Promising Tool for Active 

Delivery of Bioactives, Critical reviews in therapeutic drug carrier systems 23 (2006) 259-318. 

[32] D. Wu, A.B. Molofsky, H.E. Liang, R.R. Ricardo-Gonzalez, H.A. Jouihan, J.K. Bando, A. 

Chawla, R.M. Locksley, Eosinophils sustain adipose alternatively activated macrophages 

associated with glucose homeostasis, Science 332(6026) (2011) 243-7. 

[33] V. Palicka, Pathophysiology of Diabetes Mellitus, Ejifcc 13(5) (2002) 140-144. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



46 
 

[34] J. Moini, Chapter 3 - Pathophysiology of Diabetes, in: J. Moini (Ed.), Epidemiology of 

Diabetes, Elsevier2019, pp. 25-43. 

[35] S. Fourlanos, L.C. Harrison, P.G. Colman, The accelerator hypothesis and increasing 

incidence of type 1 diabetes, Current opinion in endocrinology, diabetes, and obesity 15(4) 

(2008) 321-5. 

[36] H. Kolb, S. Martin, Environmental/lifestyle factors in the pathogenesis and prevention of 

type 2 diabetes, BMC Med 15(1) (2017) 131. 

[37] R. Vieira, S.B. Souto, E. Sánchez-López, A.L. Machado, P. Severino, S. Jose, A. Santini, A. 

Fortuna, M.L. García, A.M. Silva, E.B. Souto, Sugar-Lowering Drugs for Type 2 Diabetes 

Mellitus and Metabolic Syndrome-Review of Classical and New Compounds: Part-I, 

Pharmaceuticals (Basel) 12(4) (2019) 152. 

[38] U. Navik, V.G. Sheth, S.W. Kabeer, K. Tikoo, Dietary Supplementation of Methyl Donor l-

Methionine Alters Epigenetic Modification in Type 2 Diabetes, Molecular nutrition & food 

research 63(23) (2019) e1801401. 

[39] A. Chawla, R. Chawla, S. Jaggi, Microvasular and macrovascular complications in diabetes 

mellitus: Distinct or continuum?, Indian J Endocrinol Metab 20(4) (2016) 546-51. 

[40] J.J. Chamberlain, K. Doyle-Delgado, L. Peterson, N. Skolnik, Diabetes Technology: Review 

of the 2019 American Diabetes Association Standards of Medical Care in Diabetes, Annals of 

internal medicine 171(6) (2019) 415-420. 

[41] M. Grover, P. Utreja, Recent advances in drug delivery systems for anti-diabetic drugs: a 

review, Curr Drug Deliv 11(4) (2014) 444-57. 

[42] R.B. Shah, M. Patel, D.M. Maahs, V.N. Shah, Insulin delivery methods: Past, present and 

future, Int J Pharm Investig 6(1) (2016) 1-9. 

[43] R. Singh, J.W. Lillard, Jr., Nanoparticle-based targeted drug delivery, Experimental and 

molecular pathology 86(3) (2009) 215-23. 

[44] C.H. Lin, C.H. Chen, Z.C. Lin, J.Y. Fang, Recent advances in oral delivery of drugs and 

bioactive natural products using solid lipid nanoparticles as the carriers, Journal of food and drug 

analysis 25(2) (2017) 219-234. 

[45] S. Gelperina, K. Kisich, M.D. Iseman, L. Heifets, The potential advantages of nanoparticle 

drug delivery systems in chemotherapy of tuberculosis, Am J Respir Crit Care Med 172(12) 

(2005) 1487-90. 

[46] Z. Liu, Y. Jiao, Y. Wang, C. Zhou, Z. Zhang, Polysaccharides-based nanoparticles as drug 

delivery systems, Adv Drug Deliv Rev 60(15) (2008) 1650-62. 

[47] V. Varadharaj, A. Ramaswamy, R. Sakthivel, R. Subbaiya, H. Barabadi, M. 

Chandrasekaran, M. Saravanan, Antidiabetic and Antioxidant Activity of Green Synthesized 

Starch Nanoparticles: An In Vitro Study, Journal of Cluster Science 31(6) (2020) 1257-1266. 

[48] A.K. Jain, R.K. Khar, F.J. Ahmed, P.V. Diwan, Effective insulin delivery using starch 

nanoparticles as a potential trans-nasal mucoadhesive carrier, European Journal of Pharmaceutics 

and Biopharmaceutics 69(2) (2008) 426-435. 

[49] R. Singla, S. Soni, V. Patial, P.M. Kulurkar, A. Kumari, M. S, Y.S. Padwad, S.K. Yadav, In 

vivo diabetic wound healing potential of nanobiocomposites containing bamboo cellulose 

nanocrystals impregnated with silver nanoparticles, International Journal of Biological 

Macromolecules 105 (2017) 45-55. 

[50] B. Sarmento, A. Ribeiro, F. Veiga, D. Ferreira, R. Neufeld, Oral bioavailability of insulin 

contained in polysaccharide nanoparticles, Biomacromolecules 8(10) (2007) 3054-3060. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



47 
 

[51] K.B. Chalasani, G.J. Russell-Jones, A.K. Jain, P.V. Diwan, S.K. Jain, Effective oral delivery 

of insulin in animal models using vitamin B12-coated dextran nanoparticles, Journal of 

controlled release 122(2) (2007) 141-150. 

[52] A. Grenha, S. Rodrigues, Pullulan-based nanoparticles: future therapeutic applications in 

transmucosal protein delivery, Therapeutic delivery 4(11) (2013) 1339-1341. 

[53] U. Smith, G. Holm, Effect of a modified guar gum preparation on glucose and lipid levels in 

diabetics and healthy volunteers, Atherosclerosis 45(1) (1982) 1-10. 

[54] X. Nie, Z. Chen, L. Pang, L. Wang, H. Jiang, Y. Chen, Z. Zhang, C. Fu, B. Ren, J. Zhang, 

Oral Nano Drug Delivery Systems for the Treatment of Type 2 Diabetes Mellitus: An Available 

Administration Strategy for Antidiabetic Phytocompounds, International Journal of 

Nanomedicine 15 (2020) 10215. 

[55] B. Sarmento, A. Ribeiro, F. Veiga, P. Sampaio, R. Neufeld, D. Ferreira, Alginate/chitosan 

nanoparticles are effective for oral insulin delivery, Pharmaceutical research 24(12) (2007) 2198-

206. 

[56] Z. Chai, H. Dong, X. Sun, Y. Fan, Y. Wang, F. Huang, Development of glucose oxidase-

immobilized alginate nanoparticles for enhanced glucose-triggered insulin delivery in diabetic 

mice, International Journal of Biological Macromolecules 159 (2020) 640-647. 

[57] S.K. Chinnaiyan, D. Karthikeyan, V.R. Gadela, Development and Characterization of 

Metformin Loaded Pectin Nanoparticles for T2 Diabetes Mellitus, Pharmaceutical 

nanotechnology 6(4) (2018) 253-263. 

[58] S.K. Chinnaiyan, K. Deivasigamani, V.R. Gadela, Combined synergetic potential of 

metformin loaded pectin-chitosan biohybrids nanoparticle for NIDDM, Int J Biol Macromol 125 

(2019) 278-289. 

[59] J.G. Rho, H.S. Han, J.H. Han, H. Lee, W.H. Lee, S. Kwon, S. Heo, J. Yoon, H.H. Shin, E.-

y. Lee, Self-assembled hyaluronic acid nanoparticles: Implications as a nanomedicine for 

treatment of type 2 diabetes, Journal of Controlled Release 279 (2018) 89-98. 

[60] M. Ehren, H.H. Klein, [Insulin therapy-new insulin analogues], Der Internist 60(9) (2019) 

887-894. 

