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ABSTRACT OF DESERTATION 

 

Synthesis and Study of Inflammation Responsive Polymeric Particles 

 

by 

 

Sangeun Lee 

 

Doctor of Philosophy in Nanoengineering 

 

University of California, San Diego, 2018 

 

Professor Adah Almutairi, Chair 

 

Recently, attention in chronic inflammation has been increasing since it is closely 

related to various diseases, such as rheumatoid arthritis, Huntington’s, Parkinson’s, 

Alzheimer’s diseases, and even in cancers. Inflammation is an immune response against 

pathogens, damaged cells or irritants. In the process, immune cells activate overproduction 

of reactive oxygen species (ROS) and decrease pH of the inflammatory area. 
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Therefore, these two biomarkers are available as stimuli for controlled release of drug 

delivery system (DDS). DDS is intended to encapsulate conventional medicines into vehicles 

and safely transport the therapeutic agents only to disease area, minimizing adverse effects 

on normal tissue and maximizing the effect on the target. The ultimate goal of the DDS is to 

find optimized materials as a delivery vehicle. Polymers are proposed as suitable biomedical 

materials for several reasons. Firstly, both of hydrophobic conventional drugs and 

hydrophilic enzymes and proteins can be encapsulated according to polymer nature. Secondly, 

a wide range of chemical modification is applicable. The easy modification makes efficient 

delivery possible by controlling the release of cargo by disease-specific stimuli. Based on 

these advantages, inflammation-responsive polymeric carriers are introduced in here. In 

chapter 1, ROS-responsive polymeric degradation via chemical amplification is 

demonstrated. This polymer degraded 12 times faster compared with its control polymer by 

employing chemical amplification strategy. In chapter 2, anti-inflammatory drug conjugated 

polymer is introduced. To maximize drug delivery efficiency, an anti-inflammatory drug was 

conjugated onto dextran using a ROS-responsive linker. This polymeric material not only 

releases anti-inflammatory drug in inflammatory cells, but also increased drug efficacy by 

reducing ROS level in inflammation. In chapter 3, bioresponsive prophylaxis polymeric 

materials for acute inflammation is demonstrated both in vitro and in vivo.   



 

1 

INTRODUCTION 

Boronic Acid Installed Stimuli-Responsive Polymeric Materials for Targeted Drug Delivery 

 

 

 

0.1. Abstract 

Interest in drug delivery, which delivers traditional drug efficiently and increase its 

efficacy, have been increased from several decades ago. To increase the delivery efficiency 

of vehicles avoiding accumulations in undesirable locations, targeted drug delivery proposed. 

As a functional group for targeted drug delivery, boronic acids have incorporated in various 

polymeric vehicles as a targeting ligand and also as a stimuli-responsive functional group 

based on their various functionalities and low cytotoxicity. One of the property of boronic 

acids as a suitable targeting group is pH-dependent boronate esterification. This reversible 

esterification, a reaction between boronic acid and diol, allows boronic acids available as a 

disease targeting ligand, glucose-responsive, ATP-responsive, pH-responsive functional 

group. Reaction with reactive oxygen species (ROS) is also a favorable property of boronic 

acids for ‘smart’ drug delivery carriers. In this review, we consider most recent researches of 

boronic acid installed polymeric vehicles to examine how they are applied as a functional 

group for targeted drug delivery. 
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0.2. Introduction 

Interest in drug delivery, which delivers traditional drug efficiently and increase its 

efficacy, have been increased from several decades ago.1 Especially, nanoparticles have great 

advantages for this purpose, such as surface modification availability, prolonged blood 

circulation times and targeting to site of action.2-4 For these reasons, several nanoparticles are 

in clinical trials, and few of them are already commercially available.5-7 Although they 

increased chemotherapy efficacy, still need improved delivery efficiency to avoid 

accumulations in undesirable locations. Targeted drug delivery proposed to enhance the drug 

delivery efficiency and specificity.8-10 The targeted drug delivery is divided into two major 

parts, passive targeting and active targeting.11  

Passive targeting is a passive accumulation of nanoparticles by increased blood 

circulation time.12 Surface modified nanoparticles have longer blood circulation times by 

avoiding reticuloendothelial system (RES), and longer circulating time induces more 

accumulation at target site.13 Especially, the enhanced permeability and retention (EPR) 

effect positively improves particle accumulation in cancers.14-15 

Active targeting introduced to complement the passive targeting.16 There are several 

ways to achieve this purpose. The active targeting improves targeting effect by longer stay at 

the target site, or activating efficient drug release while it is accumulated. 

One strategy of the active targeting is improving accumulation at a site of action by 

increased affinity between particles and the targeting site.17 Various ligands on the carriers 

such as antibodies18, aptamers19, peptides20, and small molecules21-22 are available to target 

disease specific biomarkers and antigens.23 Increased interaction between the disease site and 

drug delivery carrier by utilizing ligand allow the carriers stay longer on the site of action, 
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and consequently, improving the selective toxicity of therapeutics. Currently, over 100 

ligand-targeted therapeutics are in clinical trials.24  

Another strategy is controlling the release of the cargo using disease specific triggers 

before the carriers are removed from the targeted site; on demand controlled release of 

therapeutics.25-26 Disease tissues have specific environment compared with healthy tissue.27 

These disease specific environment can be utilized as a trigger for releasing therapeutics from 

the drug carriers.28-31 Various factors affect on the disease tissue environments such as lower 

pH values, over expression of reactive oxygen species, specific proteins or carbohydrates 

compared to normal tissue.32-33 Active targeting utilized these biochemical as stimuli for 

controlled release of cargos upon accumulation on the targets. To reach this goal, designing 

a stimuli-responsive drug delivery carrier, the vehicle needs to be responsive to the stimuli 

by incorporating stimuli-responsive groups.34-37 

 

Figure 0. 1. Various functionalities of boronic acids in targeted drug delivery 
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Boronic acid (BA) is getting more extensive attention as a targeting ligand as well as 

stimuli-responsive functional group in biomedical applications based on their various 

functionality and low cytotoxicity.38-39 The BA has following distinctive properties as a 

functional group for targeted drug delivery; pH-dependent reversible boronate esterification, 

and ROS-responsive cleavage of PBA. (peroxynitrite (ONOO-) and H2O2) 

 

Scheme 0. 1. Equilibrium between boronic acid and diol for esterification 

 

Boronic acids react with diols; boronate esterification.40 This reaction is under 

equilibrium, therefore, the reactivity mostly depends on pKa of boronic acid and boronic ester, 

as well as pH of reaction solution.41-43 Basically, the equilibrium shifts because pKa of boronic 

acid is slightly higher than pKa of BE. However, direct conjugation of diols on neutral boronic 

acid is unfavorable. When the boronic aicds is coordinated with Lewis bases and forms 

boronate anions, the equilibrium shifts to esterification and formation of anionic boronate 

ester. This equilibrium is also affected by diols. The binding affinity of diols follows orders; 
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cis-1,2-diol>1,3-diol>>trans-1,2-diol.44-45 Therefore, the boronic acids can react with diol 

containing species in biological system such as saccharides, glycoproteins, dopamine, and 

ATPs. This pH dependent reversible esterification with biomarkers allows boronic acids 

available as a disease targeting ligand, glucose-responsive, ATP-responsive, pH-responsive 

functional group.46-47  

Another interesting feature of BAs is reactivity with ROS. The mechanism is descried 

in scheme 2.48-49 Firstly, the ROS acts as a nucleophile and coordinates on borons. After 

electron rearrangement, covalent bond between boron and R cleaves. Notably, phenyboronic 

esters (PBE) have been widely incorporated for ROS-responsive groups in biomedical 

applications.50 In this cases, the phenyl groups are also cleavable from their matrix via 

quinone methide rearrangement (scheme 3). Based on these mechanism, the oxidation of 

BAs is known as quantitative reaction which is selective to H2O2 and ONOO- among ROS.  

 

 

Scheme 0. 2. Reaction mechanism of boronic acid and hydrogen peroxide 

 

 

Scheme 0. 3. Reaction mechanism of phenylboronic acid and hydrogen peroxide 



 

6 

According to their reaction features, BAs have been incorporated as an active 

targeting ligand, an acid-responsive group, and an ROS-responsive group. In this review, we 

consider most recent researches of BA to examine how BAs are applied as a functional group 

for targeted drug delivery in various polymeric materials.  
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0.3. Boronic acid as a pH-responsive functional group 

In the living body, pH values are constantly regulated by homeostasis. However, 

many of affected tissues have different pH values because of abnormal metabolic system. In 

cancers, extracellular pH of tumor tissues is slightly acidic (pH 6.5 – 7.2) due to active lactate 

production by anaerobic glycolysis.51-53 It is also known that inflammation or inflammatory 

diseases area have lower pH values.54 Thus, acidic pH is a suitable biomarker for various 

diseases including most of cancers and inflammations which is closely related with wide 

range of disorders. Not only the pH is suitable for disease targeting, it is also sufficient for 

intracellular drug delivery.55 Cellular uptake of nanoparticles delivering therapeutics into 

inside of targeted cells are mediated by endosomes.56 Since the endosomes have lower pH 

(pH 5.0-6.8), pH is appreciable as a bio-trigger for intracellular drug delivery.57 For these 

reasons, pH is one of most attractive internal stimuli for targeted drug delivery. 

As mentioned above, boronic acid reacts with 1,2-diol or 1,3 diol and forms boronic 

ester.39 The formation largely depends on pH of the reaction environment as well as pKa of 

boronic acid-diol pair.41 When the pH is higher than pKa, the boronate esterification is more 

favorable. Contrariwise, lower pH than pKa induces hydrolysis and reverse reaction. These 

properties of boronic acids make them applicable to pH-responsive functional groups for 

smart drug delivery. 

 

0.3.1. As a cargo conjugating linker 

The cargo can be loaded by two methods, physical loading or chemical conjugation 

of drugs.58-59 The drugs can be physically entrapped in the vehicle by encapsulation. This 

method is convenient because it does not need chemical modification. However, the physical 
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loading is easily suffered from non-specific drug release by leakage. On the other hand, when 

the drugs are chemically conjugated onto polymers, the drug leakage can be significantly 

suppressed due to stronger binding of covalent bond compared with hydrophobic-

hydrophobic interaction which is a primary driving force for most of the encapsulation 

method. Besides, applying stimuli-responsive linker between polymer and drug makes the 

drug release more disease specifically controllable.34 Based on the reversible conjugation of 

boronic acid and diol, boronic acid is applicable as a pH-responsive conjugation linker for 

therapeutics.60-61 

The boronic acid group can be incorporated in both of the polymer or drug for 

conjugation. Bortezomib (BTZ), known as anti-cancer drug by inhibiting proteasome, has 

boronic acid group as an active site of the drug, therefore, it is pH-sensitively removable from 

conjugated polymer.62-63 Su et al. conjugated the BTZ onto 1,2-diol containing catechol-PEG 

block copolymer.64 The polymer has two components, PEG block and catechol block. PEG 

block is installed to reduce nonspecific interactions with proteins and cells.65 The catechol 

functionalized block was designed to bind and release boronic acid containing therapeutics, 

BTZ in pH-dependent manner. At a higher pH, BTZ conjugation ratio was higher from 0 % 

at pH 5.5 up to 60 % at pH 8.5. Under acid condition, BTZ was released from the polymers 

and inhibited proteasome function by hydrolysis of boronate ester formed between BTZ and 

catechol. 

Glycoproteins containing diol groups have high affinity with boronic acids due to the 

same interaction mentioned above. The reversible interaction between glycoproteins and 

boronic acids containing polymers make pH-responsive protein delivery or detection 

possible.66-68 Jian et al. reported temperature and pH dual-responsive core-brush 
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nanocomposite for glycoprotein delivery using boronic acid.69 pNIPAm-b-pGMA (Poly(N-

isopropylacrylamide-block-polyglycidyl methacrylate) was polymerized from initiator-

functionalized nanosilica surface, and polymeric particles were obtained. The pGMA moiety 

was modified with azide and followed by click reaction with alkyne-tagged boronic acid 

(PCAPBA). As a result, a silica-supported polymeric hybrid materials, Si@pNIPAm-b-pBA 

were prepared. The nanocomposite showed high binding capacities for ovalbumin (98.0 mg/g) 

and horseradish peroxidase (HRP) (26.8 mg/g) in basic buffer (pH 9.0) at 20 oC. More 

importantly, by adjusting the pH and temperature, the binding of HRP decreased to 42.5 % 

(11.4 mg/g). 

 

0.3.2. pH-responsive disassembly of PBA installed polymeric micelles 

Polymeric micelles are a self-assembled structure having hydrophobic core and 

hydrophilic shell. Therefore, formation and dissociation of micelle results from hydrophobic 

interaction of core. Accordingly, when the hydrophobic interaction is disturbed by stimuli, 

release of the cargo will be triggered via dissociation of the micelles. BAs have been 

incorporated in various way to disturb assembly force and control cargo release using pH. 

BAs have been utilized as a linker for hydrophobic part.70-71 As an example, water 

soluble dextran was modified with phenylboronic acid.72-73 By attachment, the hydrophobic 

phenyl group causes micelle formation by self-assembly. Under acidic pH, the conjugated 

phenylboronic acid was removed and the modified dextran was recovered to hydrophilic 

dextran. This conversion induced disassembly of micelles and release of cargo as well. 

BAs can be incorporated as a crosslinker in micelles and control stability of them.74 

Li at al. crosslinked two types of PEG-cholic acid dendrimers (telodendrimers); one has PBA 



 

10 

block between PEG (5k) and cholic acid dendrimer (CA) blocks (PEG5k-NBA4-CA8), and 

another block copolymer has catechol block instead of PBA block (PEG5k-catechol4-CA8).
75 

The micelles formed by these telodendrimers crosslinked via boronic acid-diol conjugation. 

The boronate crosslinked micelles released PTX under acidic pH and/or presence of mannitol. 

The release was significantly slower compared with release of PTX from non-crosslinked 

micelles.  

Zhao et al. have crosslinked hydrophilic shell using boronic acid and demonstrated 

pH-responsive controlled release of cargo.76 Amphiphilic block copolymer, dextran-block-

polylactide (Dex-b-PLA) was synthesized by click reaction between a-alkyne dextran and a-

azido PLA. Hydroxyl groups of dextran was modified with 3-carboxy-5nitrophenylboronic 

acid (CNPBA) for crosslinking of dextran shell via boronic acids on CNPBA and diols on 

dextran interaction. The CNPBA grafting ratio was adjusted to 0, 5, 10 and 20 %. The higher 

grafting ratio had the lower CMC, and smaller micelle size with narrow size distribution. 

However, at pH 5.5, distribution of micelles both based on TEM images and DLS 

measurements, was clear bimodal distribution. Moreover, pH-responsive controlled release 

of cargo, doxorubicin (DOX), was demonstrated. DOX loaded in the hydrophobic core of 

micelles formed with 20 % CNPBA modified Dex-b-PLA. The cargo released up to 90 % 

from in 12 hours at pH 5.5 while it released c.a 17 % at pH 7.4 during the same incubation 

time.   
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0.3.3. PBA incorporated as a hydrogel crosslinker 

Hydrogels are network structured by crosslinking between hydrophilic polymers. The 

BAs have been applied as pH-responsive crosslinkers for formations and dissociations of 

hydrogels.77-78  

Pettignano et al. have reported self-healing, pH and glucose responsive injectable 

hydrogel by modifying alginate with boronic acid.45 Alginate (Alg) is a hydrophilic 

polysaccharide containing carboxylic acids and 1,2-diols. The authors synthesized Alg-

B(OH)2 by modifying carboxylic acids on Alg with 3-aminophenylboronic acid. When the 

obtained Alg-B(OH)2 was mixed with pure Alg (3 % w/v) in basic condition, the polymers 

formed hydrogel by crosslinking between boronic acids of Alg-B(OH)2 and 1,2-diols of Alg. 

The hydrogels formed immediately after the mixing, and liquefied by acid addition (pH 5.0). 

The gelation and liquefy was reversible and repeatable by pH changes.  

