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1. Chronic pain and inflammation 

The consequences of sustaining a spinal cord injury (SCI) can be overwhelming and can 

impact many areas of one’s life. An injury to the spinal cord can have catastrophic 

consequences on physical movement, bladder function and other voluntary and 

involuntary functions 1–3 . Furthermore, SCI often results in debilitating pain that 

becomes chronic, and can either be neuropathic or nociceptive 4,5. Neuropathic pain 

arises from damage or dysfunction of the nervous system, affecting both the peripheral 

and central pathwaysNeuropathic pain typically develops months or years after SCI and 

is often localized below the level of injury, though above-level pain can also occur.It is 

also aided with two sensory conditions – allodynia and hyperalgesia 6,7. Allodynia can be 

described as the pain sensation to a stimulus that does not generally induce pain, 

whereas hyperalgesia is the abnormally heightened sensitivity to pain 8. This increased 

discomfort caused by chronic pain can prevail for approximately 20% of a person’s 

lifespan 9. The development and maintenance of this chronic pain has been attributed to 

the hyper-excitability of the dorsal root ganglion (DRG) neurons 10,11. In turn, this 

sensitization of the DRG neurons can be manipulated with regulation of inflammatory 

cytokines, neuronal plasticity and ion channels transmissions 12–14. Along with the 

nervous system, the immune system plays an equally important role in regulating 

chronic pain and inflammation. Many cells of the immune system – toll-like receptors 

(TLRs), glia cells, microglia, macrophages, amongst others, orchestrate a cascade of 

cytokine and enzymatic responses in opposition to adverse environmental conditions 14.  

Neutrophils are the first immune cells to respond to injury, followed by macrophages, 

which play a key role in inflammation and healing (Figure 1). Macrophages exhibit 

remarkable plasticity, adapting their function in response to local environmental cues 

such as cytokines and tissue signals. In simple terms, macrophages can be categorized 

into inflammatory macrophages (M1-m) and anti-inflammatory macrophages (M2-m). At 

the site of injury, M1-m trigger an inflammatory response by releasing inflammatory 

cytokines. M2 macrophages contribute to tissue repair and resolution of inflammation 

by releasing anti-inflammatory cytokines and growth factors. The immune system 

regulates the resolution of inflammation through mechanisms such as regulatory T cells 

(Tregs) and anti-inflammatory cytokines.However, if inflammatory signals persist due to 
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unresolved tissue damage or dysregulated immune responses, inflammation can 

become chronic, contributing to conditions like neuropathic pain. 

 

 

Figure 1: Proinflammatory and pro-resolution functions of macrophages. Following 

exposure to an inflammatory trigger (e.g., infection), macrophages can respond by: (i) 

promoting leukocyte recruitment to the site of infection through the secretion of 

chemokines and other cytokines; (ii) activating the vascular endothelium through tumor 

necrosis factor alpha (TNFα) secretion, which can aid leukocyte entry; (iii) activating 

leukocytes, including natural killer (NK) cells, T cells, and B cells, through the secretion 

of cytokines such as TNFα, IL-6, IL-12, and IL-1β; and (iv) participating in the activation of 

the adaptive immune system through antigen presentation and cytokine production. 

Macrophages help to resolve inflammation by: (i) producing anti-inflammatory factors 

such as IL-10 and transforming growth factor beta (TGF-β); (ii) clearing dead cells; (iii) 

inhibiting leukocyte recruitment through mechanisms such as matrix metalloproteinase 

(MMP) secretion; and (iv) promoting tissue repair through the production of growth 

factors and remodeling of the extracellular matrix (ECM). Abbreviations: AREG, 
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amphiregulin; GF, growth factor; IFN-I, type I interferon; IGF-1, insulin-like growth factor 

1; PDGF, platelet-derived growth factor. Reprinted with permission 15. 

 

2. Nanoparticles and drug delivery 

Modulating M1 macrophages, either by repolarization or inhibition of excessive 

inflammatory signaling, is a promising therapeutic strategy for chronic pain and 

inflammation. Many studies aim at depleting or repolarizing macrophage phenotypes to 

resolve inflammation. Drugs like thyroxine 16, nitrate esters 17, tannic acid 18 and β-

caryophyllene 19 have been suggested to inhibit M1-m phenotype and promote M2 

proliferation. Selecting the right drug also depends on the ailment being targeted. 

Chronic inflammation can sometimes be a symptom of joint diseases 20,21, cancer 22,23, 

skin lesions 24,25, gastritis 26,27, and inflammatory bowel disease 28–30. 

It is one thing to choose the appropriate therapeutic drug but another to choose the 

optimal drug delivery system (DDS). While a drug’s intrinsic properties influence its 

efficacy, employing an optimized drug delivery system (DDS) can significantly enhance 

therapeutic outcomes by improving stability, targeting, and controlled release 31. 

Employing a DDS can prolong drug half-life and enable sustained release for extended 

therapeutic effects 32, reduce dosing frequency by enhancing bioavailability, stability and 

targeted cellular uptake 33,34, provide a shielding effect from the reticuloendothelial 

system (RES) and the immune system 35, and specifically target the drug 36, decreasing 

collateral cell damage 37,38. 

Polymeric nanoparticles are a promising drug delivery platform. Polymers used for 

biomedical purposes are biocompatible and have been widely used as DDSs for 

delivering hydrophobic and hydrophilic drugs. Poly(lactic-co-glycolic acid) (PLGA) is a 

known biodegradable polymer that can be used for the encapsulation of anti-tumour 

hydrophobic agents like paclitaxel 39,40 and curcumin 41. In many cases, polymeric DDSs 

can reduce drug cytotoxicity by improving drug stability, targeted delivery, and controlled 

release. 42,43.The targeting ability of DDSs is achieved by their physical or chemical 

surface modification. Targeting moieties like ligands of the target cells or other 

functionalities are introduced to the surface of nanoparticles. Site-specific ligands can 

help nanoparticles to pass through biological barriers and improve drug specificity 44.  
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3. Polymeric Nanoparticles for Hydrophobic Drug Delivery 

Despite their high potency, a large number of hydrophobic therapeutic compounds pose 

challenges in administration due to their poor solubility, potential cytotoxicity, and 

difficulties in achieving efficient loading into drug delivery systems 45,46. Many approaches 

have been developed to increase the efficacy of these hydrophobic drugs by 

incorporating them in biodegradable pharmaceutical drug carriers 47. Polymeric DDS are 

based on a variety of polymers, formulations, and have different physical and chemical 

characteristics. Hyaluronic acid (HA), poly(lactic-co-glycolic) acid (PLGA), polyethylene 

glycol (PEG), poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), polyacrylates and 

their co-polymers are some of the widely popular polymers used for loading hydrophobic 

and hydrophilic drugs 48–51.  

Controlled drug release is an inherent advantage  of using polymers as drug carriers 52. 

Polymers are flexible and tuneable in nature. Polymers can be made into nanoparticles 

that provide the added benefit of smaller size that improves cell internalization, high 

surface area to volume ratio for high loading capacity, and active targeting by surface 

modification. Drug encapsulation in polymeric nanoparticles helps shielding the 

bioactive cargos from rapid clearance by RES and increasing retention time 52. Moreover, 

this shielding effect can also provide stability to compounds prone to rapid physiological 

degradation. Chemical and physical modification on the surface of the nanoparticles 

with biological ligands provides specific targeting. Many methods for functionalization of 

polymeric nanoparticles with targeting ligands are employed, like adsorption and 

covalent binding 53. These surface moieties can be aptamers, peptides, antibodies, 

antagomirs, and other small molecules 54. 

 

4. Polyplexes and non-viral gene delivery 

Advancements in our understanding of nucleic acid (NA) functions have created new 

opportunities for the therapeutic use of NAs, such as plasmid DNA (pDNA) and 

microRNA (miRNA) 54. However, there are challenges to delivering naked NAs – low in vivo 

stability, rapid clearance and poor permeability owing to their anionic change in 

physiological environment 55. Moreover, nucleic acids have a high molecular weight that 
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also impedes their uptake into cells. The use of polymers as DDSs for nucleic acids can 

help overcome these difficulties. 

Approximately 70% of clinical gene therapy trials involve viral vectors 56, making them the 

most common vectors for delivering NAs. This is because the poor permeability of NAs is 

effectively countered by the high transfection efficiency of viruses like adenovirus, 

lentivirus and retrovirus 57. However, there are certain side effects of high viral infectivity, 

like a propensity to trigger immunogenic responses and promote insertion mutations 58. 

This is a major clinical safety concern which also accompanies the inability of viruses to 

load bulky NAs, and low gene capacity. On the other hand, non-viral vectors, like cationic 

polymers, have displayed high gene loading capacity with a much lower cytotoxicity than 

their viral counterparts. Cationic polymers can form complexes with anionic NAs to form 

polyplexes (Figure 2). Polyplexes are compounds that increase the transfection 

efficiency of NAs and provide a shielding effect from rapid degradation by RES. One 

important consideration in the formulation of polyplexes is the N/P ratio. This ratio refers 

to the positively charged amine groups (N) of the polymer and the negatively charged 

phosphorus (P) of the NA. Manipulation of N/P ratio in the formulation stage can help 

exploit the surface charge of the polyplexes. Positively charged compounds have been 

observed to have increased cell internalization. Modification of the N/P ratio can be used 

to achieve stabilisation and condensation of the polyplex for the optimal positive charge. 

Small non-coding RNA molecules with 19-25 nucleotide length have a prominent role in 

gene expression. Some miRNAs are also identified in the regulation of inflammatory 

environment and delivering synaptic signals of pain. A therapeutic avenue that can be 

taken in targeting miRNAs is the adoption of antagomir technology 59. Antagomirs are 

chemically modified oligonucleotides that interfere with their endogenous counterparts 
60. These have already been used as silencing agents of miRNAs in many diseases like 

cancer. The combined use of nanopolyplexes with synthetic antagomirs can result in a 

targeting and effective therapeutic delivery system. 
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Figure 2: Gene delivery mechanism of polyplexes. Reprinted with permission 61. 

 

5. Aim and outline of the thesis 

The aim of the project in this thesis is to present multiple solutions to resolve 

inflammation and neuropathic pain by the targeted use of polymeric DDSs encapsulating 

potent hydrophobic drugs and nucleic acids. The versatility of polymers is displayed by 

employing them for synthesising nanoparticles, temperature sensitive hydrogels and 

even bases for nucleic acid conjugation. High encapsulation and sustained release of 

hydrophobic drug was achieved and tested in inflammatory macrophages. The advances 

in genetic technology were used to synthesise polyplexes of cationic polymers and 

anionic antagomirs to suppress inflammatory gene expression in rat models of 

compression spinal cord injury.  
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This thesis is sectioned into 6 chapters, where Chapter 1 provides an introductory insight 

into polymeric nanosystems, non-viral delivery of NAs, and targeted drug delivery.  

Chapter 2 gives the overview of currently employed therapeutic strategies for 

nociception based on hyaluronic acid (HA). The chapter focuses on the different 

methods of delivery of HA in the form of nanoparticles, hydrogels, nanovesicles, and 

others, all targeting the CD44 receptor on the surface of M1-m. 

In Chapter 3, we employ some of the strategies mentioned above by formulating a 

polymer-based drug delivery system coated with hyaluronic acid (HA) and loaded with 

carvacrol, an organic, hydrophobic, anti-inflammatory compound. This system was 

shown to be effective in modulating cytokine production and polarizing macrophage 

phenotypes by targeting M1 macrophages and reducing inflammation. 

Chapter 4 shows the effect of gene silencing with antagomirs (antagomir-21/155) in non-

viral DDS (polyplexes) on neurons, glial cells and inflammatory macrophages. A pilot in 

vivo study of a compression spinal cord injury (SCI) rat model is created and 

administered with a thermosensitive hydrogel loaded with gold-complexed polyplexes 

(antagomir-155) aimed at a targeted controlled release and neuroregeneration. The 

nucleic acid polyplexes are synthesised and characterised for surface charge, size and 

stability for maximum efficacy. Polyplexes with antagomir-21 were cultured with 

inflammatory macrophages and analyses for macrophage polarization to anti-

inflammatory phenotype. 

Polymer-based nanosystems are employed in Chapter 5 to encapsulate capsaicin – an 

anti-inflammatory and anti-nociceptive drug that targets voltage-dependent sodium 

channels. The drug-loaded nanosystem is proposed to be trapped in a biocompatible 

hydrogel patch aimed for topical nociceptive therapy. 

We conclude our findings with a critical review and conclusion about the exploration of 

varying kinds of drugs, materials and delivery methods that can effectively target pain 

and counter inflammation in Chapter 6. 
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Abstract 

The nervous and immune systems go hand in hand in causing inflammation and pain. 

However, the two are not mutually exclusive. While some diseases cause inflammation, 

there are others that are caused by it. Macrophages play an important role in modulating 

inflammation to trigger neuropathic pain. Hyaluronic acid (HA) is a naturally occurring 

glycosaminoglycan that has a well-known ability to bind with the cluster of differentiation 

44 (CD44) receptor on classically activated M1 macrophages. Resolving inflammation by 

varying the molecular weight of HA is a debated concept. HA-based drug delivery 

nanosystems like nanohydrogels and nanoemulsions, targeting macrophages can be 

used to relieve pain and inflammation by loading antinociceptive drugs and enhancing 

the effect of anti-inflammatory drugs. This review will discuss the ongoing research on 

HA-based drug delivery nanosystems for antinociceptive and anti-inflammatory effects.  



 20 

1. Introduction 

In response to environmental factors and noxious stimuli, the body uses pain as a 

defence mechanism. Pain is a proactive benefitting immune response in the acute 

phase, but neuropathic pain becomes problematic in the chronic phase. The nociceptive 

sensory neurons (nociceptors) activate the neuropathic pain signal, but the immune 

system also plays a significant factor that defines the active bidirectional crosstalk 

between pain and inflammation 1. Nociceptors can control innate and adaptive immune 

functions by releasing neuropeptides and neurotransmitters 2–5. In response, neuronal 

plasticity and chronic pain can be controlled by mediators (lipids, cytokines, and growth 

factors) released by the immune cells 6–8. Signals and messages by the nervous system 

are propagated in milliseconds. This is theorised to be partly why nociceptors are ideally 

positioned to be first responders to pathogens and tissue injury. Nociceptors release 

neuropeptides in adverse situations that activate the macrophages of the immune 

system to control neuropathic pain and inflammation. Increasing evidence from studies 

shows that macrophages can induce and resolve pain via macrophage-nociceptor 

interaction 9–11. 

Inflammation is a complicated process. It was previously known to be a response to 

infection, however, in recent years, it has been found that inflammation can cause 

multiple diseases like atherosclerosis 12, depression 13, Alzheimer’s 14 and obesity 15 

among others 16,17. The elevation of inflammatory markers (C-reactive protein) or release 

of pro-inflammatory cytokines is detected to confirm its presence 18. Even a minimal 

increase in the expression of these markers is eligible for inflammation, which can 

abnormally come without an externally harmful stimulus. Unhealthy lifestyle can be a 

cause of abnormal inflammation 19–21. 

However, inflammation in some cases can be because of easily defined causes like 

gastritis 22, arthritis 23, neurodegenerative diseases 24 and sepsis 25 where inflammation is 

called a necessary evil. No doubt, it is a part of the first line of defence, but it is also 

necessary to keep it in check before chronic derelict harm is caused to the host 26. 

Derived from monocytes (M0), macrophages can either polarise to pro-inflammatory or 

classically activated (M1), or anti-inflammatory or alternatively activated (M2) 27. M1 
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macrophages activate pro-inflammatory cytokines and chemokines which initiate and 

modulate the inflammatory immune response 28. 

M1 macrophages have a flat, round cell shape, whereas M2 macrophages are longer and 

elongated. The macrophage phenotype varies depending on the environmental stimulus 

as McWhorter et al proved in a study, where they tested if the elongation of cells could 

manipulate the macrophage phenotype 27. M0 exposed to elongated channels expressed 

arginase-1 (Arg-1), a marker for M2, and those exposed to wider channels expressed 

inducible nitric oxide synthase (iNOS), a marker for M1. Modulation of cytokines due to 

factors such as viruses 29, infections 30 and fibrosis 31 can also manipulate macrophage 

phenotype. Extensive studies are being performed to imitate body functions and cytokine 

expressions to get a better understanding of the complicated mechanism of action of 

macrophage polarisation. 

Recent technology and brainstorming have led to several nanosystem designs that can 

directly target M1 for antinociceptive activities. Ligand-specific nanosystems can 

directly target individual macrophage receptor to manipulate cytokine release, modulate 

phenotype expression and protect the cargo from clearance by the reticuloendothelial 

system (RES) 32,33. 

Cluster of differentiation 44 (CD44) is a glycoprotein receptor heavily expressed on the 

surface of macrophages and tumour cells. It is also a well-known receptor for hyaluronic 

acid (HA) 34,35, which is a large natural polysaccharide. Hence, the use of HA has been 

widely studied in cancer research. The chemical composition of HA is repeating units of 

D‑glucuronic acid and N–acetyl‑d‑glucosamine [33]. A hydrogen bond is formed between 

the C6-hydroxy group of HA with N-terminus of CD44 to stabilize the binding 36. 

CD44 receptor is present in all immune cells but its binding with HA is dependent on 

homeostatic conditions of the body 37. HA is heavily present in the extracellular matrix 

(ECM) during homeostatic conditions due to its ability to retain water 38,39. During these 

conditions, alveolar macrophages (displaying a distinct hybrid M1/M2 phenotype 40) are 

the only immune cells to bind to HA 37. However, under inflammatory conditions, reactive 

oxygen species and nitrogen species break down HA into smaller fragments 41 that 

undergo phagocytosis by macrophages via CD44-mediated uptake. Lee-Sayer et al 

theorised that the binding of HA with CD44 during inflammation assists in keeping the 
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macrophages at the site of inflammation and further aiding their function 37. Therefore, 

there is minimal HA-CD44 binding during homeostatic conditions. 

M1 macrophages have the highest surface presence of CD44 receptor out of all 

phenotypes 42. Since chronically inflamed tissue shows a consistent presence of M1, 

studies have been performed to design drug delivery systems to target the CD44 

receptors of these M1 to polarise their phenotype to M2 43. 

‘Nanoparticles’ is an umbrella term for nanohydrogels, self-assembling nanosystems, 

nanoemulsions and nanocomposites to name a few. Nanoparticles of HA can be altered 

in many ways, including structurally and chemically, for drug loading purposes, surface 

modifications, transdermal delivery or nanoparticle uptake at the target site. Particle size 

affects the mode of cellular uptake and the efficiency of passing through the body 

without getting cleared by the RES, lungs, liver or spleen. If the particle size is small (10-

20 nm), it is less likely to be taken up by macrophages, which is a problem if you are 

targeting macrophages, like during therapy for pain and inflammation. The clearance 

rate for large particles (>1μm) is also high since they tend to aggregate. Therefore, it is 

suggested that the particle size for drug delivery should be between 20 nm and 1 μm 44–

46. 

In this review, we focus on the exploitation of HA-based drug delivery nanosystems for 

optimal CD44 targeting to suppress acute and chronic inflammation, and subsequently 

neuropathic pain. 

2. HA and Inflammation: Influence of Molecular Weight 

Different molecular weights (MW) of HA are present in all biological tissues and fluids 47 

(Figure 1). Indigenously, high molecular weight (HMW) HA is found, which is then 

degraded into smaller fragments of low molecular weight (LMW) depending on the 

environmental factors 48,49. This degradation of HA is essential for a number of bodily 

functions, for instance as a lubricant in the synovial fluid 48,50. 

Manipulation of MW of HA in drug delivery systems can lead to analgesic, anti-

inflammatory and immunostimulatory results 48–51. Even though there is a lack of detailed 

research on the specificity of the antinociceptive effects of HA of different MW, it is 

widely accepted that HMW HA inhibits the activation of lipopolysaccharide (LPS) by 

directly binding to the toll-like receptor-4 (TLR-4) in inflammatory conditions 52. 



 23 

To maintain proper functioning, there needs to be a balance between the quantity of HA 

being produced and degraded in the body 48. The MW of HA is controlled through the body 

by shifting between its cellular uptake and degradation under homeostatic conditions. 

The enzymes hyaluronidases control the degradation of HA 53,54. Majorly, two types of 

hyaluronidases (HYAL), HYAL1 and HYAL2, are involved in the active degradation of HA. 

While HYAL1 targets LMW HA, HYAL2 is known for breaking down HMW HA chains to 20 

kDa 53. 

 

 

Figure 1. Molecular weights of hyaluronic acid in different parts 

of the human body. 

There is a long-running debate in research regarding the pro/anti-inflammatory 

properties of HA of different molecular weights. Studies, including Isa et al, suggested 

that HMW HA is linked to having anti-inflammatory properties by inhibiting the 

production of interleukin-1β, one of the more prominent inflammatory cytokines, and 

LMW HA is a promoter of inflammation 55–60. Baeva et al provided the explanation that the 

breakdown of longer chains of HMW HA by HYAL2 produces HA with fewer disaccharides 

of LMW HA that accumulate at inflamed sites to activate the nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) pathway 58 (Figure 2). However, results from 

the HA hydrogel osteoarthritis (OA) therapy study by Agas et al showed that LMW HA 

(37900 Da) promotes anti-inflammatory properties. The LMW HA hydrogel significantly 
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lowered the expressions of pro-inflammatory cytokines, tumour necrosis factor-alpha 

(TNF-α) and interleukin (IL)-1 59. Chernos et al performed anti-inflammatory studies on 

human cell lines with butyrylated derivatives of LMW HA for optimal visco-supplements 

for OA therapy 56. Chistyakov et al also noted that long-term exposure to LMW HA can 

suppress inflammation induced by the TNF-α pathway 61. Inflammation is a complex 

mechanism that involves two major human systems, the nervous and the immune. 

Ongoing research constantly works on unravelling the mysteries that surround the 

molecular weights of HA and their effect on pain and inflammation but till now, there is 

no sure way to say which molecular weight causes and which resolves inflammation. 

 

 

Figure 2: Mechanism of action of HYAL2 on the degradation of 

HMW HA to LMW HA. 

3. HA-Based Nanosystems 

HA-based nanosystems can be categorised in a number of ways like nanohydrogels, 

nanoparticles and self-assembling nanosystems, amongst others (Figure 3). A variety of 

delivery system designs have been considered for this review that display the vast 

potential of using HA to counter inflammation, which has been notoriously at the root of 

many chronic diseases. 
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3.1. Drug Delivery Systems 

Drug delivery systems describe how the drugs are carried into and throughout the body. 

The following studies use HA to load drugs that are further tested in vitro and/or in vivo. 

 

 

Figure 3. HA-based nanosystems with factors affecting their 

synthesis and production. 

Nanohydrogels are three-dimensional (3D)-polymeric networks at a nanoscale 

dimension with a crosslinked structure that gives them potential flexibility and versatile 

behaviour 62,63. They have the dual advantage of hydrogels for the high encapsulation 

efficiency of hydrophilic compounds, and of nanostructures for high cellular 

internalisation 64. Environmental stimuli like temperature and pH can be used to develop 

site-specific nanoparticles which makes them an optimal choice for novel theranostic 

applications 65–67. 

Quagliariello et al synthesized quercetin-loaded HA nanogel for anti-inflammatory effect 

in breast tumour cells 68. The 200 kDa HA used provided protection to the drug from 

oxidative and enzymatic degradation in the tumour environment. Solvent-non solvent 

method was used for synthesis with glutaraldehyde as a crosslinker. Drug-loaded 

nanogel showed a size of 211 nm. Free HA was noted for insignificant cytotoxicity 

however the crosslinker in the nanogel posed a 10-20% cytotoxic effect. The expressions 

of anti-inflammatory cytokines (IL-8, IL-6 and IL-19) decreased by up to 55% with nanogel 
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when compared to the control. A 30-40% increase in anti-oxidative effect was observed 

when quercetin was co-loaded with everolimus. The group concluded that HA-

nanohydrogels provided an excellent template for studying tumour microenvironments, 

opening perspectives for further studies. 

Barbarisi et al tested the effect of co-loading quercetin and temozolomide in HA-nanogel 

as therapy for anti-inflammatory effect in glioblastoma tumour cells 69. Solvent-non 

solvent method was used to make nanogel with 200 kDa HA and glutaraldehyde 

crosslinker. Drug-loaded nanogel had a size of 197 nm and a ζ-potential of -31.3 mV. Just 

like in their previous study 68, the group noted cytotoxic effects from the crosslinker in the 

nanogel in this research as well. HA-induced receptor-mediated endocytosis was noted 

with 30% nanogel internalization after 2 hours. HA on the surface was used for this 

nanosystem to avoid opsonization by the RES and provide longer drug retention. 

While both above-mentioned studies 68,69 successfully synthesized anti-inflammation-

promoting nanogels, it should be noted that glutaraldehyde used to stabilize these 

nanogels was responsible for increasing the cytotoxicity. Further studies need to be 

performed that can either suggest a lesser toxic crosslinker or a formulation method that 

does not require a crosslinker for stabilization. 