[61] B. Zinman, V.R. Aroda, J.B. Buse, B. Cariou, S.B. Harris, S.T. Hoff, K.B. Pedersen, M.J. 

Tarp-Johansen, E. Araki, Efficacy, Safety, and Tolerability of Oral Semaglutide Versus Placebo 

Added to Insulin With or Without Metformin in Patients With Type 2 Diabetes: The PIONEER 8 

Trial, Diabetes care 42(12) (2019) 2262-2271. 

[62] S. Mansoor, P.P.D. Kondiah, Y.E. Choonara, V. Pillay, Polymer-Based Nanoparticle 

Strategies for Insulin Delivery, Polymers 11(9) (2019) 1380. 

[63] E. Arbit, M. Kidron, Oral insulin: the rationale for this approach and current developments, 

Journal of diabetes science and technology 3(3) (2009) 562-7. 

[64] J.B. McGill, A. Peters, J.B. Buse, S. Steiner, T. Tran, F.M. Pompilio, D.M. Kendall, 

Comprehensive Pulmonary Safety Review of Inhaled Technosphere(®) Insulin in Patients with 

Diabetes Mellitus, Clinical drug investigation  40(10) (2020) 973-983. 

[65] E. Czuba, M. Diop, C. Mura, A. Schaschkow, A. Langlois, W. Bietiger, R. Neidl, A. 

Virciglio, N. Auberval, D. Julien-David, E. Maillard, Y. Frere, E. Marchioni, M. Pinget, S. 

Sigrist, Oral insulin delivery, the challenge to increase insulin bioavailability: Influence of 

surface charge in nanoparticle system, International journal of pharmaceutics 542(1-2) (2018) 

47-55. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



48 
 

[66] P. Allawadhi, A. Khurana, N. Sayed, P. Kumari, C. Godugu, Isoproterenol‐induced cardiac 

ischemia and fibrosis: Plant‐based approaches for intervention, Phytotherapy Research 32(10) 

(2018) 1908-1932. 

[67] X. Zhou, H. Wu, R. Long, S. Wang, H. Huang, Y. Xia, P. Wang, Y. Lei, Y. Cai, D. Cai, 

Oral delivery of insulin with intelligent glucose-responsive switch for blood glucose regulation, 

Journal of Nanobiotechnology 18(1) (2020) 1-16. 

[68] S. Sudhakar, S.V. Chandran, N. Selvamurugan, R.A. Nazeer, Biodistribution and 

pharmacokinetics of thiolated chitosan nanoparticles for oral delivery of insulin in vivo, 

International journal of biological macromolecules 150 (2020) 281-288. 

[69] P. Mukhopadhyay, K. Sarkar, M. Chakraborty, S. Bhattacharya, R. Mishra, P.P. Kundu, 

Oral insulin delivery by self-assembled chitosan nanoparticles: in vitro and in vivo studies in 

diabetic animal model, Mater Sci Eng C Mater Biol Appl 33(1) (2013) 376-82. 

[70] L. Zhao, C. Su, B. Zhu, Y. Jia, Development and Optimization of Insulin-Chitosan 

Nanoparticles, Tropical Journal of Pharmaceutical Research 13(1) (2014) 3-8. 

[71] C.Y. Wong, H. Al-Salami, C.R. Dass, Potential of insulin nanoparticle formulations for oral 

delivery and diabetes treatment, Journal of controlled release : official journal of the Controlled 

Release Society 264 (2017) 247-275. 

[72] L. Li, G. Jiang, W. Yu, D. Liu, H. Chen, Y. Liu, Z. Tong, X. Kong, J. Yao, Preparation of 

chitosan-based multifunctional nanocarriers overcoming multiple barriers for oral delivery of 

insulin, Mater Sci Eng C Mater Biol Appl 70(Pt 1) (2017) 278-286. 

[73] P.P.D. Kondiah, Y.E. Choonara, L.K. Tomar, C. Tyagi, P. Kumar, L.C. du Toit, T. 

Marimuthu, G. Modi, V. Pillay, Development of a Gastric Absorptive, Immediate Responsive, 

Oral Protein-Loaded Versatile Polymeric Delivery System, AAPS PharmSciTech 18(7) (2017) 

2479-2493. 

[74] A. Elsayed, M. Al-Remawi, A. Farouk, A. Badwan, Insulin-chitosan polyelectrolyte 

_anocomplexes: Preparation, characterization and stabilization of insulin, Sudan J. Med. Sci. 

5(2) (2010) 1-11. 

[75] K.S. Soppimath, T.M. Aminabhavi, A.R. Kulkarni, W.E. Rudzinski, Biodegradable 

polymeric nanoparticles as drug delivery devices, J Control Release 70(1-2) (2001) 1-20. 

[76] S. Goswami, J. Bajpai, A.K. Bajpai, Calcium alginate nanocarriers as possible vehicles for 

oral delivery of insulin, Journal of Experimental Nanoscience 9(4) (2012) 337-356. 

[77] A. Bhattacharyya, D. Mukherjee, R. Mishra, P. Kundu, Development of pH sensitive 

polyurethane–alginate nanoparticles for safe and efficient oral insulin delivery in animal models, 

RSC advances 6(48) (2016) 41835-41846. 

[78] A. Bhattacharyya, D. Mukherjee, R. Mishra, P. Kundu, Preparation of polyurethane–

alginate/chitosan core shell nanoparticles for the purpose of oral insulin delivery, Eur. Polym. J 

92 (2017) 294-313. 

[79] M. Lopes, N. Shrestha, A. Correia, M.A. Shahbazi, B. Sarmento, J. Hirvonen, F. Veiga, R. 

Seica, A. Ribeiro, H.A. Santos, Dual chitosan/albumin-coated alginate/dextran sulfate 

nanoparticles for enhanced oral delivery of insulin, J Control Release 232 (2016) 29-41. 

[80] D. Huang, Y.S. Chen, I.D. Rupenthal, Hyaluronic Acid Coated Albumin Nanoparticles for 

Targeted Peptide Delivery to the Retina, Molecular pharmaceutics 14(2) (2017) 533-545. 

[81] D. Liu, G. Jiang, W. Yu, L. Li, Z. Tong, X. Kong, J.M.l. Yao, Oral delivery of insulin using 

CaCO3-based composite nanocarriers with hyaluronic acid coatings, Materials letters 188 (2017) 

263-266. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



49 
 

[82] L. Han, Y. Zhao, L. Yin, R. Li, Y. Liang, H. Huang, S. Pan, C. Wu, M. Feng, Insulin-loaded 

pH-sensitive hyaluronic acid nanoparticles enhance transcellular delivery, AAPS PharmSciTech 

13(3) (2012) 836-45. 

[83] J.G. Rho, H.S. Han, J.H. Han, H. Lee, V.Q. Nguyen, W.H. Lee, S. Kwon, S. Heo, J. Yoon, 

H.H. Shin, E.-y. Lee, H. Kang, S. Yang, E.K. Lee, J.H. Park, W. Kim, Self-assembled hyaluronic 

acid nanoparticles: Implications as a nanomedicine for treatment of type 2 diabetes, Journal of 

Controlled Release 279 (2018) 89-98. 

[84] Q. Hu, Y. Luo, Recent advances of polysaccharide-based nanoparticles for oral insulin 

delivery, International journal of biological macromolecules 120(Pt A) (2018) 775-782. 

[85] M. Alibolandi, F. Alabdollah, F. Sadeghi, M. Mohammadi, K. Abnous, M. Ramezani, F. 

Hadizadeh, Dextran-b-poly(lactide-co-glycolide) polymersome for oral delivery of insulin: In 

vitro and in vivo evaluation, J Control Release 227 (2016) 58-70. 