Heleg-Shabtai et al. employed gossypol as a crosslinker and therapeutics as well.79 

Gossypol, natural phytochemical pigment, which is getting attention as an anti-cancer drug 

has two 1,2-diols in the molecular structre. Boronic acid modified acrylaminde copolymers 

were crossliked with gossypol using two diols and formed hydrogel. This hydrogel also 

shown pH-responsive formation/dissociation based on pH dependent boronate-diol 

esterification.  

 

0.3.4. pH-responsive surface modification 

In addition to above, pH-responsive release of conventional system can be improved 

by coating surfaces with BAs.80-82 Mesoporous silica is one of the spotlighted material as a 

drug delivery vehicle taking advantages of biocompatibility, biodegradability, low toxicity, 
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and water soluble. However, preventing and controlling leakage of the cargo from the pore 

are problems which should be overcome. To achieve this purpose, surface of the porous silica 

was coated with stimuli-responsive polymers after the drug encapsulation.83 Tan et al., 

modified poly(acrylic acid) with glucosamine.84 1,2-Diols in glucosamine were crosslinked 

by 4,4-(ethylenedicarbomoyl)-phenylboronic acid (EPBA) after the polymer coating of the 

mesoporous silica surface. Surface of the silica also can be directly modified with BAs. 

Utilizing pH-responsive interaction between BAs and catechol functionalized cycrodextrin, 

leakage of the drug from the pore was controlled.85  
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0.4. Boronic acid as a ROS-responsive functional group 

 Reactive oxygen species (ROS) are getting more attention as an important biomarker 

for drug targeting.86 ROS is reactive chemicals such as hydroxyl radical (•OH), hydrogen 

peroxide (H2O2), superoxide radical (•O−), peroxynitrite (ONOO-), and hypochlorous acid 

(HOCl). They are natural byproducts of the normal metabolism of oxygen. Although they 

have important roles in cell signaling and homeostasis, overexpression of ROS can damage 

cell organelles due to high reactivity and induce tissue injury.87-88 On the other way, ROS are 

overexpressed in disease including chronic inflammation and cancer.86, 89-90 Therefore, ROS 

are also applied as a reasonable stimulus for release trigger of DDS.  

Based on the reaction mechanism of boronic acid and ROS, the BA reacts selectively 

with H2O2 and ONOO- among ROS (scheme 2). As described in the scheme, ROS coordinate 

with boron, and hydrolyze boronate. This ROS-responsive cleavage of covalent bond is 

highly selective to specific ROS and also efficient with high reactivity.37, 91 The BAs are 

incorporated as an ROS-responsive functional group in polymeric drug delivery carrier.  

 

0.4.1. As a hydrophilicity switch triggering group 

Many of DDS have hydrophobic part for encapsulation of hydrophobic drugs. This 

hydrophobic part is important not only for drug encapsulation but also for driving force of 

vehicle formation. Therefore, controlling hydrophobicity of the polymer using stimuli is 

directly related with controlling disassembly of vehicles and eventually release of the 

therapeutics. 

Broaders et al. modified hydroxyl groups of dextran with 4-(Hydroxymethyl) 

phenylboronic acid pinacol ester.92 The modification makes the dextran water-insoluble (Oxi-
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Dex). The Oxi-Dex recovers into dextran upon H2O2, therefore, the hydrophilicity switches 

from hydrophobic to hydrophilic. Using this ROS-responsive hydrophilicity switch property 

of the Oxi-Dex, the authors have demonstrated H2O2-responsive polymeric particle 

disassembly. The particle degradation measured based on scattering intensity, as a result,  

90 % the particle degraded with 1 mM H2O2, while they degraded only 7 % without H2O2 

for 100 min at 37 oC. According to the particle degradation, ROS-responsive cargo releases 

have been proved in vitro and in vivo in various studies.93 

Song et al. have applied chemical amplification strategy to control hydrophilicity of 

micelle core using BAs.94 They designed a series of block copolymers which contain PEG 

block and hydrophobic segment composed of different amounts of pendent, ortho ester and 

phenylboronic ester groups. The hydrophilicity of hydrophobic segment changes by 

hydrolysis of ortho ester upon acids and by oxidation of phyenylboronic esters upon H2O2. 

Moreover, oxidation of phenylboronic esters unmasks carboxylate which accelerating 

hydrolysis of ortho esters. Using the polymer, they have demonstrated micelle formation and 

ROS-responsive micelle dissociation. The micelles were extremely sensitive to the 

biorelevant concentration of H2O2 at pH 7.4 based on the amplification strategy. 

 

0.4.2. As a polymer degradation triggering group 

Degradation of polymers by stimuli is one of the high road for polymeric particle 

dissociation and controlled release of drugs. Several strategies for efficient degradation of 

polymers by ROS have been reported using BAs.95 

Phenylboronic ester group (PBE) is applied on polymers as a degradation triggering 

group. The PBE groups are designed to reveal phenols by H2O2 which undergo quinone 
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methide rearrangement to lead to polymer degradation. Lux et al synthesized ROS-

responsive polymers using this functional groups and evaluated as an ROS sensitively 

degradable polymeric carrier.96 The polymeric particle released 60 % of fluorescence cargo 

with 50 μM H2O2 in 50 h at 37 oC. This chemistry was also incorporated in hydrophobic 

segments on block copolymers for micelle formulation97 and in a polymer backbone with 

other functionalities.98-99  

As other strategies, aliphatic poly(carbonate)s which are modified with PBE have 

been reported. ROS triggers polymer degradation via the consecutive processes of PBE 

oxidation, 1,6-elemination, release of CO2, and intramolecular cyclization.100 In addition, Lee 

et al, have reported an ROS-responsive polymer containing PBE which accelerates polymer 

degradation by chemical amplification. They designed ketal containing polymer with PBE 

pendent. The PBE on the polymer backbone is removed by ROS and unmasks carboxylate 

which accelerate hydrolysis on ketals on the backbone. The polymer degrades by two 

mechanisms, increase of hydrophilicity change based on carboxylate unmasking and their 

ketal hydrolysis acceleration as well. 

 

0.4.3. As a linker 

ROS-responsive oxidation of boronic aicds allow them applicable as a stimuli-

responsive liker for drug conjugation or drug activation. Drugs or proteins for therapeutics 

have their active site. When the active sites were modified with BAs, activities of the drug 

are suppressed. However, by removal of BAs upon stimuli, the drugs and proteins become 

active. Utilizing this ROS-responsive cleavage of BAs, activity controls of proteins, RNase 

A and agiogenin, were demonstrated.101-102 
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Not only controlling drug activity using BAs, this functional group is utilized as an 

ROS-responsive drug conjugation linker on a polymer. Qui et al conjugated anti-

inflammatory drug, naproxen, on PEG-polyacrylate block copolymer using PBE linker.103 

The polymer was prepared through reversible addition-fragmentation chain transfer (RAFT) 

polymerization of naproxen conjugated PBE monomer using a PEG macromolecular RAFT 

chain-transfer agent and 2,2’-azobis(2-methylpropionitrile) (AIBN). The polymer was 

formulated into nanoparticles. The formed micelles released conjugated naproxen up to 50 % 

with 0.18 mM H2O2, 100 % with 1.8 mM H2O2 and 0 % with 0 mM H2O2 in 6 hours. The 

naproxen was also conjugated onto the dextran using PBE linker by us. Conjugation of the 

naproxen changed water-solubility of the dextran and allowed them form nanoparticles. The 

naproxen conjugated dextran (Nap-Dex) contains up to 87 of drug on 100 of dextran unit, 

and released 100 % of drug in 20 min with 10 mM H2O2. Drug efficacy of Nap-Dex 

nanoparticles was demonstrated in vitro. The authors stimulated inflammation response in 

bone marrow derived macrophages and evaluated pro-inflammatory cytokine levels with 

Nap-Dex particles and free naproxen drug. As a result, the Nap-Dex particles decreased the 

cytokine level drastically, and it was even superior than the free naproxen. Therefore, the 

Nap-Dex released the conjugated drug in inflammation and also improved drug efficacy by 

consuming ROS for the linker cleavage.   
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0.5. Conclusions 

Inflammation is one of the first immune response to injury. In addition, numerous 

people suffered from inflammatory diseases such as rheumatoid arthritis, systemic 

inflammatory response syndrome, chronic obstructive pulmonary disease, and 

atherosclerosis. Thus, effective therapeutic strategies for inflammation are still under 

investigation. Considering these diseases have acidic pH environment and also 

overexpression of ROS, pH-dependent reversible reaction of boronate esterification and 

boronic acid reaction with ROS make boronic acids suitable for inflammatory disease 

targeting. As far as here, we have examined how boronic acids incorporated in polymeric 

mateirlas for targeted drug delivery. As we have explored here, by employing boronic acids 

appropriately, a more effective inflammation targeting drug delivery system will be 

constructed. 

 

0.6. Abbreviations 

BA, boronic acid; PBA, phenylboronic acid; NP, nanoparticle; H2O2, hydrogen 

peroxide; PEG, polyethylene glycol  
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CHAPTER 1 

Chemical Amplification Accelerates Reactive Oxygen Species Triggered Polymeric 

Degradation 

 

 

 

1.1. Abstract 

Chemical amplification is a known strategy for improving sensitivity of stimuli-

responsive polymers. However, the chemical amplification effect has never been fully 

examined. Many questions remain about its mechanism and efficacy, obstructing its further 

implementation. Here, we design and demonstrate reactive oxygen species (ROS) responsive 

polymer (ROS-ARP) with a chemical amplification strategy to dismiss these concerns. The 

ROS-ARP is designed to change a hydrophilicity by ROS, revealing a carboxylic acid, which 

also catalyzes ketal hydrolysis along the polymer backbone. The chemical amplification 

strategy of ROS-ARP accelerated the polymer degradation up to 17 fold compared to a 

previously reported ROS-responsive polymer. To investigate the mechanism behind this 

increased acceleration, we compared the degradation kinetics in various environment. 

Additionally, other effects such as hydrophilicity changes were excluded. The accelerated 

degradation of ROS-ARP is evaluated as a potential drug delivery system, demonstrating on-

demand cargo release from formulated polymeric particles. 
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1.2. Introduction 

On-demand control of polymeric nanoparticle properties has been attractive in a 

broad range of fields such as cosmetics, environmental engineering, energy and 

electronics, and biomedical applications.1-3 Despite its significance, few polymers can 

degrade or change their properties by relevant stimuli concentrations.4-6 Especially, it 

is a challenge to develop polymers degrading by biological stimuli, since they need to 

be sensitive to subtle change of the triggers.7-11 For this reason, very few ROS (reactive 

oxygen species) responsive materials react to pathological ROS concentrations12-15, 

although the ROS are important biomarkers in inflammatory diseases.16-19 

One avenue to address this sensitivity challenge is by applying a chemical 

amplification strategy.20-23 However, the effect of the strategy and the mechanism are 

not fully understood. Recently, Song et al.24 reported a hydrogen peroxide sensitive, 

chemical amplifying polymer. A hydrophilicity switch occurred at the hydrophobic 

portion of the amphiphilic polymer when exposed to H2O2, which caused oxidation to 

a carboxylic acid, followed by ketal hydrolysis. Although the polymeric particle 

disassembly was accelerated successfully, it is difficult to evaluate a chemical 

amplification effect without considering the contribution from a hydrophilicity change 

by the carboxylic acid. Therefore, questions remain such as whether the revealed acid 

catalyzes ketal hydrolysis, and whether the chemical amplification strategy works 

directly on the polymer.  

Here, we designed an H2O2-sensitive polymer incorporating a chemical 

amplification strategy for increased polymer degradation efficiency to dispel issues 

with the strategy (Scheme 1). The designed polymer is composed of three monomers 
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each having different functionalities. The degradation of the polymer arises from the 

hydrolysis of ketal groups on the backbone. Ketal groups are great candidates because 

of their rapid catalytic degradation.25-29 However, they suffer from poor stability and 

short shelf life. One way to overcome the stability issue is to add a logic gate system. 

The logic gate system is based on different ketal hydrolysis rate depending on the 

hydrophilicity of the polymers the ketal groups are incorporated in.30-34 In this study, 

we incorporated two ROS-sensitive functional groups into the polymer to control the 

hydrolysis rate of the ketals. 

Scheme 1. 1. Polymerization scheme and H2O2-responsive ROS-ARP degradation 

mechanism 
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First, a sulfide group is incorporated, not only as a Michael addition donor for 

polymerization but also as an ROS sensitive hydrophilicity switch. Sulfide groups are 

oxidized to sulfoxides or sulfonyl groups by reacting with various ROS, such as H2O2, 

and hypochlorous acid.35-37 This oxidation of sulfides changes the polymer’s polarity 

and eventually induces hydrophilicity change of sulfide containing polymers.38-42 

Another ROS-sensitive functional group is hydroxymethyl-phenyl boronic acid 

pinacol ester (BE). It is well known that BE can be quantitatively cleaved by H2O2 

with high selectivity and sensitivity.43-50 This functional group is conjugated with a 

carboxylic acid of an acryloyl modified lysine to yield an H2O2-responsive group 

masking the acid. Acid release by H2O2 amplifies the ROS signal and catalyzes 

hydrolysis of the ketals in the polymer backbone.  

By polymerizing the monomers with three different functionalities, a 

chemically amplified highly efficient polymer degradation was expected. To prove 

that the chemical amplification accelerated the polymer degradation, we compared the 

degradation kinetics between newly designed polymer and a control polymer without 

an amplification strategy. Additionally, a hydrophilicity switch effect was excluded 

by suppressing ketal hydrolysis following increased water accessibility. Based on 

investigated degradation mechanism, on-demand polymeric particle degradation was 

demonstrated after nanoparticle (NP) formulation. The polymeric NPs were also 

evaluated for potential use as a drug delivery material by studying H2O2-responsive 

particle degradation, controlled cargo release and cell viability.  
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1.3. Materials and methods 

1.3.1. General methods and instrumentation   

All chemicals and solvents were purchased from Sigma-Aldrich unless 

specified. Silica gel column chromatography for purification was conducted with an 

automated CombiFlash®  Rf 200 system. Synthesized compounds were confirmed by 

Nuclear magnetic resonance (NMR) and high-resolution mass spectroscopy. Acquired 

1H NMR and 13C NMR spectra were based on Varian spectrometer working at 600 

MHz and 150 MHz respectively. An Agilent 6230 ESI-TOFMS was used for high-

resolution mass spectra in positive ion mode. Synthesized polymers and degradation 

were characterized by size exclusion gel chromatography, Agilent 1100 Series HPLC 

system equipped with RI, Agilent 1260 Light Scattering and PDA detectors and a 

Waters Styragel HR 2 size-exclusion 22 column with 0.1% LiBr/DMF as eluent and 

flow rate of 1 mL/min at 37 °C. The molecular weight and polydispersity of polymers 

were calculated based on monodisperse poly(methylmethacrylate) (PMMA) standards. 

For particle washing, tangential flow filtration was conducted (Pellicon XL, 500kDa, 

Millipore) with 300 mL cell-culture grade water (HyClone) at 50 RPM. Dynamic light 

scattering (DLS), Malvern Instruments Zetasizer ZS, was utilized for particle 

characterization and degradation study, and size of the particles were acquired based 

on culmulants analysis using scattering of 4 mW 633 nm laser. Morphology of the 

nanoparticles were observed by transmission electron microscopy (TEM, Tecnai FEI 

Spirit). Agilent Technologies 1260/1290 Infinity HPLC-MS equipped with a 

ZORBAX 1.8 µm (2.1x50 mm) SB-C18 column and 6120 Quadrapole detector were 
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used for HPLC-MS chromatograms, and it was run in a gradient of water and 

acetonitrile with 0.1% formic acid.  