Storozhylova et al were looking for an efficient drug delivery system that showed a longer 

retention rate for treating inflammatory joint diseases 70. The group synthesised an in situ 

forming non-crosslinked HA-fibrin hydrogels containing HA-nanocapsules co-loaded 

with dexamethasone and galectin-3 inhibitor. The drug-loaded nanocapsules showed 

suppression of inflammation after intra-articular administration. However, the study 

noted that further investigation was required to treat chronic synovial inflammation. 

It is beneficial to develop a drug delivery system that gives positive results in terms of 

efficiency, but it is even better to design a system that involves a hassle-free 

administration route. Even though injectable nanohydrogels are considered non-

invasive techniques, nonetheless transdermal drug deliveries take this definition one 

step further. As previously mentioned, transdermal drug delivery (TDD) has classically 

more successfully been associated with the use of nanoparticles. TDD is a painless 

method of delivering therapeutics onto intact skin 71,72. Nanosize 73, drug retention 74, and 

drug release rates 75 of polymeric nanohydrogels are a winning factor in their wide use as 

a targeted TDD method, and actually, nanohydrogel size is essential for successful skin 
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penetration. Nanohydrogels can be manipulated into loading drug-loaded nanocapsules 

that successfully penetrate the skin and intake water. This leads to the swelling of the 

nanocapsules and subsequent drug release 76–78. 

Wei et al tested the anti-inflammatory effect of topically administered HA nanohydrogels 

with baicalin-nanocrystals (NC) 79. An 800-100 kDa HA nanogel was used to assist the 

skin permeability of poorly soluble baicalin. Four w/v concentrations of HA were used to 

optimise the nanogel, 0.5%, 1%, 1.5% and 2%. The increase in HA concentration 

witnessed an increase in the viscosity and elasticity of the nanogel, however, it also saw 

a decrease in the drug release rate and skin permeation rate. The 1% w/v HA was chosen 

as the optimal concentration with a 20-fold increase in skin permeability as compared to 

the control. The size of 1% w/v HA nanogel was 193 nm. 

The biodegradability of HA allows for homogenous drug distribution in the gel matrix 80,81. 

Liu et al used electrospinning to make absorbable nanofibrous hydrogel for wound 

healing in chronic diabetic conditions 82 (Figure 4). A 1400 kDa thioether grafted HA, 

crosslinked with Fe3+ (FHHA-S/Fe) nanogel was synthesized for the purpose of wound 

healing by modulating the site of injury. Overall, the crosslinking increased the stability 

of the nanofibres by 2-fold. Complete absorption of the nanogel was observed at 72 

hours. The thioether grafting increased IL-4 expression by 33% and 18% faster wound 

healing as compared to the non-ether nanogel. A 24% decrease in the expression of M1 

macrophages was observed along with a 22% increase in the expression of M2 

macrophages after treatment with HMW HA nanogel treatment. 

Just like previously mentioned studies 68,69, this research 82 also used a crosslinker to 

stabilize their nanogel. However, Fe3+ showed no cytotoxic effect. In fact, it also provided 

antibacterial properties to the nanosystem. 

Pleguezuelos-Villa et al synthesized mangiferin-loaded HA-based nanoemulsions for 

anti-inflammatory effect for skin lesions 83. Two ranges of MW of HA were tested for the 

nanoemulsions, 40-50 kDa (LMW) and 1000-1200 kDa (HMW). The LMW HA 

nanoemulsion size was detected at 221 nm and for HMW it was at 393 nm. A gradually 

sustained release of the drug was found in all nanosystems after 24 hours but LMW HA 

nanoemulsion with surfactant was the highest with 10-15%. The different MW of HA did 

not affect the oedema inhibition for the anti-inflammatory activity of the nanoemulsion. 
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However, the use of surfactant decreased the oedema inhibition activity of the 

nanoemulsion. HMW HA only seemed to have affected the size of the nanoemulsion. 

Manca et al used curcumin-loaded HA vesicles (hyalurosomes) for skin lesions 84. This 

study evolved the field of vesicles by synthesizing hyalurosomes. The group enhanced 

the properties of conventional liquid vesicles by including a gel-core structure to provide 

more stability and a nanosized diameter to make them nanovesicles. The organic 

solvent-free polymer dispersion method was used for the synthesis. Two w/v 

concentrations of 200-400 kDa HA were tested, 0.1% and 0.5%. 0.1% showed a size of 

166 nm and an encapsulation efficiency of 76% whereas 0.5% showed a size of 157 nm 

and a curcumin encapsulation efficiency of 79%. The enhanced nanovesicle structure 

increased the encapsulation by 10-13% as compared to conventional liposomal 

vesicles. On the contrary, 0.5% w/v hyalurosomes showed a higher viscosity than 0.1% 

and more stiffness by 14% with the addition of curcumin. Higher improvement in induced 

skin lesions in in vivo tests was seen in 0.5% w/v hyalurosomes. Re-epithelialized skin 

was also observed by day 6. 

 

  

Figure 4. Schematic illustration of the absorbable thioether grafted hyaluronic acid 

nanofibrous hydrogel for synergistic modulation of the inflammation microenvironment 
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to accelerate chronic diabetic wound healing. Illustration of the preparation procedure 

of FHHA‑S/Fe, dressing of FHHA‑S/Fe on full‑thickness wound model in diabetic 

C57BL/6 mouse, and the mechanism of FHHA‑S/Fe for enhanced chronic wound healing 

effect. Copyright Wiley-VCH Verlag GmbH. Reprinted with permission from 82. 

Yang et al synthesized HA nanostructured lipid carriers (NLCs) loaded with ropivacaine 

(RVC) and dexmedetomidine (DMDT) 85. NLCs are evolved lipid nanoparticles that 

include both liquid and solid lipids that decrease the order of crystal arrangement of 

conventional lipid nanoparticles to provide a higher drug loading efficiency 86. The group 

used the solvent diffusion method to create an HA-based (3 kDa) drug delivery system 

that increased the duration of analgesic effects of RVC and DMDT by 75%. The NLCs had 

a size of 108 nm, a ζ-potential of -30.7 mV due to the presence of HA and drug 

encapsulation efficiency of 89.5% for RVC and 88.1% for DMDT respectively. The HA 

NLCs also increased the cell viability of the drugs from 61.2% (free drug solution) to 80%. 

The group also performed in vivo skin permeation tests that showed that the 

encapsulation of the drugs in the NLCs increased their permeability by 67%. The NLCs 

also increased the antinociceptive effect of the drugs by 80 minutes. It was also found 

that co-loading RVC and DMDT had a higher analgesic effect than loading a single drug. 

Yue et al also decided to formulate NLCs for TDD of their drug bupivacaine (BPV) for local 

anaesthesia 87. The group used 300 kDa HA modified with linoleic acid and polyethylene 

glycol (PEG) for stealth properties. The NLCs were made with lipid melt-emulsification 

and solvent injection techniques that had a size of 154 nm, a ζ-potential of -40.1 mV and 

a BPV encapsulation efficiency of 88.9%. The NLCs showed cell viability of 70% as 

compared to 40% by free drug solution. In vivo tests showed an increased 

antinociceptive effect by the NLCs as compared to free drug solution by 50%. 

Both the above-mentioned studies 85,87 used NLCs for their formulations, however, there 

were some notable differences between the two drug delivery systems. After 75 hours of 

administration, one of the NLCs 85 showed a 70% antinociceptive activity whereas it was 

only at 60% for the other NLC 87. While it may not be a major difference, it is possible that 

the synergistic effect of co-loading two drugs favoured the former. The higher size of NLC 

by the latter can be attributed to their use of HMW HA. 
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Iannitti et al tested the efficacy of HA and chondroitin sulfate (CS) based medical device 

called Esoxx® for the treatment of the inflammation of the gastric mucosa, also known 

as gastritis 88. The presence of HA and CS was seen to reduce inflammation and the 

discomfort that comes along with it in the tested patients. HA provides hydrophilicity to 

the submucosal connective tissue which provides it with a better chance of healing. The 

group, however, concluded that further studies are needed with a higher number of 

patients for definitive results. 

3.2. Macrophage Targeting Nanosystems 

It has been well established that macrophages have an important role to play in 

modulating inflammatory responses and pain 10,11,43. The pro-inflammatory M1-

macrophage phenotype is responsible for the first line of defence which is inflammation. 

Hence, for antinociceptive therapies, studies have developed nanosystems that target 

the CD44 receptor, heavily present on the surface of M1 macrophages. These therapies 

either work by lowering/inhibiting the effect of pro-inflammatory cytokines or polarising 

the macrophage phenotype from M1 to M2. 

Zhang et al used layer by layer (LBL) NLC system for lidocaine (LA) loaded chitosan and 

HA drug delivery system 89 (Figure 5). LBL involves the alternative deposition of oppositely 

charged polyelectrolytes via electrostatic interaction for the assembly of multilayer 

films. This method decreases the drug release rate and enhances skin permeability. The 

group compared the characteristics of LBL-NLCs with simple NLCs. It is important to 

note that the size of the nanoparticles is a major deciding factor in whether the drug 

delivery system will reach the target site. The NLCs showed a size of 181 nm and a ζ-

potential of +37.6 mV due to the outermost layer of chitosan. The in vivo tests for 

anaesthesia showed that NLCs had a 30% effect after 24 hours of administration 

whereas LBL-NLCs had an 80% effect. The combined biocompatibility of hyaluronic acid 

and chitosan provides a great template for the loading of drugs and target studies 90. 

 

 



 31 

 

Figure 5. (a) Scheme of the fabrication of LBL-LA/NLCs. (b) In vitro permeation profiles 

of LA from different formulations. (c) TEM images of the structural morphology of the LBL-

LA/NLCs and LA/NLCs. (d) In vivo TFL test for the evaluation of the local anesthetic 

effects of LA-containing formulations. Adapted with permission from 89. 

Farajzadeh et al synthesized curcumin-loaded HA-polylactide (PLA) nanoparticles to test 

CD44-targeted antinociceptive activity and macrophage repolarization 43. A HA of 20 kDa 

MW was used to prepare HA-PLA conjugates of 102 nm in size, ζ-potential of -24.5 mV 

and a curcumin encapsulation efficiency of 88%. Mouse peritoneal macrophages were 

used for in vitro studies that detected a burst release in the first 8 hours of administration 

and consistent subsequent release with 33% drug release after 144 hours (6 days). The 

initial burst release could be due to the presence of the drug closer to the surface of the 

nanoparticles. In vivo nanoparticle uptake is promoted by endocytosis, hence, it is 

necessary to stimulate the nanoparticles in similar conditions. Endocytosis is supported 

by an acidic environment, so the group also tested the drug release from the 

nanoparticles at a pH of 4.4. This test showed a 50% drug release after 120 hours of 

administration. Markers for M1 and M2 macrophages (iNOS and Arg-1, respectively) were 

quantified to check macrophage repolarization. Curcumin-loaded nanoparticles 

increased Arg-1 expression by 50% as compared to free drug administration. This 

concluded the successful repolarization of M1 macrophages to M2 macrophages. 

Expressions of pro-inflammatory cytokines, TNF-α, IL-1β and IL-6, were also reduced by 

86%, 85% and 87% respectively, when compared to free drug administration. 
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Tran et al also experimented with shifting the macrophage polarity as a way of therapy for 

inflammation 91. But instead of curcumin, they encapsulated plasmid deoxyribonucleic 

acid (pDNA) in their HA nanoparticles by modifying HA with a positively charged polymer 

poly(ethyleneimine) (PEI) (Figure 6). The pDNA expressed interleukin-4 (IL-4) and 

interleukin-10 (IL-10) genes that inhibit the production of TNF-α, which is a direct 

promoter of M1-expressed inflammatory cytokines. This reduction in the expression of 

TNF-α also leads to lower M1 polarisation and subsequent higher M2 polarisation 92. 

However, direct administration of IL-4 and IL-10 is reported to have toxic effects. So, the 

group combined gene therapy with nanotechnology to synthesise a nanosystem that not 

only represses inflammatory cytokines but also polarises macrophages towards 

alternative activation. 

Kosovrasti et al targeted another M1-specific cytokine for reducing inflammation, TNF-α 
93. The group encapsulated TNF-α specific small interfering RNA (siTNF-α) in HA 

nanoparticles. The formulation of the nanoparticles involved the blending of HA-PEI, HA-

hexyl fatty acid and HA-PEG. The 78-90 nm diameter HA nanoparticles encapsulating 

siTNF-α reduced the level of production of LPS-induced TNF-α in macrophages and 

hence reduced inflammation. The group concluded that this study could be beneficial in 

researching therapy for acute inflammatory diseases. 

It is important to note that the nanosystems developed in two previously mentioned 

studies 43,91 were not tested in vivo, and both groups concluded that further studies were 

needed to certain the effect of their respective HA-based nanosystems in complex in vivo 

homeostatic conditions. However, HA nanoparticles encapsulating siTNF-α by the group 
93 were tested in vivo and expected anti-inflammatory results were found. But they also 

noted that the results from one study should not be considered conclusive evidence. 
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Figure 6. (a) Schematic illustration of pDNA encapsulation into HA-PEI nanoparticles for 

re-polarization of pro-inflammatory M1 macrophages to anti-inflammatory M2 

macrophages. (b) Size distribution of HA-PEI/pDNA (9:1) in PBS by DLS. (c) TEM image of 

HA-PEI/pDNA in PBS (9:1). (d) Confocal microscopy and FACS analysis of CD44 

expression in J774A.1 macrophages. (e) Uptake of HA-PEI/pDNA nanoparticles in 

J774A.1 macrophages. Reprinted with permission from 91. 

Xie et al used HA-containing ethosomes (ES) for the delivery of rhodamine B for TDD 94. 

Ethosomes are a kind of liposomal vesicles that are known for increasing skin 
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permeability, drug accumulation and targeting drug delivery 95–97 to avoid systemic 

toxicity. A 150 kDa HA was used for enhancing the drug entrapment in the ES using 

amphiphilic modifications in the HA backbone. Different ratios of HA:ES were tested for 

optimization, 2.5:1, 5:1 and 10:1. The increase in the ratio of HA led to an increase in the 

size of the drug delivery system with a range of 593-916 nm as per dynamic light 

scattering (DLS), however, transmission electron microscopy (TEM) detected the size of 

the system <100 nm. This difference can be because TEM analysis is conducted on a dry 

sample and DLS is performed in water which leads to swelling of the particles. High HA 

concentration also led to an increase in the quantity of the encapsulated drug. In vivo 

tests were conducted which noted skin permeation within 30 minutes of administration. 

HA was also noted to increase the effectiveness of the system by 30% as compared to 

the drug delivery system without HA. Therefore, the 5:1 ratio was concluded to be 

optimal. 

The specific targeting ability of HA and its transdermal absorption is paramount in its use 

of TDD 98. HA is a major synovial fluid component and artificially administered HA 

provides temporary relief for OA 99. Zerrillo et al decided to take advantage of the low pH 

conditions in the synovial fluid and synthesize HA-loaded pH-responsive poly(lactic-co-

glycolic acid) (PLGA) nanoparticles with a triggered burst release for OA 100. The 

therapeutic approach of HA on OA partly includes reducing the inflammation at the OA 

site. The burst release of drug in this study was triggered by the ammonium bicarbonate 

loaded in the PLGA nanoparticles. The 750-1000 kDa HA was injected into the PLGA 

nanoparticles that showed a size of 202 nm and 28% encapsulation efficiency. In vitro 

studies showed that PLGA-HA nanoparticles had a faster uptake than only PLGA 

nanoparticles. In vivo studies were also conducted that showed that pH-responsive 

nanoparticles had a faster cargo release than non-pH-responsive nanoparticles. 

Fluorescence showed the presence of the nanoparticles in the knee even after 35 days 

of administration. The group concluded that a combined therapy of pH-responsive and 

non-pH-responsive nanoparticles would have a synergistic effect for optimal therapeutic 

conditions. Therefore, pH-responsive nanoparticles would have a burst release and non-

pH-responsive nanoparticles would have a gradual steady release of the drug. 

Zerrillo et al conducted another study where they tested HA-grafted PLGA nanoparticles 

for OA therapy 101. Conventional HA therapy has a rapid clearance and short retention 
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time. Grafting is used as a method to overcome these issues. In this case, a 20 kDa HA is 

used to make a PLGA copolymer and further into PLGA-HA nanoparticles. The 

nanoparticles showed a size of 200 nm. Near-infrared dye tests showed that PLGA-HA 

nanoparticles had a 20% lower release rate after 10 days. There was a 2-fold increase in 

the in vitro binding studies for PLGA-HA nanoparticles. The intra-articular injection was 

used for in vivo tests. After 48 hours, PLGA-HA nanoparticles were noted to have 

penetrated the cartilage, unlike PLGA nanoparticles without HA. 

Histochemical immunostaining has reported OA synovium to have a higher number of 

CD44 receptors than normal. This leads to an increase in inflammation due to the active 

presence of pro-inflammatory cytokines. This has further led to the increased targeting 

of CD44 as therapy for OA using HA, a well-known CD44 ligand 102–105. 

3.3. Self-Assembling Nanosystems 

The molecular arrangement of disorganised components into ordered structures as a 

response to external stimulus is known as self-assembly. It is a phenomenon often found 

in nature. Biological nanostructures come self-assembled to form DNA double helix, cell 

membranes, peptide chains, etc 106–108. 

Vafaei et al tested budesonide (BDS) loaded self-assembled HA nanosystem as a 

therapeutic agent for inflamed intestinal mucosa caused by inflammatory bowel disease 

(IBD) 109. The self-assembling effect was enhanced by amphiphilic chemical 

modifications to the HA backbone. The 10 and 25 kDa HA were tested and the thin film 

hydration method was used to load BDS. The human colon carcinoma cell line was used 

for in vitro tests. The increased degree of chemical modification showed a decrease in 

the size of nanoparticles. The size for 10 kDa HA decreased by 97 nm and for 25 kDa HA 

the size decreased by 61 nm. 

Mota et al synthesized a PLGA-loaded HA hybrid system for viscosupplementation in OA 
110. The group used 1500-1800 kDa HA, 45-75 kDa PLGA and a modified-spontaneous 

emulsification/solvent diffusion method for synthesis. Oleic acid was also used to 

propagate long-term controlled drug release and provide stability to the nanosystem. 

DLS was used to check the size of HA-loaded PLGA particles (373 nm) and oleic acid-

modified particles (4561 nm). The increase in the size of particles with oleic acid was 

attributed to particle agglomeration. Since DLS cannot differentiate between particle 
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agglomeration and large size, atomic force microscopy (AFM) was used to check the size 

for oleic acid-modified particles which showed a particle size of 409 nm. The use of the 

hybrid system for HA administration increased the drug release rate to up to 8 hours, as 

compared to the instant dissolution of free HA. In vivo anti-inflammatory effect was 

tested for free HA solution (76.9%) and HA-PLGA particles (82.6%). 

Currently, the most common commercially available treatment method of OA is the 

intra-articular injection of HMW HA. The therapy shows results but is short-lived owing 

to the fact that HMW HA is prone to active HYAL-mediated degradation 48,53,111. Kang et al 

realised the potential of using self-assembling HA nanoparticles as an alternative 

therapy for OA 111 (Figure 7). The group chemically modified the backbone of 10kDa HA 

with cholanic acid to create amphiphilic HA nanoparticles. The 221 nm nanoparticles 

were tested in vivo and in vitro where they showed remarkable improvement to 

conventional HMW HA OA therapy. In vitro studies noted that HA-nanoparticles had a 

larger CD44-mediated uptake and cartilage penetration up to 41 μm than free HA. Intra-

articular injections were used for in vivo studies where it was observed that HA-

nanoparticles blocked the CD44 receptor and prevented further cartilage degeneration 

in OA-induced mice, unlike free HMW HA. Attenuated NF-κB pathway activity was also 

noted to prevent pro-inflammatory cytokine expression. The group concluded that empty 

amphiphilic HA-nanoparticles had a higher resistance to HYAL degradation than free HA. 

This study has much potential to be continued with loading HA-nanoparticles to increase 

efficacy. 

El-Refaie et al also tested the use of hyalusomes, however, they made them self-

assembling TDD hyalusomes to be used for OA 112. The film hydration technique was used 

to make 1% w/v HA (8-11.7 kDa) hyalusomes. The elasticity of the system was increased 

by the addition of ethanol. Ethanol-modified gel-core hyalusomes showed a size of 226 

nm with an encapsulation efficiency of 32.6%. Ex vivo results showed that the skin 

permeability of gel-core hyalusomes was increased by 5.5-fold as compared to 1% HA 

solution. In vivo results also favoured the increase in HA in joint tissues by 6-fold after 

gel-core hyalusome administration. 
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Figure 7. Characteristics of HA-NPs. (A) Schematic illustration of HA-NPs for treatment 

of OA. (B) TEM images and size distribution of HA-NP. Scale bar, 100 nm. (C) Time-

dependent changes in particle size and surface charge of HA-NP in PBS and DMEM. Data 

are presented as mean ± SEM (n = 5). (D) Generation of N-acetyl-glucosamine after 

treatment of 1 mg/ml free HAs (10 kDa LMW and 2000 kDa HMW) or HA-NP with 100 IU/ml 
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HYAL-II. Data are presented as mean ± SEM (n = 4). ***P < 0.001. (E) Representative serial 

images (25–41 μm depth at intervals of 4 μm) from the femoral cartilages after i.a. 

injection of Cy5.5 and Cy5.5-labeled HA-NP into normal mice. Scale bars, 100 μm. (F) 

Three-dimensional lateral view of the femoral cartilages after i.a. injection of Cy5.5 and 

Cy5.5-labeled HA-NP into normal mice. Scale bars, 100 μm. Reprinted with permission 

from 111. 

4. Hyaluronic Acid Nanosystems, Study Gaps and Future Directions  

The active involvement of HA in inflammation makes it a top contender in being used as 

a nanosized drug carrier. However, it is also its negative charge that is critical for in vivo 

use. Several studies have reported that positively charged particles are more prone to 

causing the secretion of cytokines, inducing more T-cell proliferation that causes the 

recruitment of cytotoxic T cells directly damaging the erythrocyte membrane, and 

eliciting an immune response 113–118. 

The rapid evolution of nanotechnology has changed the fundamental chemical, physical 

and physiological aspects of a successful drug delivery system 119. Nanosystems come 

in different shapes and sizes, like nanohydrogels, nanoparticles, nanocomposites, and 

self-assembling nanoparticles, among others. With their high drug encapsulation 

efficiency and biological efficacy, they have become the top contenders for research in 

therapeutics, diagnostics and imaging. Table 1 summarises the HA-based nanosystems 

referred to in this review. 

In this review, we highlight the recent advancements in HA-based nanosystems being 

developed for antinociceptive and anti-inflammatory activities. With an overview of the 

mechanism of action of pain and inflammation, we consolidated some of how HA-based 

nanosystems are being used as drugs and encapsulating agents to target CD44 receptor 

on macrophages for therapy for various disorders, such as gastritis 90, IBD 109, breast 

cancer 68, glioblastoma 69, inflammatory joint disease 70,112, wound healing 82, local 

anaesthetic 87, OA 100,101,110–112 and skin lesions 83,84. These drug-encapsulating 

nanosystems have shown increased pharmacokinetic properties as compared to solo 

drug administration due to their biological versatility and targeting ability. 

The size of the nanosystem is important for successful targeted drug delivery action. 

Nanosystems <100 nm are rapidly cleared by the RES and macromolecules are cleared 
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by the kidney and the spleen. The HA-based nanosystems mentioned above fall between 

the preferred range of drug delivery systems that can favourably avoid clearance by the 

body. The hydrophilicity of HA provides the nanosystem with a stealth effect that avoids 

opsonization 120. 

Along with the advantages of using HA, it is also important not to overlook the challenges 

that come along with it. The effect of the molecular weight of HA on inflammation is not 

completely understood. Broadly it is accepted that HMW HA holds anti-inflammatory 

properties and LMW HA is pro-inflammatory 55,56. However, Zerrillo et al found anti-

inflammatory results with LMW HA 100,101. In designing and synthesising nanosystems, 

LMW HA is given a preference due to the ease of working with it. LMW HA also produces 

smaller size nanosystems that are more effectively hidden against clearance by the 

immune system. As Kang et al reported, HMW HA is degraded by HYAL, which is avoided 

with LMW HA 111. Further studies are required to clearly lay out the role of different MWs 

of HA in the functioning of the human body. 

The delivery method of the nanosystem to the target area also affects the drug design. 

Therapeutics is moving more and more toward simpler, non-invasive drug delivery 

designs. This, however, can pose a limitation on synthesising the nanosystem. For 

instance, more and more research is being conducted on the advancement of TDD 

systems. The anionic nature of HA poses a problem in this case. The hydrophilicity of HA 

reduces its rate of skin permeability 121,122. Although this can be overcome by either 

performing hydrophobic modifications of the HA chain or coating it with a hydrophobic 

compound (like chitosan), it still poses a challenge as it may not be a feasible step for 

the proposed function of the nanosystem. 