[86] K.B. Chalasani, G.J. Russell-Jones, S.K. Yandrapu, P.V. Diwan, S.K. Jain, A novel vitamin 

B12-nanosphere conjugate carrier system for peroral delivery of insulin, Journal of controlled 

release : official journal of the Controlled Release Society 117(3) (2007) 421-9. 

[87] S. Goswami, J. Bajpai, A. Bajpai, Designing gelatin nanocarriers as a swellable system for 

controlled release of insulin: an in-vitro kinetic study, J. Macromol. Sci. Part A 47(2) (2009) 

119-130. 

[88] H.A. Ebrahimi, Y. Javadzadeh, M. Hamidi, M.B. Jalali, Repaglinide-loaded solid lipid 

nanoparticles: effect of using different surfactants/stabilizers on physicochemical properties of 

nanoparticles, Daru : journal of Faculty of Pharmacy, Tehran University of Medical Sciences 

23(1) (2015) 46. 

[89] A. Pereira, G.A.C. Brito, M.L.S. Lima, A.A.D. Silva Júnior, E.D.S. Silva, A.A. de Rezende, 

R.H. Bortolin, M. Galvan, F.Q. Pirih, R.F. Araújo Júnior, C. Medeiros, G.C.B. Guerra, A.A. 

Araújo, Metformin Hydrochloride-Loaded PLGA Nanoparticle in Periodontal Disease 

Experimental Model Using Diabetic Rats, International journal of molecular sciences 19(11) 

(2018) 3488. 

[90] H.-J. Woo, J.-S. Kim, J.-G. Kim, M. Nurunnabi, K.-M. Huh, K.-J. Cho, Y.-K. Lee, 

Preparation and characterization of pioglitazone loaded PLGA nanospheres for the treatment of 

type 2 diabetes, Polym-Korea 34(6) (2010) 527-533. 

[91] C.H. Borkhataria, R.P. Patel, Formulation and Evaluation of Pioglitazone Hydrochloride 

Loaded Biodegradable Nanoparticles, 1(3) (2011) 157-163. 

[92] J. Naik, A. Lokhande, S. Mishra, R. Kulkarni, Preparation and Characterization of 

Nateglinide Loaded Hydrophobic Biocompatible Polymer Nanoparticles, Journal of The 

Institution of Engineers (India): Series D 98(2) (2017) 269-277. 

[93] R.K. Averineni, G.V. Shavi, O.P. Ranjan, P. Balavant Deshpande, G. Aravind Kumar, U. 

Yogendra Nayak, M. Sreenivasa Reddy, N. Udupa, Formulation of Gliclazide Encapsulated 

Chitosan Nanoparticles: In Vitro and In Vivo Evaluation, NanoFormulation2012, pp. 77-85. 

[94] P.V. Devarajan, G.S. Sonavane, Preparation and In Vitro/In Vivo Evaluation of Gliclazide 

Loaded Eudragit Nanoparticles as a Sustained Release Carriers, Drug Development and 

Industrial Pharmacy 33(2) (2007) 101-111. 

[95] S.K.S. Chander Parkash Dora, Sanjeev Kumar, Ashok, K.D.A.A. Deep, Development And 

Characterization Of NanoparticlesOf Glibenclamide By Solvent Displacement Method, Acta 

Poloniae Pharmaceutica ñ Drug Research 67 (2010) 283-290. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



50 
 

[96] X. Li, C. Wang, R. Liang, F. Sun, Y. Shi, A. Wang, W. Liu, K. Sun, Y. Li, The glucose-

lowering potential of exenatide delivered orally via goblet cell-targeting nanoparticles, 

Pharmaceutical research 32(3) (2015) 1017-27. 

[97] S. Dewanjee, P. Chakraborty, B. Mukherjee, V. De Feo, Plant-Based Antidiabetic 

Nanoformulations: The Emerging Paradigm for Effective Therapy, Int J Mol Sci 21(6) (2020) 

2217. 

[98] X. Wang, Y. Qian, R. Jin, Y. Wo, J. Chen, C. Wang, D. Wang, Effects of TRAP-1-like 

protein (TLP) gene on collagen synthesis induced by TGF-beta/Smad signaling in human dermal 

fibroblasts, PLoS One 8(2) (2013) e55899. 

[99] P. Losi, E. Briganti, C. Errico, A. Lisella, E. Sanguinetti, F. Chiellini, G. Soldani, Fibrin-

based scaffold incorporating VEGF- and bFGF-loaded nanoparticles stimulates wound healing in 

diabetic mice, Acta Biomaterialia 9(8) (2013) 7814-7821. 

[100] M. Metzler, E. Pfeiffer, S.I. Schulz, J.S. Dempe, Curcumin uptake and metabolism, 

Biofactors 39(1) (2013) 14-20. 

[101] P. Chauhan, A.K. Tamrakar, S. Mahajan, G. Prasad, Chitosan encapsulated nanocurcumin 

induces GLUT-4 translocation and exhibits enhanced anti-hyperglycemic function, Life Sci 213 

(2018) 226-235. 

[102] H. Katas, C.Y. Wen, M.I. Siddique, Z. Hussain, F.H. Mohd Fadhil, Thermoresponsive 

curcumin/DsiRNA nanoparticle gels for the treatment of diabetic wounds: synthesis and drug 

release, Ther Deliv 8(3) (2017) 137-150. 

[103] V.V. Karri, G. Kuppusamy, S.V. Talluri, S.S. Mannemala, R. Kollipara, A.D. Wadhwani, 

S. Mulukutla, K.R. Raju, R. Malayandi, Curcumin loaded chitosan nanoparticles impregnated 

into collagen-alginate scaffolds for diabetic wound healing, Int J Biol Macromol 93(Pt B) (2016) 

1519-1529. 

[104] R. Penalva, J. Morales, C.J. Gonzalez-Navarro, E. Larraneta, G. Quincoces, I. Penuelas, 

J.M. Irache, Increased Oral Bioavailability of Resveratrol by Its Encapsulation in Casein 

Nanoparticles, Int J Mol Sci 19(9) (2018) 2816. 

[105] S. Maity, P. Mukhopadhyay, P.P. Kundu, A.S. Chakraborti, Alginate coated chitosan core-

shell nanoparticles for efficient oral delivery of naringenin in diabetic animals-An in vitro and in 

vivo approach, Carbohydr Polym 170 (2017) 124-132. 

[106] P. Mukhopadhyay, S. Maity, S. Mandal, A.S. Chakraborti, A.K. Prajapati, P.P. Kundu, 

Preparation, characterization and in vivo evaluation of pH sensitive, safe quercetin-succinylated 

chitosan-alginate core-shell-corona nanoparticle for diabetes treatment, Carbohydr Polym 182 

(2018) 42-51. 

[107] V. Ravichandiran, V. Dr, E. Bhavya, B. Senthilnathan, Impact of Nanoparticulate Drug 

Delivery System of Herbal Drug in Control of Diabetes Mellitus, Research Journal of Pharmacy 

and Technology 12 (2019) 1688-1694. 

[108] S.B. da Silva, D. Ferreira, M. Pintado, B. Sarmento, Chitosan-based nanoparticles for 

rosmarinic acid ocular delivery—In vitro tests, International Journal of Biological 

Macromolecules 84 (2016) 112-120. 

[109] R. Rani, S. Dahiya, D. Dhingra, N. Dilbaghi, K.H. Kim, S. Kumar, Evaluation of anti-

diabetic activity of glycyrrhizin-loaded nanoparticles in nicotinamide-streptozotocin-induced 

diabetic rats, Eur J Pharm Sci 106 (2017) 220-230. 