 

1.3.2. Synthesis of compound 1  

4-(hydroxymethyl)phenyl boronic acid pinacol ester (1.0 g, 4.27 mmol), N,N’-

di-boc-L-lysine (1.48 g, 4.27 mmol) and 4-(dimethylamino)pyridine (DMAP) (260 

mg, 2.14 mmol) were dissolved in 20 ml of anhydrous dichloromethane (DCM) under 

Argon flow. The mixture was cooled down using an ice bath and followed by dropwise 

addition of 1.32 g (6.4 mmol) of N,N′-dicyclohexylcarbodiimide (DCC) in 3 ml of 

DCM. After the addition, the resulting solution was stirred for overnight at r.t. The 

crude solution was filtrated to remove side products (1,8-diazabicyclo[5.4.0]undec-7-

ene, DBU), and then purified with a column. A final product was obtained after 

purification using gel chromatography with 20 % ethyl acetate in hexane. (1.04 g, 

43.3%) 

1H NMR (600 MHz, CDCl3) δ 7.80 (d, J= 7.7 Hz), 7.34 (d, J= 7.7 Hz), 5.17 

(dd, J = 45.6, 12.7 Hz), 4.32 (dd, J= 11.9, 7.6 Hz), 3.06 (dd, J= 11.2, 5.7 Hz), 1.60 (bs), 

1.44 (s), 1.34 (s) 

13C NMR (151 MHz, d6-CDCl3) δ 172.6, 156.1, 155.49, 138.4, 135.0, 127.4, 

83.9, 79.9, 79.1, 66.9, 53.3, 40.1, 32.3, 29.5, 22.4, 28.5, 28.4, 24.9,  

MS (ESI) m/z: [M+Na]+ calcd for C29H47BN2O8Na, 585.33; found 585.2 
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1.3.3. Synthesis of compound 2  

Compound 1 (885 mg, 1.57 mmol) was dissolved in 4 ml of DCM and 4 ml of 

trifluoroacetic acid (TFA) and stirred for 1 h at r.t. The reaction was monitored by 

thin-layer chromatography (TLC) and LCMS. When the reaction was completed, a 

crude solution was dried using rota-vap to remove TFA. (1.19 g, 93 %) 

1H NMR (600 MHz, d6-DMSO) δ 8.48 (bs, 3H), 7.78 (bs, 3H), 7.70 (d, J= 8.0 

Hz, 2H), 7.42 (d, J= 8.0 Hz, 2H), 5.27 (dd, J= 15.2, 12.8 Hz, 2H), 5.15 (bs, 2 eqv. of 

TFA), 4.10 (dd, J= 11.3, 6.1 Hz, 1H), 2.74 (m, 2H), 1.80 (m, 2H), 1.53 (m, 2H), 1.43-

1.31 (m, 2H), 1.29 (s, 12H) 

13C NMR (151 MHz, d6-DMSO) δ 169.4, 138.5, 127.5, 83.8, 67.0, 51.8, 38.4, 

29.5, 26.5, 21.3 

MS (ESI) m/z: [M+H]+ calcd for C19H31BN2O4, 363.24; found 363.1. 

 

1.3.4. Synthesis of compound 3 

Compound 2 (521 mg, 0.93 mmol) was dissolved in 8 ml of anhydrous DCM 

and 1 ml (7.44 mmol) of TEA. The solution was cooled down using an ice-bath and 

followed by acryloyl chloride (165.7 μl, 2.05 mmol) addition. After 30 min of stirring 

at r.t, the product was washed with 800 ml of 50 mM HCl (aq) and 200 ml additional 

DCM. The organic layer was collected and dried using rota-vap, after treating with 

MgSO4 to remove remaining H2O. The product was purified again using column 

chromatography with 95 % DCM and 5 % MeOH (136 mg, 33 %) (Figure S1). 

1H NMR (600 MHz, CDCl3) δ 7.79 (d, J= 7.8 Hz, 2H), 7.32 (d, J= 7.8 Hz, 2H), 

6.38 (d, J= 8.1 Hz, 1H), 6.33-6.06 (m, 4H), 5.82 (t, J= 5.5 Hz, 1H), 5.67 (d, J= 10.4 
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Hz, 1H), 5.60 (d, J=10.4 Hz, 1H), 5.17 (dd, J= 42.8, 12.5 Hz, 2H), 4.67 (m, 1H), 3.34-

3.20 (m, 2H), 1.87 (m, 1H), 1.74 (m, 1H), 1.61-1.45 (m, 2H), 1.39-1.33 (m, 1H), 1.32 

(s, 12H)  

13C NMR (151 MHz, CDCl3) δ 172.2, 165.9, 138.2, 135.1, 130.6, 127.5, 127.4, 

126.4, 84.0, 67.1, 51.8, 38.7, 31.9, 28.5, 24.9, 22.1 

MS (ESI) m/z: [M+Na]+ calcd for C25H35BN2O6Na, 493.25; found 493.1 

 

1.3.5. Synthesis of Compound 5 

Compound 4 was obtained by following the same procedure with reference.32 

Compound 4 (3.0 g, 7.1 mmol) was dissolved in 6 N NaOH (aq) (9 ml) and refluxed 

overnight. After the overnight reaction, 9 ml of 1, 4-dioxane was added into the 

resulting solution and cooled down using an ice-bath. TEA (11.9 ml, 85.2 mmol) and 

acryloyl chloride (1.15 ml, 14.2 mmol) were added dropwise into the mixture, while 

monitoring temperature and pH of the solution. The temperature of the solution was 

kept under 10 oC, and pH was maintained above pH 13. After the addition, the solution 

was stirred for 1 h, and extracted with ethyl acetate (EA) and column chromatography 

followed. After the gel column purification, a light yellow compound was obtained. 

(500 mg, 20 %) 

1H NMR (600 MHz, d6-DMSO) δ 8.15 (t, J= 5.5 Hz, 2H), 6.24 (dd, J= 17.10, 

10.10 Hz, 2H), 6.07 (dd, J= 16.9, 2.0 Hz, 2H), 5.56 (dd, J= 10.2, 2.0 Hz, 2H), 5.27 (dd, 

J= 15.2, 12.8 Hz, 2H), 3.39 (t, J= 5.9 Hz, 4H), 3.23 (dd, J= 11.7, 5.80 Hz, 4H), 1.26 

(s, 6H)   

13C NMR (151 MHz, d6-DMSO) δ 164.7, 131.7, 125.1, 99.6, 66.4, 59.0, 24.7 
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1.3.6. Synthesis of ROS-ARP 

102 mg of compound 3 (1 eqv.) and 58.5 mg of compound 5 (1 eqv.) were put 

together under Ar and dissolved in 500 μl of d6-DMSO. 1,3-propandithiol (43.5 μl, 2 

eqv.) and DBU (195 μl, 6 eqv.) were added into the reaction mixture. The mixture was 

stirred at r.t. overnight. Completion of polymerization was confirmed by NMR. The 

resulting viscous polymer solution was diluted with DCM and precipitated in diethyl 

ether, repeated 3 times. The purified polymer was evaluated by NMR and GPC (Figure 

S2). 

Molecular weight was 10,280 Da and PDI was 1.25 with PMMA standard. 

1H NMR (600 MHz, d6-DMSO, and 5 % CD3OD) δ 8.15 (t, J= 5.5 Hz, 2H), 

6.24 (dd, J= 17.10, 10.10 Hz, 2H), 6.07 (dd, J= 16.9, 2.0 Hz, 2H), 5.56 (dd, J= 10.2, 

2.0 Hz, 2H), 5.27 (dd, J= 15.2, 12.8 Hz, 2H), 3.39 (t, J= 5.9 Hz, 4H), 3.23 (dd, J= 11.7, 

5.80 Hz, 4H), 1.26 (s, 6H)  

 

1.3.7. H2O2 sensitive polymer degradation 

The ROS-ARP was dissolved in 0.1 % LiBr DMF to 5 mg/ml. 400 μl of the 

polymer solution was mixed with 100 μl of aqueous solution (10 mM acetate buffer 

for pH 5.0, 10 mM phosphate buffer for pH 7.4, and 10 mM tris buffer for pH 10.0) 

and the final H2O2 concentration was set to 0 mM and 10 mM. Both samples were 

incubated for 24 h at 37 oC. Each sample was filtrated using 0.22 μm of PVDF syringe 

filter before the GPC injection (Figure S3). Molecular weight of the polymers was 

calculated by analyzing the peaks between 10 and 16 min of retention time (Figure 

S4). 4-Hydroxybenzyl alcohol, a representative side product of BE reaction with H2O2, 
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was injected into the GPC under the same condition to compare retention time (Figure 

S5). 

 

1.3.8. Particle formulation 

The ROS-ARP (10 mg) was dissolved in 1 ml of DMF. The resulting polymer 

solution was added dropwise into 9.0 ml of 1 wt% polyvinyl alcohol (PVA) aqueous 

solution and stirred for 2 h at r.t. The crude solution was washed using tangential flow 

filtration to remove excess PVA and DMF. For IR-780 or rhodamine 6G encapsulated 

particles, 2 mg of encapsulates were dissolved in 1 ml DMF with ROS-ARP. Loading 

was calculated by dividing the amount of cargo by the weight of particles. Loading of 

IR-780 was 2 wt%. 

Formulated particles were characterized by DLS and TEM (Figure S6). 

 

1.3.9. Stimuli triggered nanoparticle degradation 

Size distribution of nanoparticles (NPs) with different H2O2 concentration was 

compared by DLS. 50 μg/ml of nanoparticle solution with 2 mM phosphate buffer (pH 

7.4) and 0.2 % PVA aqueous solution was prepared. Each sample was mixed with a 

H2O2 solution and the final H2O2 concentrations were adjusted to 0 μM, 50 μM, 100 

μM, 1 mM and 10 mM. All the samples were monitored by DLS for 24 h at r.t. Size 

distribution was measured at given time points (0, 1, 2, 3, 6, 9, 12 and 24 h). The 

nanoparticles were also incubated under acidic (pH 5.0) and basic condition (pH 10.0) 

by mixing 10 mM acetate buffer or 10 mM of tris buffer. 
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To observe morphological change of nanoparticles, 5 μl of 0 mM and 10 mM 

of H2O2 treated nanoparticle solutions were put on a TEM copper grid. The TEM grids 

were dried under vacuum and imaged by TEM. Size distribution was calculated from 

three representative images of each sample (Figure S8). 

 

1.3.10. Release study 

IR-780 was loaded into the ROS-ARP NPs, and 1 mg/ml of NPs solution was 

prepared. The NPs solution was diluted 10 times by 0, 50, 100 μM and 1, 10 mM H2O2, 

10 mM phosphate solution. Fluorescence was measured by a spectrofluorometer 

(Horiba, FL-1000). Fluorescence intensity of loaded IR-780 was separated from 

released dye Gaussian fitting of the raw signal. All the input parameters are shown in 

Figure S9. The fitting method was verified using various amounts (0, 10, 20, 30, 40 

and 50 μl) of 0.3 μg/ml IR-780 solution mixed with 100 μl of 0.1 mg/ml IR-780 loaded 

ROS-ARP NPs solution. The loaded dye signal was separated out using the above 

method. Consequently, calculated AUC of the free dye increased linearly (R2= 0.9971) 

while the AUC of loaded dye (IR-780 loaded ROS-ARP NPs) kept constant (Figure 

S10). These values were converted into AUC changes by free dye concentrations, and 

a linear calibration curve was obtained (R2= 0.9966, Figure S10). Separated IR-780 

NPs signals by H2O2 concentration was shown at Figure S11. 

 

1.3.11. Cell viability 

Empty ROS-ARP nanoparticles were diluted in sterile DMEM/FBS media and 

further diluted to appropriate concentrations. Raw 264.7 cells were seeded in a 96-
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well plate (Corning) at a density of 20 000 cells/well o.n before NP addition. The cells 

were incubated with particle suspensions in quadruplicates for 24 h at 37 °C, in 5% 

CO2. Cells were then washed twice in warm PBS and AlamarBlue reagent was added 

to each well (according to manufactures instructions) at a 1:10 DMEM concentration 

and incubated for 4 hours. To quantify cell viability, fluorescence excitation/emission 

was set to 530/590 nm and read using a plate reader (Molecular Devices SpectraMax 

M5). 
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1.4. Results and discussion 

1.4.1. Synthesis of monomers and polymerization  

Monomers were synthesized by following scheme 2. For H2O2 sensitive BE 

monomer synthesis, 4-(hydroxymethyl)phenyl boronic acid pinacol ester was 

conjugated onto N,N’-di-boc-L-lysine by DCC coupling. By following tert-

butyloxycarbonyl (boc) de-protection, compound 2 was synthesized. The ROS 

sensitive, BE modified monomer, compound 3, was prepared by reacting acryloyl 

chlorides with compound 2 (Figure S1). A pH sensitive ketal monomer was 

synthesized by following previously reported methods.32 

Compound 3 and 5 were polymerized with 1,3-propandithiol in d6-DMSO 

under argon. DBU is used as a catalyst. After 2 hours of reaction time, the crude 

solution became viscous. Proton peaks of acryloyl group were completely flattened on 

the NMR spectrum after overnight incubation. This implies that all the acryloyl groups 

are consumed and the polymerization completed. This reaction time is remarkably 

shorter than TEA catalyzed Michael addition polymerization.20, 31 DBU induced faster 

polymerization since DBU has higher basicity and also supports the reaction by acting 

as a nucleophile.51-53 After purification, a pale yellow oily product was obtained and 

characterized by gel permeation chromatography (GPC) and 1H-NMR (Figure S2). 

The molecular weight of the polymer was calculated based on a PMMA standard curve. 

The calculated average molecular weight of the polymer was 10 kDa and 

polydispersity index was 1.25. Monomer incorporation ratio was calculated based on 

H-NMR peaks, and the ratio between BE monomers and ketal monomers were 1:1.3. 
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Scheme 1. 2. Synthesis scheme of H2O2-sensitive boronic ester monomer (compound 

3) (A) and acid-sensitive ketal monomer (compound 5) (B). Reagents and conditions: 

a) DCC, DMAP, DCM, r.t, 15 h, 49 %; b) TFA/DCM, r.t., 1 h, 96 %; c) acryloyl 

chloride, TEA, DCM, 0 oC, 1 h, 33 %; d) i) 2-methoxypropene, PTSA, benzene, r.t., 

1 h, ii) TEA, acetic anhydride, benzene, r.t., 15 h, 66 % over 2 steps; e) i) NaOH/H2O, 

reflux, 15 h, ii) acryloyl chloride, TEA, H2O/dioxane, -5 oC, 1 h, 90 % over 2 steps. 

 

 

 

A 

B 
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1.4.2. Stimuli triggered polymer degradation 

After obtaining the polymer, H2O2 triggered polymer degradation was 

evaluated by GPC. Degradation of the polymer backbone is triggered by H2O2 but 

ultimately stands on the hydrolysis of ketals on the polymers. Thus, after each time 

point, polymer solutions in two different H2O2 concentrations (0 mM and 10 mM) 

were compared at different pH values (5.0, 7.4, and 10.0) (Figure S3, S4). 

First, the polymer degradation at neutral pH, pH 7.4, with and without H2O2 

was compared. Figure 1A is RI signal of ROS-ARP obtained by GPC. Using the signal, 

we calculated and analyzed the molecular weight changes of the ROS-ARP in two 

different H2O2 concentration at each time point (Figure 1B). Under 10 mM H2O2, 59 % 

of the calculated molecular weight of the polymer decreased in 24 hours, while the 

polymer in 0 mM H2O2 at pH 7.4 degraded only 8 % during the same period. Also, 

UV absorption in the low molecular weight range was remarkably increased by 

incubation time (Figure S5). These are considered as peaks of products from the H2O2 

and BE reaction. To support that, a representative product, 4-hydroxybenzyl alcohol, 

was injected into the GPC under the same condition as the polymers. The retention 

time of 4-hydroxybenzyl alcohol had a similar UV absorption as the aforementioned 

peaks (Figure S5).  The half-life (t1/2) of the polymer degradation by 10 mM H2O2 

was calculated and compared with a control polymer which has been previously 

published by our group30 (Figure 1C). This control polymer has sulfide groups and 

ketal groups in the polymer backbone as ROS-ARP (Figure 1D). However, the BE 

group, the ROS sensitive carboxylic acid protecting group, is not included. Therefore,  
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Figure 1. 1. A) GPC chromatogram of ROS-ARP in 0 mM H2O2 (left) and 10 mM 

H2O2 (right) at pH 7.4 (detector; RI, 20 % buffer and 80 % DMF, 24 hours incubation 

at 37 oC). B) Molecular weight change of the polymer with and without H2O2 at pH 

5.0, pH 7.4 and pH 10.0. Polymer MW was calculated by GPC with PMMA standard. 