Most of the nanosystems mentioned in this review are in the concept stage. Some have 

only undergone in vitro experimentation, while others conclude that further in vivo 

studies are required. No conclusive result can be stated until more research is 

conducted. There is a gap in understanding the working of pro and anti-inflammatory 

cytokines that control macrophage polarisation. Getting a clearer picture of the 

biological mechanisms involved will help optimise the nanosystems for more targeted 

action. Furthermore, the preclinical drug delivery models need to be tested for 

biodegradability for reduced toxicity, absorbability and high retention rate for a 

prolonged effect. 
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Translating biomaterials from laboratory experiments to commercial development takes 

decades 123,124. Newer inventions must undergo a longer safety protocol to get approved. 

It is far easier to have a medical device that is "substantially equivalent" to one already 

on the market than a newer one to get Food and Drug Administration (FDA) approved 125–

127. So, while lab experiments continue to give positive results, they need to undergo 

further rigorous testing for years to be commercially available. 

Table 1. Summary of HA-based nanosystems discussed in the review. 

Nanosyst

em 

HA in 

nanosyst

em 

Administrati

on Route 

Formulatio

n Method 

Characterisa

tion 
Drug Therapy 

Referen

ce 

Drug Delivery Systems 

HA-

nanogel 

loading 

quercetin 

200 kDa 

Sodium 

hyalurona

te 

- 

Solvent-

non solvent 

method 

Size: 211.3 nm 

ζ: -35.8±1.3 

mV 

querce

tin 

Anti-

inflammat

ory effect 

in breast 

cancer 

tumour 

cells 

68 

HA-

nanogel 

loading 

quercetin 

200 kDa 

Sodium 

hyalurona

te 

- 

Solvent-

non solvent 

method 

Size: 197.3 ± 

3.3 nm 

ζ: -31.3±1.1 

mV 

querce

tin 

Anti-

inflammat

ory effect 

in 

glioblasto

ma 

tumour 

cells 

69 
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Non-

crosslinke

d HA-

fibrin 

hydrogels 

containin

g HA-shell 

nanocaps

ules co-

loaded 

with 

dexameth

asone and 

galectin-3 

inhibitor 

40 kDa, 

700 kDa, 

1.5 MDa 

Sodium 

hyalurona

te 

Intra-

articular 

Solvent 

displaceme

nt method 

Size: 122-135 

nm 

ζ: -29±5 mV 

dexam

ethaso

ne and 

galecti

n-3 

inhibito

r 

Therapy 

for 

inflammat

ory joint 

diseases 

70 

HA 

nanocryst

al 

hydrogels 

loading 

baicalin 

800-1000 

kDa 

Sodium 

hyalurona

te 

TDD system 
Homogeniz

ation 

Size: 

189.21±0.36 

nm 

baicali

n 

anti-

inflammat

ion 

79 

Thioether-

grafted 

HA 

nanofibro

us 

hydrogel 

1400 kDa 

Sodium 

hyalurona

te, 

thioether 

modified 

and 

crosslinke

d with Fe3+ 

TDD system 
Electrospin

ning 

Size: 60±11 

nm 

HMW 

HA 

wound 

healing in 

diabetic 

condition

s 

82 
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HA-based 

mangiferi

n 

nanoemul

sion 

40-50 kDa 

and 1-1.2 

MDa HA 

TDD system 
Emulsion 

method 

Size: 296 nm 

ζ: -30 mV 

mangif

erin 

Anti-

inflammat

ion for 

skin 

lesions 

83 

Curcumin

-loaded 

HA-

nanovesic

les 

200-400 

kDa 

Sodium 

Hyalurona

te 

TDD system 

Organic 

solvent-

free 

dispersion 

method 

Size: 157-166 

nm 

ζ: 24±4 mV 

curcu

min 

Anti-

inflammat

ion for 

skin 

lesions 

84 

HA 

nanostruc

tured lipid 

carriers 

loading 

ropivacai

ne and 

dexmedet

omidine 

3 kDa HA, 

PEG-

DSPE 

modified 

TDD system 

Solvent 

diffusion 

method 

Size: 

108.2±3.3 nm 

ζ: -30.7±2.8 

mV 

Ropiva

caine 

and 

dexme

detomi

dine 

Local 

analgesic  
85 

HA-

modified 

nanostruc

tured lipid 

carriers 

loading 

bupivacai

ne 

300 kDa 

HA 

Local 

administrati

on 

Emulsificat

ion and 

solvent 

injection 

methods 

Size: 

154.6±5.1 nm 

ζ: -40.1±3.9 

mV 

bupiva

caine 

Local 

anaesthet

ic 

87 

HA-

chondroiti
- Oral delivery - - Esoxx® Gastritis 88 
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n sulfate 

medical 

device 

(Esoxx) 

Macrophage Targeting Nanosystems 

HA-

polylactid

e 

nanoparti

cles 

encapsul

ating 

curcumin 

20 kDa 

Sodium 

hyalurona

te 

- 

Solvent 

evaporatio

n method 

Size: 102.5 nm 

ζ: -24.5±2.2 

mV 

Curcu

min  

Macropha

ge 

repolarisa

tion 

43 

HA-

chitosan 

lipid 

nanostruc

tures 

loading 

lidocaine 

(layer-by-

layer) 

- TDD system 

Melt-

emulsificat

ion method 

Size: 181.2 nm 

ζ: +37.6±4.2 

mV 

Lidocai

ne 

Local 

anaesthe

sia 

89 

HA-

nanoparti

cles 

loading 

pDNA 

20 kDa 

Sodium 

hyalurona

te 

in vitro 

transfection 

Coupling 

reaction 

Size: 185.9 nm 

ζ: -11.6mV 
pDNA 

Macropha

ge 

repolarisa

tion 

91 
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HA-

nanoparti

cles 

encapsul

ating 

siTNFα 

20 kDa 

Sodium 

hyalurona

te 

Transfection - 
Size: 85-110 

nm 

TNF-α 

specifi

c small 

interfer

ing 

RNA 

Inhibiting 

LPS-

induced 

inflammat

ion 

93 

HA 

containin

g 

ethosome

s 

encapsul

ating 

rhodamin

e 

150 kDa 

Sodium 

hyalurona

te 

TDD system 
Homogeniz

ation 

Size: 593.8 nm 

ζ: +10 mV 

Rhoda

mine  

Quick, 

high 

efficiency 

TDD 

system 

94 

pH-

responsiv

e HA-

loaded 

PLGA 

nanoparti

cles 

750-1000 

kDa 

Sodium 

hyalurona

te 

Intra-

articular 

injection 

Single-

emulsion 

solvent 

evaporatio

n method 

Size: 

202.7±2.3 nm 

ζ: -21.0 mV 

HMW 

HA 

Osteoarth

ritis  
100 

HA 

decorated 

on PLGA 

nanoparti

cle 

surface 

21-40 kDa 

Sodium 

hyalurona

te 

Intra-

articular 

injection 

Double-

emulsion 

solvent 

method 

Size: 200±2 

nm 

ζ: -23±2 mV 

HMW 

HA 

Osteoarth

ritis 
101 

Self-Assembling Nanosystems 
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HA-

nanoparti

cles 

loading 

BDS 

10-25 kDa 

Sodium 

hyalurona

te, DA 

modified 

for 

amphiphil

icity 

in vitro 

dynamic 

dialysis drug 

release 

study 

Thin film 

hydration 

method 

Size: 207±11 

nm 

ζ: -14.56±0.22 

mV 

Budeso

nide 

IBD 

induced 

pain/infla

mmation 

109 

HA-PLGA 

hybrid 

systems 

1.5-1.8 

MDa 

Sodium 

hyalurona

te 

Viscosupple

mentation 

Spontaneo

us 

emulsificat

ion solvent 

diffusion 

method  

Size: 373±270 

nm 

ζ: -16.65 mV 

HMW 

HA 

Osteoarth

ritis 
110 

Amphiphil

ic HA-

nanoparti

cles 

10 kDa HA 

Intra-

articular 

injection 

Chemical 

conjugatio

n 

Size: 221±1 

nm 

ζ: 

15.08±0.83m

V 

LMW 

HA 

OA 

treatment 
111 

Gel-core 

HA 

nanovesic

les 

8-11.7 

kDa HA 
TDD system 

Thin layer 

evaporatio

n technique 

Size: 

232.8±7.2 nm 

ζ: -45.1±8.3 

mV 

HMW 

HA 

OA 

therapy 
112 

 

5. Conclusion 

HA presents multiple beneficial characteristics like biocompatibility, hydrophilicity, 

biodegradability, non-toxicity, and binding ability with CD44 receptor, that make it an 

optimal choice for usage in anti-inflammatory drug delivery systems. Studies have 

shown that it can be formulated as a hydrogel, nanocomposite, nanoparticle or 
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superficially and chemically modified for wider targetability. Combining it with other 

compounds (PLGA, chitosan, etc.), enhances its chemical (amphiphilicity) and 

biological (resistance to HYAL degradation) properties, improves the efficacy of the 

nanosystems, and increases its in vivo half-life leading to prolonged drug release 128,129. 

While there still needs much testing and designing in the proposed nanosystems, the 

results have been fairly positive with HA displaying high anti-inflammatory properties and 

CD44 targeting ability. 
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Abstract 

Chronic inflammation leads to excessive inflammatory cytokine production and 

macrophage infiltration, contributing to the development of chronic diseases. Carvacrol 

(CVL), a phenolic compound derived from oregano, activates the PPAR-γ gene to 

suppress inflammatory cyclooxygenase-2 cytokine production. To address both the 

cytotoxicity and the volatility of free carvacrol (CVL), which limits its bioavailability and 

certain administration routes (e.g., intravenous), poly(lactic-co-glycolic) acid (PLGA)-

based nanoparticles (CP) were formulated, achieving a size of 155±3 nm and a zeta 

potential of +16.70±1.1 mV. For targeted drug delivery, 1.5% w/v hyaluronic acid (HA) 

was coated onto the PLGA nanoparticles, forming CHP nanoparticles, with a final size of 

225±18 nm and a zeta potential of -26.70±2.2 mV. HA, a natural ligand of the CD44 

receptor abundantly expressed on pro-inflammatory macrophages, enhanced CHP 

nanoparticle internalization by +41.2% compared to uncoated CP nanoparticles. The 

encapsulation efficiency of CVL reached 90.8±5.2%, with a loading capacity of 

26.0±6.6%, and a sustained drug release profile was observed, with complete release 

over 66 days. In lipopolysaccharide-induced macrophages, CHP nanoparticles 

significantly increased anti-inflammatory cytokine production, with IL-1ra, IL-4, and IL-

10 levels rising by +258%, +260%, and +40%, respectively, compared to untreated cells. 

Meanwhile, pro-inflammatory cytokine levels were reduced, with IL-1α, IL-1β, and TNF-

α decreasing by -25%, -36%, and -36%, respectively, relative to untreated cells. These 

findings highlight the potential of HA-coated PLGA nanoparticles as an effective targeted 

delivery system for CVL, offering a promising strategy for combating chronic 

inflammation-related diseases. 
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1. Introduction 

Under adverse conditions, inflammation serves as the body first line of defense and as 

innate immune response, primarily regulated by macrophages 1,2. These macrophages 

exhibit remarkable plasticity, which determines the intensity and progression of 

inflammation through cytokine release. Macrophage plasticity encompasses a 

spectrum of phenotypes rather than a strict dichotomy between pro- and anti-

inflammatory states. While macrophages are often categorized into pro-inflammatory 

(M1-m) and anti-inflammatory (M2-m) phenotypes, this classification represents only 

two extremes within a highly dynamic and context-dependent continuum. In response to 

various microenvironmental cues, macrophages can adopt intermediate or hybrid states 

that exhibit overlapping functional properties. Acute inflammation, typically driven by 

macrophages with an M1-like phenotype, plays a crucial role in maintaining homeostasis 

and protecting tissues from infection or injury 3. However, the resolution of inflammation 

is a tightly regulated process involving multiple macrophage subsets with anti-

inflammatory and tissue-repair functions. A failure to properly transition through these 

phenotypic states, particularly an inadequate shift toward pro-resolving macrophages, 

can result in chronic inflammation, leading to persistent tissue damage and contributing 

to diseases such as chronic pain 4. 

Carvacrol (2-methyl-5-(1-methylethyl) phenol, CVL) is a phenolic monoterpene derived 

from oregano (Origanum vulgare L.) and thyme (Thymus vulgaris) 5, and it is widely 

recognized for its antibacterial 6, antimicrobial 7 and anti-inflammatory properties 8. CVL 

anti-inflammatory action is mediated through the activation of peroxisome proliferator-

activated receptor-γ (PPARγ), leading to the suppression of inflammatory cytokines like 

cyclooxygenase-2 (COX-2) production 9,10 and interleukin-6 (IL-6), as proved in literature 
11–13. Despite its therapeutic potential, direct administration of free CVL may cause 

cytotoxicity in healthy cells, limiting its clinical applicability14–16. Yammine et al. reported 

reduced toxicity of encapsulated CVL as compared to its free counterpart 17. Therefore, 

encapsulation of CVL within nanoparticles has emerged as a promising strategy to 

mitigate this cytotoxicity by improving its biocompatibility and therefore effectively 

harnessing the anti-inflammatory mechanism of action 18. 
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One therapeutic strategy to resolve chronic inflammation involves the polarization of 

pro-inflammatory M1-m to anti-inflammatory M2-m 19. To achieve this, such therapeutic 

nanosystem must specifically target M1 macrophages (M1-m) to ensure high efficacy. 

Hyaluronic acid (HA), a naturally occurring ligand, binds directly to the cluster of 

differentiation 44 (CD44) receptor, which is abundantly expressed on the surface of M1-

m. This interaction facilitates receptor-mediated uptake of the nanosystem by M1-m 20. 

Furthermore, the HA is extensively utilized in scientific research due to its versatility, with 

application in nanoparticles 21 and nanocarriers 22 synthesis, often in combination with 

polymers 23, for the targeted delivery of therapeutic agents. To mention, the role of HA in 

the modulation of inflammation is widely acknowledged, however, it remains a subject 

of scientific debate. Indeed, while some studies suggest that low molecular weight (LMW) 

HA promotes inflammatory responses and high molecular weight (HMW) HA exhibits 

anti-inflammatory effects, other research presents conflicting evidence, challenging this 

dichotomy 24. Nevertheless, HA remains a hot topic in nano drug delivery methods for 

cancer 22,25,26 and inflammatory diseases 27–29. 

The intrinsic electrostatic properties of HA, characterized by its negative charge, allow it 

to be efficiently coated onto polymeric nanoparticles such as poly(lactic-co-glycolic acid) 

(PLGA) with the assistance of charged surfactants like cetyltrimethylammonium 

bromide (CTAB). This coating enhances the delivery of poorly water-soluble drugs by 

improving stability, bioavailability, and target specificity 30. Polymeric nanoparticles offer 

a promising strategy to reduce the cytotoxicity but also overcome the volatility 

associated with the delivery of free drugs, allowing for their administration through 

various routes and enhancing their therapeutic potential 31,32. CVL, being a volatile 

compound with low stability 33, benefits from encapsulation in PLGA nanoparticles, 

which provide enhanced stability and enable controlled, sustained release 34, thereby 

minimizing the risk of degradation 35. 

In this study, we developed a novel PLGA nanoparticle system encapsulating CVL to 

investigate its ability to target inflammation while preserving a hydrophobic environment 

for CVL loading. Furthermore, the HA coating on PLGA nanoparticles was performed to 

enable precise targeting of inflamed tissue, and macrophage uptake was evaluated. The 

impact of this system on inflammatory response modulation was evaluated through 

macrophage polarization and cytokine suppression. Overall, this study represents the 
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first exploration of this targeted nanotherapeutic platform, providing new insights into its 

potential for inflammation management by demonstrating, for the first time, the 

combined effect of HA-coated and CVL-loaded PLGA nanoparticles on macrophage 

uptake and inflammatory response modulation. 

 

2. Materials and Methods 

2.1 Materials 

Poly(lactic-co-glycolic acid) (PLGA) with a molecular weight of 17 kDa and acid-

terminated structure (PURASORB PDLG 5002A) was obtained from Corbion (Amsterdam, 

the Netherlands). Carvacrol (CVL) with a purity greater than 98.0% was purchased from 

TCI EUROPE N.V. (Zwijndrecht, Belgium). Hyaluronic acid (23 kDa) was supplied by 

ContiPro (Dolní Dobrouč, Czech Republic). Cetyltrimethylammonium bromide (CTAB) 

and bovine serum albumin (BSA) were sourced from Sigma-Aldrich (St. Louis, Missouri, 

United States). Dichloromethane (DCM), stabilized with ethanol, was provided by Carlo 

Erba (Milan, Italy). Distilled water (DI) was obtained with the apparatus RO 60 TS demi2 

water deionizer provided by Gamma 3 Ecologia (Castelverde Costa Sant'abramo, Italy). 

The phosphate-buffered saline (PBS) used for the experiments wass based on the 150 

mM buffer solution at pH 7.4 of NaCl (136.9 mM), KH2PO4 (1.7 mM), and Na2HPO4 (13.4 

mM). 

For macrophage isolation, NCTC clone L-929 mouse fibroblasts cell line was obtained 

from ATCC (distributed by LGC, Milan, Italy) and cultured using Eagle Minimum Essential 

Medium (EMEM) (LGC, Milan, Italy). Additional reagents including fetal bovine serum 

(FBS, Gibco, Life Technologies, Milan, Italy), penicillin, streptomycin, and Roswell Park 

Memorial Institute (RPMI) 1640 Medium were purchased by Gibco, Life Technologies 

(Milan, Italy). 

 

2.2 Hyaluronic acid-coated PLGA nanoparticles 

The protocol for formulating PLGA nanoparticles was adapted and modified from 

Pradhan et al. 36. Oil/water solvent evaporation method was used to synthesize PLGA 

nanoparticles where CTAB was used as a surfactant dissolved in the water phase 

(Scheme 1a). Briefly, a solution of 100 mg of PLGA dissolved in 3 mL of DCM was 
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gradually added dropwise to an aqueous phase consisting of 18 mL of 0.5% w/v CTAB 

solution. To mention, CTAB is a quaternary ammonium surfactant with a positive charge, 

which enables it to conjugate to the surface of PLGA nanoparticles, thereby imparting a 

net positive surface charge to the nanoparticles. This positive charge facilitates the 

addition of HA, a negatively charged polysaccharide at physiological pH, by enabling 

electrostatic interactions with the cationic regions of the CTAB molecules. Afterwards, 

the emulsion was homogenized (T 25 digital ULTRA-TURRAX®) at 11000 rpm for 15 

minutes and left to stir at 500 rpm overnight in order to allow the solvent evaporation. To 

prepare HA-coated PLGA nanoparticles (Scheme 1a), 10 mL of a 1.5% w/v HA solution 

was added dropwise to the PLGA nanoparticles suspension. The resulting HA-coated 

PLGA nanoparticles were stirred for 15 min at 600 rpm and centrifuged at 3000 g and at 

4˚ C for 20 minutes, favoring the removal of uncoated HA. The empty HA-coated PLGA 

nanoparticles (namely HP) were then collected 36,37.  

 

Scheme 1. Schematic representation of (a) HA-coated PLGA empty (HP) nanoparticles, 

and (b) CVL-loaded uncoated PLGA (CP) nanoparticles and CVL-loaded HA-coated PLGA 

(CHP) nanoparticles. Partially created with BioRender.com. 
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2.3 Carvacrol-loaded nanoparticles 

For the loading of CVL, 25 mg of CVL was dissolved in the organic phase mixture 

containing PLGA and DCM, and then added dropwise into the aqueous phase following 

the protocol described in section 2.2 (Scheme 1b). The resulting nanoparticles, CVL-

loaded PLGA-nanoparticles (namely CP) and CVL-loaded HA-coated PLGA-

nanoparticles (namely CHP) were dried and stored in the freezer (-20 °C) until further use. 

 

2.4 Nanoparticles characterization  

2.4.1 Size, PDI and Zeta Potential  

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential (ζ) of the 

formed nanoparticles were determined by Dynamic Light Scattering (DLS) technique 

with the Zetasizer Nano equipped with 633nm HeNe (Malvern Instruments, Malvern, UK). 

For the measurements, 5 mg of freeze-dried HP, CP or CHP nanoparticles, prepared 

following sections 2.2 and 2.3, were suspended in 1 mL of DI water at 25°C and an angle 

of 90°. All measurements were performed at 25˚ C and in triplicates. Data were 

corrected for viscosity using the Malvern Zetasizer software (version 8.01). 

 

2.4.2 Scanning Electron Microscopy  

The morphology of the CHP nanoparticles (formulation described in section 2.3), was 

evaluated by a field emission-scanning electron microscope ZEISS SIGMA 300 FESEM 

equipped with the Gemini column (1.2 nm @ 15 kV) (SEM, Zeiss Sigma 300, Zeiss, 

Germany). The dried CHP nanoparticles sample was sputtered under vacuum with a 

chromium layer of approximately 100 Å thickness (Quorum Q150T ES, Quorum 

Technologies, Lewes, UK) before analysis. Conductive thin films (chromium and graphite) 

were deposited on the samples with the QUORUM Q150T. 

 

2.4.3 Fourier-Transform Infrared Attenuated Total Reflectance (FT-IR ATR) 

spectroscopy 
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To highlight the presence of the HA coating on the PLGA nanoparticles, the chemical 

composition of the nanoparticles and the HA polymer was evaluated using FT-IR ATR 

analysis, performed with a PerkinElmer FT-IR spectrometer (Spectrum Two UATR) 

equipped with a ZnSe crystal (Waltham, Massachusetts, United States). The 

measurements were processed by a PerkinElmer data manager SpectrumTM 10 

Software in a 400-4000 cm−1 range at a 2 cm− 1 resolution and 4 scans. 

 

2.4.4 CVL encapsulation efficiency and loading capacity 

Gas Chromatography-Mass Spectrometry (GC-MS, Agilent GC-MS 8890 5790B, Milan, 

Italy) was used to calculate drug encapsulation efficiency (EE%) and loading capacity 

(LC%) following the Equation 1 and Equation 2 respectively:  

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐸%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
×  100 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐿𝐶%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

 

To prepare the samples for EE% and LC% analyses, 1 mL of acetone was added to 100 

µL of the supernatant obtained from freshly prepared nanoparticles. The mixture was 

then centrifuged at 3000×g for 10 minutes at 4°C 38. The supernatant was then collected 

and analyzed with GC-MS to estimate the non-encapsulated CVL. For further verification, 

CP nanoparticles were mixed with 1 mL of acetone, centrifuged at 3000 g for 10 minutes 

at 4˚ C, and analyzed with GC-MS for measuring the amount of encapsulated CVL within 

the CP nanoparticles. It is important to note that CHP nanoparticles with a hyaluronic 

acid (HA) coating were not tested due to the hydrophilicity of HA and its incompatibility 

with the GC-MS system. 

 

2.5 In vitro drug release studies 

The release studies were conducted on CHP nanoparticles in phosphate-buffered saline 

(PBS, pH 7.4 composition given in section 2.1) containing 4.5% w/v bovine serum 
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albumin (BSA). Prior to release, the CVL solubility in 150 mM PBS + 4.5% w/v BSA was 

evaluated. For this, 1 mg of CVL was added to 4,6,8 and 10 mL of PBS + 4.5% w/v BSA 

solution and incubated at 37˚ C overnight. Then, 500 µL of each sample was centrifuged 

at 10000 rpm, 22˚ C for 20 minutes. Afterwards, 1 volume of supernatant (100 µL) was 

added to 10x the amount of acetone and centrifuged at 5000 rpm for 10 minutes at 22˚ 

C. The samples were then tested with GC-MS. Based on the results, 8 mL of the media 

(PBS + 4.5% w/v BSA) per 1 mg of CVL was chosen for the release study. 

To perform the release study, 3.85 mg of CHP (corresponding to 1 mg of encapsulated 

CVL) was added to 28 mL of PBS + 4.5% w/v BSA solution and incubated at 37˚ C while 

continuously shaking (350 rpm) using an IKA vortex 4 digital (IKA®-Werke GmbH & Co. KG, 

Janke & Kunkel-Str. 10 79219 Staufen, Germany). Sink conditions were maintained in the 

compartment during release studies. Aliquots were collected at different time points and 

prepared for GC-MS analysis as previously described. 

To investigate the mechanism of CVL release, the time-dependent cumulative release 

percentage of CVL from HA-coated PLGA nanoparticles was analyzed using a zero-order 

kinetics model, as shown in Equation 3 39,40: 

𝑄 = 𝑘𝑡 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

 

where Q is the fraction of drug released at time t; and k is the kinetic rate constant. 