[110] V. Piazzini, L. Cinci, M. D'Ambrosio, C. Luceri, A. Bilia, M. Bergonzi, Solid Lipid 

Nanoparticles and Chitosan-coated Solid Lipid Nanoparticles as Promising Tool for Silybin 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



51 
 

Delivery: Formulation, Characterization, and In Vitro Evaluation, Current Drug Delivery 16(2) 

(2019) 142-152. 

[111] W. Zhu, Z. Zhang, Preparation and characterization of catechin-grafted chitosan with 

antioxidant and antidiabetic potential, International Journal of Biological Macromolecules 70 

(2014) 150-155. 

[112] I. Angeli de Lima, N. Khalil, T. Tominaga, A. Lechanteur, B. Sarmento, R. Mainardes, 

Mucoadhesive chitosan-coated PLGA nanoparticles for oral delivery of ferulic acid, Artificial 

Cells, Nanomedicine, and Biotechnology 46 (2018) 1-10. 

[113] Q. Guo, Y. Wang, D. Xu, J. Nossent, N.J. Pavlos, J. Xu, Rheumatoid arthritis: pathological 

mechanisms and modern pharmacologic therapies, Bone research 6 (2018) 15. 

[114] H.Y. Yap, S.Z. Tee, M.M. Wong, S.K. Chow, S.C. Peh, S.Y. Teow, Pathogenic Role of 

Immune Cells in Rheumatoid Arthritis: Implications in Clinical Treatment and Biomarker 

Development, Cells 7(10) (2018) 161. 

[115] B. Bartok, G.S. Firestein, Fibroblast-like synoviocytes: key effector cells in rheumatoid 

arthritis, Immunological reviews 233(1) (2010) 233-55. 

[116] F.A. Cooles, J.D. Isaacs, Pathophysiology of rheumatoid arthritis, Current Opinion in 

Rheumatology 23(3) (2011) 233-240. 

[117] G.R. Burmester, J.E. Pope, Novel treatment strategies in rheumatoid arthritis, The Lancet 

389(10086) (2017) 2338-2348. 

[118] I.B. McInnes, G. Schett, The Pathogenesis of Rheumatoid Arthritis, New England Journal 

of Medicine 365(23) (2011) 2205-2219. 

[119] D. Aletaha, J.S. Smolen, Diagnosis and Management of Rheumatoid Arthritis: A Review, 

JAMA 320(13) (2018) 1360-1372. 

[120] P. Conigliaro, P. Triggianese, E. De Martino, G.L. Fonti, M.S. Chimenti, F. Sunzini, A. 

Viola, C. Canofari, R. Perricone, Challenges in the treatment of Rheumatoid Arthritis, 

Autoimmunity Reviews 18(7) (2019) 706-713. 

[121] S. Thakur, B. Riyaz, A. Patil, A. Kaur, B. Kapoor, V. Mishra, Novel drug delivery systems 

for NSAIDs in management of rheumatoid arthritis: An overview, Biomedicine & 

Pharmacotherapy 106 (2018) 1011-1023. 

[122] S. Bua, L. Di Cesare Mannelli, D. Vullo, C. Ghelardini, G. Bartolucci, A. Scozzafava, C.T. 

Supuran, F. Carta, Design and Synthesis of Novel Nonsteroidal Anti-Inflammatory Drugs and 

Carbonic Anhydrase Inhibitors Hybrids (NSAIDs–CAIs) for the Treatment of Rheumatoid 

Arthritis, Journal of Medicinal Chemistry 60(3) (2017) 1159-1170. 

[123] H. Zhao, Z.Y. Lin, L. Yildirimer, A. Dhinakar, X. Zhao, J. Wu, Polymer-based 

nanoparticles for protein delivery: design, strategies and applications, Journal of Materials 

Chemistry B 4(23) (2016) 4060-4071. 

[124] B. Qiu, X.F. Xu, R.H. Deng, G.Q. Xia, X.F. Shang, P.H. Zhou, Hyaluronic acid-chitosan 

nanoparticles encoding CrmA attenuate interleukin-1β induced inflammation in synoviocytes in 

vitro, International journal of molecular medicine 43(2) (2019) 1076-1084. 

[125] A. Rehman, P. John, A. Bhatti, Biogenic Selenium Nanoparticles: Potential Solution to 

Oxidative Stress Mediated Inflammation in Rheumatoid Arthritis and Associated Complications, 

Nanomaterials 11(8) (2021) 2005. 

[126] T. Miao, J. Wang, Y. Zeng, G. Liu, X. Chen, Polysaccharide-Based Controlled Release 

Systems for Therapeutics Delivery and Tissue Engineering: From Bench to Bedside, Advanced 

Science 5(4) (2018) 1700513. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



52 
 

[127] D. Chenthamara, S. Subramaniam, S.G. Ramakrishnan, S. Krishnaswamy, M.M. Essa, F.-

H. Lin, M.W. Qoronfleh, Therapeutic efficacy of nanoparticles and routes of administration, 

Biomaterials Research 23(1) (2019) 20. 

[128] E. Blanco, H. Shen, M. Ferrari, Principles of nanoparticle design for overcoming 

biological barriers to drug delivery, Nature biotechnology 33(9) (2015) 941-51. 

[129] O.S. Thomas, W. Weber, Overcoming Physiological Barriers to Nanoparticle Delivery—

Are We There Yet?, Frontiers in Bioengineering and Biotechnology 7 (2019) 415. 

[130] C. Lemarchand, P. Couvreur, M. Besnard, D. Costantini, R. Gref, Novel Polyester-

Polysaccharide Nanoparticles, Pharmaceutical research 20(8) (2003) 1284-1292. 

[131] O.G. Jones, D.J. McClements, Recent progress in biopolymer nanoparticle and 

microparticle formation by heat-treating electrostatic protein–polysaccharide complexes, 

Advances in Colloid and Interface Science 167(1) (2011) 49-62. 

[132] V.R. Sinha, R. Kumria, Polysaccharides in colon-specific drug delivery, International 

Journal of Pharmaceutics 224(1) (2001) 19-38. 

[133] N. Zhang, P.R. Wardwell, R.A. Bader, In Vitro Efficacy of Polysaccharide-Based 

Nanoparticles Containing Disease-Modifying Antirheumatic Drugs, Pharmaceutical research 

31(9) (2014) 2326-2334. 

[134] R. Heo, D.G. You, W. Um, K.Y. Choi, S. Jeon, J.S. Park, Y. Choi, S. Kwon, K. Kim, I.C. 

Kwon, D.G. Jo, Y.M. Kang, J.H. Park, Dextran sulfate nanoparticles as a theranostic 

nanomedicine for rheumatoid arthritis, Biomaterials 131 (2017) 15-26. 

[135] S.-H. Kim, J.-H. Kim, D.G. You, G. Saravanakumar, H.Y. Yoon, K.Y. Choi, T. Thambi, 

V. Deepagan, D.-G. Jo, J.H. Park, Self-assembled dextran sulphate nanoparticles for targeting 

rheumatoid arthritis, Chemical Communications 49(88) (2013) 10349-10351. 

[136] A.K. Dewangan, Y. Perumal, N. Pavurala, K. Chopra, S. Mazumder, Preparation, 

characterization and anti-inflammatory effects of curcumin loaded carboxymethyl cellulose 

acetate butyrate nanoparticles on adjuvant induced arthritis in rats, Journal of Drug Delivery 

Science and Technology 41 (2017) 269-279. 

[137] N. Ghosh, S. Mitra, E.R. Banerjee, Oral Administration of Guar Gum Nanoparticles in 

Ameliorating Collagen II Induced Arthritis in Preclinical Mice Model, Available at SSRN 

3529053  (2020). 