(n=3) C) Half-lives of polymer degradations by 10 mM H2O2 in different pH buffer. 

D) Polymer structure and degradation mechanism of control polymer. 

  

B 

A 

C D 
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the ketal hydrolysis rate is assumed to rely only on hydrophilicity changes by sulfide 

oxidation. The t1/2 of the ROS-ARP at pH 7.4 with 10 mM H2O2 was 18.69 hours and 

it was 17.35 times shorter than the t1/2 of the control polymer which does not contain 

BE groups for chemical amplification. 

 

1.4.3. Investigation of degradation mechanism  

The ROS-ARP degraded more efficiently and faster than the previously 

reported control polymer. Several factors contribute to the accelerated ROS-ARP 

degradation.  

Firstly, the H2O2 sensitivity of ROS-ARP is higher than the control polymer. 

Compared with the control polymer, which only has sulfides as an ROS sensitive 

group, the ROS-ARP additionally has BE groups. The BE group is more sensitive to 

H2O2 than the sulfide.44-46 Therefore, the hydrophilicity change of the ROS-ARP is 

faster, and contributes to the faster polymer degradation. 

Secondly, upon reaction with ROS, the ROS-ARP transforms into a more 

hydrophilic polymer than its control. The ROS oxidizes the sulfide groups in the 

control polymer, and the produced sulfoxides induce a hydrophilicity change of the 

entire polymer. Since the ROS-ARP has two of these sulfide groups in a repeating unit 

while the control has one, the hydrophilicity change of ROS-ARP by H2O2 is greater 

than the control. Moreover, in the ROS-ARP, H2O2 unmasks carboxylic acids, further 

enhancing its hydrophilicity in addition to the change done by the sulfoxides. Thus, 

the ROS-ARP has two switches that cause increased hydrophilicity. Furthermore, 

since a carboxylic acid is more polar than a sulfoxide, the hydrophilicity increase of 
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the ROS-ARP is more drastic than the control. The increased hydrophilicity promotes 

water access to the polymer, and it accelerates the polymer degradation by the ketal 

hydrolysis.  

Lastly, a local pH change by unmasked carboxylic acids accelerates the ROS-

ARP degradation. In the ROS-ARP, the carboxylic acid group is revealed by ROS 

after the BE group detachment. We hypothesize a possibility that the revealed 

carboxylic acid catalyzes the ketal hydrolysis in the ROS-ARP backbone in a chemical 

amplification process. This hypothesis is based on several previous studies applying 

the strategy.20, 23 However, it has not been clarified whether a hydrophilicity change 

or a chemical amplification is the primary contributor to polymer degradation. 

Consequently, the efficiency of chemical amplification is still questionable.  

To investigate which effect dominates between hydrophilicity change and local 

pH change by acid release for accelerating ketal hydrolysis, polymer degradation was 

evaluated in basic pH (pH 10.0). Under basic conditions, the ketal hydrolysis is 

extremely suppressed.25, 54 Therefore, the ketal hydrolysis caused by a hydrophilicity 

change of the polymer is inhibited as no protons are available for catalyzing hydrolysis. 

In other words, although the hydrophilicity of the polymer is largely increased by ROS, 

the ROS-ARP degradation is not attributed to increased water accessibility in basic 

conditions. Note that, a hydrolysis rate of amide bonds, the other functional group in 

the polymer backbone, has negligible difference between pH 5.0-10.0.55 

The molecular weight changes of the ROS-ARP in basic solution are shown in 

Figure 1B. Compared to the initial molecular weight, it decreased by 20 % right after 

the H2O2 addition and decreased by 62 % in 24 hours with 10 mM H2O2 at pH 10.0. 
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This confirms that the ketal groups were hydrolyzed even in basic condition. This 

means that the polymer was degraded by the unmasked acid, and not by a 

hydrophilicity change. Moreover, at the higher pH, the t1/2 of ROS-ARP was shorter 

(Figure 1C). This is a reverse tendency to the pH dependent ketal hydrolysis rate, but 

corresponds well with the BE reactivity to H2O2. Since BE and H2O2 reaction is faster 

at a higher pH,56-59  carboxylate unmasking is also faster under basic condition. On 

the other hand, the control polymer’s half-life was shorter at lower pH, because the 

polymer degradation by ketal hydrolysis fully relies on ROS-triggered hydrophilicity 

change. These two results support that the BE groups and unmasked carboxylic acids 

are the main factors in the degradation kinetics of ROS-ARP. 

Additionally, a ketal hydrolysis is more influenced by carboxylic acids in the 

same molecule than surrounding acids, because of conformational proximity.60-63 We 

assume that a similar effect occurs in a polymer, so that carboxylic acids in a polymer 

catalyze ketal groups in the same polymer backbone more efficiently than surrounding 

protons in a solution. Therefore, we conclude that the accelerated ROS-ARP 

degradation depends more on chemical amplification than hydrophilicity change, due 

to the H2O2-sensitive acid releasing followed by the acid catalyzed ketal hydrolysis.  

 

1.4.4. Nanoparticle formulation and H2O2 triggered degradation  

After verification of H2O2-responsive polymer degradation, nanoparticle 

formulation and degradation under varying H2O2 concentration were demonstrated. 

Nanoparticles were formed via nanoprecipitation, and DLS estimated the 

hydrodynamic nanoparticle size as 208 nm (polydispersity index (PDI)= 0.188) 
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(Figure S6). Based on TEM observations, morphology of the nanoparticles was 

spherical and the size corresponded to the DLS measurements (Figure S6). 

Figure 1. 2. Light scattering intensity change of NPs in different H2O2 concentration 

(0, 50, 100 μM and 1 and 10 mM; pH 7.4, 10 mM phosphate buffer). 

 

The nanoparticles were treated with various H2O2 concentrations at pH 7.4 and 

degradation was observed based on light scattering intensity measured by DLS (Figure 

2). In 10 mM H2O2, the scattering intensity of the nanoparticle solution decreased by 

30 % immediately after H2O2 addition, and by 93 % in 24 hours. At 100 μM H2O2, the 

intensity decreased by 25 % after 24 hours. At the physiological H2O2 concentration 

in inflammation, 50 μM, 9 % of the scattering intensity decreased in the same period. 

Morphology and size population change of NPs in 10 mM H2O2 environment 

were also evaluated by TEM (Figure 3A, 3B). Three representative images of NPs, 

treated with 0 mM or 10 mM H2O2 for 24 hours at 37 oC, were compared for size 

(Figure S8). Size of the nanoparticles were analyzed from TEM images. In 0 mM H2O2, 
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the ROS-ARP NPs maintained their initial mean size of 150 nm (Figure 3B, left). In 

10 mM H2O2 solution, mean size of the NPs was 62 nm based on the images (Figure 

3B, right). The size change of the NPs with H2O2 suggests that NPs are degraded by 

polymer degradation. This size change corresponds with DLS scattering light intensity 

change by H2O2 (Figure 2). Furthermore, in the presence of H2O2, larger particles 

(400-700 nm) were observed with a different morphology compared to the NPs in 0 

mM H2O2 (Figure 3A). Those NPs had lower electron density believed to be caused 

by swelling of the NPs and polymer degradation.  

Figure 1. 3. A) Morphology of NPs, with 0 mM (left) and 10 mM H2O2 (right). B) 

Size population histogram based on TEM images. (left; 0 mM H2O2, right; 10 mM 

H2O2) (after 24 h incubation at 37 oC) 

 

A 

B 
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1.4.5. ROS-responsive payload release  

To demonstrate ROS-dependent payload release from the NPs, IR-780 iodide 

was loaded into the NPs (IR780-NPs). The IR780-NPs solutions were treated with 

varying concentration of H2O2 and fluorescence was measured at different time points. 

Free IR-780 has emission at λmax = 798 nm in pH 7.4 10 mM phosphate buffer, but the 

λmax shifts (λmax = 823 nm) due to encapsulation.64, 65 Nonetheless, area under the curve 

(AUC) comparison of fluorescence intensity of loaded and released dye is still difficult 

as the peaks are in close proximity. Thus, Gaussian fitting of the raw fluorescence 

intensity signal was used to separate released vs. encapsulated IR-780. Details are 

described in the supporting information (Figure S9). The fitting method itself was 

verified by mixing various amounts (0, 10, 20, 30, 40 and 50 μl) of 0.3 μg/ml IR-780 

solution with 100 μl of 0.1 mg/ml IR780-NPs solution. Consequently, the calculated 

AUC of free dye increased linearly (R2= 0.9971) while the AUC of loaded dye (IR780-

NPs) signal remained constant (Figure S10).  

Using the signal separation method, fluorescence signal from the loaded IR-

780 was compared at different incubation concentration of H2O2 and time in 10 mM 

phosphate buffer (Figure S11). Note that, released IR-780 signals are not comparable 

due to the hydrophobic, unstable nature of IR-780 in the buffer. Figure 4A show the 

separated fluorescence signal of encapsulated IR-780 with 0 mM (Figure 4A, left) and 

10 mM H2O2 (Figure 4A, right). In the presence of H2O2, the loaded dye signal clearly 

decreased. Furthermore, the signal decrease was faster by increasing H2O2 

concentration (Figure 4B, Figure S11). 
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Figure 1. 4. A) Fluorescence intensity of IR780-NPs in 0 mM (left) and 10 mM H2O2 

(right) at pH 7.4, r.t. B) Percent release of dye, based on AUC of IR780-NPs 

fluorescence intensity. (Standard deviation was obtained from Gaussian fitting) 

 

1.4.6. Cell viability  

To test the applicability of ROS-ARP nanoparticles as drug delivery vehicles, 

we assessed cellular compatibility in Raw 264.7 mouse macrophages (Figure S12). 

The cells tolerated the NPs well up to the maximum tested concentration of 300 μg/mL, 

suggesting their potential for drug delivery.  
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1.5. Conclusion 

Herein we designed an ROS sensitively degradable polymer applying a 

chemical amplification strategy for fast and efficient polymer degradation. We 

successfully synthesized the polymer and verified the chemical amplification effect 

on its degradation. The ROS-ARP degraded over 17 times faster than its control 

polymer without an amplification strategy. The accelerated degradation arises from 

the unmasked carboxylic acid which catalyzes a ketal hydrolysis. As suggested here, 

this strategy and degradation mechanism may be applied in future biomedical 

applications such as for drug delivery. 

 

1.6. Abbreviations 

ROS, reactive oxygen species; H2O2, hydrogen peroxide; BE, hydroxymethylphenyl 

boronic acid pinacol ester; DMSO, dimethylsulfoxide; DMF, dimethylformamide; DCC, N,N'-

dicyclohexylcarbodiimide; DMAP, 4-dimethylaminopyridine; PMMA, poly (methyl 

methacrylate); NaOH, sodium hydroxide; PDI, polydispersity Index; TBDPSCl, tert-

butyldiphenylchlorosilane; TFA, trifluoroacetic acid; ppm, parts per million; PBS, phosphate 

buffered saline. DCM; TEA, trimethylamine; NP, nanoparticles; UV, ultraviolet; 
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1.9. Supplementary 

 

Figure 1. S1. NMR spectra of compound 3 

 

 

 

 

Figure 1. S2. NMR spectra of ROS-ARP 
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Figure 1. S3. GPC profile of ROS-ARP in various pH and presence of H2O2. x/y axis is 

retention time/RI signal intensity. 
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Figure 1. S4. ROS-ARP molecular weight change by pH and H2O2. x/y axis represents 

incubation time/% molecular weight. Polymer incubated with 10 mM H2O2 (blue) and 

without H2O2 (green). 
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Figure 1. S5. GPC profile of ROS-ARP in 0 mM (left) and 10 mM (right) H2O2. x/y axis is 

retention time/UV absorption signal intensity. (Retention time of 4-hydroxybenzyl alcohol 

was 19.7 min) 

 

 

 

Figure 1. S6. ROS-ARP NPs. Left is DLS data of particle and right is image of particles 

observed by TEM 
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Figure 1. S7. ROS-ARP NPs stability test by size and polydispersity change. Particles in 

phosphate buffer are incubated at 37 oC for 16 days.  
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Figure 1. S8. Representative TEM images of ROS-ARP nanoparticles in 0 mM H2O2 and 10 

mM H2O2 
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Figure 1. S9. AUC Calculation values of released IR-780 at pH 7.4 with 1 mM H2O2, and 

input parameters for calculation. Input parameters were obtained from measurement of free 

IR-780 in same condition. (Lest) Fluorescence signal and separated loaded and released dye 

signal by fitting. (Right) 

 

 

  



 

65 

 
Figure 1. S10. Calculated AUC of IR-780 loaded ROS-ARP NPs and free IR-780 by various 

mixing ratio. (Left) Calculated AUC of free IR-780 by its concentration. (Right) 

 

 

 

 

Figure 1. S11. Separated IR-780 NPs signal from released IR-780 after Gaussian fitting. 
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Figure 1. S12. Cell viability of ROS-ARP NPs after 24 hours incubation. 

 

 

Chapter 1, in full, is a reprint of the material as it appears in Biomaterials Science 2017. 

Lee, Sangeun; Stubelius, Alexandra; Olejniczak, Jason; Jang, Hongje; Nguyen Huu, Viet Anh; 

Almutairi, Adah., RSC Press, 2017. The dissertation/thesis author was the primary 

investigator and author of this paper. 
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CHAPTER 2 

Inflammation-Responsive Drug-Conjugated Dextran Nanoparticles Enhance  

Anti-Inflammatory Drug Efficacy 

 

 

 

2.1. Abstract 

Recently, interest has been increasing in stimuli-responsive nanoparticles due to their 

potential biomedical applications. Particularly, pH and ROS are suitable triggers for 

inflammatory disease-targeting materials, since it is known that the inflammatory area not 

only has elevated ROS levels, but also has lower pH than healthy tissue. In this study, we 

designed an ROS-responsive dextran-drug conjugate (Nap-Dex) and developed a dual 

responsive nanoparticle by blending Nap-Dex with a pH-responsive dextran polymer. The 

anti-inflammatory cox-inhibitor, naproxen, was modified with an ROS-responsive 

phenylboronic acid, and conjugated onto dextran with the aim of achieving an inflammation-

responsive drug release.  This achieved functionalization of up to 87 % of unit dextran with 

the modified naproxen. The conjugated drug was released completely from the polymer 

within 20 min, at 10 mM H2O2. To increase specificity and reactivity towards inflammation, 

we formulated dual-responsive nanoparticles by blending Nap-Dex and acid-sensitive 

acetalated dextran (Ac-Dex). The dual-responsive nanoparticles reduced the pro-

inflammatory cytokines level more efficiently, 120 times for IL-6 and 6 times for TNFα, than 

free naproxen from LPS-activated macrophages. In addition, the model drug FDA was 

released as cargo in an LPS-induced inflammatory response in vitro. We believe that drug-
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conjugation using phenylboronic acid can be applied to various drugs and dextran based 

materials for enhanced drug-efficacy, where this work opens the door to functionalized 

carbohydrates polymer-drug conjugates. 
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2.2. Introduction 

Stimuli-responsive nanoparticles have been coming into the spotlight due to their 

potential applications in various fields, especially in biomedical applications.1-12 These so-

called ‘smart nanoparticles' respond to stimuli in biological systems such as enzymes, 

biochemical molecules (ex; glucose, GSH, ATP), pH, and reactive oxygen species (ROS).13-

15 Notably, pH and ROS are suitable triggers for materials targeting inflammatory diseases 

since it is known that the inflammatory environment includes increased ROS production and 

lower pH values than normal tissues due to increased metabolic activation.16-19 

Incorporating stimuli-responsive linkers improves controlled release of polymer-drug 

conjugates. Conjugating drugs to polymers has been proposed as a means to increase loading 

efficiency of encapsulated drugs and decrease leakage.20-22 Although a few polymer-drug 

conjugates reached clinical trials, they showed limited efficacy due to uncontrollable drug 

release.23 To control the release, stimuli-responsive linkers are incorporated into the polymer-

drug conjugates.24-29 However, very few responsive linkers in general have been reported, 

especially for ROS-responsive conjugates.30-32 

Phenylboronic acids, the well-known Suzuki coupling reagent, react with ROS, 

resulting in the cleavage of covalent bond between the carbon and boron. This reaction is a 

quantitative reaction with high sensitivity and specificity towards H2O2 over the other 

ROS.33-35 Since it consumes ROS during the reaction, it also acts as an ROS scavenger.36-38 

Another interesting property of phenylboronic acids is that they have a high affinity towards 

binding with diols through an ester formation.39-41 This unique property makes them a viable 

option for glucose sensors and carbohydrate modifications.42-46  

Among carbohydrates, dextran is a widely used polymer for biomedical applications 
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because it is FDA approved, biocompatible, and commercially available with low cost.47-49 

In this regard, various modified dextran based polymers have been reported.50-54 Ac-Dex is 

one of the modified dextrans, which has acetalated diols on its backbone.55-57 This converts 

the hydrophilic dextran into a hydrophobic polymer. Under acidic conditions, the acetals will 

undergo hydrolysis and revert the polymer back to its hydrophilic state. Due to these 

properties, Ac-Dex has been incorporated into acid-responsive nanoparticles in which the 

hydrophobicity change allows for the release of the encapsulate.58-60  

 

 

Figure 2. 1. Schematic illustration of nanoparticles and its degradation by stimuli. 