 

2.6 In vitro anti-inflammatory activity 

2.7.1 Bone marrow derived macrophages studies 

Cell studies were performed with bone marrow derived macrophages (BMDMs) 

harvested from 3-month-old C57BL/6J Balb-c mice (Envigo, Indiana, United States), 

sacrificed by carbon dioxide euthanasia and cervical dislocation. Then, femurs and tibia 

were surgically removed, and the bone marrow was flushed by injecting RPMI 1460 

medium (Thermo Fisher Scientific, Monza, Italy) into the bone cavity. BMDMs were then 

filtered using falcon cell strainers to remove any pieces of bone or muscles and 

subsequently centrifuged and resuspended in the RPMI 1460 medium. 

Macrophages isolation was performed by growing the BMCs on coverslip in RPMI 1460 

medium containing 30% of the L-929 culture supernatant, 10% of FBS, penicillin and 
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streptomycin, and enriched with the macrophage colony-stimulating factor (M-CSF) at 

the concentration of 10 ng/mL. The purpose of adding M-CSF is to stimulate monocytes 

to differentiate into neutral macrophages (M0), as previously demonstrated41.  

Cells were then let grow in the humidified incubator at 5% CO2 and at 37° for a week, 

changing the medium every 3 days. Subsequently, nanoparticles were added to cultures 

of untreated macrophages and macrophages previously inflamed with 

lipopolysaccharide (LPS, 100 ng/mL ) to induce polarization toward the M1 phenotype. 

Specifically, M0 and M1 macrophages were incubated with 1 mL of HP and CHP 

nanoparticles at two different concentrations (5 µg/mL and 10 µg/mL). Only CHP 

nanoparticles contained CVL, with 1.3 µg and 2.6 µg of CVL, respectively. Additionally, 1 

mL free CVL (2.6 µg/mL and 10 µg/mL) was tested to assess polarization and cytokine 

release. The nanoparticles compositions are described in section 2.3. 

 

2.7.2 Immunofluorescence assay 

After 4 days of incubation with the nanoparticles and free CVL, cells were washed with 

PBS (150 mM at pH 7.4) for 3 times. Then, cells were fixed in 4% paraformaldehyde (PFA) 

diluted in PBS for 20 minutes. After washing with PBS cells were permeabilized with 

0.3 %v/v Triton X-100 for 20 minutes. A method to study the M1 and M2 macrophages 

phenotype can be based on the evaluation of the expression of their specific markers 

through immunofluorescence analysis. Thus, cultures were incubated for 2 h with the 

following primary antibodies: anti-rabbit CD86 (diluted 1:100) and anti-mouse iNOS 

(diluted 1:50) to evaluate the expression of M1 markers; anti-mouse CD206 (diluted 1:50) 

and an anti-rabbit CD163 (diluted 1:50) to study the expression of M2 markers. After 3 

washing with PBS (150 mM, pH 7.4), cells were incubated with the secondary antibodies 

Alexa fluor 488 chicken anti-mouse and Alexa fluor 594 goat anti-rabbit, both diluted 1:80, 

for 2 h. Since CD206 antibody is conjugated with the 488 fluorochrome, it was added 

together with secondary antibodies. Cells were then washed 2 times with PBS and 

incubated for 45 minutes with DAPI (diluted 1:1000) at 37°C. Finally, all cultures were 

washed 3 times with PBS and coverslips were mounted on slides in PBS/Glycerol 1:1. 

The slides were analyzed with a C2 Plus confocal laser scanning microscope (CLSM, 
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Nikon Instruments, Florence, Italy). The microscope images were processed using NIS-

Elements imaging software (Nikon Instrument, Florence, Italy). 

 

2.7.3 Nanoparticle internalization 

Coating the nanoparticles with HA is motivated by its reported capability to bind to the 

CD44 receptor on M1 macrophages, facilitating enhanced cellular internalization20,42. To 

observe the efficacy of HA-coated nanoparticles (CHP nanoparticles) to internalize in 

M1-m, as compared to uncoated CP, nanoparticle uptake was visualized by staining CHP 

and CP with Nile red 43. A Nile red stock solution of 1 mg/mL was prepared, out of which 

10 µL was added to the PLGA organic phase. The nanoparticles were further synthesized 

like stated in Sections 2.2 and 2.3. For the cell analyses, LPS-treated and untreated 

BMDMs were incubated with 1mL of working nanoparticle (CP and CHP) concentration 

of 10 µg/mL for 24 hours. The uptake was studied by quantifying the fluorescence signal 

of Nile red. Specifically, the mean fluorescence intensity (MFI) was measured using NIS-

Elements imaging software (Nikon Instrument, Florence, Italy). 

 

2.7.4 Analyzing macrophage polarization and cytokine production 

LPS-treated and untreated BMDMs were cultured in a 24-well plate with 1 mL of 10 µg/mL 

CHP and HP nanoparticles, along with 2.6 µg/mL of free CVL, following the protocol in 

Section 2.7.1. The uptake was quantified by the expression of macrophage specific 

markers CD86 and iNOS for M1-m and CD163 and CD206 for M2-m, and the total MFI 

was calculated as described on section 2.7.3 44,45. To further verify the anti-inflammatory 

effect of CVL, the expressions of certain inflammatory cytokines was also analyzed. The 

cells were treated as in Section 2.7.2, and the supernatant was collected after 24 hours. 

The amount of different pro- (IL-1α/1β and TNF- α) and anti- (IL-1ra/4/10) inflammatory 

cytokines was tested with Mouse Cytokine Array Panel A kit (R&D Systems). 

Immunoreactive spots were quantitated densitometrically using ImageJ software. 

 

2.8 Statistical analysis 
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The p values were determined by a Student’s test with two-tailed distribution performed 

with the software GraphPad Prism 9 (GraphPad Software Inc., La Jolla, California), where 

p values < 0.05 are considered statistically significant (*p < 0.05, **p < 0.01). 

 

3. Results and Discussion 

3.1 Nanoparticles characterization 

The hydrodynamic diameter of the formulated nanoparticles was characterized using 

dynamic light scattering (DLS), as summarized in Figure 1. The size of the empty PLGA 

nanoparticles was determined to be 162±2 nm with a low polydispersity index (PDI) of 

0.09±0.03, indicating a narrow size distribution. Consistent with previous studies 36,37, the 

incorporation of hyaluronic acid (HA) led to a significant increase in HA-coated PLGA (HP) 

nanoparticles size, reaching 285±17 nm (PDI 0.39±0.01). This trend aligns with findings 

by Pradhan et al. 36, who reported a size increase proportional to the concentration of HA. 

Additional details on the effects of varying HA concentrations and molecular weights on 

nanoparticle size optimization are provided in the supplementary materials 

accompanying this paper (Figure S1, Supporting Information). Encapsulation of 

carvacrol (CVL) into PLGA resulted in CP nanoparticles with a mean hydrodynamic size 

of 155±3 nm and a low PDI of 0.07±0.03, indicating a uniform size distribution. Also in 

this case, HA-coated CP nanoparticles (CHP) increased the size to 225±18 nm with a 

higher PDI of 0.34±0.12, reflecting a broader size distribution. Morphological analysis 

using scanning electron microscopy (SEM) revealed an overall smaller CHP nanoparticle 

distribution size than the one determined by DLS (Figure 1). This discrepancy is likely due 

to differences in measurement conditions between the two techniques. The larger size 

observed in DLS measurements can be attributed to sample preparation, where 

nanoparticles are suspended in water. This suspension can lead to water absorption by 

the highly hydrophilic hyaluronan coating and subsequent swelling of the nanoparticles. 

The swelling effect is particularly pronounced due to the hygroscopic nature of HA, 

whose negatively charged subunits promote water retention 46. This phenomenon 

highlights the influence of surface modification on nanoparticle behavior in aqueous 

environments and suggests that the hydrodynamic size measured by DLS may more 

closely reflect the functional state of nanoparticles in biological conditions 47. In contrast, 



 74 

SEM analysis requires dried samples, which eliminates the possibility of nanoparticle 

swelling due to water absorption. Consequently, the smaller size of the nanoparticles 

observed in SEM images reflects their dehydrated state, minimizing the influence of HA-

induced water retention. 

The surface charge (ζ-potential) of empty PLGA nanoparticles was measured at 

+57.7±1.3 mV, attributed to the addition of CTAB as a surfactant. However, upon coating 

with HA, the ζ-potential of HP nanoparticles decreased significantly to -25.5±0.3 mV. 

This shift in charge can be attributed to the anionic nature of HA, stemming from its 

carboxyl groups. Similarly, the ζ-potential of CHP nanoparticles was measured at -

26.7±2.2 mV, which aligns with the expected negative surface charge conferred by HA. 

These findings underscore the significant impact of HA coating on both particle size and 

surface charge, which are critical parameters influencing nanoparticle stability and 

interaction with biological systems. 

CVL is known for its high encapsulation efficiency profile in polymers 48,49. Using Equation 

1, the encapsulated CVL accounted for 90.8±5.2%, with a loading capacity (LC%) of 

26.0±6.6%, as calculated using Equation 2. These results demonstrate the effectiveness 

of the single-emulsion solvent evaporation method used in this study. Furthermore, even 

after lyophilization, carvacrol remains within the nanoparticles, indicating that 

encapsulation effectively reduces the volatility of the molecule. This, in turn, enhances 

its stability over time and extends its potential shelf life. 

In comparison, a previous study reported a CVL encapsulation efficiency of ~26% in 

PLGA nanoparticles prepared using the solvent displacement method 6. In contrast, our 

method demonstrated a substantial improvement, tripling the encapsulation efficiency 

(~90%). Also, the LC% increased from their reported ~21% to ~26% in our formulation, 

this improvement is related by the significant enhancement in EE%. This improvement 

highlights the advantages of the single-emulsion solvent evaporation method, which 

appears to provide a more favorable environment for the efficient encapsulation of CVL. 

These findings are promising for the development of polymer-based drug delivery 

systems with high encapsulation efficiency. 
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Figure 1. a) Size, PDI, and zeta potential (ζ) of all the synthesized nanoparticles; (b) SEM 

analysis of CHP nanoparticles, highlighting the smaller nanoparticle size observed 

compared to DLS measurements (n=3, mean ± SD); (c) FT-IR spectra of PLGA 

nanoparticles (black), native hyaluronic acid (HA) (red), and HA-coated PLGA 

nanoparticles (HP) (blue), confirming the successful coating of PLGA with HA through 

characteristic peaks. 

 

Furthermore, the FT-IR spectra confirm the successful coating of PLGA nanoparticles 

with hyaluronic acid (HA) by displaying characteristic peaks from both components. The 

spectrum of PLGA nanoparticles (black) shows distinct absorption bands, including a 

strong C=O stretching vibration at ~1750 cm⁻¹, characteristic of ester bonds, C-O 

stretching in the range of 1180–1080 cm⁻¹, and C-H stretching near 2990–2940 cm⁻¹. 

Native HA (red) exhibits key peaks such as a broad O-H stretching vibration between 

3300–3400 cm⁻¹, indicative of hydroxyl groups, as well as amide I (1650 cm⁻¹) and amide 

II (1550 cm⁻¹) bands, which correspond to the amide bonds in HA. Additionally, C-O-C 

stretching vibrations around 1070–1030 cm⁻¹ confirm the polysaccharide structure of 
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HA. The HA-coated PLGA nanoparticles (blue) spectrum retains the key features of both 

PLGA and HA, demonstrating successful coating. The presence of the broad O-H 

stretching (3300–3400 cm⁻¹), amide I and II bands (~1650 cm⁻¹ and ~1550 cm⁻¹), and C-

O-C stretching near 1070–1030 cm⁻¹ confirms the presence of HA, while the retained 

C=O stretching at ~1750 cm⁻¹ indicates the integrity of the PLGA core. These findings 

align with literature values and confirm the successful functionalization of PLGA 

nanoparticles with HA, which is essential for applications such as targeted drug delivery 

and biomaterial engineering. 

In addition, shelf life is a critical parameter in therapeutic nanosystems, as it directly 

impacts the practicality of large-scale production by reducing the frequency of synthesis 

and ensuring consistent formulation quality. To evaluate stability, all formulations were 

lyophilized and stored at -22°C. After 4 months of storage, HP nanoparticles exhibited a 

mean size of 201±2 nm with a PDI of 0.17±0.01, indicating a stable size distribution. 

However, by 6 months, the particle size increased significantly to 649±43 nm with a PDI 

of 0.75±0.20, suggesting the onset of aggregation or instability. In contrast, CHP 

nanoparticles demonstrated less stability, indeed their size was already 661±114 nm 

and 0.55±0.19 PDI after 2 months of storage at -22°C. These results suggest that while 

the synthesized empty HP nanoparticles maintain stability for up to 4 months under the 

tested conditions, drug-loaded CHP formulations exhibit reduced shelf life. This 

reduction in stability is likely due to additional stress on the nanoparticle matrix from the 

encapsulated CVL, potentially exacerbating aggregation or degradation processes50. 

Future optimization of the formulation or storage conditions may help mitigate this issue 

and enhance the shelf life of drug-loaded nanosystems. 

 

3.2 Carvacrol release studies 

The release profile of CVL from HA-coated PLGA nanoparticles was monitored over 66 

days in PBS + 4.5% w/v BSA media under sink conditions (Figure 2). BSA is included in the 

release medium to simulate physiological conditions and enhance the solubility of 

hydrophobic compounds, ensuring accurate measurement of its release kinetics. The 

release graph illustrates a sustained drug release profile with an initial burst release in 

the first 7 hours and a subsequent zero-order release pattern. The burst release phase 
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exhibits a 36±3% CVL release, whereas the remaining ~64% of the drug undergoes 

release over the next 65.7 days. The first part of CVL release stems from the amount of 

drug encapsulated close to the surface of PLGA nanoparticles or drug adsorbed to the 

external surface, which characterizes the burst release phenomenon. Specifically, 26±3% 

of the drug is liberated immediately at the first time point (1 hour), as the drug located on 

the surface becomes rapidly stripped away in an uncontrolled manner by the release 

medium. Between 25% and 40% release, the drug requires approximately 6 hours to 

dissolve, following a zero-order kinetic profile with a slope coefficient of 35.5 (R²=0.99). 

This fraction of the drug release results from desorption, meaning the breakdown of weak 

interactions between the polymer matrix and carvacrol. 

Following this, the real zero-order kinetics phase initiates, governed by PLGA 

degradation, with a slope coefficient of 0.8 (R²=0.99), which remains lower than that of 

the desorption phase. In this final phase, drug release relies on the gradual degradation 

of the polymeric nanoparticles, ensuring a sustained and controlled delivery over time. 

Indeed, PLGA is a well-known drug carrier for its biodegradability but notorious for its 

slow-release profile 51–54. The review by Fredenberg et al. 54 described the various 

mechanisms of drug release from PLGA noting many studies that reported the 

adsorbance of BSA on PLGA and subsequent delayed drug release. Moreover, a strong 

drug-polymer interaction can also cause a slow release 55,56. Considering that the 

nanoparticles were coated with a highly hydrophilic HA, it is possible that the initial burst 

release noticed may have been due to the release of the CVL close to the surface of PLGA 

caused by diffusion through water absorbed by the HA. Once this was over, the 

subsequent drug release would have to be from deep inside the core of the nanoparticles, 

this would require erosion of the nanoparticle and/or release of the cargo from the 

polymer by further water absorption. Either of these mechanisms would take longer than 

usual due to slow degrading characteristic of PLGA. 

Hence, the hydrophilicity of HA and hydrophobicity of PLGA provided a challenge for the 

nanoparticles to dissolve. This resulted in a long-prolonged release of CVL that lasted 66 

days. A similar slow drug release profile of CVL from chitosan nanoparticles was also 

reported by Keawchaoon et al 57. The study reported triphasic release profiles in different 

pH media for over a span of two months. A more acidic buffer (pH 3) was observed with 

the highest release rate of 52%, while pH 7-11 reported release rates of 22-33%. This is 
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in line with our studies where BSA was used in the release media which has a reported 

pH range of 4-9. While our study employed PLGA nanoparticles and HA, it can be said 

that CVL has an inherent nature of a slow-release profile. 

Moreover, the slow PLGA nanoparticle erosion is validated using Equation 3, where the 

mechanism is attributed to the controlled release phenomenon where a potential 

gradient is developed, and nanoparticle erosion is witnessed in stress conditions. 
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Figure 2. The cumulative release profile of CVL from CHP nanoparticles in PBS with 4.5% 

w/v BSA was analyzed using GC-MS. A burst release of CVL was observed in the first 7 

hours, followed by a sustained zero-order release until day 66, leading to complete drug 

release. Data are presented as mean ± SD (n = 3) 

 

3.3 Nanoparticle uptake by M1 macrophages 

A targeted drug delivery system is essential for maximizing therapeutic efficacy while 

minimizing unintended effects. By reducing damage to nearby healthy cells, such 

systems improve patient outcomes and reduce adverse effects. In this study, HA was 

utilized to enhance the precision of CVL-loaded PLGA nanoparticles delivery specifically 

to M1 macrophages (M1-m). This targeted approach is crucial, as it ensures that the 

therapeutic effects are concentrated solely on the intended cells. The difference in 

cellular uptake after 24 hours of incubation of PLGA nanoparticles co-loaded with CVL 

and Nile red, with and without HA coating, is depicted in Figure 3. Before nanoparticles 
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incubation, M1-m cells were pre-treated with lipopolysaccharide (LPS). LPS 

pretreatment is crucial for nanoparticle uptake studies involving M1 macrophages 

because it polarizes the macrophages toward a pro-inflammatory state, mimicking 

conditions seen in infection or disease. M1 macrophages, characterized by their 

heightened phagocytic activity and cytokine production, provide a realistic and 

physiologically relevant model to evaluate how nanoparticles interact with activated 

immune cells. This step ensures accurate assessment of nanoparticle efficacy, targeting 

potential, and safety under inflammatory conditions, which are often the therapeutic 

focus in drug delivery or immunomodulation research. 

Notably, LPS-treated M1-m incubated with HA-coated CVL-loaded PLGA nanoparticles 

(CHP NPs) exhibited a significant increase in total mean fluorescence intensity (MFI) 

compared to uncoated CVL-loaded PLGA nanoparticles (CP NPs). Nile red, a 

hydrophobic fluorescent dye, was chosen to label the nanoparticles due to its strong 

affinity for lipid-rich environments and co-loaded with CVL. It shares the same 

hydrophobic nature as CVL, making it an ideal marker for tracking the distribution and 

uptake of CVL-loaded nanoparticles. Specifically, the MFI recorded was 33,453±3,599 

a.u. for CHP NPs while a signal of 47,055±4,544 a.u. was noted for CP NPs. This 

represented approximately a +41% higher fluorescence signal when the nanoparticles 

were coated with HA, indicating enhanced uptake. The observed increase is attributed 

to HA functioning as a direct ligand for the CD44 receptor on the M1-m surface, 

facilitating receptor-mediated endocytosis and improving nanoparticle internalization. 

The observed increase in uptake due to HA coating aligns with previous studies[1, 51], 

further validating the role of HA in enhancing macrophage-specific targeting. These 

findings underscore the potential of HA-functionalized nanoparticles as a robust 

platform for targeted drug delivery, offering a compelling strategy to improve therapeutic 

outcomes. 



 80 

 

Figure 3. Uptake of PLGA (CP) and HA-coated PLGA (CHP) nanoparticles (NPs) co-

loaded with CVL and Nile red by M1 macrophages (M1-m). (a) Confocal laser scanning 

microscopy (CLSM) images of M1-m monocultures after 24 hours of incubation with CP 

and CHP NPs at 37 °C, showing intracellular NPs localization. (b) Quantification of total 

mean fluorescence intensity (MFI) as described in section 2.3.7, indicating the extent of 

NPs uptake. Data are presented as mean ± SD (n = 6), with *p < 0.05. Scale bar = 20 μm. 

 

3.4 Macrophage polarization 

Macrophages exhibit remarkable plasticity, enabling them to polarize into either a pro-

inflammatory (M1) or an anti-inflammatory (M2) phenotype in response to environmental 

stimuli. This dynamic polarization plays a critical role in immune regulation and has 

significant implications for the development of targeted therapies for inflammatory 

diseases. In this study, LPS treatment was employed to polarize macrophages into the 

M1 phenotype effectively, as evidenced by the significantly higher expression of M1 

markers CD86 and iNOS compared to M2 markers CD163 and CD206. This polarization 

model provided a robust framework to evaluate the effects of CVL-loaded HA-coated 

PLGA nanoparticles (CHP) on macrophage phenotype modulation. 

The study revealed that treating M1-polarized macrophages with 5 µg/mL of CHP 

nanoparticles (containing 1.3 µg of CVL) led to a modest increase in the M2 marker 

CD163 (+93%), indicating limited polarization resistance at this concentration (Figure 4). 

However, when the CHP concentration was increased to 10 µg/mL (containing 2.6 µg/mL 

of CVL), the effects became striking. Specifically, M1 markers CD86 and iNOS were 

drastically reduced (-83% and -84%, respectively), while M2 markers CD163 and CD206 

were significantly elevated (+321% and +399%, respectively). These results demonstrate 
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a clear dose-dependent effect, reinforcing the potency of CHP nanoparticles in shifting 

macrophages from a pro-inflammatory to an anti-inflammatory state. This underscores 

the importance of optimizing CHP concentrations for effective therapeutic outcomes. 

To further investigate the synergistic effects of CVL and HA-coated PLGA nanoparticles, 

parallel experiments were conducted using equivalent (2.6 µg/mL) and higher (10 µg/mL) 

concentrations of naked CVL and unloaded HA-PLGA nanoparticles (HP). In all the 

control groups (Figure 5), the formulations showed negligible effects on macrophage 

polarization, with minimal changes in M1 and M2 markers. At CVL 10 µg/mL, naked CVL-

treated macrophages exhibited an ambiguous phenotype, with moderate reductions in 

CD86 (-40%) and iNOS (-38%) but only limited increases in CD163 (+115%) and CD206 

(+189%), indicating a lack of strong polarization in either direction. Similarly, treatment 

with HP nanoparticles at 10 µg/mL failed to elicit a significant M2 response. Overall, 

these findings highlight the critical role of HA-mediated targeting and sustained CVL 

release in maximizing therapeutic efficacy. Unlike naked CVL and placebo HP 

nanoparticles, which displayed only partial or inconsistent effects, CHP nanoparticles 

effectively suppressed pro-inflammatory M1 markers while robustly enhancing M2 

polarization. This underscores the novel synergistic potential of CHP in immune 

modulation, paving the way for its application in inflammation-related therapies. 

Therefore, the HA coating of the PLGA nanoparticles plays a pivotal role in targeting 

macrophages and enhancing therapeutic outcomes. HA affinity for CD44 receptors, 

which are overexpressed on activated macrophages, facilitates selective uptake of CHP 

by the target cells. This targeted delivery mechanism likely contributes to the enhanced 

anti-inflammatory effects observed with CHP treatment. Additionally, the HA coating 

may improve nanoparticle stability and biodistribution, further augmenting their efficacy. 

An important observation was the dose-dependent toxicity associated with higher 

concentrations of CVL and CHP (Figures 4-5), necessitating the exclusion of higher doses 

from the study to maintain cell viability. While 10 µg/mL of CHP nanoparticles was 

identified as an effective concentration for macrophage polarization, higher doses led to 

significant cytotoxicity, underscoring the delicate balance between therapeutic efficacy 

and safety in nanoparticle-based drug delivery systems (data not shown). This finding 

highlights the importance of optimizing nanoparticle formulations and dosing regimens 

to minimize off-target effects while maximizing therapeutic benefits. 
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Figure 4. LPS pre-treated macrophages (M were incubated with different concentrations 

of CHP nanoparticles (CHP NPs). CHP nanoparticles with 5 µg/mL concentration 

showed a lower polarization of M1 macrophages to M2 marcophages, as compared to a 

higher CHP nanoparticle concentration of 10 µg/mL. The total MFI was calculated as 

described in section 2.3.7. All values are expressed as mean ± SD (n =3). 
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Figure 5. LPS-treated cells were incubated with different concentrations of CVL and HP, 

to observe the difference in the marker expressions of M1-m and M2-m. Failure to see a 

significant increase in the M2-m marker expressions on incubation with HP and free CVL, 

confirm the anti-inflammatory effect of CVL in CHP. The total MFI calculated as 

described in section 2.3.7. All values are expressed as mean ± SD (n =6). 