[138] M. Bhatia, S. Rohilla, Formulation and optimization of quinoa starch nanoparticles: 

Quality by design approach for solubility enhancement of piroxicam, Saudi Pharmaceutical 

Journal 28(8) (2020) 927-935. 

[139] K.A. Howard, S.R. Paludan, M.A. Behlke, F. Besenbacher, B. Deleuran, J. Kjems, 

Chitosan/siRNA Nanoparticle–mediated TNF-α Knockdown in Peritoneal Macrophages for 

Anti-inflammatory Treatment in a Murine Arthritis Model, Molecular Therapy 17(1) (2009) 162-

168. 

[140] H.-D. Lu, H.-Q. Zhao, K. Wang, L.-L. Lv, Novel hyaluronic acid–chitosan nanoparticles 

as non-viral gene delivery vectors targeting osteoarthritis, International Journal of Pharmaceutics 

420(2) (2011) 358-365. 

[141] Q. Shi, H. Wang, C. Tran, X. Qiu, F.M. Winnik, X. Zhang, K. Dai, M. Benderdour, J.C. 

Fernandes, Hydrodynamic Delivery of Chitosan-Folate-DNA Nanoparticles in Rats with 

Adjuvant-Induced Arthritis, Journal of Biomedicine and Biotechnology 2011 (2011) 148763. 

[142] M.L. Kang, J.-Y. Ko, J.E. Kim, G.-I. Im, Intra-articular delivery of kartogenin-conjugated 

chitosan nano/microparticles for cartilage regeneration, Biomaterials 35(37) (2014) 9984-9994. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



53 
 

[143] V. Kumar, A. Leekha, A. Tyagi, A. Kaul, A.K. Mishra, A.K. Verma, Preparation and 

evaluation of biopolymeric nanoparticles as drug delivery system in effective treatment of 

rheumatoid arthritis, Pharmaceutical research 34(3) (2017) 654-667. 

[144] Y. Zhou, W. Pei, X. Zhang, W. Chen, J. Wu, C. Yao, L. Huang, H. Zhang, W. Huang, J.S. 

Chye Loo, Q. Zhang, A cyanine-modified upconversion nanoprobe for NIR-excited imaging of 

endogenous hydrogen peroxide signaling in vivo, Biomaterials 54 (2015) 34-43. 

[145] V. Kumar, J.R. Kanwar, A.K. Verma, Rheumatoid arthritis: Basic pathophysiology and 

role of chitosan nanoparticles in therapy, Advances and Avenues in the Development of Novel 

Carriers for Bioactives and Biological Agents, Elsevier2020, pp. 481-507. 

[146] R. Heo, J.-S. Park, H.J. Jang, S.-H. Kim, J.M. Shin, Y.D. Suh, J.H. Jeong, D.-G. Jo, J.H. 

Park, Hyaluronan nanoparticles bearing γ-secretase inhibitor: in vivo therapeutic effects on 

rheumatoid arthritis, Journal of controlled release 192 (2014) 295-300. 

[147] Y.-J. Kim, S.Y. Chae, C.-H. Jin, M. Sivasubramanian, S. Son, K.Y. Choi, D.-G. Jo, K. 

Kim, I.C. Kwon, K.C. Lee, Ionic complex systems based on hyaluronic acid and PEGylated 

TNF-related apoptosis-inducing ligand for treatment of rheumatoid arthritis, Biomaterials 31(34) 

(2010) 9057-9064. 

[148] M. Zhou, J. Hou, Z. Zhong, N. Hao, Y. Lin, C. Li, Targeted delivery of hyaluronic acid-

coated solid lipid nanoparticles for rheumatoid arthritis therapy, Drug delivery 25(1) (2018) 716-

722. 

[149] S. Jain, T.-H. Tran, M. Amiji, Macrophage repolarization with targeted alginate 

nanoparticles containing IL-10 plasmid DNA for the treatment of experimental arthritis, 

Biomaterials 61 (2015) 162-177. 

[150] H. Babazada, F. Yamashita, M. Hashida, Suppression of experimental arthritis with self-

assembling glycol-split heparin nanoparticles via inhibition of TLR4–NF-κB signaling, Journal 

of controlled release 194 (2014) 295-300. 

[151] C.M. Mierisch, S.B. Cohen, L.C. Jordan, P.G. Robertson, G. Balian, D.R. Diduch, 

Transforming growth factor-β in calcium alginate beads for the treatment of articular cartilage 

defects in the rabbit, Arthroscopy: The Journal of Arthroscopic & Related Surgery 18(8) (2002) 

892-900. 

[152] S. Jain, T.H. Tran, M. Amiji, Macrophage repolarization with targeted alginate 

nanoparticles containing IL-10 plasmid DNA for the treatment of experimental arthritis, 

Biomaterials 61 (2015) 162-77. 

[153] A.S. El-Houssiny, A.A. Ward, D.M. Mostafa, S.L. Abd-El-Messieh, K.N. Abdel-Nour, 

M.M. Darwish, W.A. Khalil, Sodium alginate nanoparticles as a new transdermal vehicle of 

glucosamine sulfate for treatment of osteoarthritis, European Journal of Nanomedicine 9(3-4) 

(2017) 105-114. 

[154] L. Qi, Z. Xu, X. Jiang, C. Hu, X. Zou, Preparation and antibacterial activity of chitosan 

nanoparticles, Carbohydrate Research 339(16) (2004) 2693-2700. 

[155] A. Rampino, M. Borgogna, P. Blasi, B. Bellich, A. Cesàro, Chitosan nanoparticles: 

Preparation, size evolution and stability, International Journal of Pharmaceutics 455(1) (2013) 

219-228. 

[156] R. Gul, N. Ahmed, N. Ullah, M.I. Khan, A. Elaissari, A.u. Rehman, Biodegradable 

Ingredient-Based Emulgel Loaded with Ketoprofen Nanoparticles, AAPS PharmSciTech 19(4) 

(2018) 1869-1881. 

[157] H. Katas, H.O. Alpar, Development and characterisation of chitosan nanoparticles for 

siRNA delivery, Journal of Controlled Release 115(2) (2006) 216-225. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



54 
 

[158] S. Naskar, S. Sharma, K. Kuotsu, Chitosan-based nanoparticles: An overview of 

biomedical applications and its preparation, Journal of Drug Delivery Science and Technology 

49 (2019) 66-81. 

[159] S.J. Lee, A. Lee, S.R. Hwang, J.-S. Park, J. Jang, M.S. Huh, D.-G. Jo, S.-Y. Yoon, Y. 

Byun, S.H. Kim, I.C. Kwon, I. Youn, K. Kim, TNF-α gene silencing using polymerized 

siRNA/thiolated glycol chitosan nanoparticles for rheumatoid arthritis, Molecular therapy : the 

journal of the American Society of Gene Therapy 22(2) (2014) 397-408. 

[160] R.M. Samarasinghe, R.K. Kanwar, J.R. Kanwar, The effect of oral administration of iron 

saturated-bovine lactoferrin encapsulated chitosan-nanocarriers on osteoarthritis, Biomaterials 

35(26) (2014) 7522-7534. 

[161] P. Wang, A. Li, L. Yu, Y. Chen, D. Xu, Energy Conversion-Based Nanotherapy for 

Rheumatoid Arthritis Treatment, Front Bioeng Biotechnol 8 (2020) 652. 

[162] T. Miller, M.C. Goude, T.C. McDevitt, J.S. Temenoff, Molecular engineering of 

glycosaminoglycan chemistry for biomolecule delivery, Acta biomaterialia 10(4) (2014) 1705-

19. 

[163] V.H. Pomin, B. Mulloy, Glycosaminoglycans and Proteoglycans, Pharmaceuticals (Basel, 

Switzerland) 11(1) (2018). 