 

 

Here, we demonstrate a dual responsive nanoparticle using a newly designed ROS-

responsive dextran-drug conjugate and pH-responsive acetalated dextran for co-delivery of 

chemically conjugated drug onto polymer and physically loaded cargo in nanoparticles. 

(Figure 1) For this purpose, we modify an anti-inflammatory drug with the ROS-responsive 



 

71 

phenylboronic acid and conjugate it onto dextran (Nap-Dex) for an inflammation-responsive 

drug release. The phenyboronic acid linker is cleavable by H2O2 and the Nap-Dex releases 

conjugated naproxen with increasing hydrophilicity of the polymer. Conjugation efficiency 

and drug release from the Nap-Dex are evaluated. In addition, NPs are formulated by 

blending Nap-Dex with Ac-Dex, formulating a dual-responsive NP to co-deliver chemically 

conjugated naproxen and physically encapsulated cargo. We demonstrate controlled release 

of the drugs and model cargos in response to pro-inflammatory macrophage activation.  
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2.3. Materials and methods 

2.3.1. General methods and instrumentation   

Unless otherwise noted all chemicals were purchased from Sigma Aldrich and used 

without further purification. Molecular sieves were obtained from Spectrum and Naproxen 

was acquired from MP Biomedicals. Purification of Synthesis products was performed by 

flash chromatography using Combiflash Rf 200 from Teledyne ISCO with RediSepRf normal 

phase column. Proton nuclear magnetic resonance (1H NMR) spectra were recorded using 

Varian 600 MHz with CDCl3 and DMSO-d6 as solvents. 13C NMRs were recorded using 

Varian NMR spectrometer at 150 MHz with each solvent. Chemical signals were reported as 

δ in parts per million (ppm). As a gel permeation chromatography (GPC), Agilent 1100 was 

utilized with PLgel Mixed D-D column. Exella E24 incubator shaker series by New 

brunswick scientific is used for particle incubation. Lliquid chromatography & Mass 

spectrometry LCMS Agilent Technology. To measure fluorescence intensity, Horiba 

Fluorolog was utilized as a fluorescence spectrometer. Dynamic light scattering (DLS) using 

Malvern Zetasizer Nano ZS. Transmission electron microscopy (TEM, Tecnai FEI Spirit) for 

observing shape and morphology of the nanoparticles. 
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2.3.2. Synthesis of Compound 1 

 

4-Hydroxyphenylboronic acid pinacol ester was conjugated with naproxen. Naproxen 

(2.26 g, 1 eqv), 4-Hydroxyphenylboronic acid pinacol ester (2.3 g, 1 eqv.) and DMAP (1.44 

g, 1.2 eqv.) were dissolved in anhydrous DCM (40 ml). After dissolving them completely, 

EDC (1.83 g, 1.2 eqv.) was added into the mixture. The reaction solution was agitated at r.t. 

After overnight reaction, the solution was diluted with DCM (260 ml) and washed using H2O 

(300 ml x3 times). Organic layer was collected and dried using MgSO4. The product was 

purified by column chromatography with ethylacetate and hexane (30:70). White solid was 

obtained as a product (3.38 g, yield: 77 %). 

1H-NMR (600 MHz, CDCl3): δ 7.71 (d, J=7.8 Hz, 2H), 7.67 (t, J=9.1 Hz, 2H), 7.63 

(s, 1H), 7.38 (dd, J= 8.4, 1.4 Hz, 1H), 7.21 (d, J= 7.9 Hz, 2H), 7.12 (dd, J= 9.0, 2.2 Hz, 1H), 

7.09 (d, J= 2.1 Hz, 1H), 5.1 (q, J= 18.8, 12.8, 2H), 3.9 (s, 3H), 1.57 (d, J= 7.2 Hz, 3H), 1.31 

(s, 12H) 

13C-NMR (150 MHz, CDCl3): δ 174.6, 157.8, 139.2, 135.6, 135.1, 133.9, 129.5, 

129.1, 127.3, 127.2, 126.5, 126.2, 119.2, 105.7, 84.0, 66.5, 55.5, 45.6, 25.0, 18.7 

MS (ESI) m/z: [M+Na]+ calcd for C27H31BO5Na, 469.22; found 469.1 
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2.3.3. Synthesis of Compound 2 

 

Compound 1 (2.4 g, 5.38 mmol), Sodium periodate (NaIO4) (3.45 g, 16.14 mmol) 

and Na4OAc (1.24 g, 16.14 mmol) were dissolved in 250 ml aceton and 125 ml water under 

stirring in an round bottom flask; stirring was continued overnight at room temperature. After 

removing the aceton under reduced pressure, the product was filtered and purified by a 

column chromatography with 20 % methanol 80 % DCM. The resulting product was 

precipitated into water and dried under vacuum (1.23 g, 66 %).  

1H-NMR (600 MHz, d6-DMSO): δ 7.78 (d, J= 8.7 Hz, 2H), 7.72 (s, 2H), 7.77 (d, 

J=7.6 Hz, 1H), 7.4 (dd, J=3.2 Hz, 1.5 Hz, 1H), 7.3 (d, J=2.7 Hz, 1H), 7.19 (d, J=8.0 Hz, 2H), 

7.15 (dd, J= 8.4Hz, 2.6 Hz, 1H), 5.12 (s, 2H), 4.00 (dd, J=7.1 Hz, 13.9 Hz, 2H), 3.87 (s, 3H), 

3.83 (m, J= 13.1, 1H), 1.5 (d, J=7.6 Hz, 3H) 

13C-NMR (150 MHz, d6-DMSO): δ 173.8, 157.2, 137.9, 135.6, 134.2, 133.3, 129.2, 

128.4, 127.0, 126.5, 126.3, 125.7, 118.8, 105.7, 65.7, 55.2, 44.4, 18.4 

MS (ESI) m/z: [M+2Na]+ calcd for C21H20BO5Na2,409.12; found 409.1 
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2.3.4. Synthesis of Nap-Dex 

 

Compound 2 (426 mg, 0.617 mmol) and Dextran (10 kDa, 200 mg, 0.617 mmol) were 

dissolved in 2 ml anhydrous DMSO in an oven dry 15 ml round bottom flask equipped with 

a stirring bar and molecular sieves. 1,2-diazabicyclo(5.4.0)undec-7-ene(1,5-5) (DBU) (1.29 

ml, 4.32 mmol) was added to the solution and stirring was continued over night at room 

temperature. The Polymer was washed by dialysis using a membrane with MWCO of 3500 

Da against DMSO and 1 % DBU. Then, the product was precipitated into ethyl acetate and 

dried overnight under vacuum (193.4 mg, 31 %).  

 

2.3.5. Turbidity change of Nap-Dex by H2O2 

Turbidity change observation of Nap-Dex by H2O2 addition. Nap-Dex was dissolved 

in DMSO then diluted with same volume of 20 mM H2O2 solution or DI water. The final 

concentration of polymer was set to 10 mg/ml and H2O2 concentration was set to 0 mM or 

10 mM. Each samples were incubated at 37 oC and absorption at 750 nm was measured using 

UV-Vis spectrometer after cooling down the sample temperature to r.t. 
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2.3.6. H2O2 responsive naproxen release 

Release of small compound from the Nap-Dex was firstly observed by GPC. The 

Nap-Dex was dissolved in DMF and diluted with 50 mM H2O2 (DMF 80 v%, H2O2 (aq) 20 

v%), therefore the final concentration was set to 4 mg/ml Nap-Dex and 10 mM H2O2 solution. 

The sample was incubated at 37 oC for 24 hours. After the incubation time, the sample was 

injected into GPC and the UV absorption signal (at 280 nm) was compared with control 

(incubated Nap-Dex with 0 mM H2O2).  

To analyze released molecules by H2O2, the released small molecules were collected 

and injected into LC-MS. The Nap-Dex (10 mg/ml) in 50 % DMSO, and 50 % H2O2 (0 mM 

or 10 mM) was incubated. At each time points, the sample was diluted by 80 % MeOH, and 

filtrated using centrifugal filtration (Amicon Ultra, 3 kDa, 13 krpm). The filtrated solution 

was injected into LC-MS.  

The released materials were also analyzed by 1H-NMR. The Nap-Dex (10 mg/ml) in 

50 % DMSO, and 50 % H2O2 (50 mM) was incubated for 3 days. Resulting solution was 

lyophilized to remove solution including H2O2. Obtained solids were dissolved in d6-DMSO 

for NMR measurement  

 

2.3.7. Nanoparticle formulation 

Nanoparticles were formed using Nap-Dex and Ac-Dex by probe sonication. Nap-

Dex (50 mg) was dissolved in DMSO (300 μl), and Ac-Dex (50 mg) was dissolved in DCM 

(2.7 ml). Each solution was mixed well and added into in 1 w% PVA (aq) (60 ml). The 

resulting solution was sonicated in ice bath (5 min, 10 W, 2500 kJ). After the sonication, 

DCM was removed by vacuum. To remove PVA and DMSO, the particle solution was settle 
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down using centrifuge (13 krpm, 15 min). Supernatant was removed and pallet was re-

dispersed in PBS. The washing was repeated 3 times.  

 

2.3.8. Particle stability and degradation by stimuli 

Nanoparticles were dissolved (10 μg/ml) in each buffer, pH 7.4 phosphate buffer with 

0 mM H2O2, pH 7.4 phosphate buffer with 10 mM H2O2, pH 5.0 acetate buffer with 0 mM 

H2O2, pH 5.0 acetate buffer with 10 mM H2O2, and incubated at 37 oC. Size and scattering 

intensity of the particles were measured by DLS (Zetasizer, nanoseries) at each time points. 

 

2.3.9. Cargo release by stimuli 

The NPs solution was prepared in various buffer conditions (same with stability test 

condition). The NPs were incubated for 2 days at 37 oC. At each time points, 500 μl of the 

NPs solution was washed using ultracentrifugal filtration (MWCO 10 kDa). Fluorescence 

intensity of the filtrated solution was measured by fluorescence spectrometry.  

 

2.3.10. Cell viability 

Cell tolerability of empty particles was assayed using the Rezasurin (Sigma Aldrich) 

viability reagent in RAW 264.7 murine macrophages. Cells were plated at 20 000 cells/well 

in DMEM (Corning) supplemented with 10% Fetal Bovine Serum (FBS, HyClone) and 1% 

penicillin-streptomycin (Invitrogen) on a 96-well tissue culture-treated plate (Corning) and 

let adhere for 20 hours. Particles were then added to the wells at concentrations between 900 

μg/ml to 3 μg/ml and incubated for 24 or 48 hours. Filter sterilized Rezasurin was added to a 
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final concentration of 25 μg/ml. After 4 hours incubation, the fluorescence was recorded at 

560 nm excitation / 590 nm emission. Results are presented as % of non-treated control.  

 

Figure 2. S1. Cell viability with NPs 

 

Nanoparticles were well-tolerated by Raw 264.7 macrophages in a Rezasurin 

viability assay following 24 h (A) or 48 h (B) incubation with nanoparticles. 

 

2.3.11. Inflammation-triggered FDA cargo release in macrophages 

RAW 264.7 murine macrophages were grown as previously described and stimulated 

with LPS (5 μg/mL) for 2 hours before NP addition. 2 hours after incubation with NPs, the 

media was washed and the release of FDA was measured by fluorescence measurement (λex= 

495 nm, λem = 514 nm) using a plate reader (Molecular Devices SpectraMax M5). To confirm  

release, fluorescence microscopy images of cells were acquired (Nikon TS100F). Results are 

presented as means ± S.D. Analysis of variance (ANOVA) was used to compare the groups, 

followed by Tukey's multiple comparison test (Prism Version 7.0b). Statistical difference 

were considered to be significant at P<0.05. 

 



 

79 

2.3.12. Efficacy studies: pro-inflammatory cytokine from macrophages in vitro 

Raw 264.7 murine macrophages were activated by LPS (100 ng/ml) for 2 hours. 

Treatments were added at a final concentration of 5.2 mM: Free Naproxen (Nap), Nap-Dex 

or media control. Cells were incubated over night before supernatants were collected. IL-6 

and TNFα levels were measured using ELISA (Mouse IL-6 or TNFα DuoSet ELISA, R&D 

systems). Results are presented as means ± S.D. Analysis of variance (ANOVA) was used to 

compare the groups, followed by Tukey's multiple comparison test (Prism Version 7.0b). 

Statistical differences were considered to be significant at P<0.05. 
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2.4. Results and discussion 

2.4.1. Synthesis 

First, naproxen was modified in order to conjugate onto the dextran polymer (Nap-

Dex). The carboxylic acid group on the naproxen reacted with 4-

(hydroxymethyl)phenylboronic acid pinacol ester by EDC coupling. After conjugation, the 

boronic ester group was oxidized using sodium periodate (NaIO4) and the naproxen prodrug 

(compound 2) was obtained. This prodrug was conjugated onto dextran (9 - 11 kDa) by a 

coupling reaction with the boronic acid on the produrug and the diol on dextran. However, 

according to a previous study, only 2.7 % of diols on dextran were modified by phenyl 

boronic acid because the reverse reaction occurs at a high rate.45 Considering that one of the 

greatest advantages of polymer-drug conjugates is high loading of drugs by chemical 

conjugation, a higher conjugation rate is required. Using an organic base increases the diol-

boronic acid conjugation efficiency based on equilibrium shift between the conjugation and 

cleavage.61, 62 We used two different organic bases to improve conjugation efficacy. By 

adding 5 equivalents of trimethylamine (TEA) to the synthesis of compound 2, the drug 

conjugation increased up to 33 % (33 per 100 glucose unit). The drug conjugation increased 

further up to 87 % when 5 equivalents of DBU were added. We speculate that because DBU 

has higher miscibility with the solvent, DMSO, it is more efficient under those conditions. 

The conjugation ratio was calculated using 1H-NMR or LC-MS by measuring the amount of 

conjugated or unconjugated prodrug. 

The synthesized Nap-Dex was purified by dialysis against DMSO and ethyl acetate, 

and characterized by 1H-NMR (Varian) and GPC (Agilent 1100). Compared to dextran, the 

molecular weight of Nap-Dex increased 1.4 times (Figure 2, A). 