 

3.5 Modulation of inflammatory cytokine production 

The production of inflammatory cytokines plays a pivotal role in regulating the 

inflammatory response at the site of injury or infection. These signaling molecules 

orchestrate the activation, resolution, or amplification of the immune response, and 

their balance is critical in determining the progression of inflammation. To better 

understand the therapeutic potential of the CHP nanoparticles (NPs), the cytokines 

expression profile of LPS-treated macrophages was analyzed for both pro-inflammatory 

cytokines (IL-1α, IL-1β, TNF-α) and anti-inflammatory cytokines (IL-1ra, IL-4, IL-10). The 

detailed results are illustrated in Figure 6. In LPS-stimulated macrophages, a hallmark of 

inflammation is the robust production of pro-inflammatory cytokines such as IL-1α, IL-

1β, and TNF-α 27,59,60. After treatment with 10 µg/mL of CHP NPs, a substantial reduction 

in these pro-inflammatory mediators was observed. Specifically, IL-1α expression 
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decreased by -25%, IL-1β by -36%, and TNF-α by -36%, as shown in Figure 6a-c. These 

reductions highlight the ability of CHP to suppress key inflammatory pathways, likely due 

to the sustained release of CVL and HA-mediated targeted delivery. TNF-α, a pivotal 

cytokine that amplifies the inflammatory cascade, was notably reduced, indicating that 

CHP could effectively disrupt the inflammation feedback loop. Similarly, IL-1α and IL-1β, 

which contribute to tissue damage and immune cell recruitment, were significantly 

downregulated, reinforcing the broad anti-inflammatory potential of CHP treatment. In 

addition to reducing pro-inflammatory cytokines, CHP treatment markedly increased the 

levels of anti-inflammatory cytokines. As depicted in Figure 6d-f, IL-1ra expression 

increased by +258%, IL-4 by +260%, and IL-10 by +40% following CHP administration. 

These cytokines play essential roles in resolving inflammation and promoting tissue 

repair, further supporting the therapeutic potential of CHP nanoparticles. 

Taken together, these findings underscore the powerful dual action of CHP 

nanoparticles in both suppressing pro-inflammatory pathways and enhancing anti-

inflammatory responses. The HA-mediated targeted delivery and sustained release of 

CVL enable effective macrophage reprogramming, making CHP a promising strategy for 

inflammation modulation and tissue regeneration. For example, IL-1ra acts as a natural 

antagonist to IL-1α/β, competitively inhibiting their pro-inflammatory effects, while IL-4 

and IL-10 are key regulators of M2 macrophage polarization and immune homeostasis. 

The dramatic upregulation of these cytokines indicates that CHP not only suppresses 

inflammation but also actively promotes resolution and repair processes. 

The dual action of CHP, by downregulating pro-inflammatory and upregulating anti-

inflammatory cytokines, points to a sophisticated mechanism of immune modulation. 

The HA coating facilitates targeted delivery to inflammatory macrophages, which are 

abundant in receptors for hyaluronic acid, ensuring that the nanoparticles reach their 

intended site of action. Once internalized, the slow and controlled release of CVL 

enables sustained suppression of inflammatory mediators while preventing 

macrophage activation from rebounding. Moreover, the enhanced expression of IL-4 and 

IL-10 suggests that CVL influences the signaling pathways that drive macrophage 

polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 

phenotype, as demonstrated previously. To mention, also in this case, the control groups 

did not show any effect on the cytokine modulation levels. 
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These findings are particularly significant given the challenges associated with current 

anti-inflammatory therapies, which often lack specificity and have systemic side effects. 

By selectively targeting inflammatory macrophages and modulating their cytokine 

production, CHP presents a novel therapeutic approach. The ability to simultaneously 

suppress harmful inflammation while enhancing reparative processes sets this system 

apart as an advanced and potentially transformative treatment for inflammatory 

diseases, including those involving chronic or excessive immune activation. Given the 

potent effects observed in cytokine modulation, CHP has the potential to be adapted for 

a variety of clinical applications. Beyond the scope of this study, its use could be 

extended to conditions such as rheumatoid arthritis, inflammatory bowel disease, and 

even neuroinflammatory disorders. Furthermore, the platform's versatility allows for 

modification with other bioactive agents, expanding its utility across a broad range of 

inflammatory and degenerative diseases. 

 

Figure 6. The difference in the cytokine expressions in LPS-treated macrophages. (a) 

Decrease in pro-inflammatory cytokines, IL-1α/β and TNF-α, on treatment with CHP and 

(b) increase in the anti-inflammatory cytokine expressions of IL-1ra/4/10. 

Immunoreactive spots were quantitated densitometrically using ImageJ software. Error 

bars represent ± standard error (*p < 0.05). 

 

4. Conclusion 
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This study introduces a novel HA-coated PLGA (CHP) nanoparticle system for sustained 

CVL delivery, demonstrating its potent anti-inflammatory potential. CHP nanoparticles 

achieve high CVL encapsulation efficiency while enabling targeted release, minimizing 

drug volatility and cytotoxicity. Following an initial burst, CVL release follows zero-order 

kinetics, extending over 66 days. Uniquely, CHP nanoparticles downregulate pro-

inflammatory cytokines (IL-1α/β, TNF-α) while upregulating anti-inflammatory markers 

(IL-1ra, IL-4, IL-10), promoting a significant shift of macrophages from the inflammatory 

M1 state to the anti-inflammatory M2 state. Furthermore, the controlled release of CVL 

from the nanoparticles prolongs its anti-inflammatory effects and mitigates its rapid 

biological degradation. These findings highlight a highly efficient, novel nanosystem 

capable of targeting inflammation through cytokine modulation and macrophage 

polarization, with potential for transformative applications in inflammation-related 

diseases and pain management. 
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Supplementary Information 

 

Table S1: Optimising HA coating % with respect to high molecular weight (HMW) and low 

molecular weight (LMW) for small size, optimal zeta potential (Z) and low polydispersity index (PI) 

 HMW 350 kDa HA-coated PLGA LMW 23 kDa HA-

coated PLGA 

 0.5% 1% 1.25% 1.5% 1.5% 

Size (d.nm) 133 252 203 2618±127 285±17 

PI 0.30 0.10 0.41 0.89±0.08 0.39±0.01 

Z (mV) 15.16 18.25 31.26 -28.58±2.5 -25.5±0.3 

 

 

IR for verification of successful HA coating 

 

 

Figure S1:  IR analysis of (a) PLGA; and HA-coated PLGA nanoparticles with HMW concentration 

(b) 0.5%; (c) 1%; (d) 1.25%; and (e) 1.5%. Slight IR bending characteristic of HA is noted at 3500 

for (d) and majorly for (e) indicating the presence of HA on the surface of PLGA nanoparticles. 

 

 

  



 95 

 

Chapter 4 
Polyplexes for RNA 

Silencing: A New Frontier in 
Anti-Inflammatory and 

Neuroregenerative Therapies 
After Spinal Cord Injury 
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Abstract 

Spinal cord injury (SCI) is a traumatic event that can lead to significant lifestyle changes 

and chronic pain in affected individuals. Antagomir (Amir) technology has gained 

increasing attention as a promising therapeutic approach for inflammation and pain 

management, by targeting endogenous microRNAs (miRNAs). Anti-inflammatory 

strategies typically focus on promoting the polarization of M1-macrophages (M1-m) to 

the anti-inflammatory M2-macrophage phenotype (M2-m), while antinociceptive 

treatments aim to regenerate neurons and modulate pain signals via astrocytes. In this 

study, we target lipopolysaccharide (LPS)-treated M1-macrophages to silence the 

inflammation-inducing miRNA-21 and modulate miRNA-155 expression in neurons and 

astrocytes using Amir-21 and Amir-155, respectively. The cationic polymer mPEG-

pDMAEMA is used to form polyplexes with the Amirs (PA21 and PA155), and gold 

nanoparticles are incorporated into PA155 (resulting in GP155 nanoparticles) to enhance 

electrical conductivity for neuronal regeneration. In vitro results show that PA21 

polyplexes induce a +30% increase in M2-m polarization and a -20% reduction in M1-m 

expression compared to controls. Additionally, dorsal horn cells treated with GP155 

nanoparticles demonstrate a 1.24-fold increase in astrocyte uptake and a 12-fold 

increase in neuronal uptake, compared to naked Amir-155. A pilot in vivo study using 

female Sprague Dawley rats with compression-induced SCI involved the injection of 5 µL 

of a pNIPAM-based thermosensitive hydrogel containing GP155, control, or scramble 

sequences. The locomotion tests revealed a slight improvement in paw movement in the 

GP155-treated rats compared to controls and scramble groups at 3 days post-injury (dpi), 

although results from Randall-Selitto tests were inconclusive. Rats were euthanized at 

14 dpi, and spinal cord samples were collected for further analysis. 
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1. Introduction 

Spinal cord injury (SCI) is a traumatic event that can lead to a lifetime of suffering and 

chronic pain. Chronic pain involves a complex mechanism of action of immune and 

nervous systems acting co-dependently to induce inflammation and eventual pain. The 

recent advancements in nucleic acid (NA) therapies have proved to be efficient in SCI-

derived pain models1,2. NA therapies, including siRNA, mRNA, pDNA, have been used to 

modify endogenous gene expression to get the desired effect. This therapeutic method 

has been used to treat Alzheimer’s3,4, cancer5,6 and chronic pain7,8. 

However, these NA therapies come with their fair share of disadvantages as well. They 

undergo quick biodegradation, which can cause hindrance to their bioactivity and 

therapeutic longevity. Moreover, cations are more favourable to be uptaken by cells as 

compared to their negative counterparts, and NAs are anionic in nature at physiological 

pH. Viral vectors are usually used to counter the low permeability of NAs. Viruses, like 

adenovirus and retrovirus, provide high transfection efficiency, which comes at a cost of 

low loading capacity and insertion mutations. To avoid these major clinical concerns, 

cationic polymers are being used as carriers for anionic NAs, and the forming entity is 

called a polyplex. Polyplexes work by condensing the NAs into the polycationic polymer 

and providing protection against premature biodegradation and enhanced permeation 

through the physiological membrane 9. In this study, the poly(2-(dimethylamino)ethyl 

methacrylate) (pDMAEMA) was used as cationic polymer for NA condensation. Since the 

polymer pDMAEMA is conjugated with a noncharged poly(ethylene glycol) (PEG) group, 

the resulting polyplex forms a core-shell structure, where the NA is condensed into the 

core and the PEG polymer chains act as a shell10. 

The novelty of this therapeutic approach was underscored by the use of antagomirs 

(Amirs), which are synthetic oligonucleotides designed to inhibit the activity of their 

endogenous microRNA (miRNA) counterparts11. Amirs are chemically modified single-

stranded analogues of RNA, with cholesterol conjugation for stability, that act 

complementarily to target endogenous miRNAs for silencing. The mechanism of action 

of Amirs is based on the blocking of its complementary miRNA. Figure 1 describes the 

route of miRNA to its target for expression in a state of equilibrium, and when an Amir is 
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presented into the equation, the miRNA gets blocked by the complementary sequence 

of Amir and its target is left empty and expression is silenced.  

To design the anti-inflammatory polyplexes, we turned our attention to microRNA-21 

(miR-21) and microRNA-155 (miR-155). The miR-21 is a known promoter of inflammation 

and is induced by the activated response of Th1/2 cytokines 12. Some studies have 

depicted the transfer of miR-21 packaged extracellular vesicles from injured dorsal root 

ganglia (DRG) neurons to macrophages for upregulation of inflammation 13–15. On the 

other hand, miR-155 is highly responsive to macrophage-induced production of 

inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α) and interleukin-

1β/α (IL-1β/IL-1α). 16–20. The nuclear factor-κB (NF- κB) inflammatory pathway is also 

dependent on miR-155 expression 21. Targeting miR-21/155 with Amir-21/155 for down 

regulation of inflammation and pain has been demonstrated a potent therapeutic 

technology 22,23. However, literature suggests that even though miR-21/155 promote 

inflammation through different pathways, these pathways counteract each other in the 

case of SCI24,25. A contusion SCI study by Lv et al, suggests that suppressing miR-21 

expression leads to increased apoptosis of spinal cord tissue, whereas enhancing the 

miR-21 expression lowers the production of inflammatory cytokines 26. Zhang et al also 

demonstrates the promotion of functional recovery of neurons due to miR-21, post-SCI 
24. Therefore, this enhances the need for two models to test the two Amir-21/155. 

In this study, we presented a non-viral gene delivery method with mPEG-PDMAEMA-

Amir21 and mPEG-PDMAEMA-Amir155 (respectively PA21 and PA155) polyplexes as 

antinociceptive, anti-inflammatory and regenerative therapies. PA21 was tested with 

cultured macrophages for analysing the polarization from inflammatory (M1) to anti-

inflammatory (M2) phenotype. Furthermore, the PA155 polyplexes were conjugated with 

gold (Au) nanoparticles (yielding GP155 formulations) for increased biocompatibility and 

electrical conductivity for enhanced axonal regeneration in a SCI rat model 27,28. The SCI 

rat models were developed using a compression model of injury and GP155 

nanoparticles were loaded into a thermosensitive hydrogel before being injected onto 

the lesion site. Behavioural studies were performed on the subjects at different time 

intervals, including mechanical hyperalgesia and locomotion tests. 
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Figure 1. Mechanism of action of antagomirs to silence microRNA expression. 

  

2. Materials and Methods 

2.1 Materials 

Methoxypoly(ethylene glycol) poly(2-(dimethylamino)ethyl methacrylate) (mPEG-

PDMAEMA) diblock copolymer with a final MW of 35kDa (5.4 kDa PEG chain and 29.6 kDa 

PDMAEMA) was synthesized by RAFT (Reversible Addition Fragmentation Chain Transfer) 

polymerization), using a method previously reported10. The synthesis of the triblock 

copolymer consisting of a thermosensitive poly(N-isopropylacrylamide) (pNIPAM) and a 

hydrophilic PEG block, was performed following the Atom Transfer Radical 

Polymerization (ATRP)29. The Mn of the synthesized NPN triblock copolymer was 38 kDa 

while the Mn of the two pNIPAM blocks was 16 kDa. FAM-labelled miR-155-5p antagomir 

(Custom miRCURY LNA Power Inhibitor 5'-/FAM/CCCCTATCACAATTAGCATT, Qiagen Ltd. 

United Kingdom), FAM-labelled miR-21-5p antagomir (Custom miRCURY Power Inhibitor, 

5'-/FAM/TCAGTCTGATAAGCT-3', Qiagen Srl, Italy), HEPES buffer, pcDNA3.1+N-eGFP 

(GenScript Biotech BV, Netherlands), tetrachloroauric (III) acid trihydrate (Thermo 

Scientific Chemicals, Italy), sodium borohydride (99%, Thermo Scientific Chemicals, 
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Italy), and distilled water (DI) was obtained with the apparatus RO 60 TS demi2 water 

deionizer provided by Gamma 3 Ecologia (Castelverde Costa Sant'abramo, Italy). 

 

2.2 Synthesis of Gold Nanoparticles 

The synthesis route for gold nanoparticles was adapted from Dinari et al 30. Briefly, 

0.001M HAuCl4 was stirred in 100ml DI water at 100˚C at 300 rpm. Next, 10mg NaBH4 

was added to the solution and stirred for further 30 minutes before bringing it to room 

temperature. The solution was left undisturbed for 30 minutes at room temperature and 

the size and zeta potential (ZP) of the synthesized Au nanoparticles was tested by 

Dynamic Light Scattering (DLS) technique with Zetasizer Nano equipped with 633nm 

HeNe laser (Malvern Instruments, Malvern, UK). All measurements were performed at 25 

˚C and at least in triplicates. 

 

2.3 Synthesis of Polyplexes 

The synthesis route for polyplexes was divided into three stages, as described below. 

2.3.1 Conjugation of Au NPs with PEG-pDMAEMA 

Polyplexes are synthesised in terms of NP ratios, which refers to the nitrogen/phosphate 

(N/P) molar ratios of the polymer and NA, respectively. A 5mg/ml stock solution of 

polymer was prepared in 10mM HEPES buffer. The amount of polymer as per NP ratios of 

1/5/10/20/30/50 was adjusted and accordingly added to Au nanoparticles, synthesised 

in section 2.3.2 as per 1:0.5 molar ratio. The polymer solution was mixed in the Au NPs 

solution and stirred for at least 6 hours at room temperature. 

 

2.3.2 Polyplexes formulation 

A 1mg/ml stock solution of Amir-21/155 was prepared in 10mM HEPES buffer. After the 

conjugation of Au NPs and polymer, the amount of Amir-155 was added to the solution 

to make gold-complexed polyplexes (GP155) as per the appropriate NP ratios of 10/30. 

The solution was vortexed for 10 seconds and left undisturbed at room temperature for 

30 minutes. PA21 were synthesised similarly, where polymer solution was added to 

Amir-21 solution in NP ratios of 10/50. For screening purposes, pDNA-eGFP was used to 
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synthesize the polyplexes (NP 1/5/10/20/30) and these polyplexes were used to measure 

the size and ZP using DLS, as in section 2.2. 

 

2.3.3 Thermosensitive Hydrogel Loading of Polyplexes 

The administration of GP155 was conducted with PNIPAM-based thermosensitive 

hydrogel. Briefly, 20 w/v% of PNIPAM was dissolved in the GP155 polyplex dispersion and 

dissolved overnight at 4˚C. The resulting samples (GP) were kept on ice until injection. 

 

2.4 In Vitro Studies 

2.4.1 Macrophages 

The bone marrow derived macrophages (BMDMs) were cultured as previously described 

in Chapter 3. Briefly, BMDMs were harvested from femurs and tibia of 3-month-old 

C57BL/6J Balb-c mice (Envigo, Indiana, United States). The cells were isolated and 

enriched with the macrophage colony-stimulating factor (M-CSF) for monocyte 

differentiation. PA21(NP10/50; 3µg/well) and naked free polymer (17µg/well; 

comparable to NP10) were added in the BMDM culture, in a 24-well plate with and 

without lipopolysaccharide (LPS) pre-treatment. Macrophage differentiation was 

measured by analysing the expressions of macrophage-specific markers, like CD86 and 

iNOS for M1-m and CD163 and CD206 for M2-m. 

2.4.2 Dorsal Horn Culture 

Dorsal horn cells were freshly harvested from prenatal mice. Briefly, animals were 

anesthetized with 5% isoflurane and sacrificed via decapitation. A ventral laminectomy 

was performed, and the dorsal horn strip of the spinal cord was collected in a solution of 

ice-cold HBSS + HEPES. The cords were then digested for 30 min in a CO2 incubator at 

37˚C. The tissue was washed with HBSS + HEPES twice. The liquid was discarded and 

replaced with culture media and a fire-polished tip was used to triturate the tissue for 6-

7 times. The supernatant was collected with a cell strainer and the above steps repeated 

to collect 3ml of supernatant in total. The supernatant was centrifuged at 1000g for 5 min 

at 4˚C and the cells collected carefully. The cells were resuspended in cell culture media 

and incubated in a 24-well plate for 60 min. The media was changed after 1 day 31. GP155 

(NP10; 2µg/well) and naked Amir-155 (2µg/well) were added to the cells.  
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2.5 Primary Antibody Staining – Neurons and Glial Cells 

To start, the cells were washed with PBS and then fixed with 4% paraformaldehyde (PFA) 

for 20 min at room temperature. The cells were again washed with a mix of PBS and 0.001% 

Triton X-100 (PBSX). PBSX (500µl per well) was then used to permeabilize the cells for 5 

min. Further, a blocking solution with 5% goat serum was added and incubated with for 

30 min at room temperature. The wells were then divided before staining with primary 

antibodies for neurons and astrocytes, separately. Primary antibodies - Glial Fibrillary 

Acidic Protein (GFAP) mouse (1:1000) and Beta III Tubulin (BIIIT) mouse (1:500) were used 

to incubate and mark the cells for astrocytes and neurons, respectively. 

 

2.6 Mounting and Confocal Microscopy 

A Zeiss LSM880 + Airyscan Inverted Confocal Microscope (diode 405nm, argon 

458/488/514nm, DPSS 561nm, HeNe 633nm) was used for bioimaging. For sample 

preparation, a mounting media with DAPI was used to fix the coverslips on the slides. 

Briefly, 10µl of the media was applied on the slide, the coverslip was lifted from the well 

plate and blotted for removing excess media before being slowly placed on the slide. For 

placement, the coverslip was lowered carefully onto the media, to avoid bubbles. The 

slips were then sealed with nail polish and left in a dark chamber to dry before imaging. 

 

2.7 Pilot in Vivo Studies 

The pilot in vivo study was conducted with 20 female Sprague Dawley rats (Charles River 

Laboratories, Kingston, Pennsylvania), weighing 210-240 g. The animals were housed 

with 24-hour food and water and 12-hour day/night cycles. All animal procedures were 

approved by the UK Home Office and University of Leeds Animal Welfare and Ethics 

Committee, in accordance with UK Animals (Scientific Procedures) Act 1986. 

After being acclimatized for 7 days, the rats were anesthetized with isoflurane (5% IsoFlo; 

(Zoetis UK Ltd, London, United Kingdom) at 2 L/min−1 O2 flow induction and maintained 

with 2.5% isoflurane throughout surgery. Partial laminectomy was performed at the 

contusion level of the vertebra (T9-11). A contusion SCI was performed at T10 vertebral 

level with an Infinite Horizon impactor (Precision Systems & Instrumentation, Lexington, 
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Kentucky) at 200 kdyn. Immediately after the injury, a 5µl injection of CTRL/SCR/GP was 

injected at the site of injury. The injections were randomly assigned to the rats caged 

together in groups of 3, to maintain unbiases during the behavioural tests. 

For the in vivo experiment, the animals were divided into 3 groups: 

- Control (CTRL) – the CTRL group received an empty injection after the injury (n=6). 

 

- Scramble (SCR) – for the SCR group, in the polyplex synthesis phase described in 

section 2(c(ii)), the Amir-155 added to the Au-polymer phase was replaced by its 

scrambled counterpart, to act as a negative control (n=6). 

 

- therapeutic (GP) – the GP group of animals were administered with GP155 made 

with therapeutic Amir-155 (n=6). 

After the injection, the animals were sutured and placed in an incubator until they 

regained consciousness and returned to their randomly assigned cages. Antibiotics 

(Baytril, 2.5 mg/kg), opioids (buprenorphine 0.015 mg/kg) and saline (10 ml) were 

subcutaneously administered at 0, 24 and 48 hours after the surgery. The bladders of the 

animals were manually expressed twice a day until sacrificed. 
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Figure 2. Synthesis mechanism of GP155 and administration of GP into the animals post-

SCI. (a) conjugation of Au NPs onto pPDMAEMA and subsequent formation of GP155 by 

addition of Amir-155, (b) contusion injury model of SCI and injecting GP onto the lesion 

site. 

 

2.8 Behavioural Tests 

The Basso, Beattie, Bresnahan (BBB) test is a general locomotor activity test that was 

performed at 3-, 7- and 14-days post injury (dpi). The outcome of the injury wasassessed 

visually in an open field test as proposed by Basso et al 32. The animals were tested blindly 

and scored on a 21-point scale. 

The Randall-Selitto (RS) test was executed at 14dpi, and is a test performed as a measure 

of mechanical hyperalgesia 33. The response thresholds of the animals were measured 

by a Digital Randall Selitto Paw Pressure Test with Pressure Applicator Model I-2500 

(Campden Instruments, England). 

 

2.9 Collection of Spinal Cords 

At the end of 14dpi, the animals were sacrificed by a administering a dose of 

pentobarbital sodium 20% (Pentoject; Animalcare Ltd, York, United Kingdom) and 

perfused with PBS followed by a 4% PFA in 0.1 m phosphate buffer. Following that, the 

brains and spinal cords of the animals were collected and postfixed in 4% PFA solution 

at 4˚C overnight. The solution was then replaced by a 30% sucrose solution in which the 

samples were stored for at least 72 hours.  

 

3. Results and Discussion 

3.1 Polyplex Characterisation 

Polyplexes were synthesized using pDNA-eGFP for screening purposes. Table 1 

summarizes the size, zeta potential (ZP), and polydispersity index (PDI) of these 

polyplexes, both with and without the inclusion of gold nanoparticles (Au NPs). Dynamic 

Light Scattering (DLS) analysis revealed that polyplexes without Au NPs exhibited a size 

range of 118-550 nm. Notably, a decreasing trend in size was observed from NP1 to NP10, 

with the size reducing from 550 nm (NP1) to 338 nm (NP5), and finally to 118 nm (NP10). 
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However, after NP10, an increase in size was observed in NP20 and NP30, suggesting a 

threshold effect in the polyplex formation. This trend mirrors findings by Fliervoet et al., 

who reported a similar size reduction with increasing NP ratio, followed by an increase 

with higher NP concentrations  34. This behavior is likely due to enhanced condensation 

of the polyplexes up to NP10, after which the excess polymer chains hinder further 

condensation of the pDNA, leading to an increase in particle size beyond this threshold 
35,36.  Regarding PDI, except for NP1 (PDI = 0.75), no differences were observed across the 

polyplexes. The relatively high PDI of NP1 suggests incomplete condensation of the 

pDNA, which is consistent with the observed low zeta potential (ZP) of 3 mV. In contrast, 

an increasing trend in ZP was observed with the polyplexes, starting at 3 mV for NP1 and 

rising to 36 mV for NP20. The positive charge observed with NP20 may be indicative of 

charge shielding effects imparted by the polymer. However, after this point, a decline in 

ZP was noted, with NP30 showing a ZP of 28 mV, which can be attributed to reduced 

shielding efficacy by the cationic polymer at higher NP concentrations. Gold 

nanoparticles (Au NPs) were synthesized with a size of 42±22 nm and a negative ZP of -

16 mV. The negative charge of Au NPs, when incorporated into the polyplexes, likely 

contributes to a reduction in the overall charge of the complexes. As shown in Table 1, 

the inclusion of Au NPs led to a sharp decrease in the zeta potential of the polyplexes, 

with values dropping to the range of 9-14 mV. This indicates a charge neutralization effect 

due to the interaction between the positively charged polyplexes and the negatively 

charged Au NPs.  

  

Table 1: Size, PDI and Zeta Potential of Au NPs, and Polyplexes (with and without Au 

NPs) 
 

NP ratio Size 

(d.nm.) 

PDI ZP (mV) 

PEG-pDMAEMA-

eGFP-pDNA 

polyplexes 

1 550±65 0.75±0.12 3.81±2.26 

5 338±24 0.26±0.3 21.4±1.47 

10 118±2 0.26±0.20 30.79±1.72 

20 138±0.62 0.24±0.02 36.19±1.52 

30 276±20 0.23±0.01 28.50±1.27 
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Au-PDMAEMA 

polyplexes 

10 377±7 0.28±0.01 11.52±0.37 

30 305±29 0.31±0.06 14.16±0.28 

Au NPs n.a. 42±22 0.24±0.05 -16.85±0.55 

 

3.2 Macrophage Polarisation with PA21 

Inflammation is intricately regulated by macrophages, which exhibit remarkable 

plasticity in response to inflammatory stimuli. The pro-inflammatory macrophages (M1-

m) can be distinguished by their surface markers from their anti-inflammatory 

counterparts (M2-m), and their ability to switch between these phenotypes is a key 

mechanism in the resolution of inflammation. Modulating macrophage plasticity at the 

site of inflammation represents a promising strategy for controlling excessive 

inflammatory responses. Figure 3 illustrates the polarization of M1-m macrophages to 

M2-m in LPS-treated bone marrow-derived macrophages (BMDMs) upon exposure to 

free polymer and two polyplex formulations of NP10PA21 and NP50PA21, compared to 

control (no treatment). As anticipated, no significant polarization was observed in the 

macrophages cultured with free polymer, as shown in panels (c) and (d) of Figure 3. In 

contrast, treatment with NP10PA21 led to a notable +30% increase in CD206 expression, 

a hallmark of the M2-m phenotype, indicating successful polarization of M1-m 

macrophages to the anti-inflammatory M2-m phenotype. Additionally, a -20% reduction 

in M1-m markers was observed, further supporting the shift toward an anti-inflammatory 

state. However, when the NP50PA21 polyplex formulation was tested, the results were 

less favorable. Figure 3(g) reveals a significant -70% reduction in the macrophage 

population compared to the control, suggesting high toxicity at the elevated nanoparticle 

(NP) ratio. This toxicity is likely due to the increased cationic polymer content in the 

polyplexes, as the cytotoxic effects of cationic polymers are well-documented in the 

literature 34,35. Despite this, the NP10PA21 formulation successfully silenced miRNA-21 

in LPS-treated M1-m macrophages, providing an effective means to modulate 

inflammation. Supporting studies, such as the work by Lee et al., have demonstrated that 

silencing miRNA-21 with Amir-21 results in decreased levels of inflammatory cytokines 

like IL-4, IL-5, and IL-13 37. Similar findings were reported by Mirna et al., where the 

dysregulation of miRNA-21 by Amir-21 significantly reduced inflammation 38. Given the 
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observed cytotoxicity with higher NP ratios, which is often correlated with reduced 

transfection efficiency 39, the NP10PA21 polyplexes were selected for subsequent 

experiments. These results underscore the importance of optimizing polyplex 

formulations to balance efficacy with biocompatibility. 

 

Figure 3. Phenotype polarisation of LPS-treated BMDM macrophages with free PEG-

pDMAEMA; NP10PA21 and NP50PA21. No polarisation is noted with free polymer, while 

NP10PA21 shows the highest number of polarised M2 macrophages. Cytotoxicity was 

noted with NP50PA21. 



 108 

 

3.3 Cell Internalization of GP155 

NAs are notorious for their poor transfection efficiency. Employing a cationic polymer 

with an anionic NA greatly enhances the uptake of the polyplexes. This cellular uptake 

was investigated using a confocal laser microscope and quantified using fluorescence 

intensity (FI) in Fiji 40. In Figure 4, we see GFAP-labelled astrocytes cultured with naked 

Amir-155 (a) and GP155 (b). After 24 hours of incubation time, there is a stark difference 

in the FI of the two samples. The Amir-155-treated astrocytes show a sporadic uptake of 

Amir-155 into the cells, marked by solitary arrowheads. However, the GP155 treated 

astrocytes show a much larger FI expressed by the Amir-155 in the polyplexes. The FI in 

the GP155-treated astrocytes is 2.3-fold higher than naked Amir-155-treated astrocytes. 

Moving on to the BIIIT-labelled neurons, we see the Amir-155-treated neurons in Figure 

2(c) and GP155-treated neurons in Figure 2(d). As observed with astrocytes, the neuronal 

uptake of naked Amir-155 was lesser than GP155. The fluorescence from the uptaken 

GP155 in neurons is depicted with the arrowheads, and on calculating the FI with Fiji, we 

see that the use of polyplexes increased the uptake of Amir-155 by 12-fold, as compared 

to naked Amir-155. From these images, we also observed fluorescence in some 

unlabelled cells. We hypothesize that these cells could be either microglia or 

macrophages, as both are known to be present in similar inflammatory environments. To 

validate this, future studies should incorporate specific markers for microglia and 

macrophages to confirm their identity. Additionally, assessing the transfection efficiency 

of both naked Amir-155 and GP155 in these specific cell types would provide a clearer 

understanding of the delivery system’s cellular targeting profile. Abundant resources 

have cited the increased transfection of genetic material with polymeric carriers 41–44. 

Hachim et al. presented an enhanced polyplex transfection efficiency using a nanofilm 

method 42. Godbey et al created a pDNA delivery system with polycation 

polyethylenimine for an efficient transfection in an inflammatory cell line 45. Therefore, 

while our findings suggest that GP155 may facilitate effective delivery into target cells, 

the presence of fluorescence in unlabelled populations highlights the need for more 

targeted analysis. Characterizing the role and uptake behavior of non-target immune 
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cells like microglia and macrophages will be essential to refine this delivery platform and 

enhance its specificity and therapeutic potential. 

 

 

Figure 4. Confocal images of dorsal horn cells incubated with naked Amir-155 and 

GP155. (a) GFAP-labelled astrocytes incubated with naked Amir-155 show FI with slight 

uptake, (b) higher FI is noticed in GFAP-labelled astrocytes with GP155, (c) BIIIT-marked 

neurons incubated with naked Amir-155, (d) high FI in BIIIT-marked neurons with GP155. 

 

3.4 Behavioural tests 

To evaluate the therapeutic efficacy of GP155 in spinal cord injury (SCI), behavioural 

tests were conducted to assess both motor function and mechanical sensitivity. GP155 

refers to the gold-polymer (GP) conjugate complexed with therapeutic antagomir-155 

(Amir-155) at an optimal nanoparticle NP ratio of 10:1. This formulation was 

administered using a PNIPAM-based thermosensitive hydrogel, allowing for localized 
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and sustained release at the lesion site. The GP155 was injected immediately post-SCI 

and behavioural outcomes were monitored at different time points. 

3.4.1 BBB Test Scores 

Spinal cord injury (SCI) is a severe trauma that leads to rapid and marked impairment of 

hindlimb locomotion. By 3 days post-injury (dpi), animals in the CTRL group displayed 

minimal BBB locomotor scores, confirming significant motor deficits (Figure 5). In 

contrast, animals treated with GP155 (GP group) consistently scored slightly higher at all 

time points (3, 7, and 14 dpi) suggesting improved early motor recovery. This trend, 

although not statistically significant due to the limited sample size of this pilot study, is 

biologically meaningful. The BBB scoring system operates on a sensitive 21-point scale, 

where even a 1-point difference reflects a substantial change in functional limb 

movement. A score of 2–3, as observed in the GP group at 3 dpi, indicates consistent paw 

placement, whereas scores near 0 in CTRL and SCR groups reflect complete loss of 

hindlimb function, with animals dragging their lower bodies. The early improvement in 

the GP group may be attributed to the therapeutic action of GP155, the antagomir-155-

loaded gold-polymer conjugate delivered via a PNIPAM-based hydrogel. The hydrogel 

allows for sustained release of the therapeutic at the lesion site, enabling miR-155 

inhibition during the acute inflammatory phase of SCI. miR-155 is known to exacerbate 

neuroinflammation, and its suppression has been linked to enhanced neuronal survival. 

The GP group improved BBB scores suggest more rapid neuronal recovery, potentially 

due to early attenuation of inflammation. The inflammatory timeline post-SCI provides a 

compelling context: by 3 dpi, resident microglia and infiltrating macrophages mount a 

strong pro-inflammatory response 46. In this “acute” SCI phase, neuroinflammation is 

most pronounced and noticing a difference in the scores of GP models, compared with 

SCR and CTRL, opens a slew of opportunities for investigations during this stage. Days 5-

7 of SCI are characterised by another cycle of macrophage infiltration. In fact, 

macrophage expression in SCI peaks at 5-7 dpi 47. Bisicchia et al has showed that by day 

5 post SCI, activated microglia are the predominant cells inducing inflammation in the 

spinal cord 48. During this second cycle of macrophage infiltration, more cases of axonal 

damage are reported. A secondary demyelination of surviving neurons in taken out and 

nerve damage is enhanced. This suggests that a second administration of GP155 around 
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5–7 dpi could potentially extend or amplify its neuroprotective effects. Future studies 

should investigate this hypothesis, incorporating repeat dosing and cellular profiling to 

evaluate changes in macrophage and microglial populations. Furthermore, all 

behavioural assessments were performed and recorded in a blinded manner, ensuring 

objective data collection. In summary, early improvements in BBB scores among GP-

treated animals highlight the potential of miR-155 inhibition via hydrogel-mediated 

delivery to promote functional recovery after SCI, particularly when timed to coincide 

with key inflammatory milestones. 

 

Figure 5. BBB locomotor scores at 3, 7, and 14 dpi. The GP group demonstrates superior 

hindlimb function at 3 dpi, indicating early recovery compared to SCR and CTRL. The 

difference narrows by 14 dpi as recovery plateaus across groups (n=6 per group).   

 

3.4.2 RS Test Scores 

The Randall-Selitto (RS) test, which assesses mechanical nociception and sensitivity to 

pressure, revealed ambiguous results across the three groups at 14 dpi (Figure 6). 

Interestingly, the SCR group recorded the highest tolerance to pressure on the paw, 

which may reflect a lack of sensory recovery or a potential desensitization effect. 

Conversely, the GP group exhibited lower pressure tolerance, which could be interpreted 



 112 

as a partial return of sensory function and heightened responsiveness to noxious stimuli, 

potentially indicating a reversal of sensory deficits. However, without additional time 

points or supporting histological data, this interpretation remains speculative. The 

observed differences contrast with the clearer trends in the BBB locomotor test, where 

functional recovery differences were more distinct in the early post-injury phase, 

particularly up to 7 dpi. The RS results at 14 dpi do not offer a definitive picture of 

neuropathic pain or sensory recovery, and their variability may be due to the complex 

interplay between inflammation, neural regeneration, and individual pain thresholds. 

Given that the RS test is sensitive to both peripheral and central sensitization, it holds 

promise for evaluating neuropathic pain in SCI models. Yet, in this study, the small 

sample size and single time point limit the conclusions that can be drawn. Additional 

experimental groups, such as a sham-operated cohort, and extended follow-up periods 

would provide greater insight into the sensory effects of GP155 treatment. Moreover, 

repeated RS testing at earlier stages (e.g., 3 and 7 dpi) could help determine whether 

GP155 affects the trajectory of sensory recovery or pain development after SCI. 

Therefore, while the RS test aimed to reveal differences in sensory recovery and potential 

neuropathic pain among groups, the results at 14 dpi remain inconclusive. Future 

studies with larger sample sizes, longitudinal assessment, and complementary analyses 

will be essential to elucidate the impact of GP155 on sensory outcomes post-SCI. 

 

Figure 6.  RS mechanical sensitivity scores at 14 dpi. The SCR group displays higher 

tolerance to applied pressure, possibly indicating hypoalgesia. GP and CTRL groups 
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show similar responses, potentially reflecting a return of sensory function in the GP 

group (n=6 per group). 

 

4. Conclusion 

In this study, polyplexes containing Amir-21 (PA21) and Amir-155 (PA155) were 

successfully synthesized for anti-inflammatory and antinociceptive applications. Gold 

nanoparticles were incorporated into PA155 to create GP155 nanoparticles, enhancing 

electrical conductivity and supporting axonal regeneration in neurons. The polyplexes 

exhibited an average size of 118 nm and a surface charge of 30 mV. In vitro experiments 

with PA21 polyplexes, when cultured with LPS-treated macrophages, resulted in a +30% 

increase in polarization toward the anti-inflammatory M2-m phenotype and a -20% 

decrease in M1-m expression, indicating the potential of Amir-21 in modulating 

inflammatory responses. Further research into cytokine expression changes with PA21 

could provide a more comprehensive understanding of its anti-inflammatory effects. The 

uptake of Amir-155 was significantly enhanced when delivered with the polycationic 

carrier, with GP155 nanoparticles showing a 2.3-fold increase in astrocyte uptake and a 

remarkable 12-fold increase in neuronal uptake compared to naked Amir-155. When 

injected at the injury site in a pPNIPAM thermosensitive hydrogel, GP155 promoted slight 

locomotor improvement, although the small sample size made the results statistically 

insignificant. No mechanical hyperalgesia was observed in any of the experimental 

groups, leaving these results inconclusive. While traditional spinal cord injury (SCI) 

experiments are typically conducted over weeks or months to observe extensive cellular 

proliferation and behavior, this study primarily tested a novel non-viral gene delivery 

system within a thermosensitive hydrogel. Based on the findings, future studies should 

focus on a critical period between 5-7 days post-injury (dpi), as this is likely when Amir-

155 exerted its most significant effects. Further optimization and extended studies are 

required to fully elucidate the therapeutic potential of this approach. 
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Abstract 

 

Capsaicin is a potent molecule for treating neuropathic chronic pain. Use of creams and 

patches is a standard approach to deliver capsaicin topically. However, these 

medications often require frequent reapplication to provide long-lasting pain relief and 

can cause unpleasant burning and itching. To address these issues, we developed UV-

crosslinked hydrogels from a biocompatible Poloxamer P188 with capsaicin-loaded 

poly(lactic-co-glycolic acid) nanoparticles. The chemical derivatization of Poloxamer 

P188 into acrylate derivatives by the use of aza- and thiol-Michael addition together with 

UV irradiation generated hydrogels with varying polymeric architectures and crosslinking 

density. This in turn allowed us to obtain low-swelling and mechanically robust hydrogels. 

The encapsulation of capsaicin into nanoparticles resulted in 194 nm size and 0.07 PDI. 

With a 99% encapsulation efficiency, the gradual release of capsaicin over a five-week 

period. Local release of nanoparticles from hydrogels was analysed with a Franz diffusion 

system, mimicking skin permeation. The studied hydrogel-nanoparticle patches can 

expand the spectrum of treatment options for neuropathic pain, offering long-term relief 

and improved patient compliance with reduced side effects. 
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1. Introduction 

 

Neuropathic chronic pain is often a consequence of leading diseases in the modern 

society, such as cancer and diabetes.1 Amongst the diabetic patients about 25% suffer 

from neuropathic pain2. The prevalence of neuropathic chronic pain worldwide is 

estimated to be around 7-10%3. Current treatment options focus on centrally acting 

drugs which often come with systemic side effects and limited therapeutic efficacy,2,3 

highlighting the need for more effective solutions with reduced adverse reactions.  

 

To address these issues, localized drug delivery, in the form of patches, plasters, and 

creams, has been explored as an alternative treatment option for neuropathic pain. Such 

systems can be designed to act locally and limit systemic side effects, even promote 

transdermal permeation, since the action of the medicine will take place through passive 

diffusion, which negates the need for enhancers for enhanced transdermal delivery.4 One 

drug of choice in these systems is capsaicin (Figure 1). Capsaicin is an agonist of one of 

the vanilloid receptors, namely transient receptor potential cation channel subfamily V 

member 1 (TRPV1).5 These receptors are most prominent in the cell membranes of dorsal 

root ganglia (DRG) neurons. Prolonged exposure to capsaicin causes a paradoxical 

desensitization of TRPV1 resulting in an analgesic effect which explains the pain relief 

observed after topical application.2,6 

 

 

Figure 1. Structure of capsaicin. 

Commercially capsaicin is available as low-dose creams (0.025-0.075% capsaicin) and 

high-dose patches (8% capsaicin). However, some reports point to pungency, erythema, 

and itching as a consequence of direct capsaicin application on the skin. Low dose 
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creams with capsaicin require frequent reapplication, which leads to repeated 

discomfort. On the other hand, the high dose capsaicin patch can only be applied by a 

physician and prior to application there is a need for local anesthesia to manage the 

discomfort. These disadvantages may affect the widespread use of capsaicin-based 

medications.2,7 

 

Hydrogels are a reliable candidate for topical and transdermal drug delivery.8 These 

materials combine robustness with flexibility supporting long time wear, while being non-

toxic and biocompatible. Poloxamers, triblock copolymers of poly(ethylene glycol)-b-

poly(propylene glycol)-b-poly(ethylene glycol) (PEG-PPG-PEG), are one of the primary 

representatives of biocompatible hydrogels.9 The availability of a free hydroxyl group at 

the terminal enables easy chemical modification into photocrosslinkable hydrogels.10 

After crosslinking, the water-rich 3D matrix can become a reservoir for delivery of 

therapeutic cargo.11 However, the direct loading of capsaicin into the hydrogel leads to 

the unpleasant effects, like burning and itching, as observed in commercial 

formulations.2,7 Hence, capsaicin should be encapsulated into a more suitable carrier, 

like hydrophobic polymeric nanoparticles,12,13 which then can be loaded into the 

hydrogel, generating a hydrogel-nanoparticle (HG-NP) drug delivery system.14 One 

suitable carrier for capsaicin are poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs). 

Capsaicin will then penetrate the skin while being embeded into PLGA NPs which 

minimzes the discomfort and side effects connected to topical capsaicin application. 

After penetrating the skin, the NPs will provide gradual release of capsaicin to the 

affected neurons, granting controlled and prolonged release.13 

 

HG-NP composites have previously been studied, both as transdermal and injectable 

formulations. Bernal-Chávez et al.12 reported the development of a Poloxamer based 

hydrogel with platelet lysate-loaded PLGA NPs for wound healing. Incorporating NPs into 

a hydrogel matrix prevented premature drug leakage and enabled localized drug delivery. 

Similarly, Mudhol’s group developed a hydrogel patch with nanoformulated capsaicin for 

obesity treatment.15 The use of NPs to deliver capsaicin resulted in improved 

bioavailability. Capsaicin-loaded PLGA NPs have been used topically, either directly 
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applied,16 or in creams.13 However, there are currently no mentions of hydrogel patches 

utilizing capsaicin-PLGA NPs to treat neuropathic pain. 

 

In this work, we report the development of proof-of-concept hydrogel patches for topical 

delivery of nanoencapsulated capsaicin. The proposed system comprises a Poloxamer 

P188 (P188) UV-crosslinked hydrogel loaded with capsaicin-PLGA NPs. P188 was first 

converted into the corresponding diamine, dithiol, and diacrylate. Then, P188 diacrylate 

and P188 dithiol were subjected to a thiol-Michael addition, while P188 diamine and 

P188 diacrylate underwent an aza-Michael addition. This resulted in three P188 

derivatives with free acrylate groups at the terminal ends, namely the initial P188 

diacrylate and two Michael addition products. By using these three derivatives of varying 

molecular weight, UV-crosslinked hydrogels of varied polymeric architecture were 

prepared. The prepared patches possessed intrinsic adhesive properties, low swelling, 

as well as satisfactory stiffness under low stress.  

Employing PLGA NPs for capsaicin delivery may help reduce unpleasant side effect 

associated with topical use of capsaicin. These HG-NP patches exhibit characterstics 

which could be suitable for long-acting pain relief combined with robustness tailored for 

the topical application. 

 

2. Experimental Section 

 

2.1. Materials 

 

Poloxamer P188 (average MW = 8400 g/mol, Sigma-Aldrich) was used as a starting 

polymer. For the preparation of P188 derivatives reagents, such as triethylamine (TEA), 

mesyl chloride, acryloyl chloride, Na2S2O3 were sourced from Sigma-Aldrich. 

Dichlormethane (DCM), methanol (MeOH), and ammonium hydroxide solution (NH3(aq)) 

were purchased from VWR. Dithiothreitol (DTT) was received from Iris Biotech. Irgacure 

2959 (2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone, Sigma-Aldrich) was 

used as photoinitiator for UV-crosslinking.  
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For PLGA nanoparticles synthesis and characterization PLGA, acid terminated (average 

MW = 17000 g/mol, PURASORB PDLG 5002A, PURAC), Tween-80 (Sigma-Aldrich), 

cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich), and capsaicin (MW = 305.41 

g/mol, Sigma-Aldrich) were used. 

 

All chemicals were used as received without further purification. 

 

2.2. Instrumentation 

 

For preparation of PLGA NPs a T 25 digital ULTRA-TURRAX homogenizer was used. The 

resulting NPs were analyzed in terms of size and polydispersity index by dynamic light 

scattering (DLS) using Malvern Zetasizer Nano‑S90. The measurements were performed 

at 25 °C. 

 

The GC-MS analysis was performed using Agilent GC-MS 8890-5790B equipped with HP-

5MS column (length 30 m, flow 1.2 mL/min) to obtain concentration of encapsulated and 

released capsaicin from capsaicin-PLGA NPs. The temperature program consisted of 1 

min hold at 160 °C, ramp to 300 °C with a rate of  20 °C/min, followed by 1 min hold at 300 

°C. The MS source was set at 280 °C and quadrupole at 150 °C. The ion of m/z = 305 was 

used to identify capsaicin. 

 

The hydrogels were prepared under UV irradiation (365 nm, 36 W). The rheological 

measurements of hydrogels were performed using Anton Paar Modular Compact 

Rheometer MCR 92 equipped with a Peltier plate for temperature control. All 

measurements were done at 37 °C using a parallel plate (d = 50 mm) at a measuring gap 

of 0.2 mm with a frequency of 1 Hz. Raman spectroscopy was performed using Horiba 

iHR-320 spectrometer. 

 

FTIR spectra of the polymers was obtained with PerkinElmer Frontier FTIR, operated in 

ATR mode at 25 C. The 1H NMR analysis was performed using Bruker AscendTM 400  

series operating at 400 MHz. The samples were analyzed in CDCl3. The chemical shifts 

are listed in ppm relative to solvent residual peak at 7.29 ppm. 
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2.3. Preparation and characterization of PLGA NPs and capsaicin-PLGA NPs 

 

Empty PLGA NPs and capsaicin-loaded PLGA NPs were prepared using the oil/water 

solvent evaporation method (as in Chapter 3). 17,18 Briefly, 100 mg of PLGA was dissolved 

in 3 mL of DCM. For capsaicin-loaded PLGA-NPs 10 mg of capsaicin was added into the 

dissolved PLGA. The DCM solution was then added dropwise to 18 mL of 0.5% (w/v) CTAB 

solution. The resulting emulsion was then homogenized using a homogenizer at 11000 

rpm for 15 minutes while cooled in an ice bath. The homogenized solution was 

transferred into a beaker secured with perforated parafilm to ensure DCM evaporation. 

The solution was left overnight under constant stirring. The obtained solution was then 

centrifuged for 20 minutes at 5 °C at 8000 x g. The isolated PLGA NPs were resuspended 

in water, lyophilized and kept frozen until use. 

 

The size and polydispersity index of PLGA NPs were determined by DLS. The 

measurements were performed at 25 °C. The results are reported as an average (n = 3) ± 

SD. The loading capacity (LC) and encapsulation efficiency (EE) of capsaicin-PLGA NPs 

was calculated from data obtained by GC-MS using the following formulas: 

 

𝐿𝐶 =  
𝐶𝐴𝑃𝐺𝐶−𝑀𝑆

𝑚𝑃𝐿𝐺𝐴 + 𝑚𝐶𝐴𝑃
×  100 [%] (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

 

𝐸𝐸 =  
𝐶𝐴𝑃𝐺𝐶−𝑀𝑆

𝑚𝐶𝐴𝑃
 ×  100 [%] (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

 

CAPGC-MS – amount of capsaicin in the PLGA NPs as determined by GC-MS 

mPLGA – amount of PLGA used for PLGA NPs preparation 

mCAP – amount of capsaicin used for nanoparticle preparation 

 

2.4. Preparation of P188 derivatives 

2.4.1. General procedure for mesylation of P188-OH 
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P188-OH was dried by azeotropic distillation from toluene (2 mL/g of P188-OH) under 

vacuum. Neat P188-OH was then redissolved in DCM (10 mL/g of P188-OH) and mesyl 

chloride (2.5 molar equiv.) was added to the solution, followed by a dropwise addition of 

TEA (3.0 molar equiv.). The resulting reaction mixture was stirred overnight at 25 °C. The 

reaction mixture was then washed with H3PO4. (0.1 M, 3 mL/g of P188-OH) and DCM was 

removed under vacuum and the resulting product was dried under vacuum to give P188 

dimesylate (P188-Ms) in 98 % gravimetrical yield. 

 

2.4.2. General procedure for acrylation of P188-OH 

 

P188-OH was dried by azeotropic distillation from  toluene (2 mL/g of P188-OH) under 

vacuum. Neat P188-OH was then redissolved in DCM (10 mL/g of P188-OH) and acryloyl 

chloride (2.5 molar equiv.) was added to the solution, followed by a dropwise addition of 

TEA (3.0 molar equiv.). The resulting reaction mixture was stirred overnight at 25 °C. The 

reaction mixture was then washed with H3PO4 (0.1 M, 3 mL/g of P188-OH) and DCM was 

removed under vacuum and the resulting product was dried under vacuum to give P188 

diacrylate (P188-DA) in 89 % gravimetrical yield. 

 

2.4.3. General procedure for amination of P188-Ms 

 

P188-Ms was dissolved in NH3(aq) (25 mL/g of P188-Ms) The resulting reaction mixture was 

stirred over two days at 25 °C. The reaction mixture was then extracted twice with DCM 

(10 mL/g of P188-OH). DCM was removed under vacuum and the resulting product was 

dried under vacuum to give P188 diamine (P188-NH2) in 90 % gravimetrical yield. 

 

2.4.4. General procedure for thiolation of P188-Ms 

 

P188-Ms was dissolved in distilled water (75 mL/g of P188-OH) and methanol (25 mL/g of 

P188-Ms). 

Na2S2O3 (2.2 molar equiv.) was added to the solution. The resulting reaction mixture was 

stirred over two days at 60 °C. pH was then adjusted to pH = 9-10 with 1M NaOH, followed 

by the addition of DTT (2.5 molar equiv.). The reaction mixture was then extracted twice 
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with DCM (20 mL/g of P188-OH). DCM was removed under vacuum and the resulting 

product was dried under vacuum to give P188 dithiol (P188-SH) in 83 % gravimetrical 

yield. 

 
1H NMR (400 MHz, CDCl3): P188-OH δ = 3.70-3.90 (br m, protons in repeating units of PEG 

(CH2); protons in repeating units of PPG (CH)); 1.16 (br m, protons in the repeating 

methylene group of PPG CH3). P188-DA δ = 6.42 (d, 2H, J = 17 Hz, -CH trans of the acrylate 

group), 6.13 (dd, 2H, J = 10 Hz and 27 Hz, -CH geminal protons of the acrylate group), 5.83 

(d, 2H, J = 12 Hz, -CH cis protons of the acrylate group); 3.70-3.90 (br m, protons in 

repeating units of PEG (CH2); protons in repeating units of PPG (CH)); 1.16 (br m, protons 

in the repeating methylene group of PPG CH3). P188-SH δ = 3.70-3.90 (br m, protons in 

repeating units of PEG (CH2); protons in repeating units of PPG (CH)); 2.69 (br s, 

methylene protons CH2-SH), 1.57 (t, J = 8 Hz, 2H, thiol protons SH); 1.16 (br m, protons in 

the repeating methylene group of PPG CH3). P188-NH2 δ = 3.70-3.90 (br m, protons in 

repeating units of PEG (CH2); protons in repeating units of PPG (CH)); 2.90 (br s, 4H, 

methylene protons CH2-NH2), 1.71 (br s, 4H, amine protons NH2); 1.16 (br m, protons in 

the repeating methylene group of PPG CH3). 

 

2.5. Preparation of P188 hydrogels 

 

The obtained P188-DA was directly subjected to UV-crosslinking to generate a hydrogel. 

P188-SH and P188-NH2 were both combined with excess of P188-DA (3 molar equiv. to 

P188-SH and 5 molar equiv. to P188-NH2) to perform Michael addition and then 

subjected to UV-crosslinking. The polymers were dissolved in PBS buffer to yield 20% 

(w/v) solutions. The reactions were allowed to run for 48 h at 37 °C. The products of the 

Michael addition between P188-DA and P188-SH or P188-NH2 was P188-DA-SH and 

P188-DA-NH2, respectively. The samples were lyophilized and used for UV-crosslinking. 

To confirm successful formation of Michael addition products, FTIR and NMR analyses 

were performed. 

 
1H NMR (400 MHz, CDCl3): P188-DA-SH δ = 6.47 (d, 2H, J = 15 Hz, -CH trans of the 

acrylate group), 6.18 (dd, 2H, J = 10 Hz and 27 Hz, -CH geminal protons of the acrylate 
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group), 5.85 (d, 2H, J = 12 Hz, -CH cis protons of the acrylate group); 3.70-3.90 (br m, 

protons in repeating units of PEG (CH2); protons in repeating units of PPG (CH)); 2.69 (br 

s, methylene protons CH2-SH), 1.57 (t, J = 8 Hz, 2H, thiol protons SH); 1.09 (br m, protons 

in the repeating methylene group of PPG CH3). P188-DA-NH2 δ = 6.44 (d, 2H, J = 15 Hz, -

CH trans of the acrylate group), 6.18 (dd, 2H, J = 10 Hz and 27 Hz, -CH geminal protons 

of the acrylate group), 5.85 (d, 2H, J = 12 Hz, -CH cis protons of the acrylate group); 3.70-

3.90 (br m, protons in repeating units of PEG (CH2); protons in repeating units of PPG 

(CH)); 3.11 (br s, 4H, methylene protons CH2-NH2), 1.84 (br s, 4H, amine protons NH2); 

1.16 (br m, protons in the repeating methylene group of PPG CH3). 

 

P188 hydrogels were prepared by dissolving the lyophilized powders of P188-DA, P188-

DA-SH, and P188-DA-NH2 in either PBS buffer or distilled water overnight at 5 °C to render 

20% (w/v) solution. A photoinitiator solution (2.5% (w/v) in distilled water) was added to 

a final concentration of 0.5% (v/v) in the polymer solution. The hydrogels solutions with a 

photoinitiator were transferred to polystyrene molds and irradiated with a UV light until 

fully cured samples were obtained, giving HG-DA, HG-DA-SH, and HG-DA-NH2. 

 

2.6. Characterization of P188 hydrogels 

 

The lyophilized UV-crosslinked hydrogels were collected for further characterization. The 

dried crosslinked hydrogels were studied by Raman spectroscopy. Raman: max = 1719, 

1634, 1477, 1282, 1141, 848, 536, 365 cm-1 

 

The in vitro swellability of the hydrogels was also determined. Briefly, 1 mL of hydrogels 

were crosslinked in 5 mL scintillation vials. The samples were dried in the incubator 

maintained at 37 °C for 72 h prior to testing. The starting weight of dried hydrogels was 

noted. Later, samples were submerged in 2 mL prewarmed PBS buffer. At defined time 

points, the PBS buffer was decanted, the surface of the samples was dried, and the 

weight was noted. The swelling was calculated using the following formula:  

 

𝑄 =  
𝑚𝑤(𝑡) − 𝑚0

𝑚0
 ×  100 [%] (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 
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Where, Q is the swelling degree, mw(t) is the weight of the hydrogel at a given time point, 

and m0 is the weight of a dried hydrogel at t = 0. The values are reported as an average (n 

= 3) ± SD. 

 

2.7. Rheological evaluation 

 

The UV-crosslinked hydrogels were evaluated rheologically. The amplitude sweep was 

used to determine storage moduli (G’) and loss moduli (G’’). The time sweep oscillatory 

tests (viscosity curve, creep test) were used to evaluate the crosslinking of the hydrogel 

and resistance to deformation. The maximum phase angle values (tanδmax) were 

calculated as the ratio between the maximum measured value of G’’ and G’ for each 

hydrogel. 

 

2.8. In vitro release of capsaicin from capsaicin-PLGA NPs 

 

The in vitro release of capsaicin from capsaicin-PLGA NPs was measured by direct 

suspension of capsaicin-PLGA NPs in PBS buffer. A water suspension (1 mL) of capsaicin-

PLGA NPs was added into 100 mL of PBS buffer/Tween 80 with addition of 0.3% (w/v) 

Tween 80 to ensure sink conditions, i.e., enough excess of medium to ensure 

solubilization of capsaicin.19 Aliquots of 500 μL were collected at defined time points and 

replaced with fresh portion of PBS buffer/Tween 80 solution. The collected samples were 

centrifuged for 10 minutes at 5 °C at 10000 rpm. The separated supernatant (100 μL) was 

diluted in acetone and analyzed using GC-MS to obtain concentration of released 

capsaicin. 

 

2.9. In vitro release of capsaicin-PLGA NPs from hydrogels 

 

Lyophilised samples of P188-DA, P188-DA-SH, and P188-DA-NH2 were used to prepare 

20 % (w/v) hydrogel solutions in 100 µL distilled water. The solutions were stirred and 

refigerated for 2 hours to ensure maximum dissolutions through cold method. Then, 1 mg 

capsaicin-PLGA NPs and 1% aqueous Irgacure solution were added to the gels before UV-
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crossllinking (365 nm). On top of the hydrogels, 2 ml PBS (7.4 pH) was added and the 

samples were stored at 37˚ C until the end of the analysis. At different time points, 1 ml 

PBS was collected and same amount of fresh PBS was added back. The collected PBS 

was analysed with DLS to quantify capsaicin-PLGA NPs release from the hydrogels. 

 

2.10. In vitro permeation analysis 

 

Franz diffusion cells (9 mm jacketed, PermeGear, Inc., USA) were used for the in vitro 

permeation study of capsaicin-PLGA NPs from the P188-DA, P188-SH, and P188-NH2 

hydrogels. The capsaicin-PLGA NPs were loaded in the hydrogels as described in section 

2.9. The Franz cells were set up in a circulating water bath at 37˚ C, and the receptor 

chamber was filled with 5 ml PBS (7.4 pH). The non-synthetic Strat-M Membrane 

(Transdermal Diffusion Test Model, 25mm, Merck Millipore, Italy) was used for 

transdermal diffusion. The donor chamber was clamped onto the membrane was filled 

with 100 µL of capsaicin-PLGA NPs loaded P188-DA/SH/NH2 hydrogels. Every 15 

minutes, the sampling port was used to withdraw 1 ml of the sample and same amount 

of fresh PBS was added back to the receptor chamber. The amount of capsaicin-PLGA 

NPs penetrating through the membrane was quantified by DLS. 

The nanoparticle diffusion kinetics are presented as cumulative amount permeated (Q) 

per area (mg/cm2) versus time (hour).20,21 

 

𝑄 =
𝑉(𝐶1 + 𝐶2+ . . 𝐶𝑖)

𝐴
 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) 

 

 

C1, C2 and Ci represent the nanoparticle concentration at 1, 2 and last time points 

respectively. V and A are the volume (mL) and area (cm2) of the Franz diffusion cell. 

Steady state flux (J; mg/cm2h) is the rate at which the substance diffuses through a 

surface area with respect to time. It was calculated as: 

 

𝐽 = 𝑑𝑄/𝑑𝑡 𝐴⁄  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5) 
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The permeability coefficient (K; cm/h) was measured with the following equation:  

𝐾 =
𝑆𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 𝑓𝑙𝑢𝑥

𝐷𝑜𝑛𝑜𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) 

 

3. Results 

 

3.1. Preparation of P188 derivatives 

 

In order to obtain UV-crosslinkable hydrogels, P188 had to be derivatized into light-

sensitive moieties. This was achieved in two steps. Firstly, the starting material 1 was 

derivatized into acrylate 3, thiol 4, and amine 5 derivatives (Scheme 1A). In the next step, 

Michael addition was performed (Scheme 1B) combining acrylate derivative with 

diamine or dithiol, generating new types of acrylated polymers 6 and 7.  
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Scheme 1. A) P188-OH derivatization into acrylate-, thiol-, and amine-terminated P188; 

B) Michael addition between acrylate-, thiol-, and amine-terminated P188. 

 

The successful derivatization was confirmed via FTIR (Figure 2A-C) and NMR (Figure 3). 

The FTIR spectra showed a typical fingerprint region of P188 between 800 and 1400 cm-

1.22,23 The strongest peak at 1079 cm-1 correspond to symmetric stretching vibration of C-

O-C.22 Additionally, peaks at 941 cm-1 and 839 cm-1 are characteristic for CH2-C-O rocking 

and stretching, respectively.22 Outside of the fingerprint region, a broader peak at 2880 

cm-1 was identified in all samples, corresponding to symmetric stretching of CH2.22,23 
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Figure 2. A) FTIR spectra of the prepared derivatives; B) Close-up of the spectra in the 

region of C-S bond stretching; C) and C-N bond stretching; D) NMR spectra of prepared 

P188 derivatives. 
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Figure 3.1H-NMR spectra of prepared P188 derivatives. 

For the derivatized samples, specific signals for the introduced chemical groups were 

identified by means of FTIR. For P188-NH2 5, two new wide peaks were identified (1602 

and 3425 cm-1), corresponding to stretching and bending of the amine group.24 The 

presence of the thiol group was not clear in FTIR. However, it was later confirmed by 1H 

NMR with the identified signal at 2.69 ppm, corresponding to signals from protons in CH2-

SH. The free acrylate groups in P188-DA 3 were identified by two peaks at 1676 and 1158 

cm-1 in the FTIR spectrum, corresponding to stretching of C=C and O-C-O=C.25 

 

No strong evidence of C-N and C-S bond formation was found after Michael addition. A 

small peak at 750 cm-1 suggests the possible stretching of C-S (Figure 2B).24 The peak for 

C-N stretching was not found in the expected region between 1100-1300 cm-1 (Figure 

2C),26,27 possibly due to overlap with the fingerprint region of P188. However, the 

characteristic amine peaks have been significantly reduced in P188-DA-NH2. 

Furthermore, the presence of peaks characteristic for acrylate groups appeared in both 
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spectra of P188-DA-SH 6 and P188-DA-NH2 7. This suggested successful formation of the 

acrylate-functionalized Michael addition products, namely P188-DA-SH 6, and P188-DA-

NH2 7. 

 
1H NMR spectra again confirmed the successful derivatization with signals originating 

from the introduced groups. Typical signals for the P188 backbone were detected 

between 3.70-3.90 ppm corresponding to signals from CH2 and CH protons in both PEG 

and PPG (Figure 3, signal a),28 as well as signals from CH3 protons of PPG (Figure 3, signal 

b) at 1.16 ppm.29 Typical shifts between 5.83 and 6.47 ppm (Figure 2D signal c and d) 

confirmed acrylate presence.28 The free thiol groups were confirmed by the shift at 1.57 

(Figure 3, signal e) and 2.69 (Figure 3, signal f) ppm.30 Finally, amine groups with signals 

at 1.71 (Figure 3, signal g) and 2.90 ppm (Figure 3, signal h).30 

 

Similarly to FTIR results, for the product derived from the Michael addition significant 

reduction of signals characteristic for amine and thiol groups was observed with 

simultaneous appearance of shifts typical for acrylate groups. For the P188-DA-NH2, the 

signals of amine groups (Figure 3, signal g and h) were reduced, however instead a 

widening of the peak appeared at 1.84 ppm, suggesting the presence of unreacted amine. 

For the P188-DA-SH, both signals (Figure 3, signal e and f) were diminished suggesting 

some product formation. On the other hand, weakened signals might be caused by the 

excess of diacrylate, leading to diminishing of the amine- and thiol-specific signals. Thus, 

further studies are required to surely confirm and quantitate product Michael addition 

products formation. 

 

Reported yields of thiol-Michael and aza-Michael addition differ depending on reaction 

conditions, and vary from. Usually, thiol-Michael provides higher conversion under 

physiological conditions, nearly 100%, compared with 10-60% of aza-Michael.31,32 Same 

can be observed here, where complete dissapearence of both signals characteristic 

signals (Figure 3, signal e and f) in NMR suggests some conversion in thiol-Michael 

addition, where signals for amine groups are only partially reduced in FTIR and NMR. In 

both instances, unreacted derivatives will be present in the obtained reaction mixture, 

which is later combined with a photoinitiator and subjected to UV irradiation. Hence, it is 
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expected that the linear chains of P188-SH and P188-NH2 will be entangled between the 

acrylate-crosslinked network of P188-DA, impacting the properties of the hydrogel 

matrix. 

 

 

3.2. Preparation and characterization of P188 hydrogels 

 

The three P188 derivatives, namely P188 diacrylate 3 and two Michael addition products 

6,7, due to differences in molecular size and shape can generate different polymeric 

architectures once subjected to UV-crosslinking. Additionally, the incomplete 

conversion in Michael addition can lead to interupting the crosslinked P188-DA network 

in presence of linear P188-NH2 and P188-SH. The UV-crosslinked hydrogels were 

prepared using a modified protocol by Parlato et al.28 and Grubel et al.33 Each of three 

acrylated polymers 3, 6, 7 was dissolved and combined with a photoinitiator. At this 

stage, PLGA NPs can be incorporated into the solution. In the final step, the solution is 

irradiated with UV, resulting in formation of solid-like chemical hydrogels, namely HG-DA, 

HG-DA-SH, and HG-DA-NH2 (Figure 4). 

 

Figure 4. Schematic representation of hydrogel preparation loaded with capsaicin-

PLGA NPs. 

Raman spectroscopy (Figure 5A) allowed confirmation of successful UV-crosslinking. 

The Raman spectrum of uncured P188-DA was compared with spectra of lyophilized 

hydrogels. For all three hydrogels, typical bands at 1600-1700 cm-1 for C=C stretching 

disappeared, indicating successful crosslinking.25 The fingerprint spectra between 800-
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1500 cm-1 of the Poloxamer chain itself was mostly retained.34 However, some differences 

can be observed between hydrogels in the intensities of the characteristic peaks for 

P188. For instance, the peaks at 848 cm-1 and 1477 cm-1, corresponding to rocking and 

scissoring of CH2,34 differed in intensity for all three hydrogels. Additionally, the maximum 

of these peaks in hydrogel samples were shifted towards lower Raman shift values 

compared to uncured P188-DA (see: vertical grey lines in Figure 5A). The more retained 

fingerprint region in HG-DA-SH and HG-DA-NH2 might suggest lower degree of 

crosslinking, and thus higher mobility of the polymer architecture and higher exposition 

of the Poloxamer chain, leading to higher intensities. 

 

The swellability studies were based on a protocol developed by Choi et al.25 The adapted 

protocol implemented immersing dried hydrogels in a PBS buffer and periodically 

replacing the PBS buffer, followed by drying the hydrogel surface and weighing the 

hydrogel. The swelling ratio was calculated as the ratio between the weight of a swollen 

hydrogel at a given time point and the weight of the dried hydrogel at t = 0. The prepared 

hydrogels (Figure 4B) showed swelling of up to 15%. The fastest plateau was observed for 

HG-DA, reaching a stable swelling of around 6% after 2 days. The hydrogels based on 

Michael addition products, namely HG-DA-NH2 and HG-DA-SH, reached a plateau much 

later, between 10-14 days, with a maximum swelling of around 11 and 16%, 

correspondingly. Higher swelling values are consistent with lower degree of crosslinking, 

as shown by Raman spectroscopy. No decrease in weight was noted, suggesting that 

limited erosion occurred in the 2-week period. 
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Figure 5. A) Raman spectra of UV-crosslinked hydrogels compared with P188-DA before 

UV exposure (grey lines mark maximum Raman intensity of the main peaks at 848 and 

1477 cm-1 of uncured P188-DA ; B) In vitro swelling ratio of prepared hydrogels. 

Conducting the rheological studies allowed to investigate the relationship between 

structure and mechanical properties of hydrogels. The strain sweeps (Figure 6A) are 

based on measuring storage (G’) and loss moduli (G’’) against increasing strain.11 In all 

three hydrogels, a linear plateau of G’ and no cross-over points between G’ and G’’ were 

observed, confirming their solid-like structure.11,14,35 HG-DA-SH exhibited shorter 

plateau, i.e. 0.3% applied strain, compared with HG-DA and HG-DA-NH2 which 

maintained the plateau up to 1% applied strain. Beyond the linear plateau, changes in 

the hydrogel structure tend to occur, namely development of microcracks and beginning 

of brittle fracture.36 This early loss of linearity in HG-DA-SH pointed to lower stiffness.35 

While HG-DA and HG-DA-NH2 remained solid without major structural changes. The 

phase angle values reflected the same behavior. The maximum values of tanδ for HG-DA 

(tanδmax = 0.38) and HG-DA-NH2 (tanδmax = 0.37) were comparable and lower than for HG-

DA-SH (tanδmax = 0.53). The lower values for these hydrogels were caused by a higher 

number of intermolecular crosslinks in the polymeric network.24 

 

Creep recovery tests (Figure 6B) were used to investigate the susceptibility of the material 

towards deformation.11 Each test consisted of 300 s of applying constant load, followed 

by 100 s recovery. Similar trends were observed in stiffness of the hydrogels as in strain 

sweeps. HG-DA-SH showed the highest deformation in the loading step. This indicates 

the lowest stiffness out of all three hydrogels.11 HG-DA and HG-DA-NH2 exhibited 

significantly reduced deformation compared with HG-DA-SH, meaning these were more 
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resistant to applied stress. HG-DA-NH2 compared with HG-DA showed lower stress 

strain, indicating higher resistance to deformation and stiffness.36 

 

The flow curves (Figure 6C) further confirmed the viscoelastic character of the hydrogels 

based on decrease in viscosity with increasing shear rate.11 The HG-DA-SH showed much 

lower initial viscosity compared to HG-DA and HG-DA-NH2 further confirming softer gel 

formation and lower crosslinking degree.36 

 

The rheological analysis provides useful information about potential mechanical 

performance when being applied on the skin surface. From the application standpoint, 

the strain sweeps of all three hydrogels with apparent plateau region of G’ indicate that 

the patches will remain intact under low stress. The HG-DA-SH might be more flexible 

and pliable; however it might not be able to withstand high stress. In general, HG-DA and 

HG-DA-NH2 showed very similar rheological and swelling properties. The chemical 

characterization revelead poor conversion into aza-Michael addition product. 

Consequently, a high excess of free diacrylates groups (5 molar. equiv of P188-DA used 

in respect to P188-NH2) were available for UV-crosslinking, leading to a formation of a 

hydrogel very similar to HG-DA in terms of rheology and swelling. Based on FTIR and 

NMR, some thiol-Michael addition product was formed, leading to longer polymeric 

monomers subjected to UV-crosslinking in P188-DA-SH hydrogel, thus causing weaker 

hydrogels formation. Additionally, potential S-S bond formation under irradiation might 

have intensified softer gel formation in P188-DA-SH hydrogel.  
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Figure 6. Rheological evaluation of hydrogels: A) strain sweep; B) creep test; and C) flow 

test. 

 

3.3. Characterization and in vitro release of capsaicin from capsaicin PLGA NPs 

 

Nanoparticles (NPs) (with and without capsaicin) were prepared using the oil/water 

solvent evaporation method from an adapted protocol by Cosco et al.17 and Pradhan et 

al.18 The particle size for NP without capsaicin (empty PLGA-NPs) was 179 nm and the 

NPs encapsulating capsaicin led only to a slight increase in size up to 195 nm  (Table 1). 

The PDI was 0.0933 and 0.077 for empty and loaded PLGA NPs, respectively, thus both 

types of NPs approach monodispersity. 
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Table 1. Size and PDI of prepared PLGA NPs. 

NP Type Size (nm) PDI (-) 

Empty PLGA-NPs 
178.90 ± 

1.10 

0.0933 ± 

0.0047 

Capsaicin-PLGA-

NPs 

194.50 ± 

0.65 
0.077 ± 0.033 

 

Capsaicin-loaded PLGA NPs were characterized with encapsulation efficiency (EE) of 

99.7% and loading capacity (LC) of 22.2%. The high EE is possibly due to the high 

hydrophobicity of capsaicin making it easy to be encapsulated within the hydrophobic 

PLGA NP core.12 The protocol for determining the in vitro release of capsaicin was 

adapted from Peng et al.,16 which involved directly suspending a portion of capsaicin-

PLGA NPs in a 100x excess of PBS buffer with 0.3% of Tween 80 and incubating at 37 C. 

 

The Higuchi release kinetics were applied using the following equation: 

 

𝐹 = 𝑘√𝑡 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7) 

 where, F is the fraction of drug released at time t; and k is the kinetic rate constant. 

 

The samples of PBS/Tween 80 were periodically analyzed by GC-MS, revealing that the 

release of capsaicin from the NPs showed initial burst release of of ~30% in the first 3 h, 

which was subsequently followed by ~100% capsaicin release after 35 days (Figure 7). 

The initial drug release is attributed to the drug adsorbed close to or on the external 

surface of PLGA nanoparticles, which leads to the burst release phenomenon. In fact, 

16% of the drug is observed to be immediately released in the first hour. This 

uncontrollable release behaviour continues for four more time points (until 3 hours), after 

which the rate of release is slowed down. The Higuchi model of kinetics was applied using 

Equation 7 to obtain the regression value (R2) of 0.98 and rate constant (k) of 2.18. Higuchi 

model of release kinetics can be interpreted as capsaicin showing a diffusion release 

type. This is in line with literature where diffusion release behaviour of encapsulated 

capsaicin has been observed before. 
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Figure 7. In vitro release of capsaicin from capsaicin-PLGA NPs analysed with GC-MS. A 

burst release of capsaicin was observed in the first 3 hours, leading to a sustained 100% 

release until 35 days. Data is presented as mean ± SD (n=3). 

 

3.4. In vitro release of capsaicin-PLGA NPs from hydrogels 

 

The release profile of capsaicin-PLGA NPs from HG-DA, HG-DA-SH, and HG-DA-NH2 

hydrogels is shown in Figure 8. All three hydrogels show a linear zero-order monophasic 

release profile. The NH2 hydrogels depicted the quickest release with 97% release in 1 

hour. Longer than NH2, was the release profile of DA with 95% release in 2 hours. The 

P188-SH hydrogels have the longest release time with 94% release in 3 hours. 

 

The linear release profiles of the gels display a constant release of capsaicin-PLGA over 

an extended period of time. Considering that our system is designed to be used a 

transdermal hydrogel patch, the linear release profiles of hydrogels are beneficial for a 

steady delivery of therapeutic nanoparticles. The absence of burst release avoids the 

sudden increase in drug concentration in the skin, and the 2-3 hour long release is in line 

with bypassing the need for frequent administrations. 
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Figure 8. In vitro release of capsaicin-PLGA NPs from HG-DA, HG-DA-SH, and HG-DA-

NH2 hydrogels. 

 

3.5. In vitro permeation analysis 

 

The permeability of capsaicin-PLGA nanoparticles through Strat-M Membrane was 

studied with Franz diffusion cell technique. The cumulative nanoparticle concentration 

permeated is represented in Figure 5. The steady state flux (J) and permeability 

coefficient (K) of nanoparticle permeation from P188 DA/SH/NH2 is shown in Table 2. The 

permeation graph of nanoparticles from P188-DA hydrogels displays an occlusive effect 

with a lag time of 0.33 hours, while 50% of nanoparticles were permeated in less than 1 

hour, the rest of the graph showed a linear permeation past the point of occlusion with 

100% permeation in less than 3 hours (Figure 9a). HG-DA-NH2 also reported 100% 
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permeation in less than 3 hours (lag time 0.29 hours). However, the diffusion in P188-SH 

was accompanied by the longest lag time of 0.73 hours. 

 

Despite the difference in the rate of diffusion, HG-DA and HG-NH2 hydrogels reported 

intra-particle diffusion model.37 The plot for this model is charactersied by different 

stages of diffusion with multiple points of equilibrium which can be seen in Figure 9a and 

9c. Intra-particle diffusion model assumes Fick’s second law, that film diffusion is 

negligible and particle diffusion is the only rate-controlling step. The first linear stage of 

HG-DA reaches upto 0.75 hours and 1.5 hours for HG-DA-NH2 after which an equilibrium 

point is reached. The second stage stretches from 0.75 to 2 hours for HG-DA and 1.5 to 

2.25 hours for HG-DA-NH2, after which the final stage begins until 100% permeation.  

 

Moreover, HG-DA-SH can be seen following the pseudo-first order diffusion model, 

which is characterised by “appearing” to be first order due to a large difference in 

reactant concentration.38 The permeation started slower for HG-DA-SH, than DA and 

NH2, at 0.75 hours, but a steady state is maintained completion. The halfway point of 

permeation (50%) is observed right after the 4-hour mark and complete permeation of 

capsaicin-PLGA nanoparticles was noted after 5.5 hours. HG-DA, HG-DA-SH, and HG-

DA-NH2 hydrogels reported a steady state flux (J) of 0.42, 0.27 and 0.41 respectively. 

 

Table 2: Franz cell permeation analysis of capsaicin-PLGA nanoparticles from HG-DA, 

HG-DA-SH, and HG-DA-NH2 hydrogels. 

 

Sample J (mg/cm2h) Lag Time (h) K (cm/h) x 10-2 

HG-DA-SH 0.27 0.73 26.54 

HG-DA 0.42 0.33 42.12 

HG-DA-NH2 0.41 0.29 40.87 

 

 



 146 

 

 

Figure 9. Cumulative amount of capsaicin-PLGA nanoparticles permeated through 

Strat-M membranes in Franz cells from HG-DA, HG-DA-SH, and HG-DA-NH2 hydrogels. 

 

4. Discussion 

 

Commercial formulations for pain relief usually directly introduce capsaicin into the 

main excipient.39 For instance, the commercial Qutenza patch, introduces capsaicin into 

the silicone adhesive layer.40 Similarly, gels and creams contain directly incorporated 

capsaicin.41,42 Consequently, capsaicin is rapidly released to the skin surface. With high 

doses of capsaicin, local anesthetic must be applied before application due to painful 

itching and burning sensation of the skin.2,7 These side effects can be potentially 

overcome by employing polymeric NPs to encapsulate the analgesic.13,43 

 

It has been shown that PLGA NPs can be used as a slow-release system for capsaicin13 

and other pain relief drugs, like opioids44 and bupivacaine.45 However, it is difficult to 

precisely apply and control the residence time of NPs suspension. When applied 
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transdermally, the mixture would tend to spread uncontrollably and leave the 

administration site.12 Thus, nanoparticles should be embedded into a stable matrix. 

 

A good candidate for controlled delivery of nanoparticles is a biocompatible hydrogel. 

Poloxamers, as an FDA-approved material,46 are widely used in pharmaceutical 

formulations. These polymers can readily form a reversible physical hydrogel at 

physiological temperatures.9 However, physical hydrogels suffer from low strength and 

are not suitable for long time wear on the skin. On the other hand, chemical hydrogels 

are permanently crosslinked to form a stable hydrogel with enhanced mechanical 

properties and stability. For obtaining chemical hydrogels from Poloxamers, 

derivatization can be employed by introducing acrylate10 or maleimide moieties.11 

 

In this work, we synthesized a library of P188 derivatives, which generated chemical 

hydrogels upon UV exposure. The hydrogels possessed varying rheological and swelling 

properties depending on the type of the polymeric network. In combination with 

capsaicin-PLGA NPs, a proof-of-concept composite system was prepared for prolonged 

in vitro release of the analgesic. 

 

The prepared hydrogels can be classified as UV-crosslinked hydrogels, differing by type 

of starting ‘monomers’ subjected to UV irradiation (Figure 10). The HG-DA consisted only 

of one type of linear unit being crosslinked, namely P188-DA. In HG-DA-NH2 and HG-DA-

SH, different polymer chains were present. One component was unreacted linear chains 

of P188-NH2 and P188-SH. Both types of Michael additions generated longer acrylate-

terminated polymer chains. This presence of varying polymer starting polymers for UV-

crosslinking lengths led to diverse final hydrogel architectures, influencing the 

physicochemical properties of the bulk material. 
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Figure 10. Cartoons of structures of starting polymers and Michael addition products. 

P188-DA, P188-DA-NH2, and P188-DA-SH were subjected to UV-crosslinking giving 

hydrogels. 

 

Limited swelling is a desired property for topical application since it guarantees long-

term dimensional stability and good wet-adhesion performance.47 Small differences in 

the swelling behavior between hydrogels could be observed. The highest swelling of HG-

DA-SH could be explained by a higher number of longer polymeric units generated via the 

thiol-Michael addition, which are subjected to crosslinking. Similar relation has been 

shown for thiol-PEG hydrogels,28 where increasing molecular weight of PEG between 

crosslinks increased equilibrium swelling. Despite small variations, the swellability of all 

three hydrogels was very low and these can be considered non-swelling hydrogels.47 

 

The high viscosity of HG-DA and HG-DA-NH2 at low shear rates demonstrates high 

deformation resistance, confirming possible long-time wear at low loading situation on 

skin surface. However, the HG-DA-SH suffered from reduced mechanical properties, 

which is in agreement with the highest swellability. Considering, almost 4-5 times higher 

shear strain in the creep compliance test, it suggests a lower degree of crosslinking and 

increased mesh size, compared with HG-DA and HG-DA-NH2. This potential long-time 

wear is compatible with the gradual release of capsaicin from PLGA NPs of over 35 days. 

 

Capsaicin is a potent molecule, where very small concentrations have shown significant 

pharmacological effect.6 A single dose of 10 μg capsaicin (intraprantal injection, total 
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injection volume 25 μL, dissolved in 10% DMSO) was shown to provide 2 days analgesia 

in healthy mice and up to 30 days in mice with an inflammatory condition, i.e., thermal 

hyperalgesia.48 In the literature, the amount of capsaicin loaded into NPs greatly varies, 

from 4 mg49 up to 60 mg13 per 100 mg polymer. These varying loading amounts, together 

with different preparation methods, result in different EE and cumulative in vitro release. 

Malewicz et al.13 prepared capsaicin-PLGA NPs using 60 mg of capsaicin per 100 mg 

polymer, with EE = 16% and 34% release in the course of 8 h. While Peng et al.16 reported 

mPEG-PCL NPs with 20 mg of capsaicin per 100 mg polymer, resulting in EE = 82% and 

80% release over 60 h. We have prepared PLGA NPs with a moderate amount of 

capsaicin, yet with a higher EE of 99.7% and slower release of around 75% release 

achieved in 2 weeks. Additionally, incorporating the NPs into hydrogels with free 

Poloxamer chains provides some potential flanking and anti-aggregating effects of the 

NPs in the formulation.50 

 

5. Conclusions 

In this study, we have prepared and characterized proof-of-concept hydrogel patches for 

transdermal delivery of capsaicin. Capsaicin is an effective analgesic, yet current 

commercial formulations suffer from unpleasant side effects that may reduce patient 

compliance. Thanks to employing nanoencapsulation of capsaicin, the adverse 

reactions can be minimized. 

To ensure successful transdermal delivery, the drug-loaded NPs need to be embedded in 

a skin-adhesive layer. We achieved this by preparing UV-crosslinkable hydrogels from a 

biocompatible Poloxamer P188. These hydrogels after curing provide a stable platform 

for retention and release of capsaicin-PLGA NPs. The low swelling properties of the 

hydrogel together with a 5-week long in vitro release of capsaicin from PLGA NPs offers a 

new potential treatment for neuropathic pain with single application and long-term pain 

relief effect. 
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Conclusion 

Spinal cord injury (SCI) represents a devastating neurological event that extends far 

beyond the immediate physical trauma. It encompasses a complex interplay of 

secondary conditions, chief among which are chronic pain and inflammation, 

debilitating consequences that profoundly diminish the quality of life for individuals with 

SCI, leading to long-term disability and diminished overall well-being. SCI can have 

catastrophic outcomes on physical movement, bladder function, and various other 

voluntary and involuntary functions 1–3, highlighting the pressing need for innovative 

therapeutic strategies. This thesis has explored such avenues through the targeted 

application of polymeric drug delivery systems (DDSs) encapsulating potent 

hydrophobic drugs and nucleic acids. This concluding chapter will synthesize the key 

findings, delve into their implications, and outline future directions for research in this 

crucial field. 

In Chapter 1, we introduced chronic pain that arises from SCI. This typically manifests in 

two primary forms: neuropathic and nociceptive pain, each characterized by distinct 

underlying mechanisms and clinical presentations4. Neuropathic pain arises from 

damage or dysfunction within the nervous system, affecting both peripheral and central 

pathways. According to Masri et al. 5, this type of pain typically emerges months or even 

years after the initial SCI, and is often localized below the level of injury, though above-

level pain is not uncommon. This increased discomfort caused by chronic pain can 

prevail for approximately 20% of a person’s lifespan. The presence of allodynia and 

hyperalgesia further complicates the experience of neuropathic pain, intensifying 

discomfort and limiting functional abilities. Nociceptive pain, conversely, stems from the 

activation of nociceptors due to tissue damage or inflammation. In the context of SCI, 

nociceptive pain may result from musculoskeletal issues, visceral complications, or 

other secondary conditions that cause tissue injury. As highlighted by Yezierski et al. 6, 

both neuropathic and nociceptive pain can coexist in individuals with SCI, creating a 

complex pain syndrome that necessitates comprehensive management strategies. This 

leads to lower reported quality of life metrics and creates a significant healthcare burden, 

especially when the pain becomes treatment-resistant. The development and 

maintenance of chronic pain following SCI have been attributed to the hyperexcitability 
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of dorsal root ganglion (DRG) neurons. DRG neurons play a crucial role in transmitting 

sensory information from the periphery to the central nervous system, and their 

sensitization can lead to amplified pain signals and chronic pain states. Berta et al. 7 have 

demonstrated that this sensitization is influenced by a multitude of factors, including 

inflammatory cytokines, neuronal plasticity, and alterations in ion channel transmission. 

Macrophages exhibit remarkable plasticity, adapting their function in response to local 

environmental cues such as cytokines and tissue signals. Consequently, they can be 

categorized into inflammatory macrophages (M1-m) and anti-inflammatory 

macrophages (M2-m). At the site of injury, M1-m trigger an inflammatory response by 

releasing inflammatory cytokines. M2 macrophages contribute to tissue repair and the 

resolution of inflammation by releasing anti-inflammatory cytokines and growth factors. 

Inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, can directly sensitize DRG 

neurons, enhancing their excitability and responsiveness to various stimuli 8,9. The 

manipulation of inflammatory cytokines, neuronal and macrophage plasticity, and ion 

channel transmissions through targeted drug delivery systems can be an effective 

method of therapy. Polymeric nanoparticles were introduced as a versatile drug delivery 

platform which can also be modified with target-specific moeties. We also introduced 

polymers, like polylactic-co-glycolic acid (PLGA), and poly(2-(dimethylamino)ethyl 

methacrylate) (pDMAEMA), as an alternative to viruses for genetic delivery. Polymers 

present lower cytotoxicity than their viral counterparts, and also don’t run the risk of 

genetic side effects.  

In Chapter 2 we focus on one endogenous polysaccharide, hyaluronic acid (HA), which 

is specific ligand for the CD44 receptor on macrophages. The use of HA, in literature, for 

targeting pain and inflammation was discussed, with a special attention to nanosystems. 

It was also discussed if manipulating the molecular weight of HA would have different 

effects on inflammation. However, considering different studies concluded differently, 

this theory still needs concrete research10–12. The benefits of employing HA, 

biocompatibility, hydrophilicity, CD44 binding ability, make it a great candidate for an 

anti-inflammatory study. This conclusion was carried on into Chapter 3 where 

inflammatory M1-m were targeted with PLGA nanoparticles that were coated with HA, 

and the organic compound carvacrol was encapsulated inside to form CHP. The 
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nanoparticles were optimised with small size, to effectively trigger endocytosis. 

Characterisation techniques like dynamic light scattering (DLS) and scanning electron 

microscopy (SEM) were used to analyse the size and morphology of the nanoparticles. 

Additionally, the drug release studies of CHP showed an initial burst phase due to drug 

adsorption close to the nanoparticle surface and subsequent slow zero-order release 

which is linked to polymer erosion. Carvacrol has untapped potential in inflammatory 

studies and its effect was seen when the expression of M1-m was sigificantly decreased 

(~80%) in LPS-treated macrophages, whereas the expression of M2-m was increased 

(~300%). As expected, the inclusion of HA also increased the uptake of nanoparticles 

into macrophages as compared to nanoparticles that were not coated with HA. In fact, 

further studies also showed that the effect of CHP was also significant in the production 

of cytokines. Inflammatory cytokines like interleukin-1α/β and TNF-α saw a significant 

decrease in expression when macrophages were treated with CHP, whereas anti-

inflammatory cytokines like interleukin-1ra/4/10 saw a boost in their expressions with 

CHP. These findings also revealed that carvacrol alone could not achieve these results. 

In fact, PLGA-HA nanoparticles without carvacrol also did not show any significant 

results. It should be highlighted that the effects of carvacrol are only enhanced when it is 

encapsulated in nanoparticles which have the enhanced ability to be uptaken by 

macrophages. There is a lot of potential in PLGA nanoparticles and their ability to be 

excellent drug carriers.  

Genetic technology, especially nucleic acids (NA), has also seen a boost in their usage in 

recent years 13–15. Targeting microRNAs (miRs) with antagomirs (Amirs) has proven to be 

an effective method of gene therapy. However, NAs have a high degradability and need to 

be partnered with carriers like, cationic polymers, for successful administrations16–18. In 

Chapter 4 we designed and synthesised polymer-Amir conjugations, also known as 

polyplexes. Polyplexes are designed with cationic polymers which aim to condense the 

anionic NA in their core to form nanosized systems. This condensation avoids rapid 

degradation and clearance of the NA and enhances cellular uptake. We aimed to target 

miR-21, which is heavily expressed in peripheral inflammatory conditions, and miR-155, 

which enhances neuronal degradation in spinal cord injuries (SCI). The polyplexes were 

synthesised with different NP ratios, which refer to the number of nitrogen (N) in the 
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pDMAEMA polymer backbone and phosphorous (P) in the NA. Polyplexes with Amir-21 

(PA21) were synthesised in NP ratios of 10 and 50 (NP10PA21 and NP50PA21, 

respectively) and the in vitro studies were conducted on bone marrow derived 

macrophages (BMDMs). The results showed that the NP10PA21 were successfully able 

to polarise the M1-m to M2-m in an LPS-treated culture, however, NP50PA21 were 

significantly toxic. This cytotoxicity can be attributed to higher amount of cationic 

polymer in the polyplexes. To enhance the axonal regeneration of neurons, PA155 were 

also conjugated with gold nanoparticles (Au nps), to form GP155. A cell culture of 

neurons and glial cells was used to study the uptake of naked Amir-155 and GP155. As 

expected, the encapsulation of Amir-155 in GP155 enhanced the internalizations. A pilot 

in vivo study with 18 animals in three groups – control, scramble, GP155 – was also 

conducted on contusion SCI rat models. for ease of administration, GP155 were loaded 

in a thermosensitive hydrogel of poly(N-isopropylacrylamide) (PNIPAM). The behavioural 

analyses showed difference in the paw movement of the rats at 3 days post injury (dpi) 

and 7 dpi, which GP155 showing enhanced movements. However, this study was still in 

its pilot stages and significant differences between the three groups could not be 

recorded. But it is important to note that GP155 managed to show improved locomotion 

after only 3 days. 

Moving on, the ability of polymers to effectively carry and deliver organic loads was tested 

again in Chapter 5 where we employed PLGA nanoparticles to encapsulate capsaicin 

(PCap). Capsaicin is a potent compound that desensitises ion channels as a method of 

effective antinociception19,20. This ability, if converted into skin patches, would be a 

beneficial therapy for a lot of cases. Therefore, to effectively deliver PCap transdermally, 

we created three diacrylate hydrogel systems – diacrylate (DA), thiolated-diacrylate (DA-

SH), and amine-modified diacrylate (DA-NH2). Successful modifications were verified 

with Raman, FTIR and NMR spectra. The three hydrogel systems were rheologically 

tested for their mechanical stability with creep, strain, flow and amplitude tests. PCap 

were encapsulated in the hydrogel and Franz cells were used to mimic transdermal 

penetration of the nanoparticles. The DA and DA-NH2 gels showed rapid penetration in 2 

hours, whereas DA-SH showed a sustained penetration with 100% in <6 hours. Moreover, 

release of capsaicin from PLGA nanoparticles also showed an initial burst and 
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subsequent sustained delivery which lasted for 5 weeks. This work highlights the 

potential of topical DDSs to deliver pain-relieving agents directly to the site of injury, 

reducing the need for systemic administration and minimizing side effects. 
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Perspectives 

1. Potential for in vivo inflammatory and nociceptive studies 

Deeper insights into the underlying mechanisms of chronic pain and inflammation in SCI 

are crucial for developing more targeted and effective DDSs. This includes elucidating 

the roles of specific immune cells, cytokines, and signaling pathways in the pathogenesis 

of these conditions. Advanced proteomic and genomic analyses can provide a 

comprehensive understanding of the molecular changes that occur following SCI, 

leading to the identification of novel therapeutic targets. Polymeric nanosystems not only 

act as effective drug carriers, but the delayed and sustained drug release ability they 

provide can effectively lower the frequency of drug administrations, without losing the 

drug efficacy. In Chapter 3 we see that efficacy of carvacrol in macrophages is enhanced 

when it is encapsulated in CHP. It is also demonstrated that CHP modulates the amount 

of inflammatory and anti-inflammatory cytokines. Macrophages are an important target 

in inflammatory conditions, and having a nanosystem that properly modulates them 

makes for an interesting study that should be further analysed in in vivo conditions. The 

in vitro studies provide a good picture of how good a DDS can be but it is only in in vivo 

where it is tested for its full potential. While in Chapter 4 we employed a thermosensitive 

hydrogel for the delivery of the polyplexes, using that same administration route for 

delivering CHP in an inflammatory model can provide more insights into the mechanism 

of efficient and sustained delivery of carvacrol. The in vivo studies in antibacterial models 

with carvacrol have been conducted before with promising results, but the inflammatory 

studies are still lacking.  

Regarding in vivo studies with Amirs, a full-fledged study with a bigger samples size would 

be better in painting the picture of the effect of GP155, as seen in Chapter 4. Since, it was 

a novel territory, it was not expected to see results just 3 days after the surgery. However, 

now that we observe a difference in the rate of recovery of the animals between control 

and GP155 groups, another study which stops at day 3 and day 7, would bring more clarity. 

 

2. Integration of Gene Therapy and Immunomodulation 
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Combining gene therapy with immunomodulatory drugs could offer synergistic 

therapeutic effects. For example, delivering antagomirs to silence pro-inflammatory 

genes while simultaneously delivering drugs that promote M2 macrophage polarization 

could create a microenvironment conducive to tissue repair and pain reduction. One 

route for a powerful cocktail of anti-inflammatory drugs would be co-delivering Amir-21 

with carvacrol in a nano-DDS. The co-delivery method of different compounds to 

combine therapy and diagnostics has been employed in multiple studies, and even 

carvacrol has been co-delivered with other organic compound with the same root or 

origin (like thymol). But it is worth analysing if including technology, like gene delivery, 

that is slowly overtaking therapeutic studies, with a tried and tested anti-inflammatory 

compound, like carvacrol, would show enhanced targeting of inflammatory and 

nociceptive pathways. 

While the co-delivery of genetic material with organic compounds has been published 

before, but it is evident that designing the delivery system for this method is a crucial 

step21–23. Considering the different mechanisms of encapsulation of both compounds, 

creativity would have to be incorporated in synthesising a delivery system that 

encapsulated hydrophobic organic compounds and condenses anionic NAs.   

 

Figure 1: Schematic diagram of co‑delivery of drug and gene using a polymeric cationic 

micellar nanoparticle. Adapted with permission24 

3. Long-Term Safety and Efficacy Studies 
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A critical aspect of future research is the rigorous evaluation of the long-term safety and 

efficacy of DDSs in pre-clinical and clinical studies. This involves assessing potential 

toxicities, immune responses, and off-target effects. Despite the biocompatibility of 

polymers used in this research, another study related to the biodegradability of PLGA (as 

in Chapters 3 and 5), pDMAEMA and PNIPAM (Chapter 4) should be conducted. 

Biodegradability and effective clearance from the body are also features of a successful 

DDS. Panagi et al. studied the pharmacokinetics and the circulatory half-life of PLGA in 

the blood 25 and its modified version with polyethylene glycol. However, it is to be studied 

whether coating HA on the surface of these nanoparticles makes any difference to its 

clearance. HA is an endogenous compound and can be easily degraded with 

hyaluronidases. 

Verbaan et al. and Fang et al. have reported the pharmacokinetics and rapid clearance of 

pDMAEMA after intravenous administration through the endothelial cells 26,27. They have 

also reported that polymers can be easily filtered renally when their molecular weights 

(MWs) are lower than the renal thresholds (50 kDa). Despite using PLGA and pDMAEMA 

which have lower MWs than the renal thresholds, a study which observes the 

biodistribution of these DDSs should be conducted for verifying their renal clearance. 
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Figure 2: Tissue distribution graphically represented as a measure of percentage of 

particles detected of the total particles. The data represent three repeats of n = 6; error 

bars indicate SEM. (A) 24 hours; (B) 3 days; (C) 7 days. PSB, polystyrene beads; R-NP, 

rhodamine nanoparticles; C-NP, coumarin nanoparticles. Adapted with permission28 

 

Conclusion 

The research presented in this thesis underscores the cathartic potential of polymeric 

drug delivery systems in overcoming the limitations of conventional anti-inflammatory 

and antinociceptive therapies. Through employing the characteristics of biocompatible 

compounds in the form of nanoparticles, polyplexes and hydrogels, the work authorises 
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foundations in targeted, controlled, and effective pain management. The work not only 

overcomes the current limitations in pain management but also presents advanced 

therapeutic endeavours involving organic compounds and genetic material.  
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