[164] T. Iannitti, D. Lodi, B. Palmieri, Intra-articular injections for the treatment of 

osteoarthritis: focus on the clinical use of hyaluronic acid, Drugs in R&D 11(1) (2011) 13-27. 

[165] K.D. Ristroph, R.K. Prud'homme, Hydrophobic ion pairing: encapsulating small 

molecules, peptides, and proteins into nanocarriers, Nanoscale Advances 1(11) (2019) 4207-

4237. 

[166] A.C. Obermeyer, C.E. Mills, X.-H. Dong, R.J. Flores, B.D. Olsen, Complex coacervation 

of supercharged proteins with polyelectrolytes, Soft Matter 12(15) (2016) 3570-3581. 

[167] R. Heo, J.S. Park, H.J. Jang, S.H. Kim, J.M. Shin, Y.D. Suh, J.H. Jeong, D.G. Jo, J.H. 

Park, Hyaluronan nanoparticles bearing γ-secretase inhibitor: in vivo therapeutic effects on 

rheumatoid arthritis, Journal of controlled release : official journal of the Controlled Release 

Society 192 (2014) 295-300. 

[168] C. Yu, X. Li, Y. Hou, X. Meng, D. Wang, J. Liu, F. Sun, Y. Li, Hyaluronic Acid Coated 

Acid-Sensitive Nanoparticles for Targeted Therapy of Adjuvant-Induced Arthritis in Rats, 24(1) 

(2019). 

[169] H.J. Byeon, S.Y. Min, I. Kim, E.S. Lee, K.T. Oh, B.S. Shin, K.C. Lee, Y.S. Youn, Human 

serum albumin-TRAIL conjugate for the treatment of rheumatoid arthritis, Bioconjugate 

chemistry 25(12) (2014) 2212-21. 

[170] H. Lee, M.-Y. Lee, S.H. Bhang, B.-S. Kim, Y.S. Kim, J.H. Ju, K.S. Kim, S.K. Hahn, 

Hyaluronate–Gold Nanoparticle/Tocilizumab Complex for the Treatment of Rheumatoid 

Arthritis, ACS Nano 8(5) (2014) 4790-4798. 

[171] J. Sun, H. Tan, Alginate-Based Biomaterials for Regenerative Medicine Applications, 

Materials (Basel, Switzerland) 6(4) (2013) 1285-1309. 

[172] K.Y. Lee, D.J. Mooney, Alginate: properties and biomedical applications, Progress in 

polymer science 37(1) (2012) 106-126. 

[173] S. Jain, M. Amiji, Tuftsin-Modified Alginate Nanoparticles as a Noncondensing 

Macrophage-Targeted DNA Delivery System, Biomacromolecules 13(4) (2012) 1074-1085. 

[174] E. Pieczykolan, M.A. Kurek, Use of guar gum, gum arabic, pectin, beta-glucan and inulin 

for microencapsulation of anthocyanins from chokeberry, International journal of biological 

macromolecules 129 (2019) 665-671. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



55 
 

[175] C.L. Ventola, Progress in Nanomedicine: Approved and Investigational Nanodrugs, P & T 

: a peer-reviewed journal for formulary management 42(12) (2017) 742-755. 

[176] M. Higaki, T. Ishihara, N. Izumo, M. Takatsu, Y. Mizushima, Treatment of experimental 

arthritis with poly(D, L-lactic/glycolic acid) nanoparticles encapsulating betamethasone sodium 

phosphate, Annals of the rheumatic diseases 64(8) (2005) 1132-6. 

[177] S. Hua, M.B.C. de Matos, J.M. Metselaar, G. Storm, Current Trends and Challenges in the 

Clinical Translation of Nanoparticulate Nanomedicines: Pathways for Translational 

Development and Commercialization, Frontiers in Pharmacology 9 (2018) 790. 

[178] J. Hwang, K. Rodgers, J.C. Oliver, T. Schluep, Alpha-methylprednisolone conjugated 

cyclodextrin polymer-based nanoparticles for rheumatoid arthritis therapy, Int J Nanomedicine 

3(3) (2008) 359-71. 

[179] I. Rioja, K.A. Bush, J.B. Buckton, M.C. Dickson, P.F. Life, Joint cytokine quantification in 

two rodent arthritis models: kinetics of expression, correlation of mRNA and protein levels and 

response to prednisolone treatment, Clinical and experimental immunology 137(1) (2004) 65-73. 

[180] Q. Thao le, H.J. Byeon, C. Lee, S. Lee, E.S. Lee, H.G. Choi, E.S. Park, Y.S. Youn, 

Pharmaceutical potential of tacrolimus-loaded albumin nanoparticles having targetability to 

rheumatoid arthritis tissues, Int J Pharm 497(1-2) (2016) 268-76. 

[181] T. Ishihara, T. Kubota, T. Choi, M. Higaki, Treatment of experimental arthritis with 

stealth-type polymeric nanoparticles encapsulating betamethasone phosphate, The Journal of 

pharmacology and experimental therapeutics 329(2) (2009) 412-7. 

[182] A.G. Atanasov, B. Waltenberger, E.M. Pferschy-Wenzig, T. Linder, C. Wawrosch, P. 

Uhrin, V. Temml, L. Wang, S. Schwaiger, E.H. Heiss, J.M. Rollinger, D. Schuster, J.M. Breuss, 

V. Bochkov, M.D. Mihovilovic, B. Kopp, R. Bauer, V.M. Dirsch, H. Stuppner, Discovery and 

resupply of pharmacologically active plant-derived natural products: A review, Biotechnology 

advances 33(8) (2015) 1582-1614. 

[183] N.E. Thomford, D.A. Senthebane, A. Rowe, D. Munro, P. Seele, A. Maroyi, Natural 

Products for Drug Discovery in the 21st Century: Innovations for Novel Drug Discovery, Int J 

Mol Sci 19(6) (2018) 1578. 

[184] J. McMillan, E. Batrakova, H.E. Gendelman, Cell delivery of therapeutic nanoparticles, 

Progress in molecular biology and translational science 104 (2011) 563-601. 

[185] M.G. Rofeal, A.O. Elzoghby, M.W. Helmy, R. Khalil, H. Khairy, S. Omar, Dual 

Therapeutic Targeting of Lung Infection and Carcinoma Using Lactoferrin-Based Green 

Nanomedicine, ACS Biomaterials Science & Engineering 6(10) (2020) 5685-5699. 

[186] S.L. Kolasinski, T. Neogi, M.C. Hochberg, C. Oatis, G. Guyatt, J. Block, L. Callahan, C. 

Copenhaver, C. Dodge, D. Felson, K. Gellar, W.F. Harvey, G. Hawker, E. Herzig, C.K. Kwoh, 

A.E. Nelson, J. Samuels, C. Scanzello, D. White, B. Wise, R.D. Altman, D. DiRenzo, J. 

Fontanarosa, G. Giradi, M. Ishimori, D. Misra, A.A. Shah, A.K. Shmagel, L.M. Thoma, M. 

Turgunbaev, A.S. Turner, J. Reston, 2019 American College of Rheumatology/Arthritis 

Foundation Guideline for the Management of Osteoarthritis of the Hand, Hip, and Knee, 

Arthritis & Rheumatology 72(2) (2020) 220-233. 

[187] M. Ekor, The growing use of herbal medicines: issues relating to adverse reactions and 

challenges in monitoring safety, Front Pharmacol 4 (2014) 177. 

[188] L. Marín, E.M. Miguélez, C.J. Villar, F. Lombó, Bioavailability of dietary polyphenols and 

gut microbiota metabolism: antimicrobial properties, 2015 (2015) 905215. 