 

81 

 

Scheme 2. 1. Synthesis scheme of Nap-Dex and its H2O2-responsive cleavage. Reagent and 

conditions: a) naproxen, EDC, DMAP, DCM, 18 h, at r.t., 77 %. b) NaIO4, NH3OAc, 

Acetone/H2O, 18 h, r.t., 66 %. c) dextran, DBU, molecular sieves, DMSO, 18 h, 100 oC, 

31 %. 

 

2.4.2. H2O2 reactivity of Nap-Dex 

After the conjugation, we explored the H2O2 reactivity of Nap-Dex. Nap-Dex was 

incubated for 24 hours in a 10 mM H2O2 solution. The solution was analyzed via GPC and a 

UV absorption change was observed. As a result, UV absorption in the small molecular 

weight range (Rt: 18.5 - 27 min) increased significantly, suggesting that H2O2 cleaved the 

small molecules from the conjugated polymer. In addition, turbidity of the polymer solution 

changed remarkably after the incubation (Figure 2, C). The turbidity change was analyzed 

using UV spectroscopy by measuring absorbance at 750 nm. Absorption of the solution 

incubated with H2O2 drastically decreased within 20 min, while it maintained for 3 hours 

without H2O2 (Figure 2, D). The turbidity of the Nap-Dex solution with H2O2 decreased since 

hydrophilicity of the polymer increased by the H2O2-responsive drug release. 
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Figure 2. 2. A) and B) GPC signals of Nap-Dex (blue), dextran (black) and Nap-Dex 

incubated with 10 mM H2O2 (green). Samples were incubated for 24 hours before the 

measurement in 80 v% DMF and 20 v% aqueous solutions. C) Nap-Dex solution 

with/without 10 mM H2O2. Nap-Dex was dissolved in 50 v% DMSO and 50 v% H2O and 

incubated for 3 hours at 37 oC. Polymer concentration was 10 mg/ml and H2O2 concentration 

was adjusted to 0 mM or 10 mM. D) Turbidity change of the Nap-Dex solution measured by 

UV-Vis spectrometer. Nap-Dex solution (2 mg/ml in 50 v% DMSO and 50 v% aqueous) was 

incubated at 37 oC and the absorption at 750 nm was monitored by incubation time. E) LC-

MS comparison between released molecules from Nap-Dex by H2O2 and pure naproxen. The 

Nap-Dex solution incubated with 10 mM H2O2 was filtrated using ultracentrifugal filtration 

and filtrated molecules were injected into LC-MS. F) Naproxen release from Nap-Dex by 

H2O2. The naproxen signal in LC-MS was monitored by incubation time. The release amount 

was calculated based on a calibration curve.  
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2.4.3. Naproxen release from Nap-Dex 

The released small molecules observed using GPC were analyzed by NMR and 

verified to be naproxen. The Nap-Dex solution was incubated for 3 days with 50 mM H2O2. 

After the incubation time, the solution was lyophilized and the compounds were dissolved in 

d6-DMSO and analyzed by NMR. Compared with the Nap-Dex without incubation, proton 

peaks of the linker largely shifted upon addition of H2O2 (Figure 3). The peak shift of the 

phenylboronic acid linker confirms that the covalent bond between the linker and naproxen 

was cleaved.  

For further confirmation of naproxen release, the released small molecules were 

analyzed by LC-MS (Agilent 1260) and compared with pure naproxen. The Nap-Dex was 

incubated with 10 mM H2O2, then washed with methanol using ultracentrifugal filtration and 

injected into the LC-MS. Consequently, the released molecule had the exact same retention 

time (5.67 min) with pure naproxen (Figure 2, E). Furthermore, the mass of the released 

material (Mw, exp = 229.5) was identical with the measured mass of pure naproxen (Mw, exp = 

229.5) and correlates well with the theoretical mass of naproxen (Mw, theory = 229.09). Based 

on these results, we concluded that the naproxen is released from Nap-Dex after incubation 

in H2O2.  

Using LC-MS, naproxen released from the polymer was analyzed at different 

incubation time points (-5, 0, 15, 30, 40, 60, 90 min). Figure 2, F shows that naproxen was 

completely released from the polymer within 20 min by 10 mM H2O2, while 14 % of drug 

released without H2O2. It confirms that a controlled release of the conjugated naproxen was 

efficient by H2O2 addition. Moreover, the release of the naproxen profile corresponds well 

with the aforementioned turbidity change of the Nap-Dex solution 
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Figure 2. 3. A) NMR spectrum of Nap-Dex. B) NMR spectrum of Nap-Dex incubated with 

H2O2. Nap-Dex was dissolved in 50 v% DMSO and 50 v% 100 mM H2O2, and incubated for 

3 days. Naproxen is labelled with small alphabets (green), and protons on the boronic ester 

linker are labelled with L1, L2, and L3 (L1’, L2’, and L3’ after cleavage). The protons on the 

dextran are noted by D (blue).  

 

Figure 2. 4. A) Size distribution of nanoparticles measured by DLS. B) Morphology of the 

nanoparticles observed by TEM. 
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2.4.4. NP formulation with Ac-Dex 

After confirming drug release from the Nap-Dex, we formulated nanoparticles to co-

deliver conjugated drug as well as a physically loaded cargo. Nap-Dex and Ac-Dex blended 

nanoparticles (NPs) were formed by probe sonication using 5 mg of Nap-Dex and 5 mg of 

Ac-Dex. These dual-sensitive polymeric particles, which release chemically conjugated 

naproxen by H2O2 and physically loaded cargo by acids, was demonstrated to improve these 

functionalities for inflammation targeting. (Figure 1). The hydrodynamic size of the formed 

particles was evaluated by DLS to be 260 nm (± 58 nm; Figure 4, A). The morphology of the 

particles, spherical nanoparticles, was observed by transmission electron microscopy (TEM) 

(Figure 4, B).  

The loading of the conjugated drug was calculated based on the conjugation ratio. It 

was calculated as 27 wt% loading. It is more than 10 times higher loading efficiency 

compared with naproxen loaded nanoparticles, such as lipid nanoparticles,63, 64 magnetic 

nanoparticles,65 physically encapsulated polymeric nanoparticles,66 or polymeric prodrugs.67 

However, it has lower loading when it is compared with dextran-naproxen conjugate (68 wt% 

loading) utilizing ester linkage between hydroxyl group of dextran and carboxylate of 

naproxen.68   
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Figure 2. 5. A) Size change of the nanoparticles by time, pH and H2O2 concentration. Black: 

pH 7.4 10 mM phosphate buffer with 0 mM H2O2. Red: pH 7.4 phosphate buffer with 10 

mM H2O2. Blue: pH 5.0 10 mM acetate buffer with 0 mM H2O2. Green: pH 5.0 10 mM 

acetate buffer with 0 mM H2O2. (σ: calculated from obtained polydispersity index) B) 

Fluorescence signals of released rhodamine 6G from nanoparticles by stimuli and incubation 

time. Notations are same with A. (values are mean of n=3) 

2.4.5. NP stability and pH responsive NP size change 
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NPs stability was monitored by DLS in varying pH and H2O2 concentrations. The 

NPs were incubated at pH 7.4 (with 0 mM and 10 mM H2O2) and at pH 5.0 (with 0 mM 

and10 mM H2O2) for four days. The size of the NPs remained stable in pH 7.4 phosphate 

buffer for 4 days (Figure 5, A), while increasing drastically at pH 5.0 within 24 hours. After 

2 days of incubation at pH 5.0 the size was immeasurable due to the measurement limitation 

range. The increase of size can be explained by the hydration and dissociation of the particles 

by the hydrophilicity change of Ac-Dex, and also by the reverse reaction of the linker 

conjugation of Nap-Dex.69, 70 

Meanwhile, considering the H2O2-sensitivity of the Nap-Dex, we expected a drastic 

disassembly of the NPs in a solution with 10 mM H2O2 at pH 7.4. However, the NP size 

remained stable at pH 7.4, even with 10 mM H2O2. We assume that the reactivity decreased 

due to the hydrophobic core of the NPs, protecting Nap-Dex from H2O2 exposure, and partial 

release of naproxen from a surface of the nanoparticles was not enough to induce entire 

particle dissociation. 

 

2.4.6. pH responsive cargo release 

pH-responsive cargo release by particle dissociation was evaluated under the above 

conditions (pH 7.4 and pH 5.0 with 0 mM or 10 mM H2O2). Rhodamine 6G (an organic dye) 

was physically encapsulated into the NPs as a model cargo. The dye was dissolved in organic 

solutions (20 v% DMSO, 80 v% DCM) during the formulation process and 4 wt% of the dye 

was loaded. The rhodamine 6G loaded NPs were incubated in different buffer conditions and 

the released dye was separated by ultracentrifugal filtration. Fluorescence intensity of the 

collected dye was measured by a fluorescence spectrometer (Horiba Fluorolog).  
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Figure 5, B shows the cargo release from the dual-responsive NPs after reacting to 

the stimuli. There was no release for 2 days at pH 7.4 with either 0 mM and 10 mM H2O2. 

This results correlate well with the particle size change under the same condition. On the 

other hand, under acidic conditions, the particle released its cargo after 9 hours, regardless of 

the presence of H2O2.  

Interestingly, at pH 5.0, the cargo release was inhibited after 12 hours without H2O2. 

We assume that the release was suppressed since Nap-Dex remains hydrophobic, where some 

of the cargo remained in the NPs even after the Ac-Dex hydrolysis. Although de-conjugation 

of the naproxen prodrug is preferred under acidic condition in Nap-Dex, we speculate Nap-

Dex is still partially hydrophobic considering high conjugation ratio. To confirm it, we 

formed Nap-Dex nanoparticles without Ac-Dex and examined stability of them at pH 5.0. 

The size of the particles measured by DLS maintained stable for 5 days at pH 5.0. (Figure 

S1) 

Meanwhile, when the NPs were treated with both acid and H2O2 for 48 hours, the 

released fluorescent signal increased 2.5 times compared with the signals from the NPs in 0 

mM H2O2 at pH 5.0. We believe that the cargo release increased due to the hydrophilicity 

change of both the Nap-Dex and Ac-Dex as a result of the stimuli. This result suggests that 

the cargo release from the dual-responsive NPs is more effective in inflammatory conditions, 

including both oxidative stress and acidosis.  
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2.4.7. Inflammation-triggered cargo release 

Inflammation-triggered release was demonstrated in vitro by activating Raw 264.7 

murine macrophages with lipopolysaccharide (LPS), a TLR4 agonist that induces the 

production of, amongst others, reactive oxygen species.71 pH also decreases in the 

microenvironment due to enhanced cell activity, creating an environment suited for dual-

responsive NPs dissociation.  

Fluorescein diacetate (FDA) was loaded into the nanoparticles as a model cargo to 

monitor inflammation-responsive cargo release. FDA is fluorescently inactive inside the 

NPs, but once it is released and internalized, cellular esterase converts FDA to fluorescent 

fluorescein.72, 73 To confirm payload release from nanoparticles, LPS-activated or control 

treated macrophages were incubated with particles containing FDA. Figure 6, A-B shows the 

fluorescence emission of fluorescein in macrophages, where LPS-activated cells resulted in 

a 1.3 times higher fluorescence intensity compared to media control (Figure 6, C). This 

demonstrates that the dual-responsive nanoparticles release cargo in an inflammatory 

environment. 

 

2.4.8. ROS-responsive drug release in vitro 

Most importantly, we evaluated inflammation-triggered efficacy of naproxen 

released from the NPs. Macrophages were pre-activated with LPS and then incubated with 

particles overnight. Drug efficacy was verified by measuring reduced levels of the pro-

inflammatory cytokine IL-6, where an equivalent dose of dual-responsive NPs was more 

efficient in reducing IL-6 levels than free naproxen (Fig 6D). We also measured tumor 

necrosis factor alpha (TNFα), a pro-inflammatory cytokine reported to be less sensitive to 
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COX-inhibitors such as naproxen.74 The NPs reduced TNFα to control levels (Fig 6E), 

whereas the free drug by itself failed to reduce the cytokine, indicating that the particles offers 

a synergistic anti-inflammatory effect, with both naproxen and the H2O2-responsive 

phenylboronic acid linkers. We speculate that this increased efficacy could be due to the 

boronic ester acting as an ROS scavenger.36-38 

 

Figure 2. 6. Triggered release of FDA from RAW 264.7 macrophages with intracellular 

conversion to fluorescein from NPs cultured with (A) LPS stimulation (5 μg/ml) or (B) media 

control. Fluorescein fluorescence increase after LPS- initiated inflammation (C), quantifying 

A-B. Macrophages were pre-activated (2 hours) with LPS, and then treatments were added 

overnight. IL-6 (D) and TNFα (E) were measured in the supernatant by ELISA. Data is 

presented as mean ± SD; * p < 0.05, *** p < 0.001 
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2.5. Conclusion 

We have designed and synthesized an ROS-responsive dextran-naproxen conjugate 

using a boronic acid linker. The drug was efficiently conjugated onto dextran and released by 

H2O2 in a controlled manner. To improve functionalities of improved inflammation-

sensitivity and controlled release of cargo, we formulated dual-responsive nanoparticles by 

blending Nap-Dex and Ac-Dex. We have successfully demonstrated an inflammation-

responsive naproxen release and its pharmacokinetics. Interestingly, the dual-responsive NPs 

showed highly improved drug efficacy for both IL-6 and TNFα production as compared to 

free naproxen with a possibility of ROS scavenging effect. Additionally, we also examined a 

loaded cargo release from the nanoparticles triggered by inflammation in vitro. We believe 

that the drug conjugation through phenylboronic acid linkers can be applied to various 

dextran based materials, and opens the door to further functionalization of carbohydrates. 

 

2.6. Abbreviations 

Dex, dextrans; ROS, reactive oxygen species; H2O2, hydrogen peroxide; BE, 

hydroxymethylphenyl boronic acid pinacol ester; DMSO, dimethylsulfoxide; DMF, 

dimethylformamide; EDC, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; DMAP, 4-

dimethylaminopyridine; PMMA, poly (methyl methacrylate); PDI, polydispersity Index; TFA, 

trifluoroacetic acid; ppm, parts per million; PBS, phosphate buffered saline. DCM; TEA, 

trimethylamine; NP, nanoparticles; UV, ultraviolet; AUC, area under the curve, TEM, 

transmission electron microscopy; DLS, dynamic light scattering; GPC, gel permeation 

chromatography; Rhod 6G, rhodamine 6G; 
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Figure. 2. S2. Size of the nanoparticles formed with Nap-Dex was monitored at pH 5.0. 

Nanoparticles were formed using Nap-Dex and PLGA, without Ac-Dex. Nap-Dex and PLGA 

were dissolved in organic solutions (20 v% DMSO, 80 v% DCM), and formulated particles 

were incubated in 10 mM acetate buffer (pH 5.0) at 37 oC. Error bar was calculated based on 

a polydispersity index obtained from DLS.  
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CHAPTER 3 

Bioresponsive Prophylaxis Effectively Ameliorates Acute Inflammatory Flare-Up 

 

 

 

3.1. Abstract 

Bioresponsive particles have been developed with the aim to increase drug delivery 

precision. Here, we utilize a disease-triggered, on-demand drug delivery option to improve 

prophylaxis for acute inflammatory flares. Preventing an inflammatory flare before or close 

to its onset would limit cell infiltration and long-term tissue destruction in diseases such as 

gout. Inflammation responsive, pH-sensitive, acetalated dextran (AcDex) particles were 

engineered by electrospray and loaded with dexamethasone (DXM). In a six-day in vitro 

prophylaxis assay, macrophages were pre-treated with free DXM, AcDex-DXM particles, or 

control slow-release poly(lactic-co-glycolic acid; PLGA)-DXM particles before stimulation 

with LPS and monosodium urate crystals (MSU) to initiate inflammation. In vivo, the 

prophylaxis efficacy was assessed by pre-treating either animals undergoing the murine air 

pouch model 24-hours before MSU crystal injections, or by pre-treating murine joints eight 

days prior to MSU injections. In both models, only AcDex-DXM significantly reduced cell 

infiltration and IL-1β and CXCL1. In conclusion, we have successfully demonstrated the 

superior efficacy offered by bioresponsive drug delivery over traditional free drug and drug-

encapsulation as prophylaxis to achieve adequate anti-inflammatory effects for acute flares. 