[189] F. Samini, The neuroprotective effects of thymoquinone: A review, Dose-response 16(2) 

(2018) 1559325818761455. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



56 
 

[190] M. Rahman, S. Beg, A. Verma, F.A. Al Abbasi, F. Anwar, S. Saini, S. Akhter, V. Kumar, 

Phytoconstituents as pharmacotherapeutics in rheumatoid arthritis: challenges and scope of 

nano/submicromedicine in its effective delivery, Journal of Pharmacy and Pharmacology 69(1) 

(2017) 1-14. 

[191] A.L. Clutterbuck, D. Allaway, P. Harris, A. Mobasheri, Curcumin reduces prostaglandin 

E2, matrix metalloproteinase-3 and proteoglycan release in the secretome of interleukin 1β-

treated articular cartilage, F1000Research 2 (2013) 147. 

[192] K. Janakiraman, V. Krishnaswami, V. Rajendran, S. Natesan, R. Kandasamy, Novel nano 

therapeutic materials for the effective treatment of rheumatoid arthritis-recent insights, Mater 

Today Commun 17 (2018) 200-213. 

[193] H. Yadav, C. Karthikeyan, 1 - Natural polysaccharides: Structural features and properties, 

in: S. Maiti, S. Jana (Eds.), Polysaccharide Carriers for Drug Delivery, Woodhead 

Publishing2019, pp. 1-17. 

[194] A.K. Singh, A.S. Bhadauria, P. Kumar, H. Bera, S. Saha, 2 - Bioactive and drug-delivery 

potentials of polysaccharides and their derivatives, in: S. Maiti, S. Jana (Eds.), Polysaccharide 

Carriers for Drug Delivery, Woodhead Publishing2019, pp. 19-48. 

[195] B.J. Bruno, G.D. Miller, C.S. Lim, Basics and recent advances in peptide and protein drug 

delivery, Therapeutic delivery 4(11) (2013) 1443-67. 

[196] M. Yu, J. Wu, J. Shi, O.C. Farokhzad, Nanotechnology for protein delivery: Overview and 

perspectives, Journal of controlled release : official journal of the Controlled Release Society 240 

(2016) 24-37. 

[197] C.T. Turner, S.J.P. McInnes, N.H. Voelcker, A.J. Cowin, Therapeutic Potential of 

Inorganic Nanoparticles for the Delivery of Monoclonal Antibodies, Journal of Nanomaterials 

2015 (2015) 309602. 

[198] H. Lee, M.Y. Lee, S.H. Bhang, B.S. Kim, Y.S. Kim, J.H. Ju, K.S. Kim, S.K. Hahn, 

Hyaluronate-gold nanoparticle/tocilizumab complex for the treatment of rheumatoid arthritis, 

ACS Nano 8(5) (2014) 4790-8. 

[199] T.A. Wynn, Cellular and molecular mechanisms of fibrosis, The Journal of pathology 

214(2) (2008) 199-210. 

[200] S. Wang, R. Hirschberg, BMP7 antagonizes TGF-beta -dependent fibrogenesis in 

mesangial cells, American journal of physiology. Renal physiology 284(5) (2003) F1006-13. 

[201] A. Khurana, N. Sayed, P. Allawadhi, R. Weiskirchen, It’s all about the spaces between 

cells: role of extracellular matrix in liver fibrosis, Annals of Translational Medicine 9(8) (2020) 

728. 

[202] R.U. Agu, M.I. Ugwoke, M. Armand, R. Kinget, N. Verbeke, The lung as a route for 

systemic delivery of therapeutic proteins and peptides, Respir Res 2(4) (2001) 198-209. 

[203] K.T. Dicker, L.A. Gurski, S. Pradhan-Bhatt, R.L. Witt, M.C. Farach-Carson, X. Jia, 

Hyaluronan: a simple polysaccharide with diverse biological functions, Acta biomaterialia 10(4) 

(2014) 1558-70. 

[204] N. Islam, V. Ferro, Recent Advances in Chitosan-Based Nanoparticulate Pulmonary Drug 

Delivery, Nanoscale 8 (2016) 14341-14358. 

[205] Y. Zhang, Y. Sun, X. Yang, J. Hilborn, A. Heerschap, D.A. Ossipov, Injectable in situ 

forming hybrid iron oxide-hyaluronic acid hydrogel for magnetic resonance imaging and drug 

delivery, Macromol Biosci 14(9) (2014) 1249-59. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



57 
 

[206] M. Abnoos, M. Mohseni, S.A.J. Mousavi, K. Ashtari, R. Ilka, B. Mehravi, Chitosan-

alginate nano-carrier for transdermal delivery of pirfenidone in idiopathic pulmonary fibrosis, 

International journal of biological macromolecules 118 (2018) 1319-1325. 

[207] A. Lierova, J. Kasparova, J. Pejchal, K. Kubelkova, M. Jelicova, J. Palarcik, L. Korecka, 

Z. Bilkova, Z. Sinkorova, Attenuation of Radiation-Induced Lung Injury by Hyaluronic Acid 

Nanoparticles, Front Pharmacol 11 (2020) 1199. 

[208] M.W. TM, W.M. Lau, Chitosan and Its Derivatives for Application in Mucoadhesive Drug 

Delivery Systems, 10(3) (2018). 

[209] S.A. Cryan, C.M. Greene. 

[210] E. Russo, F. Selmin, S. Baldassari, C.G.M. Gennari, G. Caviglioli, F. Cilurzo, P. 

Minghetti, B. Parodi, A focus on mucoadhesive polymers and their application in buccal dosage 

forms, Journal of Drug Delivery Science and Technology 32 (2015) 113-125. 

[211] W. Li, C. Zhou, Y. Fu, T. Chen, X. Liu, Z. Zhang, T. Gong, Targeted delivery of 

hyaluronic acid nanomicelles to hepatic stellate cells in hepatic fibrosis rats, Acta Pharmaceutica 

Sinica B 10(4) (2020) 693-710. 

[212] I.R. Scolari, P.L. Páez, M.M. Musri, J.P. Petiti, A. Torres, G.E. Granero, Rifampicin 

loaded in alginate/chitosan nanoparticles as a promising pulmonary carrier against 

Staphylococcus aureus, Drug Delivery and Translational Research 10(5) (2020) 1403-1417. 

[213] S. El-Safy, S.N. Tammam, M. Abdel-Halim, M.E. Ali, J. Youshia, M.A. Shetab Boushehri, 

A. Lamprecht, S. Mansour, Collagenase loaded chitosan nanoparticles for digestion of the 

collagenous scar in liver fibrosis: The effect of chitosan intrinsic collagen binding on the success 

of targeting, European journal of pharmaceutics and biopharmaceutics : official journal of 

Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V 148 (2020) 54-66. 

[214] M. Azzam, S. El Safy, S.A. Abdelgelil, R. Weiskirchen, A. Asimakopoulou, F. de Lorenzi, 

T. Lammers, S. Mansour, S. Tammam, Targeting Activated Hepatic Stellate Cells Using 

Collagen-Binding Chitosan Nanoparticles for siRNA Delivery to Fibrotic Livers, Pharmaceutics 

12(6) (2020) 590. 

[215] P.R. Wardwell, R.A. Bader, Immunomodulation of cystic fibrosis epithelial cells via NF-

κB decoy oligonucleotide-coated polysaccharide nanoparticles, Journal of biomedical materials 

research. Part A 103(5) (2015) 1622-31. 

[216] Q. Hu, J.-Y. Lee, Y. Luo, Nanoparticles targeting hepatic stellate cells for the treatment of 

liver fibrosis, Engineered Science 6(2) (2019) 12-21. 