To the best of our knowledge, this approach and results are promising treatment opportunities 

for multiple inflammatory conditions.  
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3.2. Introduction 

Bioresponsive nanoparticles and constituent polymers offer an enabling tool useful 

for drug delivery by creating a tight control system. Currently available drug delivery depots 

leak drugs at non-controllable rates. Since acute inflammation flares up rapidly, triggered fast 

release kinetics to inhibit or reduce inflammation is crucial for minimizing disease 

progression. Flare-ups still occur in inflammatory conditions such as gout despite chronic 

treatment1-2. Preventing the flare by containing it before or close to the onset would reduce 

inflammatory cell infiltration and long-term tissue destruction.3 Flare-ups can occur due to 

surgical intervention4-7, where recommended treatments such as anti-inflammatory NSAIDs 

and steroids can pose a risk due to side effects.8 To improve efficacy and reduce unwanted 

effects, local injections can be preferred9, however, currently available depots or pro-drugs 

for joint inflammation passively leak drugs, often requiring increased doses to achieve 

desired efficacy.10 Ideally, a prophylactic drug-release should only occur if a flare arises, 

thereby minimizing the required drug amount to achieve inflammation control. This 

prophylactic approach requires "tight control" of drug delivery demanding “smart” vehicles 

that rapidly release drug in response to the inflammatory process. The concept of prophylaxis 

for inflammatory flares has not previously been explored, as the technology has not been 

available.  

Post-surgical gout flares can involve previously affected joints and develop within 

eight days after surgery.11 These features make gout ideal for investigating the concept of a 

local, prophylaxis option to be administered before an intervention. To achieve this "tight 

control" for drug delivery, we chose to utilize the biochemistry of the inflammatory process. 

Due to increased cell metabolism in inflammation, pH decreases locally,12 which can be 
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exploited as a bioresponsive trigger. Acetalated dextran (AcDex, modified from the FDA 

approved plasma expander dextran) is a promising candidate that has been studied as a 

bioresponsive polymer for a number of medical applications.13-23 To improve prophylaxis 

potential, AcDex particles were here engineered in the micron-sized regime to improve 

retention time in joints, as this size has been suggested to reduce clearance from joints.24 The 

overall aims of these studies were to evaluate release kinetics, tolerability and prophylaxis 

capacity to prevent inflammatory flares. 
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3.3. Materials and methods 

3.3.1. Reagents  

All reagents were from Sigma Aldrich (St. Louis, Missouri, USA), unless otherwise 

stated.  

 

3.3.2. Responsive modified dextran, particle formulation and loading  

AcDex was synthesized as previously described with a relative cyclic acetal content 

of 48.6 % (Supplementary Figure S1).13 Microparticles (approximately 3 μm) were prepared 

by electrospray ionization based on previous reports25-26 with slight modifications. In general, 

60 mg of either AcDex or the non-bioresponsive control polymer poly(lactic-co-glycolic 

acid); PLGA, 6 mg of Lutrol F127 (10 % wt/wt), with or without 6 mg (10 % wt/wt) of 

Dexamethasone Palmitate (DXM; Toronto Research Chemicals Toronto, Canada) were 

dissolved in 400 μL of 4:1 de-acidified CHCl3 (EMD Millipore, Billerica MA, USA):DMSO. 

Particles were formed using a 31-gauge needle at 14 kV and 0.24 mL/hr for 1.5 hours and 

sprayed on to glass slides. To collect the particles, slides were rinsed with 50 ml of 0.02 % 

Tween 80/PBS (sink conditions, i.e optimal conditions enabling passive drug diffusion out 

from particles), washed (10 min, 450 x g) and resuspended in appropriate media after 20-24 

hours hydration in an incubator-shaker at 37 °C 60 RPM (New Brunswick Scientific). For 

quality control, batches of particles were tested for DXM release kinetics by dissolving the 

particle pellet in MeOH, filtered (3 kDa MWCO, MilliPore Amicon Ultra) to remove the 

polymer, and analyzed by Liquid Chromatography-Mass Spectroscopy (LC-MS, Agilent).  
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3.3.3. Particle release 

For acid-triggered release studies, particles (1 mg/ml) were incubated for either 24 

hours or eight days in sink conditions. The pH was reduced to 6.0-6.5 by adding 900 μL of 

acidified PBS, and returned to the incubator. Samples were removed after two, four, or eight 

hours and analyzed by LC-MS as described above. 

 

3.3.4. Scanning Electron Microscopy 

An Agilent 8500 Fe- scanning electron microscope (SEM; Agilent Technologies Inc, 

Santa Clara CA, USA) was used to image the particles. Particle suspensions were dripped 

onto a silicon wafer, air-dried and sputter coated with a 2 nm layer of a palladium/gold alloy. 

 

3.3.5. MSU crystals  

Monosodium urate (MSU) crystals were prepared as previously described27-28 and 

confirmed to be the correct crystalline structure by X-ray diffractometer analysis (XRD, 

Supplementary Figure S2), and confirmed to be free of detectable pyrogen by the limulus 

lysate assay (Lonza, Walkersville, Maryland, USA).  

 

3.3.6. Particle release by MSU crystals and uric acid 

Particles were incubated for eight hours at 37°C in sink condition control, MSU 

crystals (3 mg/ml) or uric acid (120 μM, pH 4.5). LC-MS analysis determined DXM 

concentrations retained in the particles or released in the supernatant. 
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3.3.7. Quantification of protein adsorption  

Particles (0.1 mg) were incubated overnight with ovalbumin alexa Fluor594 

conjugate (OVA-AF594) or bovine serum albumin fluorescein conjugate (BSA-AF488, both 

from Thermo Fisher Scientific, Santa Clara, CA, USA), 0.1 mg. The samples were washed 

to remove unbound proteins. Emitted fluorescence was measured using a fluorometer (FL-

1065; Horiba Jobin Yvon) and the protein concentration quantified by linear calibration. The 

amount of bound protein divided by the total surface area of the particles determined surface 

density coverage. 

 

3.3.8. In vitro efficacy and prophylaxis studies with BMDM cells 

Bone marrow derived macrophages (BMDM) were generated as previously 

described.29 After seven days, cells were re-plated at 1-2 x105 cells/well in DMEM / 10 μg/ml 

M-CSF (R&D systems, Minneapolis, MN, USA). Treatments were added at a final 

concentration of 400-40 nM DXM/well: water-soluble DXM, AcDex-DXM or PLGA-DXM 

at 0 h, -24 hours, -48 hours, or -six days. For the 48 hours and six-day assays, half of the 

medium was changed every other day to improve cell viability. After 24 hours, 48 hours or 

six-day incubations, LPS (100 ng/ml) and MSU (added 2 hours of LPS priming, 0.2 mg/ml) 

stimulated cells over night. All assays were performed in triplicates and repeated three times. 

IL-1β, IL-6 and TNFα were measured using Mouse DuoSet ELISAs (R&D systems). 

 

3.3.9. Animal models  

All animal experiments were performed in agreement with the Institutional Animal 

Care and Use Committee (IACUC). C57Bl/6 male mice (Jackson laboratories, Sacramento, 
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CA, USA) were housed in a temperature-controlled room with a 06.00-18.00 hour light cycle 

and consumed regular chow and tap water ad libitum. Mice were 7-9 weeks at start of the 

experiments, and randomized before starting treatment to reduce bias.  

 

3.3.9.1. Air pouch model of inflammation.  

Dermal air pouches were established by injecting mice dorsally with 3 mL filtered 

(0.20 μm) air on day 0 and 3. On day 6, 15 μg DXM was injected as water-soluble DXM, 

AcDex-DXM, PLGA-DXM, or PBS control (n=5 mice/ group). 24 hours later, MSU crystals 

were injected (3 mg in 0.5 ml PBS).  After eight hours of stimulation, pouch exudate was 

collected by rinsing with 1 x 3 mL endotoxin-free PBS, followed by 30 seconds of gentle 

massage. Skin tissue was excised and fixed in 4% paraformaldehyde (Thermo Fisher) for 

subsequent hematoxylin and eosin (H&E) staining. Slides were imaged using a Keyence 

(Itasca, IL, USA) BZ-X700 widefield microscope. The exudate was centrifuged, supernatants 

were saved at -80°C and cells were resuspended in FACS buffer and counted by an automated 

cell counter (BioRad, Hercules CA, USA). Supernatants were subsequently tested for IL-1β 

and CXCL1 using Mouse DuoSet ELISAs (R&D systems). 

Cell surface markers were detected using fluorochrome-conjugated antibodies 

following Fc-blocking (anti-mouse CD16/CD32; clone 2.4G2, BD Biosciences, San Jose, 

CA, USA); anti-Mouse Ly-6G (Gr-1) APC (clone 1A8-Ly6g, Brilliant Violet 421, Thermo 

Fisher) and from Biolegend, San Diego, CA USA: anti-mouse Ly-6C PE/Cy7 (clone HK1.4) 

and anti-mouse CD11b (clone M1/70). Samples were analyzed by a Cytek FACScan™ 

(Cytek Biosciences Inc. Fremont, CA USA).  
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3.3.9.2. Intra-articular MSU injections.  

Murine knee joints were shaved and injected with 10 μg DXM (water-soluble DXM, 

AcDex-DXM, PLGA-DXM, or PBS control; n=4-7 joints per treatment per experiment). 

Eight days later, MSU crystals (100 μg/knee) were injected into the same joints. After eight 

hours of stimulation, the joints were collected, fixed and decalcified (Calex II, Thermo Fisher 

Scientific). Slides were stained with H&E, and imaged as above. Infiltrated cell area was 

measured by Image J (NIH, Bethesda, USA) and quantification was performed in a blinded 

manner. Two cutting depths were used per knee and the largest infiltrated area per treatment 

was used. The experiment was repeated two times (total number of 10-12 joints per group) 

with similar results and subsequently pooled. 

 

3.3.10. Statistical analysis 

Data is presented as mean values ± SD unless otherwise indicated. Statistical analysis 

was performed using SPSS software 20.0.0 (IBM Corp) and GraphPad Prism (GraphPad 

Software) version 7.0b. Data was examined for normal distribution. One-way analysis of 

variance (ANOVA) was used to compare independent groups; all groups were statistically 

compared followed by Tukey's post hoc multiple comparisons test. Whenever Levene’s test 

revealed unequal variances between the groups, Dunnett's T3 post hoc test was used instead. 

An analysis of covariance (ANCOVA) followed by a Tukey's post hoc test was used when 

adjustments for covariates were needed, i.e. when two experiments were pooled. P values 

<0.05 were considered statistically significant. 

 

  



 

108 

3.4. Results  

3.4.1. DXM was efficiently encapsulated by electrospray and released by reduced pH but not 

by MSU crystals  

The synthesized AcDex polymer (Supplementary Figure S1A) was formulated into 

bioresponsive pH sensitive particles (mean diameter 3.36 ± 0.35 µm, Figure 1A). The control 

particles were formulated from PLGA, an FDA approved non-bioresponsive control polymer 

(mean diameter 3.48 ± 0.27 µm, Supplementary Figure S3A). This size regime has previously 

been indicated to increase joint retention time as compared to smaller particles.24 DXM 

loading was determined to be 3-6.7 % for AcDex and 3-8 % for PLGA. Particle stability 

(PLGA shown in Supplementary Figure S3B and AcDex in Supplementary Figure S4A) was 

determined after eight days by SEM and release was quantified by LC-MS (PLGA shown in 

Supplementary Figure S3C and AcDex in Supplementary Figure S4B). 

At physiological pH of 7.4 and 37 °C, the urate ion forms MSU crystals in humans.30 

To establish that MSU crystals themselves do not induce DXM release, AcDex-DXM 

particles were incubated with crystals for eight hours. DXM was mainly found retained in 

the particles after incubation with MSU crystals, whereas DXM was found primarily in the 

supernatant when incubated with uric acid at pH 4.5 (Figure 1B). 

pH sensitivity and inflammation responsiveness were further investigated in a cuvette 

system. AcDex-DXM particles were incubated for either 24 hours or eight days to mimic 

prophylaxis setups. After this primary incubation, pH was lowered to 6 (Figure 1 C-D), and 

DXM released from particles was quantified. These results confirmed pH responsiveness and 

that small decreases in pH-triggered release from AcDex particles. 
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Figure 3. 1. AcDex-DXM Microparticles release DXM upon reduced pH but not by MSU 

crystals. (A) Intact AcDex particles containing DXM, scale bar represents 2 μm. In (B), 

AcDex-DXM particles were incubated for eight hours in sink conditions with PBS, MSU 

crystals or uric acid (pH 4.5) and DXM was measured in the supernatant or remaining in 

particles (C-D). DXM released from particles in sink conditions after modeling a 24-hour 

prophylaxis (C) or eight days (D) with reduced pH (6.0-6.5) for eight hours.  
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3.4.2. Empty AcDex particles were well tolerated in vitro and in vivo  

Nonspecific adsorption of proteins can cause particle aggregation and limit their 

performance. Compared to the density values of two saturated model proteins, BSA (290 

ng/cm2) and OVA (313 ng/cm2)31, minimal amount of these proteins were found to be 

adsorbed to AcDex particles, i.e., 0.56 ± 0.25 ng of BSA/cm2 and 0.45 ± 0.05 ng of OVA/cm2. 

In vitro, empty AcDex particles were added to isolated BMDMs for 24-48 hours to test for 

tolerability. When tested at equivalent doses of 0.66-28 μM DXM cells showed similar 

viability as controls (Supplementary Figure S5). In vivo, empty AcDex particles were 

injected into murine joints, where H&E staining after eight days revealed no tissue 

destruction or cell infiltration compared to PBS control (Supplementary Figure S6).  

 

3.4.3. In vitro, AcDex-DXM showed similar efficacy to free DXM, and only AcDex-DXM 

prophylaxis significantly reduced IL-1β levels  

Efficacy and inflammation-dependent release in vitro was determined by comparing 

AcDex-DXM and water-soluble DXM (400 nM DXM) as treatment after stimulating 

BMDMs with LPS/MSU for six hours.  Measuring pro-inflammatory cytokines, AcDex-

DXM reduced IL-1β to the same extent as water-soluble free DXM already after six hours 

(Figure 2A), however not the levels of TNFα and IL-6. In a repeat assay comparing over-

night stimulation and treatments of water-soluble DXM, AcDex-DXM and the slow release 

PLGA-DXM (40 nM DXM), AcDex-DXM and water-soluble DXM reduced IL-1β to similar 

levels, whereas PLGA-DXM treatment did not achieve the same effect (Figure 2B). Cells 

were confirmed to be alive by a rezasurin viability assay (Supplementary Figure S7A).  
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As a prophylaxis in vitro, AcDex-DXM (40 nM DXM) robustly reduced IL-1β levels 

when administered 24 hours (Figure 2C), 48 hours (Figure 2D) or six days prior to cell 

stimulation (Figure 2E). Neither water-soluble DXM nor PLGA-DXM reduced IL-1β levels 

to the same extent as AcDex-DXM when used as a prophylaxis at both 24h and six days in 

advance (Figure 2C, E). Only AcDex-DXM reduced IL-1β levels as a six-day prophylaxis. 

Cell viability was confirmed after the six-day prophylaxis (Supplementary Figure S7B).  

Figure 3. 2. AcDex-DXM prophylaxis efficiently reduced Il-1β for up to six days in vitro. 

Bone marrow derived macrophages (BMDM) were cultured with particles loaded with the 

equivalent doses of 400 nM DXM in (A), and 40 nM DXM in (BE). Either together with the 

stimulation (A-B), or 24 hours (C), 48 hours (D), or six days before stimulation (E). 

Stimulation consisted of LPS (0.1 μg/ml) for two hours, and then MSU crystals were added 

(0.2 mg/ml) either for six hours (A) or overnight (B-E). Supernatants were saved at 80°C and 

then analyzed for cytokine levels by ELISA. The assays were run in triplicates and repeated 

three times. Data is presented as pg/ml, mean ± SD (A) mean ± SEM (B E, ***p < 0.001, ** 

p < 0.01, *p < 0.05.  
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3.4.4. AcDex-DXM particles efficiently inhibited inflammation as a 24-hour prophylaxis in 

vivo 

We used the gout air pouch model to investigate the in vivo anti-inflammatory 

prophylaxis potential.32 Treatments (15 μg DXM) were injected 24 hours before MSUs into 

the pouch. Eight hours later, cells were collected, counted and analyzed by FACS. AcDex-

DXM was the only group to efficiently reduce cell infiltration as a 24 hours prophylaxis, 

Figure 3A. Both AcDex-DXM and PLGA-DXM reduced IL-1β in the exudate (Figure 3B) 

and only AcDex-DXM reduced the neutrophil attracting chemokine CXCL1 (Figure 3C). 

Percentage of neutrophils diminished (Figure 3D) and percentage of monocytes increased 

(Figure 3E) in the AcDex-DXM prophylaxis group. A representative FACS plot is shown in 

Figure 3F.  

The H&E staining of the skin revealed high cell-infiltration in the MSU control 

(Figure 4A), and no difference in infiltration was seen by water-soluble DXM prophylaxis 

(Figure 4B). Much less infiltration was seen with AcDex-DXM (Figure 4C), whereas PLGA-

DXM showed high cell infiltration (Figure 4D). 
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Figure 3. 3. AcDex DXM as a 24h prophylaxis treatment reduces inflammation to MSU 

crystals in the air pouch model of inflammation. Mice were injected with prophylactic 

treatments (PBS control, water soluble DXM, AcDex-DXM or PLGA-DXM, 15 μg 

DXM/mouse) 24 hours before MSU crystals injections (3 mg in 0.5 ml PBS) into 

subcutaneous air pouches. After eight hours of stimulation, leukocytes from the exudates 

were counted (A), and IL-1β (B) and CXCL1 (C) were measured from the exudates by 

ELISA. FACS was used to analyze the percentage of CD11b+Ly6G+ Neutrophils (D) and 

CD11b+Ly6C+Monocytes (E) populations. A representative FACS plot is shown in (F). Data 

represents mean ± SD of 5 mice/group (A-C). In (D-E), individuals represent dots, bars 

represents mean of 3-5 mice per group, ***p < 0.001, ** p < 0.01, *p < 0.05.  
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Figure 3. 4. Reduced tissue infiltration after MSU crystals by AcDex-DXM as a 24-hour 

prophylaxis. Mice were injected with prophylactic treatments (PBS control, water-soluble 

DXM, AcDex-DXM or PLGA-DXM, 15 μg DXM/mouse) 24 hours before MSU crystal 

injections (3 mg in 0.5 ml PBS) into subcutaneous air pouches. After eight hours of 

stimulation, skin lining the pouch was preserved in 4% paraformaldehyde and subsequently 

stained by H&E, (A) MSU control, (B) water-soluble DXM, (C) AcDex-DXM, and (D) 

PLGA-DXM. Scale bar represents 50 μm. 

 

3.4.5. AcDex-DXM inhibit inflammatory cell infiltration as an eight-day prophylaxis 

For a longer prophylaxis model, we injected 10 μg DXM intra-articularly eight days 

before stimulation. The joints were injected with MSU crystals (100 μg) to induce 

inflammation, and saved after eight hours of stimulation. The joints were stained with H&E, 

revealing that only AcDex-DXM particles reduced cell infiltration, whereas neither 
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water-soluble DXM nor PLGA-DXM reduced infiltration compared to control (Figure 5A). 

Representative histological images are shown in Figure 5B-E. 

 

 

Figure 3. 5. AcDex-DXM as an eight-day prophylaxis reduces inflammation in murine joints. 

Mice were injected with prophylactic treatments (water-soluble DXM, AcDex-DXM or 

PLGA-DXM, 10 μg DXM/mouse) eight days before MSU crystal injections (100 μg in 10 μl 

PBS) into murine knee joints. Eight hours after stimulation, knees were harvested, H&E 

stained and cell infiltration area was measured by Image J (A). (B-D) shows representative 

H&E stains of joints, scale bar is 100 μm. Arrows indicate cell infiltrations. In (A), bars 

represents data pooled from two independent experiments, 6-12 joints per experiment (mean 

± SD), *p < 0.05. 
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3.5. Discussion 

In this study, we introduce for the first time, an inflammation-responsive drug 

delivery platform for prophylaxis of acute inflammatory flares, demonstrating enhanced 

efficacy over both free drug and a slow-release depot. We show material tolerability and 

capacity for inflammation-triggered release prophylactically; in vitro for up to six days, and 

in vivo for up to eight days. These results demonstrate a potential clinical relevance for this 

concept of prophylaxis for inflammatory conditions with potential flare-ups such as in gout. 

Emerging technologies in drug delivery, such as bioresponsive nanoparticles and 

constituent polymers, offer an enabling tool useful for potent drugs by creating a tight control 

system. This concept is especially appealing for inflammatory flare-ups in diseases such as 

gout, to minimize side effects and reduce risks associated with co-morbidities. Since 

inflammatory flares occur rapidly, triggered fast release kinetics to inhibit or reduce 

inflammation is crucial for minimizing pain, reducing symptoms and long-term tissue 

destruction. Our system showed efficacy similar to free drug after just six hours in vitro, and 

as a prophylaxis, AcDex was superior in reducing cytokines from BMDMs. In vivo, AcDex-

DXM was the only treatment able to reduce inflammation efficiently after 24h and as an 

eight-day prophylaxis. The resulting anti-inflammatory effects were as expected for DXM 

treatment, displaying an overall reduced cell infiltration, as well as reduced levels of the 

neutrophil chemoattractant CXCL1 and IL-1β. In essence, AcDex-DXM prophylaxis reduces 

several aspects of the complex tissue inflammatory process.  

Increased gout incidence and co-morbidities challenge drug therapy research to 

increase specificity towards the affected joint and spare healthy tissues from toxicity. Modern 

day gout affects a constantly increasing population (by 29.6% in the UK between 1997 and 
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2012) and often presents itself with co-morbidities such as obesity, diabetes, hypertension, 

renal-, and coronary diseases.1,2,33 In particular, flares have increased due to hospitalization 

or surgical illness.4-7 The risk of side effects with systemic steroids, including impaired 

wound healing, bleeding, exacerbated diabetes and increased risk for infections, exceeds their 

benefit for the post-surgery patient developing a gout flare.8 A prophylaxis option enabling 

reduced amounts of drug and delivered at the right time would greatly benefit this population. 

In our 24-hour in vivo prophylaxis study, the water-soluble DXM was used at 150 % 

compared to encapsulated DXM (76 μM vs 47 μM). Regardless of drug of choice, 

encapsulation is necessary for longer prophylaxis. By utilizing local depot delivery, particles 

potentially integrated in the tissue lining for sustained prophylaxis potential,24 being 

advantageously localized to the right place for rapid on-time release. By utilizing AcDex as 

base for our particles, a rapid release character of the polymer was prioritized over stability. 

AcDex itself has a mild anti-inflammatory effect, however the particles remained intact after 

eight days of incubation, indicating that the material itself most likely did not contribute to 

the anti-inflammatory effect. Here, AcDex-DXM bioresponsive prophylaxis enabled reduced 

cell recruitment, but also shifted cell-populations towards potentially pro-healing 

monocytes/macrophages, indicating further potential clinical benefits.  

The concept of a prophylaxis for inflammatory flare-ups is novel. Prophylaxis has 

previously been limited to situations such as vaccines for active acquired immunity, or slow-

release drug depots for continuous drug administration.34 As mentioned previously, standard 

depot formulations that dispenses drug continuously over time, such as corticosteroid 

injections with long-lasting crystalline suspensions, have been widely used to treat joint 

inflammations since the 1950s.35 However, this passive drug leakage often requires higher 
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doses for desired efficacy, and more importantly, dispenses drugs when potentially not 

needed, increasing the risk of side effects. As shown in these studies, encapsulation and slow 

release is not enough to relieve an inflammatory flare-up. Instead, a rapidly releasing 

bioresponsive drug delivery vehicle is crucial to reach adequate anti-inflammatory effects. 

Our inflammation-responsive system could potentially benefit patients as we show efficacy 

of the prophylaxis by reducing the inflammatory flare altogether and starting the healing 

process more rapidly. This concept can be extended to drugs that have failed due to their 

inability to be administered for a wide range of diseases. 
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3.6. Conclusion 

We have for the first time harnessed the bioresponsive sensitivity of the AcDex 

polymer particle for prophylactic drug delivery in inflammatory diseases. Pre-administered 

bioresponsive particles would be ready to release drugs to diminish the inflammatory 

response or preventing the flare altogether and increase recovery. More information is needed 

to clarify the details of the mode of action. Nevertheless, the concept is widely applicable 

and has potential future applications for numerous other diseases such as exercise-induced 

asthma, inflammatory bowel disease, and surgically induced systemic inflammatory response 

syndrome. There is great potential for further development of this prophylaxis system and 

concept for other inflammatory diseases that suffer from flare-ups. 

 

3.7. Abbreviations 

PLGA, poly(lactic-co-glycolic acid); DXM, dexamethasone palmitate; CH3Cl, 

chloroform; PBS, phosphate buffered saline; SEM, scanning electron microscope; MSU, 

Monosodium urate; XRD, X-ray diffractometer analysis; BMDM, bone marrow derived 

macrophages; LPS, lipopolysaccharide; FACS, fluorescence-activated cell sorter; H&E, 

haemotoxylin and eosin; BSA, bovine serum albumins  
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3.10. Supplementary 

 

Figure 3. S1. 1H NMR of the acetalated dextran polymers. Dextran (9-11 kDa 1 g, 100 µmol) 

was dissolved in anhydrous DMSO (10 mL) with 2-methoxypropene (3.4 mL, 37 mmol) and 

pyridinium p-toluenesulfonate (6 mg, 24 µmol). The reaction mixture was quenched with 

triethylamine after 70 min. The acetal content and ratio of cyclic/acyclic were determined by 
1HNMR after acid degradation of the purified polymer. The methanol (3.34 ppm) and acetone 

(2.08 ppm) peaks in D2O/DCl were used to calculate the cyclic acetal percentage to be 48.6 %, 

as previously described.1  
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Figure 3. S2. X-Ray diffractometer analysis (XRD) of Monosodium Urate Crystals. XRD 

data were collected on a Bruker K3 Kappa Vantec 500 diffractometer equipped with Cu Ka 

radiation (l = 1.5478) at the UCSD X-ray Crystallography Facility.  Diffraction images were 

merged/integrated in EVA and the peak positions compared to the calculated pattern for the 

known crystal structure to confirm sample identity. 
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Figure 3. S3. Particle stability and DXM release from PLGA-DXM microparticles. (A) 

shows scanning electron micrographs (SEM) of DXM loaded PLGA microparticles directly 

deposited onto silicon wafer substrates during electrospray. (B) shows SEM of the same 

particles after eight days of incubation in pH 7.4 PBS with 0.02 % Tween 80 at 37 °C (sink 

conditions). Scale bars for (A) and (B) are 2 µm and 5 µm, respectively. DXM on the surface 

of the particles appear to impart a rough appearance to the particles (arrows in A). No 

particles with rough surfaces were observed in the incubated samples, indicating that the 

surface DXM releases during the eight-day hydrolysis. (C) shows release profile of DXM 

from PLGA-DXM microparticles. 

  

C 



 

128 

 

Figure 3. S4. Particle stability and DXM release from AcDex-DXM microparticles. (A) 

shows SEM of DXM loaded AcDex microparticles after eight days of incubation in pH 7.4 

PBS with 0.02 % Tween 80 at 37°C deposited onto silicon wafer substrates during 

electrospraying, scale bar represents 2 µm. (B) shows release profile of DXM from AcDex 

microparticles incubated in sink conditions for eight days.   
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Figure 3. S5. AcDex cell tolerability in BMDMs. In vitro BMDM cell tolerability of empty 

particles was assayed using a rezasurin (Sigma Aldrich) viability reagent. Cells were plated 

at 20 000 cells/well and let adhere for 20 hours. Particles were then added to the wells at 

concentrations between 14 μg/ml to 225 μg/ml (equivalent of 660-28 000 nM DXM) and 

incubated for 24 (A) or 48 (B) hours. Cells were incubated with rezasurin (25 μg/ml) in 

triplicates for 4 hours and read at 560/590 nm according to the manufacturer's instructions. 

Results are presented as % of non-treated control and as mean ± SD. 
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Figure 3. S6. Joint histology eight days after particle injections in healthy mice. Histological 

H&E staining and evaluations after eight days with intraarticular AcDex particles (A 10x, B, 

20x) or PBS (C, 10x, D, 20x) injections. 
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Figure 3. S7. Cell viability after in vitro kinetics and prophylaxis studies. BMDMs used in 

the efficacy (A) and prophylaxis studies (B) where thereafter analyzed for cell viability using 

a rezasurin viability reagent. Cells were incubated with rezasurin (25 μg/ml) for 4 hours and 

read at 560/590 nm, according to manufacturer's instructions. Results are presented as 

relative fluorescence units (RFU), assayed in triplicates and displayed as mean ± SD. 

 

 

 

Chapter 3, in full, is currently being prepared for submission for publication of the 

material. Stubelius, Alexandra; Sheng, Wangzhong; Lee, Sangeun; Olejniczak, Jason; Guma, 

Monica; Almutairi, Adah. The dissertation/thesis author was the co-author of this paper. 
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SUMMARY AND CONCLUSION 

 

Inflammation accompanies or/and causes various diseases as described above. 

Therefore, alleviation of inflammation could be the first step of inflammatory disease 

prevention and treatment. In this manuscript, several polymeric materials were introduced 

for controlled drug delivery responding to ROS and acidic pH which are biomarkers of 

inflammatory diseases.  

The polymer described in chapter 1, the ROS-ARP, degrades into small molecules by 

ROS. Moreover, it was confirmed that this degradation was efficiently controlled through 

chemical amplification. This degradation mechanism is expected to be applicable for release 

control of drug delivery materials. As a proof of concept, formation of polymeric 

nanoparticles and ROS-responsive particle degradation were demonstrated. 

In chapter 2, the ROS-responsive polymer-drug conjugates were introduced. The 

polymer design was motivated to improve the efficiency of a synthetic polymer. The designed 

polymer is not only biocompatible by utilizing FDA approved natural polymer as a polymer 

backbone, but also has shown improved synthetic yield. In addition to the advanced synthetic 

efficiency, conventional issues of drug delivery carrier such as low drug loading efficiency 

and drug leakage are addressed by conjugating anti-inflammatory drug, naproxen, onto the 

polymer backbone. By conjugating the drugs onto the polymer using ROS-responsive moiety, 

the drug release is controlled by disease specifically produced ROS. The designed polymer, 

Nap-Dex, was successfully synthesized, and a potential of Nap-Dex as a polymeric 

nanocarrier for inflammatory diseases was evaluated in vitro. The Nap-Dex nanoparticles 
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release conjugated naproxen upon produced ROS by inflammatory cells, and besides they 

have shown better efficacy than free drug.  

Lastly, a potential applicability of inflammation responsive polymeric nanoparticle as 

a prophylaxis for acute inflammatory flare-up was evaluated in vivo. Previously reported 

ROS-responsive polymer, Oxi-Dex, and acid-responsive polymer, Ac-Dex, were blended to 

form inflammation responsively degradable particles. The polymeric particles release 

encapsulated corticosteroid, dexamethasone, and reduce the inflammatory response. In vivo, 

the pre-injected particles have shown prophylaxis effect by reducing inflammation response 

efficiently in gout induced mouse.  

Although the materials need more thorough examination in vivo, several possibilities 

of the polymeric materials as drug delivery carriers for inflammatory diseases were 

demonstrated in here. Polymeric materials have strong advantages based on their infinite 

flexibility in design. I believe the polymer designs introduced here are potentially applicable 

for developing advanced drug delivery carriers. 