[217] C.C. Chang, Y. Yang, D.Y. Gao, H.T. Cheng, B. Hoang, P.H. Chao, L.H. Chen, J. Bteich, 

T. Chiang, J.Y. Liu, S.D. Li, Y. Chen, Docetaxel-carboxymethylcellulose nanoparticles 

ameliorate CCl(4)-induced hepatic fibrosis in mice, J Drug Target 26(5-6) (2018) 516-524. 

[218] F. Foerster, D. Bamberger, J. Schupp, M. Weilbächer, L. Kaps, S. Strobl, L. Radi, M. 

Diken, D. Strand, A. Tuettenberg, Dextran-based therapeutic nanoparticles for hepatic drug 

delivery, Nanomedicine 11(20) (2016) 2663-2677. 

[219] A. Baiocchini, C. Montaldo, A. Conigliaro, A. Grimaldi, V. Correani, F. Mura, F. 

Ciccosanti, N. Rotiroti, A. Brenna, M. Montalbano, G. D'Offizi, M.R. Capobianchi, R. 

Alessandro, M. Piacentini, M.E. Schininà, B. Maras, F. Del Nonno, M. Tripodi, C. Mancone, 

Extracellular Matrix Molecular Remodeling in Human Liver Fibrosis Evolution, PLoS One 11(3) 

(2016) e0151736. 

[220] R.G. Wells, Cellular sources of extracellular matrix in hepatic fibrosis, Clinics in liver 

disease 12(4) (2008) 759-68, viii. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



58 
 

[221] M. Bartneck, K.T. Warzecha, F. Tacke, Therapeutic targeting of liver inflammation and 

fibrosis by nanomedicine, Hepatobiliary surgery and nutrition 3(6) (2014) 364-76. 

[222] B. Eckes, R. Nischt, T. Krieg, Cell-matrix interactions in dermal repair and scarring, 

Fibrogenesis & Tissue Repair 3(1) (2010) 4. 

[223] R. Hassan, S.N. Tammam, S. El Safy, M. Abdel-Halim, A. Asimakopoulou, R. 

Weiskirchen, S. Mansour, Prevention of hepatic stellate cell activation using JQ1-and 

atorvastatin-loaded chitosan nanoparticles as a promising approach in therapy of liver fibrosis, 

European Journal of Pharmaceutics and Biopharmaceutics 134 (2019) 96-106. 

[224] A. Kalkal, P. Allawadhi, R. Pradhan, A. Khurana, K.K. Bharani, G. Packirisamy, Allium 

sativum derived carbon dots as a potential theranostic agent to combat the COVID-19 crisis, 

Sensors International 2 (2021) 100102. 

[225] P. Govindaraju, L. Todd, S. Shetye, J. Monslow, E. Puré, CD44-dependent inflammation, 

fibrogenesis, and collagenolysis regulates extracellular matrix remodeling and tensile strength 

during cutaneous wound healing, Matrix biology : journal of the International Society for Matrix 

Biology 75-76 (2019) 314-330. 

[226] R.G. Thomas, M.J. Moon, J.H. Kim, J.H. Lee, Y.Y. Jeong, Effectiveness of Losartan-

Loaded Hyaluronic Acid (HA) Micelles for the Reduction of Advanced Hepatic Fibrosis in 

C3H/HeN Mice Model, PLoS One 10(12) (2015) e0145512. 

[227] M. Azzam, S. El Safy, S.A. Abdelgelil, R. Weiskirchen, Targeting Activated Hepatic 

Stellate Cells Using Collagen-Binding Chitosan Nanoparticles for siRNA Delivery to Fibrotic 

Livers, 12(6) (2020) 590. 

[228] A. El Ayadi, J.W. Jay, A. Prasai, Current Approaches Targeting the Wound Healing 

Phases to Attenuate Fibrosis and Scarring, International journal of molecular sciences 21(3) 

(2020). 

[229] S. Bhattacharyya, J. Wei, J. Varga, Understanding fibrosis in systemic sclerosis: shifting 

paradigms, emerging opportunities, Nature reviews. Rheumatology 8(1) (2011) 42-54. 

[230] P. Lu, K. Takai, V.M. Weaver, Z. Werb, Extracellular matrix degradation and remodeling 

in development and disease, Cold Spring Harbor perspectives in biology 3(12) (2011) a005058. 

[231] Y. Deng, X. Zhang, H. Shen, Q. He, Z. Wu, W. Liao, M. Yuan, Application of the Nano-

Drug Delivery System in Treatment of Cardiovascular Diseases, Frontiers in Bioengineering and 

Biotechnology 7(489) (2020). 

[232] M.P. Czubryt, Common threads in cardiac fibrosis, infarct scar formation, and wound 

healing, Fibrogenesis & Tissue Repair 5(1) (2012) 19. 

[233] A.P. Singh, A. Biswas, Targeted therapy in chronic diseases using nanomaterial-based 

drug delivery vehicles, 4 (2019) 33. 

[234] V. Nardello-Rataj, L. Leclercq, Encapsulation of biocides by cyclodextrins: toward 

synergistic effects against pathogens, Beilstein journal of organic chemistry 10 (2014) 2603-22. 

[235] J.R. McCarthy, R. Weissleder, Multifunctional magnetic nanoparticles for targeted 

imaging and therapy, Advanced drug delivery reviews 60(11) (2008) 1241-51. 

[236] J. Berger, M. Reist, J.M. Mayer, O. Felt, N.A. Peppas, R. Gurny, Structure and interactions 

in covalently and ionically crosslinked chitosan hydrogels for biomedical applications, European 

Journal of Pharmaceutics and Biopharmaceutics 57(1) (2004) 19-34. 

[237] C.J. Martínez Rivas, M. Tarhini, W. Badri, K. Miladi, H. Greige-Gerges, Q.A. Nazari, S.A. 

Galindo Rodríguez, R.Á. Román, H. Fessi, A. Elaissari, Nanoprecipitation process: From 

encapsulation to drug delivery, International Journal of Pharmaceutics 532(1) (2017) 66-81. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



59 
 

[238] A. Plucinski, Z. Lyu, B.V.K.J. Schmidt, Polysaccharide nanoparticles: from fabrication to 

applications, Journal of Materials Chemistry B 9 (2021) 7030-7062. 

[239] I. Czabany, S. Hribernik, M. Bračič, M. Kurečič, S. Thomas, K. Stana Kleinschek, T. 

Mohan, Design of stable and new polysaccharide nanoparticles composite and their interaction 

with solid cellulose surfaces, Nano-Structures & Nano-Objects 24 (2020) 100564. 

[240] M. Garcia-Vaquero, G. Rajauria, J.V. O'Doherty, T. Sweeney, Polysaccharides from 

macroalgae: Recent advances, innovative technologies and challenges in extraction and 

purification, Food Research International 99 (2017) 1011-1020. 

[241] F. Lyu, X. Xu, L. Zhang, Natural polysaccharides with different conformations: extraction, 

structure and anti-tumor activity, Journal of Materials Chemistry B 8(42) (2020) 9652-9667. 

[242] N. Dubashynskaya, D. Poshina, S. Raik, A. Urtti, Y.A. Skorik, Polysaccharides in Ocular 

Drug Delivery, Pharmaceutics 12(1) (2020) 22. 

[243] Y. Wang, P. Li, T. Truong-Dinh Tran, J. Zhang, L. Kong, Manufacturing Techniques and 

Surface Engineering of Polymer Based Nanoparticles for Targeted Drug Delivery to Cancer, 

Nanomaterials 6(2) (2016). 

 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



60 
 

Graphical abstract 

 

 

Drug

siRNA

IL-6

IL-17

1L-1B

TNF-α

Inflammation

Nucleolus

Polysaccharide NP

Drug

siRNA

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof


