
 
 

 

 

Development of medical devices for osteoarthritis diagnosis, antimicrobial, 

wound closure, and wound pH milieu monitoring 

 

by 

Shuxin Li 

 

Presented to the Faculty of the Graduate School of 

The University of Texas at Arlington in Partial Fulfillment 

of the Requirements 

for the Degree of 

DOCTOR OF PHILOSOPHY IN BIOMEDICAL ENGINEERING 

The University of Texas at Arlington 

December 2019 

 

 

 

 

 

 

 

 

 

 

 



i 
 

ACKNOWLEDGEMENTS 

I want to express my appreciation to my parents and families for their generous support 

on my studying, living, and researching. Also, I would like to send my sincere gratitude to my 

friends who helped me and entertained me throughout the past of my life. Moreover, I appreciate 

the support and instruction from my PI, Dr. Liping Tang, and my co-PI, Dr. He Dong. They have 

always been my primary reinforcement during my career as a researcher and given me 

constructive advices upon my projects. Last but not least, I would like to mention my 

collaborators and lab member for being extraordinarily supportive and cooperative throughout 

my PhD period.  

Collaborators 

Dr. Joseph Borrelli, Dr. Jon Senkowski, Dr. Wenjing Hu, Dr. Ashwin Nair, Ms. Hong Vu, Mr. 

Weike Chen, Ms. Su Yang, and Mr. Paul Renick.  

Lab members   

Dr. Jun Zhou, Dr. Wei Cong, Dr. Yihui Huang, Dr. Ashley Dacy, Dr. MinKyung Khang, Dr. 

Amir Hakamivala, Ms. Joyita Roy, Ms. Samira Izuagbe, and Mr. Ali Mohamedi. 

 

 

December 2019 

 

 

 

 

 



ii 
 

Abstract 

Development of medical devices for osteoarthritis diagnosis, antimicrobial, wound closure, 

and wound pH milieu monitoring 

The University of Texas at Arlington, 2019 

Supervising Professors: Dr. Liping Tang, Dr. He Dong. 

 

Nanotechnology has been widely used in the field of biomedical engineering. For example, 

nanoparticles have been employed for targeted drug delivery due to their retention effect, increased 

permeability, site-specific targeting, and avoiding phagocytosis as foreign materials. Moreover, 

nanotools, such as liposomes, Q-dots, dendrimers, micelles, and carbon nanotubes, have been 

developed for disease diagnosis and treatment. Generally, the application of nanotechnology can 

be categorized as follows: nanomedicine, tissue regeneration, biomarker/biosensors, nanorobots, 

and gene therapy. In the past four years, I have been focusing on developing nanotechnology for 

diagnosis and treatment of many diseases such as osteoarthritis, open wound, and infection. Based 

on the work I have done, I published two articles in peer reviewed journals and had one manuscript 

in submission. All the abovementioned works are summarized in the following chapters.  

Chapter 1: Li S, Cong W, Hakamivala A, Huang Y, Borrelli J Jr, Tang L. Hyaluronic Acid-Based Optical 

Probe for the Diagnosis of Human Osteoarthritic Cartilage. Nanotheranostics 2018; 2(4):347-359. 

Chapter 2: Chen W, Li S, Renick PJ, Yang S, Pandey N, Boutte C, Nguyen KT, Tang L, Dong H. 

Bacterial Acidity-Triggered Antimicrobial Activity of Self-assembling Peptide Nanofibers. Journal of 

Materials Chemistry B. 2019; 7(18):2915-2919. 
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Chapter 3: Li S, Zhou J, Huang Y, Roy J, Zhou N, Yum K, Sun X, Tang L. Injectable Click Chemistry-

based Bioadhesives for Accelerated Wound Closure. Acta Biomaterialia. 2019 (under review). 

Chapter 4: Li S, Vu H, Senkowsky J, Hu W, Tang L. A near infrared fluorescent pH indicator film for 

wound milieu pH monitoring. Experimental Dermatology. 2019. 
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Motivations 

Nanotechnologies have served human’s healthcare from many aspects. For example, 

nanomedicines take advantage from nanoparticle-based drug delivery system and have gained 

great success in cancer treatment which requires the precise targeting function. Tissue regeneration 

technology utilizes nanomaterial-based implants to replace and to repair injured at a small scale. 

Various nanoprobes have been developed to target cancer surface markers for cancer diagnosis 

and treatments. Nanorobots, an advanced technology employing nanometer-sized machine, have 

been applied for specified therapeutic action at the sites that are unavailable for conventional 

surgical intervention. Nanoparticles-based gene vectors have been developed for efficient gene 

therapy by overpassing blood brain barrier and increasing cellular internalization of nucleic acid 

through specific surface coating. Therefore, it is super encouraging for us to use the 

nanotechnology to solve problems associated with human’s diseases in a biomedical engineering 

manner.       

In the past four years, my research has been focusing on how nanotechnology can be 

developed for new applications for many diseases such as osteoarthritis, open wound, and infection. 

Specifically, my thesis documents my contributions to the development of these new technologies, 

including a new imaging nanoprobe to detect early stage of osteoarthritis (Chapter 1), acidic 

environment triggered smart antimicrobial self-assemble nanofibers (Chapter 2), nano-surgical 

bioadhesive (Chapter 3), and nano probe-embedded wound dressing for wound pH monitoring 

(Chapter 4).  The motivation and accomplishment of the work are summarized in the following 

chapters.  

Treatment to osteoarthritis at an early stage (or cellular level) is generally considered as 

impossible due to lacking the diagnostic tool. It is well established that early diagnosis and 
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treatment may produce the best therapeutic outcomes. Therefore, there is a great need to develop 

a diagnostic tool. Such goal may be achieved by the development of nanoprobes to target 

inflammatory cell accumulation often associated with early stage of osteoarthritis. In Chapter 1, a 

hyaluronic acid-based optical probe was designed and fabricated for the diagnosis of early stage 

osteoarthritic cartilage. The probe was fabricated using hyaluronic acid (HA) particles conjugated 

with near-infrared dye and folic acid (FA). Using human articular cartilage, we verified the 

existence of activated macrophages on osteoarthritic cartilage with highly up-regulated expression 

of folate receptors. In addition, we found that FA-HA probes had higher binding amounts to 

osteoarthritic tissue than healthy ones. Finally, the co-localization of the imaging probe, folate 

receptors and cartilage degeneration on the tissue sections indicated the extraordinary accuracy 

and efficiency of this osteoarthritis diagnostic probe. 

Antimicrobial peptides have been widely used as an efficient approach to treat bacterial 

infection. However, due to their systemic toxicity and instability, antimicrobial peptides cannot be 

used in many clinical applications. To overcome such drawbacks, there is a need on the 

development of stable antimicrobial peptide nanoclusters which only release antimicrobial 

peptides at the site of infection.  In Chapter 2, a self-assembling nanofiber (SAN) was developed 

to sense the microenvironmental pH change associated with bacterial growth. The SANs are 

supramolecular assemblies of multidomain peptides which are buried inside the assembly under 

physiological condition and disassemble at the bacterial colonization site with an acidic pH. Our 

results show that such strategy can significantly reduce the peptide cell toxicity and hemolytic 

activity due to the perfect stability under physiological condition while produce an impressive 

antimicrobial effect induced by acidic environment at the site of B fragilis. 
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Tissue adhesives have been widely used in wounds closure to replace the traditional 

suturing approach due to the decreased foreign body reactions and no need for further removal. 

However, many of the existing commercial tissue adhesives have their individual flaws upon 

application. Therefore, tissue adhesives with strong adhesion strength, biodegradability, low 

cytotoxicity, and can be applied on a wet surface remain highly desirable. In Chapter 3, an 

injectable click chemistry-based bioadhesive was developed for accelerated wound closure. 

Briefly, by taking advantage of the fast and specific inverse-demand Diels-Alder cycloaddition 

reaction, copper-free click chemistry pair trans-cyclooctene /tetrazine was employed in the 

chitosan to produce bioadhesives for the first time. The gelation time of the bioadhesives can be 

adjusted to less than 2 minutes which perfectly meets the need for surgical wound closure in 

practice. With the adding of 4-arm polyethylene glycol propionaldehyde (PEG-PALD) as a co-

crosslinker, the adhesive strength of the bioadhesives can be optimized to be 2.7 times higher than 

that of the conventional fibrin glue. The chitosan bioadhesives stand out with excellent 

cytocompatibility and the cytotoxicity of their degradation product is also minimal. Through a 

mice incision wound model, we proved that the chitosan bioadhesives can close the wound faster 

and promote the wound healing process compared with the fibrin glue. In conclusion, our results 

support the innovative chitosan bioadhesives to be highly translational and can be widely applied 

for multiple types of wound closure in the wound management. 

Prognosis of wound healing is a key to design treatment plan for physicians. Currently, 

wound healing process is generally monitored through visual observation, such as using Bates-

Jensen Wound Assessment Chart and wound measuring tools. However, this approach can be 

experience dependent and not precise due to the complicated environment that exists in the chronic 

wounds. While it is well established that wound pH is an important indicator of wound healing 
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status, there is no diagnosis tool that have been developed for wound pH monitoring.  Our previous 

study has fabricated a ratiometric imaging nanoprobes for pH detection. By taking advantage of 

this early work and as described in Chapter 4, pH nanoprobes were used to fabricate a ratiometric 

film for measuring pH of wound milieu. The ability of this film to monitor wound pH was assessed 

using simulated wound fluids and wound exudates soaked onto discarded wound dressings.  In 

vitro tests showed that the film can accurately and rapidly detect a wide range of pH (from pH 4 

to 8) in wound milieu. Further, wound dressing studies showed that the newly fabricated pH 

sensing films can indirectly reveal wound alkalinity by measuring pH on wound contact side of 

discarded wound gauze. By comparing patients with different wound conditions, we find that the 

pH sensing film can be used to measure wound exudate pH with high accuracy and efficiency. 

Equally important, this diagnostic may serve the first wound diagnosis tool which can provide an 

accurate and real-time assessment of healing activity in chronic wounds. 
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Abstract 

Osteoarthritis is typically caused by cartilage injury, followed by localized inflammatory 

responses and tissue deterioration. Early treatment of osteoarthritis is often impossible due to the 

lack of diagnostic options. Recent studies have supported that different imaging probes can be 

used for arthritis detection in mice. However, none of these diagnostic tools have been tested on 

human articular cartilage. To fill this gap, an optical imaging probe was developed to target 

activated macrophages and the accumulation of imaging probes on tissue was used to assess the 

severity of human osteoarthritis.  

Methods: The probe was fabricated using hyaluronic acid (HA) particles conjugated with 

near-infrared dye and folic acid (FA). The ability of the FA-HA probes to detect activated 

macrophages and quantify cartilage injury was evaluated using a cell culture model in vitro and 

human osteoarthritic cartilage explants ex vivo.  

Results: Our cell study results supported that the FA-HA probes are cell compatible (up to 

0.5mg/mL) and can detect activated macrophages in 30 minutes. Using human articular cartilage, 

we verified the existence of activated macrophages on osteoarthritic cartilage with highly up-

regulated expression of folate receptors (~13 folds by comparison with healthy control). In addition, 

we found that FA-HA probes had higher binding amounts (~3 folds) to osteoarthritic tissue than 

healthy ones. Histological analyses confirmed that there was a strong linear relationship (R=0.933) 

between the fluorescent intensity of tissue-associated probe and the extent of folate receptors on 

osteoarthritic cartilage. Finally, the co-localization of the imaging probe, folate receptors and 

cartilage degeneration on the tissue sections indicated the extraordinary accuracy and efficiency 

of this osteoarthritis diagnostic probe.      
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Conclusions: Our results support the probe as an effective diagnostic tool to detect the area 

and severity of osteoarthritic human articular cartilage.   

 

Keywords: osteoarthritis; diagnosis; optical probes; hyaluronic acid; folate receptor; human 

explant. 
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1. Introduction 

        Osteoarthritis has become a major cause of disability in the United States responsible for a 

tremendous sociological and economic burden [1, 2]. Early diagnosis and treatment of 

osteoarthritis is believed to delay disease progression and  improve the patient outcome [3]. 

According to the Arthritis Foundation, osteoarthritis may be diagnosed by a physical examination, 

followed by confirmation with joint aspiration, X-ray and Magnetic Resonance Imaging (MRI) [4-

6]. Unfortunately, joint aspiration and X-ray imaging are unreliable and cannot be used to detect 

localized cartilage injury before any structural damage emerges [7, 8]. MRI is comparatively 

sensitive, valid and reproducible for assessing whole-joint structures including cartilage 

degeneration, subchondral bone marrow lesions, joint effusion and synovitis [9]. However, MRI 

is unable to detect localized cartilage tissue deterioration which is often associated with the early 

onset of osteoarthritis [10]. Therefore, there is a need for the development of new methods to assess 

localized cartilage damage of osteoarthritis.   

Increasing evidence supports that synovial macrophages play an important role in the 

progression of osteoarthritis [11-13]. Firstly, the accumulation of macrophages at the synovial 

lining and cartilage surfaces is the first symptom of osteoarthritis  [11]. Secondly, macrophages 

are the most prevalent cells that infiltrate in a human  osteoarthritic joint, accounting for 65% of 

all infiltrating cells [14]. Thirdly, a recent study has shown that activated synovial macrophages 

enhance osteophyte formation, fibrosis and many signs of osteoarthritis [15]. Fourthly, 

inflammatory cytokines released by activated macrophages, such as TNF-α and IL-1β, have been 

shown to promote the inflammatory and destructive responses in osteoarthritis [12]. Lastly, the 

critical role of macrophages in osteoarthritis progression is confirmed in a study that shows that 

the depletion of synovial macrophages results in a significant reduction of osteophyte and fibrosis 
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formation in a murine osteoarthritis model [15]. These results suggest that the detection of 

activated macrophages is a reliable indicator for assessing the severity and location of osteoarthritis. 

The folate receptor (FR) is a family of glycosyl phosphatidylinositol–anchored proteins 

and has high affinity for FA [16]. Beta form of FR (FRβ) is specifically expressed on activated 

macrophages in inflamed joints and has been used as a target for drug delivery [17, 18] based on 

several unique  characteristics of the FR. Firstly, expression of  FR can only be found on activated 

macrophages but no other blood cells such as lymphocytes, granulocytes or erythrocytes [19]. 

Secondly, increased amount of FR is present on activated macrophages in the inflammatory 

environment but not on quiescent resident macrophages [20]. Finally, folate targeting near infrared 

probes were found to able to assess the disease progression of LPS induced arthritis mice model 

by quantifying the extent of active macrophage accumulation in the joints [21]. These results 

support that folate probes can be developed to detect the presence of activated macrophages on 

osteoarthritic cartilage via FR-folate interaction.  

 Several imaging modalities have been investigated on their ability to detect activated 

macrophages during the progression of rheumatoid arthritis and osteoarthritis. Using single-

photon–emission computed tomography, a study demonstrated that a diethylene triaminepenta 

acetic acid (DTPA)–folate probe can be fabricated to monitor the macrophage accumulation in 

joint tissue of rat osteoarthritis models [22]. Folate-conjugated 99mTc chelator was also studied to 

monitor macrophage recruitment using gamma scintigraphy in a rat RA model [23].  Lastly, a 

formyl peptide receptor 1-targeting peptide probe cFLFLF-PEG-64Cu was investigated for its 

ability to detect activated macrophages in an induced osteoarthritis rat model via positron emission 

tomography imaging [13]. While these nuclear medicine methods can detect the accumulation of 
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activated macrophages at the site of arthritis, the risk of radiation exposure limits their use for 

routine osteoarthritis diagnosis.  

To overcome this limitation, other optical imaging methods have been investigated for 

arthritis diagnosis. For example, a FR-targeting near infrared (NIR) probe was developed to detect 

activated macrophage recruitment in mice with induced rheumatoid arthritis [21]. Another study 

has shown that NIR dye (Cy5.5 fluorochrome)-conjugated anti-macrophage antibody (anti-F4/80 

antibody) can be used to visualize the presence of a higher number of macrophages at a joint with 

induced osteoarthritis in mice [24]. Despite all these observations, none of these probes have been 

evaluated on their capability to diagnose human osteoarthritic cartilage tissue in human, which 

was the focus of this investigation.  

        In this study, we fabricated FR-targeting probes by conjugating NIR dye and folic acid onto 

hyaluronic acid (HA) particles. HA, a natural polymer with inherently biocompatible and 

biodegradable properties, has been widely used as a drug carrier [25, 26] and imaging probe [27]. 

The physical, chemical and cellular compatibility of the probes was characterized. The ability of 

the FA-HA probes to detect and quantify the number of activated macrophages was investigated 

in vitro. Finally, using discarded human cartilage tissue, we determined the effectiveness of FA-

HA probes for identifying the area of osteoarthritic tissue and assessing the extent of osteoarthritic 

degeneration in human osteoarthritic explants.   

 

2. Materials and methods 

2.1 Materials 

        HA (sodium salt, 700KDa) was obtained from Lifecore Biomedical (Chaska, MN). Divinyl 

sulfone (DVS, 97%), 1-heptanol (98%) and folic acid (FA, ≥97%) were obtained from Sigma-
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Aldrich (St. Louis, MO). Dioctyl sulfosuccinate sodium salt (AOT, 96%) and isooctane (99%) 

were obtained from Fisher Scientific (Hampton, NH). Polyethylene glycol (NH2)2 (HCl salt, 5000 

Da) was purchased from Jenkem Technology (Beijing, China). N-Hydroxysuccinimide (NHS) and 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide were obtained from Thermo Scientific 

(Rockford, IL). CF647A amine dye was purchased from Biotium, Inc. (Fremont, CA).  

 

2.2 Fabrication of FA-conjugating HA probes  

        HA particles were synthesized via a water-in-oil microemulsion process as described earlier 

with minor revisions [28]. Briefly, 3 mL of HA aqueous solution (1.5wt% in 0.2M NaOH) was 

added dropwise into an oil phase solution composed of 50 mL of isooctane, AOT (0.2M) and 1-

heptanol (0.04M) under homogenization at 28,000 rpm (OMNI GLH homogenizer, OMNI 

international, GA). Divinyl sulfone (0.015M) was added dropwise into the polymer solution and 

homogenized at 28,000 rpm for 5 minutes. The reaction then proceeded under vigorous stirring 

(2,200 rpm) at ambient temperature for 1 hour. Following the addition of 3 mL of hydrochloric 

acid (0.2M) to stop the reaction, the HA particles were collected by precipitation in 80 mL of 

acetone and sequentially washed with acetone, ethanol and water.  After removal of large (micron-

sized) particles via centrifugation 2x at 6 x g for 10 minutes, nano-sized particles were collected 

by centrifugation at 805 x g for 10 minutes, and the collected nanoparticles were lyophilized and 

stored at 4oC for further use. 

        HA particles were conjugated with fluorescent dye as described previously [29]. Briefly, HA 

particles (50mg/mL, PBS pH=6.0) were incubated with EDC (0.66M) and NHS (0.66M) at room 

temperature for 24 hours. The activated HA particles were collected by centrifugation at 805 x g 

for 10 minutes. The activated HA particles were dispersed in PBS (pH=7.2) containing CF647A 
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amine dye (1.2mM) and allowed to react for 24 hours in dark. CF647A-labeled HA particles were 

purified via the centrifuge. Absorptive and fluorescent spectra of the CF647A-labeled HA particles 

were measured using an ultraviolet-visible spectrophotometer (Lambda 19 Spectrometer, Perkin 

Elmer, MA) and an Infinite M200 microplate reader (Tecan, San Jose, CA), respectively. 

        Some of the CF647A-labeled HA particles were further conjugated with FA to prepare FA 

receptor-targeting HA (FA-HA) probes. First, FA was modified with PEG (NH2)2 to introduce an 

amine group into FA [30]. Namely, FA (2.8mM) was activated by its overnight incubation in a 

solution of dimethyl sulfoxide (DMSO) containing EDC (4.2mM) and NHS (4.2mM) at room 

temperature; subsequently, PEG (NH2)2 (2.8mM) was incubated with the activated FA solution for 

24 hours at room temperature in a dark setting to introduce a free amine group into the FA (FA-

PEG-NH2). FA-PEG-NH2 was then purified with exhaustive dialysis (molecular cutoff: 2kDa) 

against DMSO and subsequently against water. The FA-PEG-NH2 was lyophilized and stored at 

4 oC for further use. To conjugate FA onto CF647A-labeled HA particles, 10 mg of CF647A-

labeled HA particles, 6.6 mM of FA-PEG-NH2 and 66 mM of EDC were dispersed in PBS 

(pH=4.5). After stirring overnight at room temperature, the FA-conjugated CF647A-labeled HA 

particles (FA-HA probes) were collected via centrifugation at 9,838 x g. The FA-HA probes were 

washed 3X with DI water, lyophilized and stored under dark conditions for future use.  

 

2.3 Characterization of FA-conjugated HA probes  

           Particle size and particle size distribution were analyzed at a particle concentration of 0.33 

mg/mL using a Photon Correlation Spectrometer and a ZetaPALS Particle Sizing software 

(ZetaPALS, Brookhaven Instruments Co., Holtsville, NY, USA). The morphology of the probes 

was observed by using a scanning electron microscope (Hitachi S-4800 II FE SEM, operating 

voltage 15 kV).  
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HA particles were firstly labeled with CF647 before FA conjugation. The conjugation 

efficiency of CF647A dye was determined based on an established method and equation: 

Conjugation efficiency = (M0-M1)/MNP × 100%, where M0 is the mass of initial input dye, M1 is 

the mass of unconjugated dye and MNP is the mass of the HA particles. [31] M1 = (volume × 

absorbance at 648 nm × molecular weight of dye) / (path length × extinction coefficient of dye at 

648nm) [32]. All experimental data is collected in PBS (pH=7.4). The absorbance (at 648 nm) was 

measured with a UV/VIS spectrophotometer (Beckman DU-640, Beckman Coulter, TX). 

 To determine the optical properties of the CF647A-labeled HA particles, 200µL of the 

probes in PBS (pH=7.4) (1mg/mL) was placed in a 96-well plate and fluorescence spectra were 

recorded using a SpectraMax Gemini XPS microplate reader (Molecular Devices, Sunnyvale, CA) 

[33].  

            To determine the FA conjugation efficacy on the probes, FTIR spectra of FA-HA probes 

were determined using a Nicolet 6700 FT-IR spectrometer (Thermo Nicolet Corp., Madison, WI) 

at a resolution of 8 cm-1 with a scan width of 4000-400 cm-1. Conjugation efficiency of FA on 

probes (FA-PEG mass per milligram of the dried probes) was quantified based on the measurement 

of FA absorbance at 362nm as described previously [34]. 

 

2.4 Cytotoxicity assay of FA-HA probes 

        Cytotoxicity of the probes were evaluated using human chondrocytes (ATCC, Manassas, 

Virginia) as described earlier [35]. Briefly, cells were seeded in a 96-well plate at a density of 

8×103 cells/well and incubated in chondrocyte medium (ATCC, Manassas, VA), which was 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, for 24 hours in 

an incubator set at 5% CO2 and 37℃. The seeded cells were incubated with different concentrations 
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of probe for 72 hours. The adherent cells were washed 3X with PBS (pH=7.4) and then incubated 

with 100 μL of media containing 10 μL of AlamarBlue® Cell Viability Reagent (Sigma-Aldrich) 

for 4 hours. A microplate reader (infinite 200, Tecan, Switzerland) was used to record the 

fluorescent intensities at an excitation of 540 nm and an emission of 590 nm. Cell viability was 

determined by the ratio of the fluorescent intensity of experimental group to the fluorescent 

intensity of control group (no probes added) × 100% [34].  

 

2.5 In vitro macrophage targeting 

        Studies were carried out to illustrate the probes’ ability to target activated macrophages using 

activated THP-1 cells, as described previously [34]. Briefly, human THP-1 monocytic cells 

(ATCC, 1.5×104 cells/mL/well in RPMI 1640) were incubated with phorbol 12-myristate 13-

acetate (PMA, R&D system) (162 nM PMA for 48 hours) to produce activated macrophages [29]. 

FA-HA-CF647 probes (final concentration 0.5mg/mL) were then added into activated and naive 

THP-1 cells for 15 and 30 minutes. To determine the role of the probe’s FA on macrophage 

targeting, a similar in vitro study was carried out, which entailed the incubation of activated THP-

1 cells with an excess amount of FA (18µM) for 20 minutes prior to the supplement of FA-HA 

probes (final concentration 0.5mg/mL) or HA control particles. At the end of the study, 

macrophages were washed with fresh media 5X and cell-associated fluorescent intensity in each 

well was read with a microplate reader. In addition, confocal laser scanning microscopy certified 

the location of targeted probes on activated THP-1 cells. Specifically, activated THP-1 cells were 

incubated with either FA-HA probes (0.1mg/mL) or RPMI 1640 medium (as control) for 4 hours 

in 37°C. Cells were washed with PBS (pH=7.4) three times and then stained with DAPI for three 

minutes.  Thus, the interaction between live cells and probes could be visualized with different 
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laser channels using confocal laser scanning microscopy (Leica TCS SP8 SMD, Leica, Buffalo 

Grove, IL, USA) at different channels: DAPI channel (Excitation: 400nm, Emission: 470nm, 

Exposure time: 200ms), Cy5 channel (Excitation: 647nm, Emission: 670nm, Exposure time: 

800ms) and White light channel (Exposure time: 100ms).  

Murine Raw 264.7 macrophage (ATCC, Manassas, VA) was the model cell used to assess 

the effectiveness of FA-HA probes in targeting inflammatory cells. Raw 264.7 macrophages were 

cultured in folate-free RPMI media containing 10% FBS at 37℃ until reaching 75% confluence. 

To up-regulate cell surface FR expression, cultured murine macrophages were activated by 

supplementing 1.0 µg/mL lipopolysaccharide (LPS) (from E. coli, Sigma, St. Louis, MO) for 4h, 

as shown in previous publications [36]. After LPS incubation, cells were washed 2X with RPMI 

to remove non-adherent cells. FA-HA probes (final concentration 0.5mg/mL in RPMI) and NIR-

labeled control HA particles were co-cultured with different numbers of activated macrophages 

(12,500, 25,000, 50,000, and 100,000). After a 30-minute culture period, macrophages were 

washed with PBS (pH=7.4) buffer three times to remove free particles/probes. The extent of 

targeting efficiency was then quantified by measuring the fluorescent intensity at a 630 nm 

excitation wavelength and 690 nm emission wavelength using a microplate reader.  

 

2.6 Ex vivo targeting of human arthritic cartilage explant 

To assess the ability of FA-HA probes to target OA cartilage tissue, human articular 

cartilage was obtained from the discarded tissue of anonymous patients (N=4) undergoing total 

knee replacement and was stored at sterile saline at 4 °C for up for 24 hours prior to the experiments. 

As supported by previous publications [37] and our preliminary studies, the cartilage tissue used 

in the investigation possessed the histological characteristics and FA-HA probe affinity resembling  
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freshly isolated cartilage samples. Explants were isolated from the weight bearing area in lateral 

femoral condyles with different severities of osteoarthritis and dissected into the mean size in mm: 

20.0 ± 3.3 (L) × 13.4 ± 2.9 (W). In addition, explants isolated from non-weight bearing area 

without apparent osteoarthritis injury was used as healthy controls. The explants were washed 

gently with sterile saline and then immersed in a 6-well plate containing 3 mL of saline. Different 

concentrations (final concentrations, 100 µg/mL and 20 µg/mL) of FA-HA probes and HA control 

were added into the well plate which was then placed on a constant shaker in a dark setting. 

Explants in the plate were imaged at various time points (30, 45, 75, 105 and 135 minutes) using 

a custom-made fluorescent imaging system,  and the collected images were processed as described 

in our previous publication [38]. Data was plotted in terms of the mean intensity of Region of 

Interest (ROI) over time.   

 

2.7 Histological analysis 

After imaging, the explants were embedded in an OCT compound and then sliced into 5-

μm sections. The sections were fixed in iced acetone (-20°C) for 5 minutes prior to histological 

staining. For double staining of FR and macrophages (CD68), the sections were incubated with 

FR antibody (1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-CD68 antibody 

(1:80, Abcam, Cambridge, MA, USA) overnight at 4℃, followed by Alexa Fluor 594-conjugated 

anti-mouse IgG antibody (1:120, Abcam, Cambridge, MA, USA) and Alexa Fluor 488-conjugated 

anti-rabbit IgG antibody (1:120, Abcam, Cambridge, MA, USA) incubation for 1 hour at room 

temperature. A negative control was simultaneously generated by carrying out identical 

histological staining without the use of primary antibody. To reduce background staining caused 

by endogenous peroxidase activity and non-specific binding, all section staining was blocked with 
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3% hydrogen peroxide (10 minutes) and 5% purified goat serum (10 minutes), respectively. For 

the immunohistochemistry (IHC) staining, the sections were incubated with FR antibody (1:50, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4℃ and followed by HRP-

conjugated anti-mouse IgG antibody (1:500, Abcam, Cambridge, MA, USA) incubation for 1 hour 

at room temperature. Diaminobenzidine (DAB, sigma, MO, USA) was used as a chromogen for 

color development and methyl green was used as counterstain. FR scores were calculated to 

quantify the degree of FR expression, based on a published study [39]. Briefly, A (number of 

positive cells) and B (intensity of staining, including: 0= no color reaction; 1 = mild reaction; 2 = 

moderate reaction, 3 = intense reaction) were counted. Final FR scores were then calculated based 

on the following formula: FR score =A × B [39]. To determine the relationship between probe 

binding amounts and FR scores, we divided the tissue sections into 29 regions/cross-sections. In 

each cross-section, we measured its associated NIR intensity and FR score.  The linear relationship 

between each cross-section probe accumulation and FR scores was determined statistically.  

 

2.8 Co-localization of probes and diseased human tissue 

The probes’ ability to detect osteoarthritic tissue was verified using histological methods, 

which involved determining the locations of probe accumulation and FR expression on human 

osteoarthritic tissue. Human osteoarthritic tissue incubated with probes (100 µg/mL for 2 hours) 

were cryosectioned into two consecutive sections. One section was used for staining FR expression.  

The second section was used for NIR imaging to visualize the probe distribution. Subsequently, 

the slide was stained with Safranin O to assess the severity of cartilage tissue degeneration on the 

surface of the osteoarthritic cartilage. The Safranin O staining was carried out as described earlier 

[40]. After the staining, the slice was scanned through a pathology slide scanner (PathScan Enabler 
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IV, Meyer Instruments, TX, USA). By merging NIR images and Safranin O images, we would be 

able to determine whether the probes preferentially accumulated on and diagnosed the location of 

the degeneration tissue.  

 

2.9 Statistical analyses 

All the results will be expressed as mean ± standard error (including FR score on 

osteoarthritic and healthy cartilage, normalized cell viability, fluorescence of cell targeting and 

fluorescence on human tissue images). Student t-test was performed to compare the difference 

between groups. A value of p≤0.05 was considered significant. Linear regression analysis was 

used to determine all calibration curves. The Pearson correlation coefficient (R) was calculated to 

measure the linear correlation between two variables.  

 

3. Results 

3.1 Folate receptor expression on human osteoarthritic tissue 

 Using histological analysis, the location of FR expression and macrophage accumulation 

on osteoarthritic tissue sections was determined. We found that abundant FR expression on the 

surfaces of osteoarthritic tissue coincided with the accumulation of macrophages (Figure. 1A). 

These observations supported that most of the macrophages on osteoarthritic tissue expressed FR. 

Furthermore, by comparison with healthy tissue, there was a substantially higher level of FR 

expression on osteoarthritic tissue (Figure. 1B). This finding concurred with the FR score results, 

in which osteoarthritic tissue FR scores were significantly higher than healthy tissue FR scores 

(Figure. 1B). These results support our overall hypothesis that FR-targeting probes can be 
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employed to diagnose the extent of inflammatory responses on human osteoarthritic cartilage 

tissue.   

 

3.2. HA particle synthesis, separation and characterization  

        To fabricate FR-targeting probes, we first synthesized HA particles by an emulsion 

polymerization technique using an AOT/isooctane/H2O emulsion system, while employing DVS 

as the crosslinker. The fabricated particles exhibited a wide range of particle sizes (Average size 

= 1161.1 nm, size variation = 89.8 nm).  To narrow the particle size distribution, we applied a 

differential centrifugation method and collected a small size range of HA particles. DLS 

determined that the diameter of HA particles was ~490 nm (Figure. 2A). SEM images of the 

particles revealed the spherical shape of HA particles although the diameter of the particles reduced 

to ~200 nm due to dehydration during the process of sample preparation (insert Figure. 2A). The 

particles were then conjugated with a NIR dye - CF647A.  The resultant NIR-labeled HA particles 

had a maximum absorbance peak at 654 nm and a maximum emission peak at 680 nm (Figure. 

2B). The conjugation efficiency of CF647A on HA particles was 10.7 nmol CF647A per 1 mg of 

HA particles.  

 

3.3 Characterization of FA-conjugated HA probes  

        Folate conjugation to HA particles was achieved through a succinimidyl ester-amine reaction 

between FA-PEG-NH2 and HA particles. FTIR spectra of FA-HA probes, HA particles and FA 

confirmed the success of the conjugation process, since the peak of phenyl and pterin rings 

(1485~1519 cm-1) [41], a unique marker of FA, appeared on the FTIR spectrum of FA-HA probes 

(Figure. 2C).  Based on the absorbance of FA-HA probes and the calibration curve generated with 
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FA-PEG solution, we determined that the average conjugation efficiency of FA on HA particles 

was 120 nmol folate per 1 mg of HA particles.  

 

3.4 Cytotoxicity of HA particles and FA-HA probes 

        The cytotoxicity of HA particles and FA-HA probes was determined using human 

chondrocytes. We found that HA particles had no detectable cytotoxicity up to 1 mg/mL (Figure. 

2D).  Similarly, FA-HA probes were found to have no detectable cytotoxicity up to 0.5 mg/mL 

(Figure. 2D). Based on these observations, both HA particles and FA-HA probes were used in 

subsequent studies in media with concentrations <0.5 mg/mL.   

 

3.5 FA-HA probes targeting efficiency on activated macrophages 

        The ability of FA-HA probes to detect activated macrophages was investigated using both 

Murine Raw 264.7 macrophage and human THP-1 cell lines. We first examined the interactions 

between probes and activated THP-1 cells using fluorescence microscopy (Figure. 3A). Cy5 and 

DAPI images were taken to reveal the location of FA-HA probes and macrophages, respectively. 

By overlaying both Cy5 and DAPI images, we clearly saw a large number of FA-HA probes on 

the surfaces of activated macrophages, which would directly support the targeting process.  By 

measuring cell-associated fluorescent intensities at different time points (15 and 30 minutes), we 

found that FA-HA probes had a significant higher specificity to activated macrophages (~10X) 

than to naïve cells (Figure. 3B). Additionally, the amounts of probes accumulated on activated 

macrophages in 15 minutes are only slightly less than those in 30 minutes (Figure. 3B). To 

determine the role of FA on probes in targeting activated macrophages, a competition-binding test 

was performed in which free folate molecules were incubated with activated macrophages prior to 
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the addition of FA-HA probes. As expected, prior incubation of free FA (18µM) significantly 

reduce (~67%) FA-HA probe affinity to activated macrophages. These results support that probe 

accumulation on activated macrophages was mediated by the interaction between FA on probe and 

FR on inflammatory cells (Figure. 3C).   

  To explore the idea about whether probes could be used to quantify the numbers of activated 

macrophages, different numbers of activated Murine Raw 264.7 macrophages (treated with LPS) 

were incubated with FA-HA probes and control particles. After incubation for 30 minutes, we then 

assessed the probes’ binding affinity by measuring the cell-associated fluorescent intensities. In 

agreement with earlier results, we found that there was a strong linear relationship between the 

number of activated macrophages and FA-HA probe associated fluorescent intensity (R=0.993) 

(Figure. 3D). The FA-HA probes’ binding affinity to activated macrophages was calculated to be 

7.00±1.91 ng/cell. On the other hand, there was only a small amount of the control particles 

associated with activated macrophages. These results agreed with our hypothesis that FA-HA 

probes can be used to detect and quantify activated macrophages.  

 

3.6 Imaging efficiency on human osteoarthritic cartilage  

Using human osteoarthritic cartilage tissue, we then investigated the ability of FA-HA 

probes to detect activated macrophages on human osteoarthritic cartilage explants ex vivo. 

Specifically, osteoarthritic tissue was first incubated with different concentrations (100 vs 20 

µg/mL) of FA-HA probes and HA particles for different periods of time (30, 45, 75, 105 and 135 

minutes) and then imaged using an NIR imager (Figure. 4A). Interestingly, shortly after incubation 

with FA-HA probes, we saw an uneven fluorescent signal distribution on osteoarthritic tissue. 

Based on the average fluorescent intensity acquired from the randomly picked ROI, we find that 
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FA-HA probes reach their peak targeting efficiency as early as 30 minutes (Figure. 4B). In general, 

the average intensity of the 100 µg/mL group was about 2.5 X higher than the intensity of the 20 

µg/mL group. Moreover, the amount of FA-HA probes associated with human OA cartilage was 

about 2.6 and 2.3 folds more than that of control HA particles at the concentrations of 100 and 20 

µg/mL, respectively. These findings supported that a higher administration dose contributed to a 

better imaging capability in vitro and the probes had a significant better targeting efficiency than 

control HA particles.  

 

3.7 Quantification of folate receptor expression on human osteoarthritic tissue.   

OA is associated with a varying degree of inflammatory responses at different areas of 

cartilage tissue. Under white light, osteoarthritic cartilage tissue showed slightly opaque, rough 

and yellowed surfaces (Figure 5A). In addition, the extent of inflammatory responses on different 

areas of cartilage tissue could not be easily identified by naked eyes. However, using FA-HA 

probes and NIR imaging, we could easily identify the area of extensive inflammatory responses 

on human cartilage tissue (Figure 5B). To assess the relationship between probe binding amounts 

and FR scores on cartilage tissue, we divided each tissue sections into 29 regions across the whole 

section. For each region, we determined the intensities of tissue associated probes (via NIR 

imaging) (Figure 5B) and the extent of FR expression (via FR scores) (Figure 5C). Using statistical 

analysis, we found a linear relationship between the NIR signal intensities and FR scores (Figure. 

5D). Through the regression analysis, probe fluorescent intensity was found to have a strong 

correlation with the FR number (Mean probe intensity = 104.25 × FR number -37.066, R = 0.933). 

The statistical results of this experiment supported our hypothesis that FA-HA probes can be used 

to assess the severity of human OA cartilage.   
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3.8 Co-localization of FA-HA probes and FR expression and cartilage tissue degeneration 

We further determined the FA-HA probes’ ability for OA diagnosis by using confocal laser 

scanning microscopy and histological analysis to examine the probe distribution and degenerative 

cartilage tissue, respectively. As present in the stitched images, the probe distribution can be 

visualized clearly on the surface of the osteoarthritic cartilage sample (Figure. 6A). To determine 

the extent of cartilage degeneration, we used both FR IHC and Safranin O staining. The FR IHC 

stain imaging revealed a heterogeneous surface structure, indicating the degenerative nature of the 

OA tissue (Figure. 6B).  Safranin O staining has been widely used to quantify proteoglycan content 

and to reflect the extent of cartilage degeneration. As anticipated, the Safranin O staining revealed 

the location and extent of cartilage degeneration (Figure. 6C). Impressively, the highest fluorescent 

intensity was located exactly at the most degenerated area, which means the probes were able to 

indicate the area of degenerative cartilage tissue through a specific targeting process.  

 

 

4. Discussion 

In the present study, FA-conjugated HA probes were fabricated and investigated for their 

ability to diagnose inflammatory responses on human osteoarthritic cartilage explants. Our results 

support that FA-HA probes can be used to detect activated macrophages via NIR imaging. In 

addition, probe-associated fluorescent intensities can be measured to reflect the number of 

activated macrophages in culture. By applying FA-HA probes (100 µg/mL) on cartilage tissue, we 

can visualize the extent of inflammatory responses on cartilage tissue within 30 minutes in the 

presence of free probes. Even though Osteoarthritis Research Society International (OARSI) 
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histological scoring has been widely used to determine the overall knee joint damage, OARSI 

scores can only reflect an average cartilage tissue injury and cannot be used to identify the areas 

of injured cartilage. We believe  that the FA-HA probes can be used to identify localized cartilage 

injury by taking advantage of an intra-articular imaging technique established earlier [42].  

The results of this work supports that FR can be used as a targeting ligand for OA diagnosis 

in humans. It should be noted that several different probes with different targeting ligands have 

been developed for in vivo OA diagnosis recently. Firstly, cathepsin B, an extracellular cysteine 

protease, was used as a marker of OA. Specifically, cathepsin B sensitive NIR probes were 

fabricated and then investigated for early OA diagnosis [43]. Secondly,  fluorescence resonance 

energy transfer MMP-13 fluorogenic probes were fabricated and investigated for in vivo OA 

detection [44]. Thirdly, ApoPep-1 (CQRPPR), a peptide that is able to bind to apoptotic and 

necrotic cells, was tested for its ability to detect OA in vivo via its  binding to apoptotic 

chondrocytes [45]. 

Different imaging modalities have been investigated for OA diagnosis with different 

advantages and disadvantages. For example, an investigational folate receptor-targeting 

companion imaging agent, 99mTc-folate (Etarfolatide), has recently been used to assay the 

participation of activated macrophages in a substantial proportion of human osteoarthritic knees 

using SPECT-CT [46]. However, the imaging method is invasive, causes negative side effects due 

to the imaging agent [47] and the bioavailability provided by intravaneous injection is low for 

articular cartilage due to the avascular structure, which leads to insufficient imaging information 

for diagnosis [48]. Conversely, our probe is fabricated with HA, which has been approved by the 

United States Food and Drug Administration for intra-articular injection since 2001 [49, 50]. 

Despite the improved penetration depth of NIR imaging [51], it is possible that the accumulation 
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of FA-HA probes on cartilage tissue cannot be detected non-invasively. In that case, a fluorescence 

arthroscope may be used to image the probe accumulation on cartialge tissue in situ, which has 

been documented recently [52].  

HA is selected for this application based on the following advantages: first, HA has been 

used in the form of particles and tissue scaffolds for enhancing cartilage tissue repair and 

regeneration [53]; Second, studies have shown that HA is able to mediate chondrocyte 

proliferation and matrix synthesis in a cartilage microenvironment through the CD44-HA pathway 

[54]; and finally, HA may diminish immune responses by reducing the motility of lymphocytes 

[55], which would lead to inhibition of PMN leukocyte migration [56] and  neutrophil aggregation 

and adhesion [57]. These unique characteristics may permit the further development of FA-HA 

probes into a treatment method that induces chondrogenic tissue regeneration and healing in 

osteoarthritic cartilage tissue. It should be noted that many other biocompatible, water soluble and 

biodegradable polymers have been developed as in vivo imaging probes [58]. For example, 

Poly(ethylene glycol) [59], Poly (L-glutamic acid) [60] and N-(2-Hydroxypropyl) methacrylamide 

[61] with various functional groups have been used to fabricate probes with different targeting and 

therapeutic moieties.  It is possible the FR-targeting probes can be made using different polymer 

carriers. However, further studies are needed to determine the potential effects of polymer types 

on probe-cell interactions and affinity.  

 

5. Conclusion 

        FA-targeting and NIR-labeled HA probes have been successfully designed to target FR-

upregulated cells in culture and on human osteoarthritic tissue explants. These probes were 

characterized to be spherical, nanoscale and non-cytotoxic; in addition, they exhibited a strong 
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targeting efficiency on FR upregulated macrophages. Furthermore, by adding the probes in the 

solution, we can not only visualize the area but also the extent of inflammatory and degenerative 

cartilage tissue in 30 minutes ex vivo. Our results support that this imaging probe has a tremendous 

potential to be used as a novel diagnostic method to evaluate OA in a clinical setting.  
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Figure 1 

 

Figure 1. Preliminary histological study on human osteoarthritic tissue (A) Double staining images 

of folate receptor (FR: Cy3 channel-red) and macrophages (CD68: GFP channel-green, nucleus: 

DAPI-blue) on human osteoarthritic tissue were taken under 200X and 630X (inserted, oil 

immersion lens). (B) The expression of FR on osteoarthritic tissue was compared with FR 

expression on healthy tissue and arrows indicated positive staining result (scale bar: 0.1 mm). All 

the statistical data was presented as mean ± standard deviation, n=8 for OA tissue and n=3 for 

healthy tissue. Student t-test was performed to compare the difference between groups (including 

significance between FR score over length of OA and healthy tissue. A value of *p≤0.05 was 

considered significant. 
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Figure 2 

 

Figure 2. Physical and chemical characterizations of the probes. (A) HA particle size distribution 

was determined using DLS and particle morphology was observed with SEM (scale bar: 1µm). (B) 

The optical properties of the CF647A-labeled FA-HA probes were determined using a microplate 

reader. (C) Fourier transform infrared spectra of the FA, HA particles and FA-HA probes were 

employed to confirm the conjugation process. The arrow notes the peak of the phenyl and pterin 

rings (1485~1519 cm-1). (D) Chondrocyte cytotoxicity study was carried out using HA particles 

and FA-HA probes.  All the statistical data was presented as mean ± standard deviation, n=3 for 

each group. Student t-test was performed to compare cytotoxicity of different probe concentrations 

with the control group. * P ≤0.05: Significance vs. the same materials (either HA particles or FA-

HA probes).  
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Figure 3 

 

 

Figure 3. In vitro evaluation of the FA-HA probe’s ability to target both activated human THP-1 

cells (Figure 3A&B&C) and Murine Raw 264.7 macrophages (Figure 3D). (A) Fluorescent and 

white light images of activated macrophages treated with FA-HA probes and control HA 

particles at different channels - Cy5 channel (probes/particles), DAPI channel (macrophages), 

white light channel and overlay channel (scale bar: 50 µm). (B) Fluorescent intensities of PMA 

activated macrophages and naïve macrophages after incubation with FA-HA probes for 15 and 

30 minutes. (C) Fluorescent intensities of HA particles or FA-HA probes on activated 

macrophages with or without the pre-treatment of free FA (18 µM) for 30 minutes. (D) The 

relationship between the number of activated Raw 264.7 macrophages and fluorescent intensities 

of cell-bound FA-HA probes/HA particles.  All the statistical data was presented as mean ± 

standard deviation, n=3 for all groups. Pearson correlation coefficients were calculated between 

cell numbers and cell associated fluorescent intensities. A value of *p≤0.05 was considered 

significant. 
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Figure 4 

 

Figure 4. The ability of FA-HA probes to diagnose injured cartilage was evaluated using human 

osteoarthritic tissue in vitro. (A) Time and dose dependent fluorescent images of osteoarthritic 

human tissue co-cultured with different concentrations of FA-HA probes and HA particles (as 

control) (scale bar: 20mm). (B) The fluorescent intensities of all tissue incubated with different 

concentrations (20 and 100 µg/ml) of FA-HA probes and HA particle controls for different periods 

of time (up to 140 minutes) were calculated and compared.  n=6 for all groups. The background 

fluorescence intensity of the HA particle control incubated tissue was 360±17. A value of *p≤0.05 

was considered be significant. 
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Figure 5 

 

Figure 5. Relationship between fluorescent imaging and histological analysis results. (A) Optical 

image of human osteoarthritic tissue before OCT embedding. (B) Top panel: NIR fluorescent 

image of human osteoarthritic tissue taken after being incubated with FA-HA probes for 30 

minutes. Bottom panel:  probe incubated tissue was divided into 29 sections and then imaged 

using confocal laser scanning microscopy. Representative images of low, medium and high 

amounts of probe accumulation on tissue.  (C) Top panel: representative images of FR IHC 

stained tissue with low, medium and high folate receptor scores. Images were taken under 200X 

microscope. Bottom panel: whole tissue image was taken using PathScan. (D) The linear 

relationship between tissue associated fluorescent intensities in each region and corresponding 

folate receptor scores on human osteoarthritic tissue were determined statistically with a Pearson 

correlation coefficient of 0.933.  
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Figure 6 

 

Figure 6. Co-localization of probes and cartilage tissue degeneration on human osteoarthritic 

explants were carried out using both confocal imaging and histological analysis. (A) Stitching 

image of FA-HA probe distribution on exposed tissue was taken using a Leica confocal laser-

scanning microscope. (B) Scanning image of FR IHC staining on adjacent tissue section was taken 

using PathScan. (C) Scanning image of Safranin O staining on the identical tissue section (as in 

Figure 6A) was taken using PathScan. 
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A self-assembling peptide nanofiber is developed to sense the microenvironmental pH 

change associated with bacterial growth. Using a near-infrared probe, a strong correlation 

was observed between the local pH reduction of bacterial colonies with the degree of 

peptide disassembly, which led to their enhanced antimicrobial activity against anaerobic 

bacteria. 

Trigger-responsive nanomaterials have tremendous promise for targeted therapeutic 

delivery strategies that improve the treatment of a variety of diseases.1 Among various approaches, 

self-assembly has been proven as an effective bottom-up approach to construct functional 

nanomaterials. A wide range of molecular building blocks, including amphiphilic polymers, lipids, 

proteins and peptides can be custom-designed and assembled into “smart” nanomaterials that can 

sense various disease-specific microenvironmental conditions.2 Self-assembled nanomaterials can 

easily change their physicochemical properties in response to the environmental change and lead 

to local release of therapeutics with enhanced drug potency and reduced side effects on healthy 

tissues and cells. In recent years, great levels of success have been achieved for nanomaterials 

designed for targeted cancer therapy.3 However, the development of self-assembled nanomaterials 

for targeted antimicrobial delivery is just getting underway for infectious disease treatment.4         

Similar to some of the tumor tissues, certain bacteria can reduce the local pH of the 

infection tissues through low oxygen triggered anaerobic fermentation.5 Host immune response 

can further lower the local pH where bacteria reside through mechanisms of production of lactic 

acids during phagocytosis.6 While the acidic pH is considered as an undesirable factor causing the 

reduction of the antimicrobial activity of several classes of antibiotics,7 it can be utilized as a 

natural physiological cue for the design of antimicrobial nanomaterials for targeted antimicrobial 

delivery. Recent reports have demonstrated advances in the design of acid-sensitive nanoparticles 
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for targeting the bacterial membrane and delivery of small molecule antibiotics to treat bacterial 

infections in acidic conditions.4a Acid-dependent helical polypeptides were also reported to 

selectively target and eradicate pathogenic H. pylori without affecting commensal bacteria in the 

stomach.4d These successful examples provide the inspiration and highlight the feasibility of using 

pH as a physiological trigger to achieve targeted antimicrobial therapy.  

In this work, we sought to develop a novel acid-activatable antimicrobial therapy by 

capitalizing on our recent development of self-assembling nanofibers (SANs) for bacterial acidity 

triggered antimicrobial delivery. SANs are supramolecular assemblies of de novo designed 

multidomain peptides (MDPs) that have been explored as highly cytocompatible antimicrobial and 

cell penetrating nanomaterials.8 The first generation of MDPs has a general formula of Kx(QL)yKz 

(amino acid single code letter K: Lysine, Q: Glutamine, L: Leucine) to mimic natural cationic 

antimicrobial peptides (AMPs). Unlike most conventional AMPs that exist as monomers in 

solution, MDPs can form supramolecular -sheet nanofibers in which the hydrophobic residues 

and non-polar surface are partially masked between the two sheets, which has been proven as an 

important factor to minimize the cytotoxicity of MDPs toward mammalian cells.9 As shown in our 

previous work, the cytocompatibility was greatly enhanced for SANs compared to that of 

traditional monomeric AMPs. However, on the negative side, the confinement of the hydrophobic 

moiety within the assembly can also reduce their antimicrobial activity while monomeric AMPs 

are more potent to kill bacteria. As such, the current study by developing SANs that undergo pH-

responsive disassembly combines the advantages of both self-assembled peptides in terms of their 

cytocompatibility and monomeric AMPs in terms of their antimicrobial activity to treat acidity-

associated bacterial infection. The central hypothesis is SANs under the physiological condition 

are bio-inert because the membrane-interacting hydrophobic moieties of SANs are buried inside 
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the assembly and not accessible to the cell membrane. At the bacterial colonization site with an 

acidic pH, MDPs become charged and the increased charge density triggers SANs disassembly 

and subsequent release of activated peptides to effectively interact with the cell membrane and kill 

bacteria (Figure 1).  

    Three MDPs with the sequences of WH5(QL)6K2, WH7(QL)6K2, and WH9(QL)6K2 

abbreviated as WH5, WH7 and WH9 (H: Histidine, W: Tryptophan) were initially explored as the 

building units to fabricate SANs. The sequences were chosen based on the following 

considerations. First, the central repeating (QL) domain provides the driving force for SANs 

formation under the neutral physiological condition as discussed in our previous studies.8b Second, 

oligo-histidine of different lengths was incorporated at the N-terminus to endow pH-

responsiveness to SANs. At a pH below the pKa of histidine, peptides become charged. The 

electrostatic repulsion among the positively charged MDPs will destabilize SANs and lead to the 

release of activated MDPs that can effectively eradicate bacteria. Third, the numbers of histidine 

residues are varied in order to integrate and achieve a good balance between self-assembly under 

the neutral condition and disassembly upon acidification. MDPs with different numbers of 

histidine would render a small library to explore the effect of charge on SANs stability, 

disassembly efficiency and their resulting biological activities. Lastly, two lysine residues were 

appended at the C-terminus to ensure sufficient solubility of SANs and minimize lateral fiber 

aggregation through electrostatic repulsion. All peptides contain a tryptophan residue for accurate 

determination of the peptide concentration by UV spectroscopy. 

 

     

 

 

Figure 1. Cartoon representation of cytocompatible and 

hemocompatible SANs formed by pH-responsive MDPs and their 

disassembly triggered by local bacterial acidity for the delivery of 

activated MDPs to eradicate bacteria. 
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Elucidating the physicochemical properties of MDPs as a function of pH is critical to 

tailoring their biological activities. Critical assembly concentration (CAC) measurements were 

first conducted to investigate their ability to assemble under different pH conditions. As shown 

in Figure S2, a non-linear relationship was observed for all three MDPs at pH 7.4 (Tris buffer, 

20 mM) suggesting the formation of higher ordered assemblies as the concentration increased. At 

an acidic pH (MES buffer, pH 5.7, 20 mM), a linear correlation was found between the 

fluorescence intensity and peptide concentrations, suggesting the majority of peptides do not 

self-assemble and rather remain isolated. It is worth noting that we choose pH 5.7 as the acidic 

condition for this study, considering the balance between the protonation degree of histidine 

(pKa=~6) and bacterial growth under the acidic condition. The pH-dependent self-assembly and 

disassembly was further investigated and confirmed by circular dichroism (CD) spectroscopy. At 

pH 7.4, all three peptides exhibited predominant -sheet structures as characterized by a 

minimum peak between 210-220 nm (Figure S3a) indicating the formation of SANs. When the 

pH is reduced to 5.7, which is below the pKa point of histidine, the presumed increase in positive 

charges and electrostatic repulsion triggered disassembly and unfolding of - sheets to random 

coils and/or weak helices. As shown in Figure S3b, all three MDPs unfolded upon pH reduction, 

but to different degrees. WH7 and WH9 exhibited more disordered structures than WH5 given the 

larger blue shifts of the minimum absorption down to ~ 203 nm indicating a greater tendency to 

disassemble. To quantitatively determine the extent of SANs disassembly, spin dialysis was used 

to estimate the amounts of disassembled MDPs upon pH reduction. Centrifugal filters with 

molecular weight (MW) cutoff at 10 kDa and 30 kDa were used to separate the monomeric MDP 

and any potential non-specific aggregates (up to 9 mers) (due to their amphiphilic nature) from 

the residual higher ordered assemblies, respectively. As shown in Table 1, no materials were 
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detected in the filtrate for all three MDPs through spin dialysis suggesting the stability and 

integrity of SANs at the neutral pH. At the acidic pH, disassembly occurs as shown by the 

increased concentrations of MDPs in the filtrate using both filters. It was estimated that 24.60% 

of WH5, 34.70% of WH7 and 41.00% of WH9 were disassembled to monomers based on the 

dialysis result using the filter with a MW cutoff at 10 kDa. Using a 30 kDa filter, the percentage 

of MDPs in the filtrate increased to 37.77%, 62.56% and 71.46% for WH5, WH7 and WH9, 

respectively. 

                    Table 1. Quantification of disassembled MDPs 

Peptides 10 kDa filter 30 kDa filter 

pH 7.4 pH 5.7 pH 7.4 pH 5.7 

WH5 0 24.60  0.08%  0 37.77  0.56% 

WH7 0 34.70  0.08% 0 62.56  3.55% 

WH9 0 41.00  0.49% 0 71.64  0.27% 

Standard deviation is calculated based on 3 measurements for each sample 

 

The filtrate of WH9 at pH 5.7 was analyzed by CD spectroscopy showing highly 

disordered random coil structures (Figure S3c), thus excluding the possibility of the presence of 

-sheet oligomers in the filtrate. The oligomeric species present in the filtrate is likely due to the 

non-specific aggregation between the amphiphilic MDPs. Transmission electron microscopy 

(TEM) reveals the morphological change of MDPs under different pH treatments. For TEM 

characterization and the following biological evaluation, we primarily focused on WH9 because 

it is the most sensitive to pH change giving a higher extent of disassembly upon solution 

acidification. At pH 7.4, WH9 spontaneously self-assembled to form elongated fibers (Figure 

2a). Reducing the pH to 5.7 led to a significant reduction of the fiber density and the formation 

of non-specific spherical aggregates (Figure 2b). We suspect that these spherical aggregates 

were formed from disassembled MDPs due to the drying effect during TEM sample preparation 
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process. The disassembly of SANs was verified by dynamic light scattering (DLS) 

measurements showing a dramatically reduced particle size to below 2 nm when pH was reduced 

(Figure 2c and Figure S4). Although the number mean of the hydrodynamic diameter generated 

by DLS does not represent the actual size of these nanofibers due to their non-spherical shapes, 

the dramatic size reduction suggests the effectiveness of solution acidity to trigger the 

disassembly of SANs. 

 

 

 

 

Acidity-triggered SANs disassembly was further studied in the context of bacterial 

inoculation on an agar plate. We chose Bacteroides fragilis as a model bacterium that undergoes 

anaerobic growth leading to the acidification of the surrounding environment. We first 

determined whether the growth of B. fragilis would influence the pH immediately adjacent to the 

bacterial colony. Using a pH ratiometric near infrared probe developed recently,10 we measured 

the change of fluorescent intensity of the probe with time using an in vivo Kodak imager. The 

results allow us to calculate the pH nearby the colony on an agar plate at 0.5, 2.5, 7, and 22.5 hrs 

upon bacterial inoculation. Interestingly, we find that growth of B. fragilis releases metabolites 

which can cause the surrounding environment to become acidic (from pH 7.5 to pH 6.3 in less 

than 24 hrs) (Figure S5). To test whether the in-situ low pH can induce SANs disassembly, we 

synthesized and prepared rhodamine (Rho)-labeled WH9. Rho-WH9 has very low fluorescent 

intensity due to fluorescent quenching upon self-assembly. By reducing the local pH, WH9 

disassembles leading to the recovery of rhodamine fluorescence.  Therefore the fluorescence 

intensity of the peptide reflects the degree of peptide disassembly and can be used to correlate 

Figure 2. Negatively stained TEM images of 

WH9 at (a) pH 7.4 showing SANs formation and 

(b) at pH 5.7 showing SANs disassembly. (c) 

pH-dependent hydrodynamic size measurement 

by DLS. Peptide concentration: 100 µM in Tris 

buffer (pH 7.4, 20 mM) and MES buffer (pH 

5.7, 20 mM) 
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with the microenvironmental pH change associated with bacterial growth. To determine whether 

the acidic environment nearby bacterial colonies causes SANs to disassemble, Rho-WH9 was 

applied on both the bacterial colonies and non-inoculated agars as controls after 24 hrs of 

bacterial inoculation. The fluorescence intensity was monitored immediately using an in vivo 

Kodak imager. The results showed an average of 88% increase of the fluorescence intensity for 

peptides deposited on the bacteria colonies than those on the agar media without bacteria (Figure 

3a), suggesting a local acidic pH can trigger the disassembly of SANs, leading to the recovery of 

self-quenched fluorescence. The fluorescence intensity of the peptide across the bacterial colony 

was further plotted as a function of imaging pixels (~ 0.1 mm/per pixel) starting from the 

outermost of a colony (shown as 0 on the x-axis of Figure 3b) while moving toward the center 

(shown as 10 on the x-axis of Figure 3b). The local bacterial pH change across a single colony 

was measured by the ratiometric fluorescence probe described above and plotted in the same 

manner. A good correlation was observed between the reduced pH and the increased 

fluorescence of Rho-WH9, further confirming local 

bacterial acidity can trigger SANs disassembly. 

 

The antimicrobial activities of WH9 were tested against both gram-negative bacteria, 

Escherichia coli and B. fragilis and gram-positive bacteria, Staphylococcus aureus under the 

anaerobic condition where bacterial cultures became acidic over time Peptides were co-incubated 

Outermost of 
a colony 

Center of a 
colony 

Figure 3. Local bacterial acidity triggered 

peptide disassembly as determined by in situ 

fluorescence microscopy. a) Fluorescence 

intensity of Rho-labeled WH9 deposited on 3 

bacterial colonies (3 spots on the left panel) 

compared to those on agar media (right panel) 

without bacteria showing that the acidic 

bacterial environment can induce SANs 

disassembly that led to a recovery of the self-

quenched rhodamine fluorescence. b) 

Correlation of the local bacterial pH (orange 

line) with the fluorescence intensity of Rho-

labeled WH9 (blue lines) applied on bacterial 

colonies. The inset pictures are fluorescent 

microscopic images of bacterial colonies upon 

Rho-Labeled peptide treatment (right) and 

colonies containing the near infrared pH probe 

(left). 
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with E. coli, B. fragilis and S. aureus for 48 hrs and the UV absorbance at 600 nm was measured 

for the estimation of the minimum inhibitory concentration (MIC) values. As shown in Table 2, 

WH9 was effective against all three bacterial strains in the anaerobic condition where the 

bacterial culture gradually became acidic to pH 6.4. The MIC values of WH9 were determined at 

10 M against E. coli, 5 M against B. fragilis and 5 M against S. aureus. In contrast, the MIC 

of WH9 was estimated at 40 M against E. coli in the aerobic condition where the culture pH 

remained neutral (pH was between 7.2 and 7.5 during culture). For aerobic bacterial cultures 

with a starting pH at 5.7, the MIC was determined as 10 M comparable to that determined in 

the anaerobic condition. In comparison, the MICs of WH5 and WH7 were determined at 40 M 

and 20 M in the acidic aerobic E. coli cultures showing less potency to inhibit the growth oft he 

bacteria. The antimicrobial activity also correlates well with the peptide’s ability to dissemble as 

detailed in the spin dialysis experiment (Table 1). 

Table 2. Antimicrobial activity, cytotoxicity and hemolytic activity 

 

 

 

 

The mode of antimicrobial action was investigated by epifluorescence microscopy. WH9 

was co-incubated with E. coli aerobically so that the culture pH can be adjusted and maintain at 

either acidic or neutral during the entire culture. A live-dead assay was performed wherein E. 

coli was incubated with WH9 for 3 hrs, followed by staining with SYTO9 and Propidium Iodide 

(PI).  As shown in (Figure 4a), a much higher fraction of E. coli cells fluoresced red at the acidic 

pH due to pH-triggered disassembly and release of peptides that can increase the membrane 

permeability of PI. At the neutral pH (Figure 4b), the peptide was confined within the SANs and 
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does not have sufficient freedom to access to and further permeate the bacterial cell membrane. 

The live-dead assay was also performed in Gram-positive S. aureus culture showing the same 

trend of pH-dependent antimicrobial activity (Figure S6). 

 

 

 

 

 

 

 

The physical interaction between WH9 and bacteria was also studied by fluorescence 

microscopy upon incubation of FITC-labelled WH9 with E. coli followed by PI staining. The 

binding affinity of WH9 toward bacteria was greatly improved upon acidification as demonstrated 

by the numbers of bacterial cells that are attached by peptides showing green fluorescence on the 

cell membrane (Figure S7a) while at the neutral condition much less binding occurs between the 

peptides and bacteria (Figure S7b). Scan electron microscopy (SEM) was used to visualize any 

morphological change induced in bacteria by exposure to WH9 at the acidic condition. As 

compared to control bacteria without peptide treatment (Figure S8a), E. coli incubated with WH9 

under the acidic culture condition showed significant membrane damage (Figure S8b), suggesting 

the mode of action is through bacterial membrane disruption by the disassembled peptides. 

    A critical challenge associated with conventional AMPs is their moderate to severe 

cytotoxicity and hemolytic activity.11 We have recently demonstrated that self-assembly can be an 

effective approach to reduce the non-polar membrane-contact area of AMPs leading to greatly 

improved cytocompatibility and bacterial cell selectivity.9 To evaluate the cytotoxicity of the 

Figure 4. Fluorescence images of Live/dead 

bacterial assay results.  Top panel: E.coli treated 

with 20 µM WH9 at (a) pH 5.7 and (b) pH 7.4 

for 3hrs. Live bacteria were stained with SYTO9 

(green) and dead bacteria was stained with PI 

(red). Scale bar: 20 µm. 
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newly designed WH9 toward mammalian cells during blood circulation, NIH/3T3 fibroblasts were 

incubated with peptides at various concentrations and the cell viability was quantified by the MTT 

assay. 80 M was selected as the upper concentration threshold to avoid potential precipitate 

formation as the peptide concentration increases in the mammalian culture media. As shown in 

Figure S9, dose-dependent cell viability was measured showing > 80% of cell viability up to 40 

M and 72% cells were still alive upon incubation with peptides at 80 M. The hemocompatiblity 

was evaluated by incubating human red blood cells (RBCs) with WH9 at different concentrations 

for 1 hr and released haemoglobin was measured by UV spectroscopy (Figure S10). Within the 

tested peptide concentrations up to 160 M (16 times of the MIC) less than 5% of hemolysis was 

observed with peptide-treated RBCs compared to the positive control group of RBCs treated with 

Triton-100. Taken together, the pH-triggered antimicrobial activity and excellent 

cytocompatibility and hemocompatibility of self-assembled WH9 highlight their great potential as 

a new antimicrobial strategy to effectively treat bacterial infections associated with acidity. 

    In summary, we have demonstrated a new pH-responsive antimicrobial nanomaterial 

based on the self-assembly of de novo designed MDPs for acid-responsive antimicrobial delivery 

at the site of infection associated with bacterial acidity. The MDP can be designed to form stable 

nanofibrous structure in neutral pH with excellent cytocompatibility and hemocompatibility. The 

pH-triggered disassembly was demonstrated in both the aqueous solution and on a bacteria-

inoculated agar plate and shown to be important factors for their antimicrobial activity. This new 

antimicrobial strategy while awaiting more extensive in vitro evaluation and in vivo studies holds 

great promise to treat bacterial infections in which acidity plays an important role in bacteria 

pathogenesis. For future studies, SANs based on custom-designed non-natural amino acids may 
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offer diverse chemical functionality and broader pH-tunability to suit various clinical needs in the 

combat of infectious diseases. 
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Experiment section 

 

Materials and methods 

1. Materials 

Fmoc-protected amino acids, 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3- 

tetramethylaminium hexafluorophosphate (HCTU), MBHA rink amide resin, were purchased 

from Novabiochem. Piperidine, diisopropylethylamine (DIPEA) 5(6)-Carboxyfluorescein 

(FAM), 5(6)-carboxy-tetramethyl-rhodamine, Mueller Hinton Broth (MHB), MTT assay kit were 

purchased from Sigma-Aldrich. LIVE/DEADTM BacLightTM Bacterial Viability Kit, 

Centrifugation filters with molecular weight cutoff at 10 kDa and 30 kDa, Agar, TritonTM X-100, 

Blood agar (TSA with 5% sheep blood) were purchased from Fisher Scientific. Dulbecco’s 

modified Eagle medium (DMEM) culture medium was purchased from Life Technologies. Fetal 

Bovine Serum (FBS) was purchased from VWR. TEM staining reagent, uranium acetate 

dihydrate and TEM grid were purchased from TED PELLA, INC. Escherichia coli (ATCC 

25922), Bacteroides fragilis (ATCC 25285) and Staphylococcus aureus (ATCC 29213) were 

purchased from ATCC.  

2. Synthesis and purification of peptides 

Multidomain peptides were synthesized on a Prelude® peptide synthesizer using standard 

FMOC-solid phase peptide synthesis procedures. Fmoc groups were deprotected by 20% (V/V) 
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piperidine in N, N-dimethylformamide (DMF) for 5 min (2 times). HCTU was used as the 

coupling reagent and mixed Fmoc protected amino acids in the presence of DIPEA with a molar 

ratio of 1:1:2.5 (amino acid: HCTU: DIPEA). Upon the completion of the synthesis, the N-

terminus of the peptides were acetylated in the presence acetic anhydride and DIPEA in DMF. 

The acetylated peptides were cleaved from the resin using a mixture of trifluoroacetic acid (TFA) 

/ triisopropanolsilane (TIS) / H2O (95/2.5/2.5 by volume) for 3 hours. The cleavage solution was 

collected through filtration and neat TFA was used to wash the resin twice. TFA solution was 

evaporated under moderate air flow. The residual peptide solution was precipitated in cold 

diethyl ether, followed by centrifugation and washing with cold diethyl ether for four times. The 

crude peptide was dried under vacuum overnight for HPLC purification. The peptide was 

purified using a preparative reversed phase C4 column with a linear gradient of water/acetonitrile 

containing 0.05% TFA. Elution was monitored at 230 nm and 280 nm. The mass of the three 

peptides were confirmed by MALDI. WH5: expected [M+H]+: 2634, observed [M+H]+: 2634; 

WH7: expected [M+H]+: 2908, observed [M+H]+: 2908; WH9: expected [M+H]+: 3182, observed 

[M+H]+: 3182. Fluorescein and rhodamine terminated peptides were synthesized as follows. 

After final deprotection of the peptide, the N-terminus was coupled with 4 equivalents of 5(6)-

carboxyl fluorescein or 5(6)-carboxy-tetramethyl-rhodamine using a combination of 4 

equivalents of HCTU and 8 equivalents of DIPEA in DMF. The reaction mixture was stirred 

overnight. The completion of the coupling reaction was confirmed by the Kaiser test. If 

necessary, the coupling of 5-(6)-carboxyl-fluorescein or 5(6)-carboxy-tetramethyl-rhodamine 

was repeated once. The cleavage and purification procedure followed the same procedure as 

described for the nonlabelled peptides. The molecular weight was confirmed by MALDI. FITC-

WH9: expected [M+H]+: 3499, observed [M+H]+: 3500; Rho-WH9: expected [M+H]+: 3553, 

observed [M+H]+: 3554. 

The purified MDP solutions that were collected from HPLC machine were lyophilized for 48hrs 

to remove any solvents. Then the powder of MDPs was dissolved in sterile Tris buffer or MES 

buffer for further bacterial and cell assay. 



47 
 

3. Structural Characterization 

3.1 Circular Dichroism (CD) Spectroscopy 

Samples were prepared by dilution from the peptide stock solution to a concentration at 50 µM 

in either Tris buffer (pH 7.4, 20 mM) or MES buffer (pH 5.7, 20 mM). The samples were 

incubated at 4C overnight. Data were collected from 250 nm to 190 nm at room temperature 

(RT) using a 1 mm cuvette, a bandwidth at 1 nm, scan rate at 100 nm/min and a response time of 

2 sec. Each spectrum was averaged from three scans. The mDeg of rotation was converted to 

molar residual ellipticity via the formula θ=(mDeg*1000)/(c*n*l), where c is the concentration 

of the peptide solution expressed in mM, n is the number of amino acids in the peptide sequence 

and l is the path length of the cell used in mm. 

3.2 Transmission Electron Microscopy (TEM)  

Sample preparation was the same as that used in the CD experiment. Peptide solution (10 L) 

was dropped onto a holey carbon grid (TED PELLA 01824). After 2 minutes, excess solution 

was carefully removed with filter paper. 10 L of 2 wt % uranyl acetate aqueous solution was 

dropped onto the grid for negative staining. After 2 minutes, excess staining solution was 

removed and the TEM samples were dried for overnight before imaging. 

3.3 Critical aggregation concentration (CAC) measurement 

Peptide solution (160 µM) was added in either 200 µL Tris buffer (20 mM, pH 7.4) or 200 µL 

MES buffer (20 mM, pH 5.7) with an increment of 2 µL each time. Fluorescence spectra were 

acquired after each peptide addition by monitoring the emission of peptides from 295 nm to 440 

nm using an excitation wavelength at 280 nm. Fluorescence intensity at 350 nm was plotted as a 

function of the peptide concentrations. The CAC was determined to be the concentration at 

which nonlinearity started to develop as shown in Figure S2. 

4. Minimum inhibitory concentration (MIC) determination 

For the MIC test in the aerobic condition, E.coli was cultured in MHB media under constant 

shaking at 100 rpm at 37 oC to reach the mid-exponential growth phase. The bacterial solution 

was plated on an agar plate for colony forming unit (CFU) counting. Bacterial suspensions were 

diluted to approximately 2x105 CFU/mL in MHB media at either pH 7.4 or 5.7. Peptide solutions 



48 
 

at various concentration (80, 40, 20, 10, 5, 2.5 µM) were prepared in either Tris buffer (pH 7.4, 

20 mM) or MES buffer (pH 5.7, 20 mM). 50 µL of each peptide solution was mixed with 50 µL 

of bacterial solution in a 96-well plate and the experiments were performed in triplicates. The 

plates were incubated at 37 oC under constant shaking at 100 rpm for 18 hrs and the optical 

density (OD) at 600 nm was measured on a plate reader. The MIC was determined at the peptide 

concentration in which OD reading is below 0.06 and no cloudiness was visible to naked eyes. 

For the MIC test in the anaerobic condition, E. coli (ATCC 25922), B. fragilis (ATCC 25285) 

and S. aureus (ATCC 29213) inocula were prepared using the BBL Prompt Inoculation System 

to generate an approximate 1.5 x 108 CFU/mL that was further diluted to generate an inoculum at 

1.0 x 106 CFU/mL in MHB media at pH 7.4. Peptide solutions with various concentration (80, 

40, 20, 10, 5, 2.5 µM) were prepared in Tris buffer (pH 7.4, 20 mM). All the reagents for the 

anaerobic test were reduced under anaerobic conditions for at least 2 hrs prior to the initiation of 

testing and care was taken to minimize all bacterial strains to oxygen exposure. 50 µL of each 

peptide solution was mixed with 50 µL of bacterial solution in a 96-well plate and the 

experiments were performed in triplicates. The plates were incubated 48 hrs under constant 

shaking at 100 rpm. The MIC was determined at the peptide concentration in which OD reading 

is below 0.06 and no cloudiness was visible to naked eyes. For all MIC tests, bacterial culture 

without peptides was used as a negative control. Gentamicin was used as the positive control that 

helps validate the MIC assay. Gentamicin is efficacious against E.coli and S. aureus although the 

MIC is shifted higher in anaerobic versus aerobic conditions. 

Bacterial culture without peptides were used as a negative control. Gentamicin was used as the 

positive control that helps validate the MIC assay. Gentamicin is efficacious against E.coli and S. 

aureus although the MIC is shifted higher in anaerobic versus aerobic conditions.1 

5. Scanning electron microscopy to examine the morphology of the bacterial membrane 

400 µL bacterial suspensions (E.coli, 108 CFU/mL) were added to a 24-well plate with a cover 

glass (d=12 mm) placed on the bottom of each well. After 24 hrs of incubation, bacterial 

suspension was removed and the plates were washed with PBS buffer (pH 7.4) to remove any 

non-adherent bacteria. 100 µL of fresh MHB media (pH 5.7) and 100 µL of 40 µM peptide 

solution in MES buffer (pH 5.7, 20 mM) were mixed and added in each well and incubated at 37 

oC for 1 hr. The media were removed and the cover glasses were washed with Tris buffer for 
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three times. Bacteria were fixed using 4% glutaraldehyde solution for overnight. The cover 

glasses were further dehydrated using a series of graded ethanol solutions from 35, 50, 75, 90, 95 

and 100% (contents of ethanol volume). Samples were placed on a carbon tape and further 

coated with a 5 nm-thick gold layer. The morphology of the bacteria with and without peptide 

treatments were observed using a field emission scanning electron microscope operated at an 

accelerating voltage of 1.0 kV and a working distance of 5.8 mm. 

6. Live and dead bacterial assay 

400 µL of bacterial suspensions (E.coli, 108 CFU/mL) was added to confocal dish and incubated 

at 37 oC for 24 hrs. Bacterial suspensions were removed from the confocal dish and washed with 

PBS buffer (pH 7.4) for three times to remove any non-adherent bacteria. 100 µL of fresh MHB 

media and 100 µL of 40 µM peptide solution in either Tris buffer (pH 7.4, 20 mM) or MES 

buffer (pH 5.7, 20 mM) was added sequentially in the confocal dish. After incubation at 37 oC 

for 3 hrs, the culture media were removed and washed with PBS buffer (pH 7.4) for three times. 

Bacteria were stained with live/dead bacteria assay kit solution at room temperature for 15 min. 

Finally, bacteria were washed with PBS buffer (pH 7.4) for three times. Images were captured 

with epifluorescence and processed with ImageJ software. 

7. Membrane localization assay 

Bacterial suspensions (E.coli, 108 CFU/mL) were added to a confocal dish. After 24 hrs of 

incubation, bacterial suspensions were removed and confocal dish was washed with PBS buffer 

(pH 7.4) for three times to remove any non-adherent bacteria. Next, 100 µL of MHB media and 

100 µL of 7% FITC-labeled peptides were added to confocal dish to reach a concentration at 40 

µM. After 3 hrs of incubation, bacteria were washed with PBS (pH 7.4) for three times. Bacteria 

were stained with PI at room temperature for 15 min. Finally, bacteria were washed with PBS 

buffer (pH 7.4) for three times. Images were captured using a fluorescence microscope and 

processed with ImageJ software. 

8. Hemolytic activity test 

Human red blood cells (RBCs) were donated from a volunteer and 4% of human RBCs were 

prepared in PBS buffer (pH 7.4). 20 µL of peptide solution at various concentrations (1600, 800, 

400, 200, 100, 50, and 25 µM) were prepared in PBS buffer (pH 7.4). Peptides were mixed with 
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180 µL of RBC suspensions in a 1.5 mL Eppendorf tube. The mixtures were incubated at 37 oC 

for 1 hr, followed by centrifugation at 3000 g for 5 mins. 100 µL of the supernatant was taken 

out and transferred to a 96-well plate. Hemoglobin release was determined by measuring the 

absorbance of the supernatant at 540 nm on a microplate reader (Vitor2 1420 Multilabel Counter, 

PerkinElmer). RBCs treated with 1% Triton-X served as positive controls and untreated RBCs 

served as a negative control group. Each sample was tested in three replicates. The percentage of 

hemolysis remained is calculated using the following equation 

% hemolysis = (A peptide-A negative control)/ (A Triton X-A negative control) x 100  

in which the negative control group contains RBC suspension mixed with PBS buffer without 

peptides. 

9. Cytotoxicity measurement 

NIH/3T3 cells were seeded onto a 96-well plate at a density of 104 cells/well and incubated for 

24 hrs at 37 °C in an incubator with 5% of CO2. After 24 hrs, the culture medium was removed. 

10 µL of peptide solution at various concentrations (800, 400, 200, 100, 50, 25, 12.5 µM) was 

mixed with 90 µL fresh culture medium in a 96-well plate. After 24 hrs of incubation, the MTT 

assay was performed to quantify the cell viability by monitoring the UV absorbance at 490 nm. 

Cell culture without peptides were used as a negative control. All the experiments were 

performed in four replicates. 

10. Measurement of the microenvironmental pH in bacterial colonies  

The pH value of the B. fragilis living milieu was measured using a pH ratiometric fluorescence 

imaging probe based on our previous publication with minor modification.2 First, probes in PBS 

(0.5mg/mL) with different pH values were dropped on surface of the blank TSAB (Trptic Soy 

Agar with 5% sheep blood) plate, imaged with an in vivo Kodak imager (Ex 630nm, Em 700 nm, 

Exposure time 10s; Ex 760nm, Em 830 nm, Exposure time 10s). The results were analyzed to 

acquire a correlation curve between fluorescence ratio and indicated pH value and further plotted 

as a standard curve. Secondly, probes suspended in DI water (0.5mg/mL) were dropped on 

individual B. fragilis colonies on a TSAB plate and the plate without bacteria (as a control) and 

were imaged with the same protocol. The pH around bacterial colonies was determined based on 

the standard curve established above. 
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11. Statistical analysis 

All data were expressed as means ± standard deviation (SD). The statistical analysis was 

performed using Student’s T-test and one-way analysis of variance (ANOVA) at confidence 

levels of 95%. 
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Figure S1. MALDI spectra of WH5 (a), WH7 (b), WH9 (c), FITC-WH9 (d) and Rho-WH9 (e). 
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Figure S2. CAC determination by monitoring the tryptophan fluorescence at various peptide 

concentrations at pH 7.4 and pH 5.7. WH5 at (a) and pH 5.7 (b) pH 7.4; WH7 at (c) pH 5.7 and 

(d) pH 7.4; WH9 at (e) pH 5.7 and (f) pH 7.4. 
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Figure S3. pH-dependent peptide secondary structures by CD spectroscopy at RT. (a) CD 

spectra of peptides showing predominant β-sheet secondary structures in Tris buffer (pH 7.4, 20 

mM); (b) CD spectra of peptides in MES buffer (pH 5.7, 20 mM) showing weak helices/random 

coils; (c) CD spectrm of the filtrate of WH9 in MES buffer (pH 5.7, 20 mM) showing a random 

coiled strcuture. Peptide concentration: 50 µM. 
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Figure S4. Particle size distribution by numbers (%) of WH9 at neutral and acidic condition. 
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Figure S5. Time-dependent local pH of B. fragilis on the agar plate. 
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Figure S6. Fluorescence images of Live/dead bacterial assay results. Top panel: S.aureus treated 

with 10 µM WH9 at (a) pH 5.7 and (b) pH 7.4 for 3hrs. Live bacteria were stained with SYTO9 

(green) and dead bacteria was stained with PI (red). Scale bar: 20 µm. 
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Figure S7. Fluorescence images of E.coli treated with FITC-WH9 followed by PI staining in (a) 

acidic (pH 5.7) and (b) neutral culture condition (pH 7.4). FITC-WH9 was found to attach on the 

bacterial membrane in the acidic condition, causing membrane disruption and bacterial death as 

stained by PI. Scale: 20 µm. 
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Figure S8. 

SEM images showing the morphological change of E. coli with and without peptide treatment in 

the acidic condition. a) E. coli without peptide treatment at pH 5.7. b) E. coli upon WH9 

incubation (2x MIC) for 1 hr at pH 5.7. The inset picture shows the damage of bacterial 

membrane upon peptide treatment. 
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Figure S9. NIH/3T3 cell viability of peptide-treated cells in relative to the control group without 

peptides after 24 hrs of incubation with WH9 at various concentrations. Statistic significant 

difference are indicated by *p < 0.05.  
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Figure S10. The percentage of hemolysis induced by WH9 at various peptide concentrations. 

Statistic significant difference are indicated by ***p < 0.001. 
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Abstract 

Tissue adhesives play a vital role in surgical process as a substitution of sutures for wound 

closure. However, most currently existing tissue adhesives suffer cell toxicity, weak adhesive 

strength to tissue, and costly. Herein, by taking advantage of the fast and specific inverse-demand 

Diels-Alder cycloaddition reaction, a series of bioadhesive were produced by employing copper-

free click chemistry pair trans-cyclooctene (TCO) /tetrazine (Tz) in the chitosan. The gelation time 

of the bioadhesives can be optimized to be less than 2 minutes, which meets the need for surgical 

wound closure in practice. With the adding of 4-arm polyethylene glycol propionaldehyde (PEG-

PALD) as a co-crosslinker, the adhesive strength of the bioadhesives is optimized to be 2.7 times 

higher than that of the conventional fibrin glue. Moreover, by adjusting the amount of the co-

crosslinker, the swelling ratio and pore size of the chitosan bioadhesives can be tuned to fit the 

need of drug encapsulation and cell seeding. The chitosan bioadhesives possess excellent in vitro 

cytocompatibility. Through a mice skin incision wound model, we proved that the chitosan 

bioadhesives was able to close the wound faster and promote wound healing process faster than 

the fibrin glue. In conclusion, our results support that the innovative click-chemistry based 

bioadhesives have been developed with improved physical and biological properties for surgical 

wound closures. 

 

Keywords: Bioadhesives, click chemistry, Chitosan, Hydrogel, Wound healing. 
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Statement of Significance 

The manuscript describes a new group of click chemistry-based chitosan bioadhesives 

fabricated by reacting copper-free click chemistry pair trans-cyclooctene/tetrazine with co-

crosslinker PEG-PALD. The new bioadhesives possess the properties of simple preparation, 

injectability, fast gelation, a minimal cytotoxicity, strong adhesive strength to tissue, and enhanced 

wound healing responses. This innovative strategy may draw interests of readers from the field of 

biomaterials, drug delivery, surgical device, and translational medicine.  

   

 

1. Introduction 

Tissue adhesives, a common adjunct in surgical practice, have been widely used in 

dentistry [1, 2], orthopedics [3, 4], and cardiovascular wounds closure [5] to replace the traditional 

suturing approach due to the decreased foreign body reactions and no need for further removal [6]. 

However, many of the existing commercial tissue adhesives have their individual flaws upon 

application. For example, cyanoacrylate (Super Glue), which is considered as the strongest tissue 

adhesive, has been shown to possess strong cytotoxicity [7, 8]. Moreover, since it transforms to 

rigid plastics immediately after exposure to water, it is not suitable for wet tissue application [9]. 

Fibrin glue (TISSEEL, Baxter) and polyethylene glycol adhesives (COSEAL, Baxter) are widely 

used due to their fast closure process and biodegradability [10, 11]. However, both glues have 

limited application due to their poor adhesive property and tensile strength [12]. Recently mussel-

inspired adhesives have become a popular topic in the research field due to its strong adhesion 

strength on a wet surface mimicking the blue mussel [13-15]. Nevertheless, since prohibitive 

compounds such as dopamine have to be used and the neurological effects of dopamine remain 
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risky [16], such dopamine-based bioadhesives are still not acceptable for clinical application. 

Therefore, tissue adhesives with strong adhesion strength, biodegradability, low cytotoxicity, and 

can be applied on a wet surface remain highly desirable.  

  The adhesion strength mainly relies on two factors: the cohesive strength within the 

bioadhesives and the adhesive strength between the bioadhesives and the tissue surface [17]. To 

increase the cohesive strength, click chemistry is considered as a practical tool in materials 

chemistry due to its fast reaction, high yield, and biocompatible byproducts under wet condition. 

The bi-orthogonal click chemistries have been used widely in cell labeling [18], imaging [19], cell 

surface modification [20], and drug delivery [21]. To avoid using the copper catalysts which are 

commonly used in click reactions and harmful to cells [22], tetrazine/trans-cyclooctene was chosen 

as a ligation pair due to its high chemo selectivity and ultrafast kinetics [23]. A dihydropyridazine 

bond was then formed between the ligation pair through an inverse-demand Diels-Alder 

cycloaddition reaction. 

To increase the adhesive strength, chitosan (CS) has been selected as the backbone of the 

bioadhesives. Chitosan, bio-based polysaccharides extracted from deacetylated chitin, has been 

developed as a good candidate for bioadhesives due to its good mechanical properties, 

biocompatibility, biodegradability, and antimicrobial property [24, 25]. Moreover, as the primary 

amine becomes positive charged NH3
+ at acidic pH (<6.5) [26], a chitosan can interact with a 

negatively charged surface of tissues under wet condition through not only electrostatic force but 

also hydrogen bonds and van der Waals force [27]. Additionally, due to its natural hemostatic 

properties, chitosan-based materials have been used for skin wound closure in many previous 

publications [28-30]. Hence, chitosan was applied as the main component of the synthesized 

bioadhesives.  
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To further strengthen both the cohesive strength and adhesive strength, PEG-PALD was 

added into the bioadhesives as a co-crosslinker. Under an acidic milieu, aldehydes can react with 

primary amines from both chitosan and tissue proteins and form imine derivatives which is also 

known as Schiff bases (compounds with C=N) [31]. Consequently, the covalent bond formed 

within the bioadhesives and between the bioadhesives and the tissues may significantly increase 

the cohesive strength and adhesive strength, respectively.  

Here, we present a click chemistry enhanced and dual crosslinked chitosan bioadhesive as 

a new strategy for wound closure with strong adhesive strength, injectability, and biocompatibility. 

In detail, CS-TCO and CS-Tz precursors were synthesized through carboxyl-to-amine crosslinking 

(scheme 1). Upon administration, 4-arm PEG-PALD was mixed with one of the precursors and 

both of the precursors were injected and mixed within the wound (scheme 1, 2). The crosslinking 

of the CS was through both the rapid reaction between conjugated click chemistry pair TCO/Tz 

and the formation of Schiff bases between PEG-PALD and primary amines on CS. The mixture 

can form a solid hydrogel within 2 minutes. By optimizing the dosage of the co-crosslinker, 

adhesive strength, rheology, swelling ratio, and pore size of the hydrogel were characterized and 

compared, and the recipe that had the strongest adhesive strength was chosen for further animal 

study. Precursors and the formed hydrogel were tested to be free of cytotoxicity. With a mice skin 

incision wound healing model, the bioadhesives showed significantly better wound closure and 

wound healing outcome compared with commercial fibrin glue (TISSEEL, Baxter). With further 

development, there is a great potential for these bioadhesives to be further developed and utilized 

as a regular wound closure tool.  
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2. Materials and methods 

2.1 Materials 

Low-molecular-weight chitosan was purchased from MilliporeSigma (St. Louis, MO). 

TCO-NHS Ester and Tz-NHS Ester were purchased from Click Chemistry Tools (Scottsdale, AZ). 

4-arm PEG-PALD (10kDa) was purchased from Laysanbio (Arab, AL).  

 

2.2 Synthesis and characterization of CS bioadhesives 

Two precursors of the CS bioadhesives, CS-TCO and CS-Tz, were synthesized through 

carbodiimide crosslinking between primary amine groups on the chitosan and NHS groups on 

TCO/Tz-NHS Ester. Briefly, 2mL TCO/Tz-NHS solution (62mM, dimethyl sulfoxide) was added 

into 2mL chitosan solution (10 mg/mL, 50mM MES buffer, pH 6.0) which resulted in an 

equivalent molar of NHS and a primary amine. The reaction was carried out through constant 

stirring in the dark for overnight. For purification, conjugated CS was precipitated through 

excessive acetone and unconjugated TCO/TZ was washed off with dimethylformamide. The 

precipitated conjugated CS were dissolved in 20ml of 1% acetic acid solution and further purified 

Scheme 2. A depiction of the bonding structure 

between the CS bioadhesives and surrounding tissue.   

Scheme 1. Step-by-step synthesis of the precursors 

and crosslinking of CS bioadhesives. 
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with exhaustive dialysis (molecular cutoff: 2 kDa) against 1% acetic acid solution and 

subsequently against water. The CS-TCO and CS-Tz were lyophilized and stored at 4 oC for further 

use. To quantify the degree of substitution (DS) of TCO and Tz, 0.5% (w/v) solution of CS, CS-

TCO, CS-Tz in 1.75% DCl D2O solution were placed into three 5-mm-outside diameter tubes and 

analyzed by 1H NMR using a 400 MHz Varian VNMRS direct drive Varian console spectrometer 

(Varian Medical Systems, Palo Alto, CA). Lyophilized CS-TCO and CS-Tz were dissolved to 

10mg/mL and 6.67 mg/mL in 50mM MES buffer respectively for further experiments. 

 

2.3 Assessment of gelation times  

Gelation times were tested through test-tube tilting method as reported before [32]. Briefly, 

a total volume of 100µL of TCO/TZ-CS solution was added into a glass tube with different 

formulations (see Table 1). The tube was gently rocked until the solution lost its mobility and the 

time was recorded. The experiments were done under room temperature and repeated three times.  

 

2.4 Adhesive strength measurement 

The adhesive strength of the bioadhesives with different formulations was tested and 

compared through a porcine skin model [33]. Briefly, fatty-layer-free porcine skin was sliced into 

1X3 cm2. 25µL of one component solution of bioadhesives was put on the dermal side of each 

skin slice, and then the same volume of another component solution was mixed together on the 

skin slice. For groups with PEG-PALD crosslinker, the crosslinker was mixed with one of the two 

component solutions. Two skins were then overlapped to a bonding area of 1x1 cm2. After loading 

a weight of 50 g for 10 minutes, the skin was placed in 4°C overnight for thorough reaction. The 

adhesive strength was measured using MTS electromechanical tension system (MTS Systems 
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Corporation, MN, USA) under 10 mm/min preload stress speed at room temperature. Adhesion 

strength was calculated in a method of dividing the maximum load by overlapping contact area. 

All the measurements were repeated at least 3 times in order to get statistic results and fibrin glue 

was also measured under the same condition as a control.  

 

2.5 Rheological properties of the precursors and the CS bioadhesives 

Rheological tests were carried out by using a DHR-2 rheometer (TA instruments, New 

Castle, DE) in a parallel plate configuration by employing sandblasted stainless steel 20 mm 

diameter plates and a Peltier plate for temperature control. The injectability of the two precursors 

was tested through the viscosity response upon application of shear. Viscosities of CS-TCO (10 

mg/mL) and CS-Tz (6.67 mg/mL) were measured in a viscosity flow sweep with a change of shear 

rate from 0.1-500 1/s. To test the rapid gelation process through the click chemistry reaction, 

viscosities of the two precursors and a mixture of the two precursors were measured over time 

under a flow peak hold mode (shear rate 0.5 1/s). Moreover, the effect of PEG-PALD addition on 

the bioadhesive’s mechanical strength were also investigated through monitoring the change of 

storage modulus and loss modulus against frequency sweeping under a constant strain (5%). All 

experiments were carried out within the linear viscoelastic region.  

 

2.6 Properties of the CS bioadhesives 

Swelling ratios and pore sizes of the CS bioadhesives were studied. Swelling ratios of the 

CS bioadhesives were tested based on the existing protocol with minor modification [34]. The 

swelling ratio can be calculated by using the following formula: Swelling ratio (%) = (Ws - Wd)/Wd 

× 100%, where Ws equals to the weight of the bioadhesives after swelling in DI water and Wd 
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equals to the weight of dried bioadhesives after swelling. Each group was repeated three times to 

get the statistic result. The pore sizes of the CS bioadhesives with different crosslink densities were 

observed by using a scanning electron microscope (Hitachi S-4800 II FE SEM, operating voltage 

15 kV) and quantified with image J. 

 

2.7 In vitro cytotoxicity tests of CS bioadhesives 

The cytotoxicity of the two precursors and conditioned media of the CS bioadhesives was 

studied quantitatively using MTT assay with mice fibroblast (NIH/3T3, ATCC, Manassas, 

Virginia). Briefly, cells were seeded in a 96-well plate at a density of 1 × 104 cells/well and 

incubated with Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% (v/v) fetal 

bovine serum and 1% (v/v) penicillin-streptomycin for 24 hours in an incubator set at 5% CO2, 

37°C, and 95% relative humidity. The medium of each well was substituted with precursor-

containing DMEM solutions with various concentrations (0.1, 0.01, and 0.001 mg/mL). After 24 

hours of incubation, MTT assay analysis was performed as per the manufacturer’s protocol. 

Viability of the cells was normalized to the cells cultured control medium (0 mg/mL) as a control. 

For the conditioned medium toxicity tests, the CS bioadhesives (2mg) were incubated in 

1.0 ml PBS (pH 7.4) in the absence/presence of lysozyme (0.8 mg/ml) for 3 days, and then the 

conditioned media were obtained by collecting the supernatants [35]. Three different dilutions 

(10x, 100x, and 1000x) of the conditioned media using DMEM were prepared and their toxicity 

was characterized using MTT assay under the same condition as mentioned before [34]. 

 



71 
 

2.8 In vivo mice incision wound closure and healing 

The in vivo biocompatibility and wound healing properties of the CS bioadhesives were 

tested using a modified mice skin incision model [36]. All experiments were performed with the 

approval of the University of Texas at Arlington Institutional Animal Care and Use Committee 

(IACUC) in accordance with the Animal Welfare Act, and consistent with the Guide for the Care 

and Use of Laboratory Animals. Briefly, ten Balb/c mice (6 - 8 weeks old, Taconic Farms, Inc., 

Germantown, NY) were anesthetized and their backs were shaved and sterilized with betadine and 

followed by 70% ethanol. Two linear, full thickness surgical wounds (1.3cm long) were produced 

on both sides of the spine (parallel and symmetric). For wounds closure, the right wound was 

closed by dropping sterilized CS bioadhesives (25µL of CS-TCO 10mg/mL, 25 µL of CS-Tz 

6.67mg/mL, and 5µL of PEG-PALD 90mg/mL) into the wound followed by finger-clamping for 

about two minutes while the left wound was closed by fibrin glue as a control. One surgeon 

performed all the procedures in a consistent manner to minimize variations in surgical intervention. 

Each mouse was imaged every day to monitor the wound healing process and the length of the 

wound was measured using image J. On the 7th and 14th day post-surgery, 5 mice were sacrificed 

with an overdose of anesthetic at each time point and skin tissue at wound sites were excised, 

embedded in OCT compound, and cryosectioned for histological analysis. Hematoxylin and eosin 

(H&E) staining was used for morphological assessment and Masson trichrome staining was used 

to assess production of collagen [37]. CD11b immunohistochemistry (IHC) staining was used to 

evaluate infiltrated inflammatory cells [34]. Briefly, after blocking of endogenous peroxidase and 

non-specific binding, the tissue sections were incubated with CD11b primary antibody (1:50, 

rabbit anti-mouse Integrin αM, H-61, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight 

at 4 oC, followed by HRP-conjugated goat anti-rabbit IgG antibody (1:500, Abcam, Cambridge, 
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MA, USA) incubation for 1 hour at room temperature. Diaminobenzidine (DAB, sigma, MO, 

USA) was used as a chromogen for color development and hematoxylin was used for counter 

staining. A negative control was simultaneously generated by omitting the primary antibody. 

Wound gap was measured through H&E stained tissue section using image J. Cell infiltration into 

the incision area was quantified through cell counting of H&E stained tissue sections and 

inflammatory cells quantification was done similarly using the CD11b IHC stained tissue sections. 

Collagen density was determined by calculating the ratio of blue-stained area to the whole incised 

area within the Masson trichrome staining images [38].  

2.9 Statistical Methods 

All the results will be expressed as mean ± standard error (including gelation time, adhesive 

strength, swelling ratio, pore size, cell viability, wound gap, wound length, cell density, 

inflammatory cell percentage, and collagen density). Student t-test was performed to compare the 

difference between groups (including unpaired t-test for cell viability of different treatments and 

paired t-test for wound healing status evaluation between two different treatments on the same 

mice). A value of p≤0.05 was considered significant.       
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3. Results 

3.1 Synthesis and characterization of CS bioadhesives precursors 

 CS-TCO and CS-Tz were synthesized using carbodiimide coupling reaction between 

primary amine and NHS ester. Peaks assigned to TCO/Tz were also identified on the conjugated 

precursors. Representative spectra of 1H NMR analysis of the purified precursors are depicted in 

Fig. 1. Compared to the spectra of CS (Fig. S1A), The chemical shifts at 2.6-3.0 ppm were assigned 

to protons of CH directly conjugated to primary amine/amide on each repeating unit of chitosan. 

The multiple peaks between 2.0 and 2.4 ppm were assigned to protons of CH2 located next to 

alkene (C=C) which was the characteristic structure of TCO (Fig. 1A&S1B). Meanwhile, the 

multiple peaks between 7.5 and 8.2 ppm were assigned to protons of benzene ring which was the 

characteristic structure of Tz (Fig. 1B&S1C). The DS of the precursor CS-TCO and CS-Tz were 

5% and 18.5% through comparing the area under peaks of CH2 (next to C=C) and benzene ring 

protons shifts with that of assigned to protons of chitosan.  

  

Figure 1. (A) 1H-NMR spectrum of CS-TCO; (B) 1H-NMR spectrum of CS-Tz.  
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3.2 Gelation times of CS bioadhesives 

The gelation times of different formulations are shown in Table 1. By changing the ratio 

between CS-TCO and CS-Tz, the gelation time can go from 62 seconds to 116 seconds which 

revealed the fast crosslinking speed through the click chemistry reaction. It is interesting that with 

the adding of different concentrations of PEG-PALD, the gelation time stayed around 63 seconds. 

The phenomenon can be explained that the crosslinking reaction between aldehydes and primary 

amines required longer reaction time which didn’t have much influence on instant gelation time.  
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3.3 Adhesion strength of the CS 

bioadhesives 

The adhesive strength of the 

CS bioadhesives with different 

formulations for groups of PEG-

PALD concentration of 9, 3 mg/mL, 

volume ratio of TCO to TZ of 1-1, 2-

3, 3-2, 1-4, 4-1, and fibrin sealant was 

measured as 13.22±1.06, 9.87±0.47, 

7.23±1.08, 5.64±0.56, 7.17±0.39, 

6.62±2.40, 6.42±0.007, 3.56±0.18, respectively. Without adding of PEG-PALD as a co-

crosslinker, the highest adhesive strength of the CS-TCO-Tz can be reached about twice as much 

as fibrin sealant. After addition of PEG-PALD (9 mg/mL), the adhesive strength of the CS-TCO-

Tz-PEG bioadhesives can achieve about 2.7 times higher than the fibrin sealant. The result is 

summarized and compared in Fig. 2.  

 

3.4 Rheological characterization 

By measuring the viscosity response upon an increase of shear rate, both precursor 

solutions could be characterized as shear thinning behavior fluids and thus proved their 

injectability (Fig. 3A). The viscosity of the precursor solutions and their mixture solution over 

time was investigated as shown in Fig. 3B. One can observe that viscosity of the mixture solution 

increased over time while that of the individual precursor solution kept unchanged (even reduced). 

These results indicated that the successful crosslinking occurred and the gelation time matched the 

Figure 2. Adhesive strength of CS bioadhesives with different 

formulations, measured through porcine skin tensile test. Fibrin 

glue was used as a control.  
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one measured via tilting tests (Fig. 3B). To study effect of PEG-PALD, different concentrations 

of PEG-PALD were added to CS-TCO/CS-Tz mixture. After 24 hrs, the formed adhesive 

hydrogels were objected to the frequency sweeping, and the result was shown in Fig. 3C.  With 

more PEG-PALD added, the storage modulus of the adhesive hydrogel increased significantly 

(Fig. 3C).  

By combing the results of adhesive test and rheological analysis, it might be rationalized 

that addition of PEG-PALD can improve not only adhesive strength (covalent bonding formation 

Figure 3. Rheological evaluation of precursors and CS bioadhesives. (A) Injectability test of precursors; (B) 

Viscosity change over gelation process; (C) G’ and G’’ of CS bioadhesives with different concentrations of PEG-

PALD. 
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between amino groups on tissue surface and –CHO groups of PEG), but also cohesive strength 

(increasing crosslinking density of CS adhesives).    

  

3.5 Swelling ratio and pore size of the CS bioadhesives 

By increasing the concentration of PEG-PALD, we find that the swelling ratio of the CS 

bioadhesives decrease d significantly from 891.8 % to 496.8 % which suggest the increase of the 

crosslinking densities (Fig. 4A). Coincidentally, SEM studies also confirm that the increase of 

PEG-PALD concentrations decrease the pore size of the lyophilized CS bioadhesives from 20 µm 

to 3.8 µm possibly caused by the increasing crosslinking densities (Fig. 4B).  

 

3.6 In vitro cytotoxicity evaluations of CS bioadhesives 

 

Figure 4. Optimization of swelling ratios and pore sizes. (A) swelling ratio of CS bioadhesives with different amount 

of PEG-PALD; (B) Pore size of CS bioadhesives with different amount of PEG-PALD measured by SEM.   
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For in vitro study, no significant cytotoxicity was seen for both the precursors polymers 

(up to 0.1mg/mL) (Fig. 5A) and the leachable content (up to 10X dilution) of the CS bioadhesives 

(Fig. 5B). There is a mild toxicity found in the conditioned medium of CS-TCO-Tz-PEG 9 

lysozyme group and that is possibly due to existence of the residual lysozyme as well as non-

reacted PEG-PALD. 

 

 

3.7 In vivo mice incision wound closure and healing  

The adhesive property and tissue compatibility was evaluated using a mouse incisional skin 

wound model. After implantation for different periods of time, wound sites were isolated and 

histologically evaluated. After implantation for one weeks, the wounds closed by CS bioadhesives 

were found to have significantly smaller wound gaps than those wounds closed fibrin glue (0.668± 

0.225 mm vs. 1.922±0.429 mm) (Fig. 6A). Also, over time, the wound sizes decreased and, ever 

since day 4 post-incision, wounds closed by CS bioadhesives were 0.22 ~ 0.32 cm shorter than 

those closed by fibrin glue (Fig. 6B&S2). The morphological evaluation (H&E staining) of both 

treatment groups showed the granulation tissue on day 7 (Fig. 6C 1st week) and skin 

Figure 5. Cell toxicity characterization of the bioadhesive precursors and conditioned media of the CS 

bioadhesives. (A) Cytotoxicity of different concentrations of the precursors; (B) Cytotoxicity of different 

concentrations of the conditioned media. Results were acquired through MTT assay using NIH/3T3 fibroblasts 

and were normalized to the control group.    
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epidermalization on day 14 (Fig. 6C 2nd week). Interestingly, we find that the treatment of CS 

bioadhesive improve skin epidermalization with more hair follicle regrowth at the incision area 

than those treated with the fibrin glue group. There were no significant differences in cell densities 

at the incision area between two treatment groups - CS bioadhesives (day 7: 10,900±1,600 #/mm2; 

day 14: 8,700±2,600 #/mm2) and fibrin glue (day 7: 12,000±4,200 #/mm2; day 14: 8,300±1,100 

#/mm2) (Fig. 6C). Similarly, the percentages of CD11b positive inflammatory cells in the incisions 

area at 7th and 14th day post-surgery were not significantly different between CS bioadhesives 

treated group (day 7: 27.0±0.5%; day 14: 7.3±2.1%) and fibrin glue treated group (day 7: 

29.1±6.2%; day 14: 11.4±1.9%) (Fig. 6D). Nevertheless, a significantly higher amount of collagen 

was found at the site of CS bioadhesives treated wounds (day 7: 45.3±5.9%; day 14: 61.0±7.0%) 

than the one treated with fibrin glue (day 7: 25.9±5.7%; day 14: 44.6±5.9%) on both day 7 and 14 

(Fig. 6E). Interestingly, the amount of collagen at the CS bioadhesive treated site on day 7 was 

almost equivalent to that fibrin glue treated site on day 14 which indicated that the CS bioadhesives 

may have accelerated the wound healing process by approximately 7 days.      
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4. Discussion 

In the present study, click chemistry-based CS bioadhesives were fabricated and evaluated 

for their ability to accelerate wound closure and promote wound healing. By taking advantage of 

the rapid click chemistry reaction time, we are able to tune the gelation time of the CS bioadhesives 

to be around 60-70 seconds for various clinical applications. With the optimized formulation, the 

Figure 6. Histological evaluation of the tissue compatibility and skin tissue regeneration properties of skin 

wounds treated with either fibrin glue or CS bioadhesive on day 7 and 14 post incision. (A) Quantification and 

comparison of the wound gaps between both treatment on day 7; (B) The effect of bioadhesive on the changes 

of wound lengths over time up to day 9; (C) Representative images of H&E staining images and quantitative 

comparison of cell densities between both treatment groups; (D) Representative images of CD11b staining and 

quantitative comparison of percentages of CD11b positive inflammatory cells between two treatment groups; 

(E) Representative images of Masson’s trichrome staining  and quantitative comparison of collagen ratio 

between both treatment groups.   
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adhesive strength of the CS bioadhesives was 2.7 folds higher than that of fibrin glue. The 

quantitative in vitro cytotoxicity evaluations of the CS bioadhesives supported the application of 

this material in medical field. Finally, with the application of the CS bioadhesives for wound 

closure in mice, it showed that the material accelerated wound closure, healing process and led to 

a better healing outcome compared with traditional fibrin glue. Therefore, the CS bioadhesives can 

be used to replace the fibrin sealant on wound closure and promote the wound healing process. 

 To design an ideal bioadhesive, there are several criteria that we can follow: 1) safe, 

sterializable, and easy to prepare; 2) injectable; 3) rapidly solidify in the physiological condition; 

4) strong tissue bonding and adhesion; 5) degradable and absorbable with minimal toxicity; 6) 

affordable and cost-effective [39, 40]. For the currently FDA approved bioadhesives, they all have 

their own flaws such as safety over degradation (cyanoacrylates) [41], poor tissue adhesion (fibrin 

glue) [42], and costly (PEG based sealants) [43]. Based on the result we acquired, the new CS 

bioadhesives are safe, injectable, with short gelation time (<2 minutes), strong adhesive strength 

to tissue (2.7 folds over fibrin glue), and degradable with none toxicity. Since the main component, 

chitosan, is very easy and cheap to acquire, the bioadhesives are cost efficient and easy to prepare.  

There is room for improvement on the design of the CS bioadhesives. Firstly, the DS of 

the TCO or Tz on chitosan is relatively low. With the increasing of DS, the cohesive strength of 

the hydrogel and storage modulus will be significantly increased. Since TCO/Tz-NHS is insoluble 

in an aqueous condition, a mixture of DMSO and water was used as the reaction medium to achieve 

moderate solubility for both chitosan and TCO/Tz, and that could explain the low DS. To possibly 

solve the issue, TCO/Tz-NHS can be conjugated onto 4-arm PEG-COOH (high MW) first to 

increase the aqueous solubility. Secondly, other than skin wound closure, tissues that lack of 

surrounding healthy collagenous structure and fascia supports need to be stitched with 
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bioadhesives, such as cartilage [44], meniscus [44], cardiac tissue [45] and even blood vessel [46]. 

For those applications, the CS bioadhesives should be optimized and then tested in the relevant 

and corresponding wound closure models. Thirdly, inspired by mucosal bioadhesive drug delivery 

system [47], the CS bioadhesives can be utilized as a drug delivery system to deliver beneficial 

drug, antibiotics, growth factor, and peptides to the damaged area for a better wound healing 

process. Since our group has pioneered in using chemokine delivered scaffolds for tissue 

regeneration with autologous stem cells [48], there is a great potential for the CS bioadhesives to 

function as a drug delivery and stem cell recruiting scaffold for autologous tissue regeneration 

purpose.        

 

5. Conclusions  

In conclusion, a copper-free click chemistry pair trans-cyclooctene/tetrazine, reacted 

through the inverse-demand Diels-Alder cycloaddition with high chemoselectivity and ultrafast 

kinetics, was introduced into chitosan polymers to form the injectable bioadhesives. Upon 

administration, the CS bioadhesives were firstly crosslinked through click chemistry reaction 

between TCO and Tz within 2 minutes. The bioadhesives can be grafted onto the surrounding 

tissue through the hydrogen bond, electrostatic force, and even covalent bond formed by the 

reaction between aldehydes and primary amines from tissue proteins with the adding of PEG-

PALD as a co-crosslinker. The new bioadhesives were proved to be injectable, fast gelated, 

minimally cytotoxic, strongly adhesive to tissue, and benefit of wound healing. With proper 

modifications, the potential applications of these CS bioadhesives can be extended as an injectable 

drug delivery scaffold for both internal and external applications.  
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Supplementary material 

Injectable Click Chemistry-based Bioadhesives for Accelerated Wound Closure 

 

 

Figure S1. (A) 1H-NMR of CS only in D2O; (B) 1H-NMR of TCO-NHS in DMSO-d6; (C) 1H-

NMR of Tz-NHS in DMSO-d6. 
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Figure S2. Representative images of the mice incision wounds’ healing process with different 

treatments over 9 days (Left: fibrin glue; Right: CS bioadhesives). 
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ABSTRACT 

Studies have shown that wound pH is a potentially influential factor in the healing 

process. Due to the flaws of traditional pH measurement approaches, wound pH measurement 

has not become part of current standard of care. A near-infrared pH sensitive ratiometric film 

was created and characterized for measuring wound pH. This film was fabricated by physically 

absorbing poly (N-isopropyl Acrylamide) nanoparticles conjugated with pH sensitive 

(CypHer5E) and pH insensitive (Cy7) fluorescent dyes into 2-hydroxyethyl methacrylate 

hydrogel film. The pH pattern on wounds can be indirectly measured by pressing freshly 

discarded wound dressing on top of the pH sensitive film and imaging it. In vitro tests show that 

the film can accurately and rapidly detect a wide range of pH (from pH 4 to 8) in wound milieu. 

Further, patient studies showed that, by measuring pH on wound contact side of discarded wound 

gauze, the pH and its non-homogeneous distribution on wounds can be indirectly determined. By 

comparing patients with different wound conditions, we find that near-infrared pH sensing film 

can be used to measure wound exudate pH with high accuracy and efficiency. In addition, wound 

pH determination can provide an accurate assessment of wound healing activity in real time. 

 

Keywords: Ratiometric, Wound dressing, Wound healing status, Wound imaging. 
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1. BACKGROUND 

Chronic wounds affect ~6.5 million patients in the United States itself. With no signs of 

abatement in these numbers, this highly significant burden of over 25 billion dollars on the 

healthcare system is only expected to increase in the years ahead [1]. Wound pH has been shown 

to affect many important factors in wound healing responses in many recent publications [2-7]. Thus, 

monitoring it can give vital information on the status of wound healing. Currently, wound surface 

pH can be measured in two ways in clinic: litmus paper and glass pH electrode [8]. Litmus papers 

lack both specificity and accuracy, while glass pH electrode is time consuming, painful and could 

further aggravate the wound as the electrode is rigid and contacts the wound directly. In addition, 

both methods acquire average pH value of one point at a time which is neither efficient nor 

practical [9]. It is plausible that a new imaging modality to reveal pH distribution (instead of an 

average single-spot measurement) in wound milieu can greatly benefit wound care.  

A number of research tools are available to map the pH of the wound environment. For 

example, luminescent pH detection using pH sensitive dye has been widely used and referenced 

to measure intracellular pH [10, 11]. However, the applications of these products generally require 

long scanning time, rigid imaging conditions, and sophisticated equipment, which are not clinically 

feasible. To overcome these drawbacks, ratiometric pH probes have been created by incorporating 

both pH sensitive and insensitive dyes which have distinct excitation or emission wavelengths [12]. 

To measure tissue pH in live animals, we developed an optical ratiometric pH sensor to measure 

in situ pH changes using the ratiometric imaging technique [13]. Based on this early advance, this 

work was aimed to develop a new technology to measure the pH of wound milieu.  
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2. QUESTIONS ADDRESSED 

To monitor the pH of wound milieu with high accuracy and without directly contacting the 

wound, we designed a pH sensing film using both ratiometric imaging nanoparticles and ion-

exchange membrane. Firstly, both pH-sensitive and pH-insensitive dye were covalently linked to 

poly(N-isopropylacrylamide) (PNIPAM) nanoparticles which serve as the pH sensing part. 

Secondly, a2-hydroxyethyl methacrylate (HEMA) membrane was synthesized by free-radical 

redox polymerization employing ethylene glycol dimethacrylate (EGDMA) as a cross-linker. 

Thirdly, nanoparticles were physically encapsulated into the membrane which was then ready to 

use for the imprinting and imaging process. Finally, using the calibration curve generated by the 

standard simulated wound fluid on the membrane, pH on the membrane was calculated using a 

software that was developed in-house. A pseudo color map was produced that reflected the wound 

milieu pH distribution. To test its accuracy and reproducibility, wound dressings from different 

patients in various stages of healing were tested. Our results support that this new pH sensing film 

can not only measure pH of wound milieu, but also monitor the change in pH during the wound 

healing process.  

 

3. EXPERIMENTAL DESIGN 

See Appendix S1. 

 

4. RESULTS 

To prove that the pH of wound exudate doesn’t change through the transportation process 

from patients’ wound to wound dressings, pH of simulated wound fluid (SWF) before and after 

soaking on the dressings was measured using the skin pH meter. A Bland–Altman mean difference 
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plot [14] was created for the data comparison (Figure 1K) and 100% of the measurements were 

within the 95% confidence interval which meant there was excellent concordance between two 

measurements. This proves that the dressing does not have any significant influence on the pH of 

SWF. Continuously, after imprinting the contaminated dressings on to the pH sensing film, a 

strong linear relationship between the fluorescence ratios on the film and the pH values measured 

by the skin pH meter (Ratio = -8.447 * pH + 82.667, R2 = 0.972; Figure 1L) was found within the 

simulated measurements. After image processing, the pseudocolor images revealed the pH of SWF 

on the film which equaled that on gauze sponges (Figure 1L). The pH maps here were no more 

just measurements of single spots but showed two-dimensional distributions on the measured 

surface. In conclusion, the pH sensing film can be used to map the pH distribution on simulated 

gauzes.  

The pH sensing film was used to measure pH distribution of wound fluids on wound 

dressings recovered from different patients (Figure 2A patient #1, Figure 2B patient #2, Figure 2C 

patient #3, Figure 2D patient #4, Figure 2E-G patient #5 with three visits, and Figure 2H & I patient 

#6 with two visits). Returning patients (Figure 2E-I) came back to the clinic for dressing 

replacement every week and wound dressings were typically changed every 3 days. We analyzed 

the pH distribution on the discarded dressings isolated from several patients with chronic wounds. 

As shown in the images (Figure 2A-D), chronic wounds typically had uneven pH distribution with 

most alkaline pH (pH>7.5) and some neutral pH (6.5 <pH< 7.5). By comparing with the optical 

image (Figure 2B & C), we found that the acidic pH regions of wounds often coincided with the 

area of granulation tissue indicating localized inflammatory responses. 

We also monitored the wound pH distribution following wound debridement in two 

patients. Interestingly, in the first patient’s case (Figure 2E-G), imaging results clearly show that 
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the wound pH changed from alkaline (pH 7.5-8) to acidic (pH 4.5-5.5). The changes of wound pH 

may reflect the dynamic changes in wound environment. Some areas of wound had a neutral pH 

and showed a sign of epithelialization. In the second patient’s case (Figure 2H & I), we found 

similar uneven wound pH distribution which may be caused by different extent of wound healing 

activities on wounds. The wound pH changes (from alkaline to acidic) were also observed 

following wound debridement.  

 

5. CONCLUSIONS 

There are many approaches for measuring the pH of wound milieu. Using indicator dyes 

is one of the simplest and most cost-effective methods [15]. In order to study heterogeneous tissue 

structures such as chronic wounds, optical imaging of pH should be observed and quantified over 

the whole area rather than at a single point of measurement like a pH glass electrode did [9]. Thus, 

many researchers incorporated their pH sensitive fluorescent probes into wound dressings [16, 17]. 

To eliminate errors induced by variations in concentration and distribution of fluorescent probes, 

a 2D ratiometric luminescence lifetime referencing pH sensor and an RGB ratiometric pH sensor 

film for in vivo imaging has been developed and used directly for human wound pH imaging [18, 

19]. However, the most challenging part of this approach is that probes must not leach from the 

dressings [15]. Our pH sensing film can avoid this drawback as it measures pH of wound exudate 

on the wound dressing instead of measuring wound milieu directly. The equivalence relation of 

these two pH values has been proven through the result of the simulated measurement. 

Additionally, since this device can be used to detect the pH of exudate on many types of wound 

dressings, clinicians may utilize it to track the changes in wound pH environment.  
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Many studies have shown that wound milieu pH is a good indicator of wound healing status 

and associated activities with an alkaline pH being the hallmark of chronic wounds [20-23]. In fact, 

severity of chronic pressure sores has been correlated with increased wound pH (Stage I – pH 5.7, 

Stage II- pH 6.9, and Stage III – pH 7.6) [21]. Another study corroborated this observation and 

concluded that the mean wound surface pH of healing wounds is pH 6.91 compared with pH 7.42 

for non-healing wounds [24]. It has also been shown that healing process is associated with the 

reduction of pH from a baseline of alkaline towards acidic [25]. It is also well established that wound 

debridement can improve healing of chronic wounds so that they granulate similar to acute wounds 

[26-29]. Coincidentally, inflammation and tissue granulation are typically found in acute wound with 

an acidic pH [21, 23, 28]. These early findings support our observation that wound debridement may 

reduce the pH in chronic wounds. Further study can be carried out to determine the relationship 

between wound pH and wound healing status which can be assessed by many factors, such as 

wound closure rate and granulation tissue appearance.  

There is a preponderance of evidence pointing towards a strong relationship between pH 

of wound milieu and wound healing status. Since the change in pH is independent of the gender 

and ages of patients, etiology of the wound, and the types of wound dressing, it has been suggested 

that wound pH can be used as a universal indicator for different wounds [20]. It has also been 

suggested that routine monitoring and alteration of the wound pH using different wound treatments 

may significantly improve chronic wound therapy outcome [30]. Overall, the measurement and 

monitoring of wound milieu pH is critical for wound healing process and our pH sensing film can 

complete this mission efficiently and non-invasively.  
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TABLES AND FIGURES 

Figure 1 

 

 
Figure 1. Schematic diagram of pH probe embedded hydrogel film fabrication as well as 

application, characterization of pH sensing film, comparison of pH sensitivity between skin pH 

meter and pH sensing film. (A) Firstly, dual dye labeled PNIPAM nanoparticles (pH probes) were 

fabricated. Secondly, pH probes were physically embedded into PHEMA hydrogel film. Thirdly, 

discarded dressings from patients were imprinted on the pH probe embedded hydrogel film to 

allow ionic exchange between wound fluid and hydrogel film. Eventually, dual fluorescent images 

were taken and the ratio of two fluorescent intensities was determined to calculate pH value based 

on the calibration curve. (B) Tensile modulus of PHEMA hydrogel membrane with different 

crosslink densities. (C) Swelling percentage of PHEMA hydrogel membrane with different 

crosslink densities. (D) SEM images of lyophilized PHEMA hydrogel (10µL crosslinker), 

thickness~214.3µm. (E) Ratio of pH indicator film with different pH probes loading 
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concentrations at pH 6.8 and 8.0. Student t-test was performed to compare tensile modulus of 

PHEMA hydrogel film with different crosslink densities and to compare ratio values of pH 

indicator film with different pH probes loading concentrations at pH 6.8 and 8.0. * P ≤0.05; (F) 

Fluorescence ratios of CypHer5E/Cy7 recorded at different known pH values with 0.5mg/mL pH 

probes in simulated wound fluid (SWF). (G) Pseudocolor images generated through a modified 

ImageJ software reflecting fluorescent intensity of CypHer5E, Cy7, ratios of CypHer5E/Cy7 and 

pH distribution. (H) Fluorescence ratios of CypHer5E/Cy7 recorded at different known pH values 

with SWF on pH probe embedded film. (I) Pseudocolor images of pH probe embedded film 

generated through a modified ImageJ software. (J) Comparison of measurement variations under 

different pH conditions using pH probe solution (0.06%) and pH indicator film (1.33%); (K) 

Measurement of pH values in SWF and on SWF soaked gauzes using skin pH meter. The 

respective Bland–Altman mean difference plot shows 100% of measurements within the 95% 

confidence interval. (L) Relationship of pH values measurements between skin pH meter reading 

and fluorescence ratios of CypHer5E/Cy7.  Pseudocolor pH images of pH probe embedded film 

imprinted with gauzes soaked with different pH values. The images were generated through 

modified ImageJ software. 
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Figure 2 

    
Figure 2. Application of pH indicator film on measuring wound milieu of patients with different 

wound conditions and monitoring wound healing process of patients with repetitive visits. (A-D) 

Individual patients with a single measurement. (E-G) One patient with three continuous visits 

(once a week). (H,I) One patient with two continuous visits (once a week). Wound dressing images 

and information of these patients. (A) Aquacel® Ag, antimicrobial dressings; (B) Aquacel® Ag, 

antimicrobial dressings; (C) Aquacel® Ag, antimicrobial dressings; (D) Cutimed® Siltec Sorbact®, 

foams; (E) Aquacel® Ag, antimicrobial dressings; (F) PolyMem®, foams; (G) Mesalt®, saline 

gauzes; (H) Mepilex® Border, foams; (I) Aquacel®, hydrocolloids. 
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Supplementary materials and methods 

1 Fabrication of PHEMA hydrogel film and pH probe embedded film 

The PHEMA hydrogel was synthesized by free radical polymerization with HEMA as the monomer, 

different concentrations of EGDMA as the crosslinker, ammonium persulfate (APS) as a free radical 

initiator, and N, N, N’, N’-tetramethylethylenediamine (TEMED) as a catalyzer. The synthesis was carried 

out as described earlier with minor modifications [1]. To start with, 2.7mL of HEMA was mixed with 1mL 

of DI water in a glass vial. 2, 10, and 50 µL (0.074%, 0.37% and 1.85% of monomers) of EGDMA was 

added into the solution to acquire hydrogel with different crosslink density. The mixed solution was bubbled 

with nitrogen for 15 minutes to strip off the oxygen. Meanwhile, to create a mold for the hydrogel, a piece 

of Parafilm was cut into a hollow center shape as a spacer (240μm thickness) and was placed between two 

flat glass plates. After adding 100 mg of APS into the solution and mixing well, 100 µL of TEMED was 

added into the mixture. Instantly, as the reaction was taking place vigorously, the viscous solution was 

dropped on one glass plate along the edge of the spacer and the other glass plate was used to mount it. 

Following overnight reaction at room temperature, the membrane was peeled off and dialyzed against DI 

water for at least three days. The dual dye labeled PNIPAM nanoparticles (abbreviated as “pH probes”) 

were fabricated using a precipitation polymerization method as described earlier [2]. To load the pH probes 

into the PHEMA hydrogel film and achieve the best measurement efficiency, pH probes were absorbed into 

hydrogel membrane physically by placing dehydrated PHEMA hydrogel membrane into 0.25, 0.5, 1, and 2 

mg/mL pH probes suspension in DI water (Figure S1). 
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2 Characterization of PHEMA hydrogel film and pH probe embedded film 

A series of tests were carried out to evaluate the physical, mechanical and optical properties of the 

hydrogel film. First, the tensile strength of hydrogel with different crosslink densities was tested with MTS 

electromechanical tension system (MTS Systems Corporation, MN, USA) under 10 mm/min preload stress 

speed at room temperature. Tensile modulus was calculated as: Tensile modulus (MPa) = {load at break 

(N)/ [original width (mm) X original thickness (mm)]}/ [elongation at break (mm)/ initial length (mm)] [3]. 

Second, swelling ratios of the hydrogel with different crosslink densities were tested based on the existing 

protocol with minor modification [4]. The swelling ratio can be calculated by using the following formula: 

Swelling ratio (%) = [(Ws - Wd)/Wd] × 100%, where Ws equals to the weight of hydrogel composites after 

swelling in DI water and Wd equals to the weight of dried hydrogel composites after swelling. Third, the 

sensitivities of pH sensing films with different loading concentrations were tested with PBS (pH 6.8 and 

8.0). Briefly, 20 µL of PBS solution (pH 6.8 and 8.0) was dropped on the pH sensing films and Kodak In 

vivo FX Pro (Kodak, USA) imaging system was used to record the fluorescence on the films. For the 

imaging procedure, CypHer5E was excited at 630 nm and the fluorescence emission wavelength was 700 

nm with an exposure period of 10 seconds, whereas Sulfo-Cy7 NHS ester was excited at 760 nm and the 

fluorescence emission wavelength was 830 nm with an exposure time of 3 seconds (f/stop, 2.5; 4 × 4 

binning). The images were analyzed with an in-house software that was developed using MATLAB [5]. 

Finally, the morphology of lyophilized membrane loaded with pH probes and the existence of pH probes 

were verified using the SEM. Hydrogel membrane with high crosslink density (50µL crosslinker) had a 

tensile modulus of 0.45±0.045 MPa, with medium crosslink density (10µL crosslinker) had a tensile 

modulus of 0.10±0.018 MPa, and with low crosslink density (2µL crosslinker) had a tensile modulus of 

0.093±0.016 MPa (Figure 1B). Swelling percentage of hydrogel membrane with high crosslink density, 

medium crosslink density, and low crosslink density was 25.5±2.0%, 180.9±8.6%, and 455.2±12.2% 

(Figure 1C). Hydrogel membrane with high crosslinking density was too stiff to stay intact for imaging 

during the measurement process. Those with low crosslinking density would contain more water that could 

dilute the wound exudate and lead to a neutral pH reading. Thus, PHEMA hydrogel membrane for pH 
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sensing film fabrication was synthesized with medium crosslinking density. A cross-section of the 

lyophilized PHEMA hydrogel membrane with medium crosslinking density was visualized using SEM 

which showed that the thickness of the membrane was around 214.3µm (Figure 1D). As the PHEMA 

hydrogel membrane and pH probes are combined through physical adsorption, it is important to optimize 

the concentration of the loading buffer for achieving the best measurement efficiency. With a loading 

concentration of 0.25, 0.5, 1, and 2 mg/mL, the ratio of CypHer5E to Cy7 on the pH sensing film was 

24.35±0.26, 24.97±0.28, 15.47±0.22, and 15.03±0.43 respectively at a measured pH of 6.8 and 16.05±0.64, 

16.60±0.10, 8.92±0.64, and 6.83±0.18 respectively at measured pH of 8.0 (Figure 1E). The bell-shaped 

fluorescence intensity curve indicates that the fluorescence increases with probe concentrations up to 0.5 

mg/mL. Then, the fluorescence intensity decreases with increase in probe concentration due to fluorescence 

quenching as described earlier. The overall results showed that the optimal probe loading concentration 

was 0.5 mg/mL, since this concentration had the highest ratiometric values indicating highest pH detection 

sensitivity. 

 

3 Sensitivity measurement of the pH sensing film 

A previous study showed that pH probes can measure pH value ranging from 5.78 to 7.65 using 

the ratiometric imaging method [6]. Herein, after the physical combination of the pH probes with PHEMA 

hydrogel membrane, it was necessary to test if the pH sensing film retained its pH sensitivity. In order to 

simulate the pH measurement of wound exudate, simulated wound fluid (SWF) was prepared according to 

an existing protocol [7]. For assessing pH probe sensing ability, 20 µL of pH probes suspension in DI water 

(2.5mg/mL) was added into 80 µL of SWF (with various pH, including pH 5.20, pH 6.68, pH 7.23, pH 7.70, 

pH 8.03, and pH 8.49) in 96-well plate. The plate was imaged and analyzed as mentioned previously to 

acquire a linear calibration function. Pseudocolor images were algorithmically generated with the software. 

Ratio image was calculated by dividing CypHer5E image by Cy7 image. The pH image was calculated by 

substituting relevant calibration function. For pH sensing film, after loading with a suspension of pH probes 
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in DI water (0.5mg/mL), the film was placed on a transparent film that served as an imaging platform. 20 

µL of SWF (with various pH, including pH 4.09, pH 5.10, pH 6.29, pH 6.88, pH 7.23, pH 7.69, and pH 

8.06) was dropped on the surface of the film without any cross contamination. Each group was repeated for 

at least three times. The pH sensitive property of the pH probes before and after loading into the PHEMA 

film was tested with the SWF. Using nanoparticles to measure various SWF in different pH, we were able 

to establish a strong linear relationship between the fluorescence ratios of CypHer5E to Cy7 and the pH 

values from 5.20 to 8.49 (Ratio = -24.91 * pH + 220, R2 = 0.97; Figure 1F). After image processing and the 

calibration function substitution, pseudocolor images were output to visualize fluorescence intensities in 

different channels, fluorescence ratios, and pH value of the SWF in the 96-well plate (Figure 1G). For the 

pH sensing film, there was a strong linear relationship between the fluorescence ratios and the pH values 

from 4.09 to 8.06 (Ratio = -4.022 * pH + 40.308, R2 = 0.937; Figure 1H). Through similar processing 

method, the pseudocolor images were generated with the self-developed software and visually showed the 

pH of the SWF on top of the film (Figure 1I). The result showed that pH sensitive property of the pH probes 

remained after embedding into PHEMA hydrogel membrane and the pH sensing film was capable of 

quantitatively measuring pH using the ratiometric imaging method. The pH measurement variations using 

pH probe solution in 96-well plate was 0.06% while using pH sensing film was 1.33% which indicated that 

the pH sensing film measurement was still accurate and consistent (Figure 1J). 

 

4 Diagram depicting usage of the pH sensing film for simulated measurements 

In order to avoid direct contact with patient’s wound and potentially contaminating it, the pH 

sensing film was designed to measure the pH of wound exudate stained on the dressings. The working 

principle is based on ion-exchange process which transports the H+ and OH- from wound exudate on the 

gauze sponges to DI water on the hydrogel film rapidly (Figure 1A). In detail, freshly collected wound 

dressings from patients was imprinted onto pH sensing film placed on a transparency film for few seconds. 

Then, on the side of the sensing film, 20 µL of SWF (with pH 5.00, pH 6.50, and pH 8.00) was added onto 
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the film as pH references. Finally, the film was imaged as previously described and ratio image was 

acquired through a ratiometric calculation. The image pH was calculated based on the calibration function 

(Figure 1A). As the area of the wound exudate on the dressing corresponded to the wound milieu on the 

patient, the pH map indicates the pH of the wound milieu. Further studies were carried out to test whether 

the pH of wound exudate remains the same during the transportation process from patients’ wound to the 

dressings. For that, an SWF was employed. A HI-99181 Skin pH Meter (Hanna Instruments Ltd, England, 

UK) was used here to measure the pH of SWF (200 µL, pH=5.20, 6.68, 7.23, 7.70, 8.03, and 8.49) before 

and after being dropped on the surgical dressings (Dynarex Corporation, NY, USA). Simultaneously, we 

also carried out pH measurement on SWF solution and SWF soaked gauzes using ratiometric imaging 

method. By comparing the pH reading between SWF in solution and on gauze, we determined whether 

exposure to gauze affects the value of wound pH. Finally, the relationship between pH values of the gauze 

sponges and ratio of fluorescent intensities was analyzed. All experiments were repeated at least three times.  

  

5 Effect of multiple types of wound dressings on pH of simulated wound fluid 

Simulated wound fluid (SWF) with pH of 4, 6 and 8 were prepared separately. Each dressing was 

cut into small pieces and soaked into SWF in 24-well plate, with a constant weight-to-volume ratio of 1%. 

Then it was incubated for 24 hours at room temperature. pH was measured before incubation and at the end 

of incubation using a pH meter. The tested wound dressings that are currently used in clinic include Foams 

- Curity™ gauze sponges (Covidien/ Medtronic, Minneapolis, Minnesota), Cutimed® Siltec Sorbact® 

(BSN medical, Inc., Charlotte, NC), Mepilex® Border (Mölnlycke Health Care US, LLC., Norcross, 

Georgia), Enluxtra (OSNovative Systems, Inc, Santa Clara, CA), Hydrofera Blue® (Hollister Incorporated, 

Libertyville, IL); Hydrocolloids–Aquacel®, DuoDerm® CGF™, DuoDerm® Hydrocolloid (ConvaTec 

Inc., Oklahoma City, OK); Saline gauzes–Mesalt® (Mölnlycke Health Care US, LLC., Norcross, GA); 

Films - Mepitel® One (Mölnlycke Health Care US, LLC., Norcross, GA), Xeroform® Occlusive 

Petrolatum Gauze Strip (Covidien/ Medtronic, Minneapolis, Minnesota), Steri-Strip™ (3M, MN); 
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Alginates - MEDIHONEY® (Derma Sciences Inc., Plainsboro, New Jersey); Antimicrobial dressings – 

Aquacel® Ag (ConvaTec Inc., Oklahoma City, OK), Mepitel® Ag (Mölnlycke Health Care US, LLC., 

Norcross, GA), Restore Contact Layer with Silver (Hollister Incorporated, Libertyville, IL), InterDry® Ag 

(Coloplast, Minneapolis, MN), Iodoflex* Cadexomer  Iodine (Smith & Nephew, Fort Worth, TX), 

PROMOGRAN PRISMA™ Matrix (Systagenix, San Antonio, TX); Knitted fabric dressings - Curity™ 

Non-Adherent Strips (Covidien/ Medtronic, Minneapolis, Minnesota). 

 

6 Application on pH measurement of the patients’ gauze sponges 

To fulfill the practical application of this device, freshly disposed wound dressings from several 

anonymous patients were collected during their visit at the Texas Health Arlington Memorial Wound 

Care and Limb Salvage Clinic, TX, USA. Two of these patients returned for routine treatment and their 

wound dressings were collected over time to study how the pH of the wound milieu changed as the 

wound healing process. Meanwhile, an image of the wound was taken right after the removal of the used 

dressing as a comparison for the pH measurement result. All the samples from the patients and the 

relevant measurement results were labeled with reception date. In the analysis process, outline of wound 

exudate and wound itself were marked both on the digital image of the patient’s wound and on the 

pseudocolor pH map of the outcome. The pH of wound milieu can thus be matched with the pH map 

coordinately. 
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Figure S1  

 
Figure S1. Effect of different types of wound dressings on pH of simulated wound fluid.  

 

 

Figure S2 

 
Figure S2. The images and information of different discarded wound dressings used in this investigation. 

(A) Aquacel® Ag, antimicrobial dressings; (B) Aquacel® Ag, antimicrobial dressings; (C) Aquacel® Ag, 

antimicrobial dressings; (D) Cutimed® Siltec Sorbact®, foams; (E) Aquacel® Ag, antimicrobial dressings; 

(F) PolyMem®, foams; (G) Mesalt®, saline gauzes; (H) Mepilex® Border, foams; (I) Aquacel®, 

hydrocolloids. 
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Chapter 5. Summary and Future Work 

Every single project I have been working on is aiming to improve people’s life with the 

approaches of biomedical engineering I have concurred. However, there is some additional work 

needed to translate these technologies. A list of the additional work is summarized below.  

In Chapter 1, for early stage osteoarthritis diagnosis, the HA probes can target the 

activated macrophages on the osteoarthritic cartilage. Moreover, we are the first group to detect 

activated macrophages on osteoarthritic human cartilage and apply the probes to ex vivo human 

cartilage sample for severity diagnosis. For FDA approval, NIR dye used in this study may be 

replaced with an FDA approved NIR dye, such as ICG [1]. Since the idea of creating theranostics 

is emerging, the diagnostic probes for osteoarthritis can be encapsulated with biomolecules and 

drug to facilitate localized tissue regeneration.  To evaluate the efficiency of the developed 

theranostic nanoparticles, the intra-articular tibial plateau fracture (IATPF) model can be used to 

study early stage of OA which is mainly induced by the inflammation [2]. Since we have already 

done tissue regeneration study using small animal model (rabbit), large animal model, such as 

sheep whose anatomical structure is similar to humans [3], is needed for further investigation.  

In Chapter 2, for delivery of antimicrobial peptides, since many strains of bacteria 

produce alkaline environment under aerobic condition [4], there is a great need to design an 

alkaline-responsive self-assembly nanofiber to deliver the antimicrobial peptides under those 

circumstances. Esculentin-2EM, an α-helical peptide isolated from the frog, may be used for this 

purpose since the lytic activity of the peptide against membranes of Gram-positive bacteria has 

been shown to significantly enhanced under an alkaline environment [5]. Also, since all the 

antimicrobial effect of the self-assembly nanofibers were tested through in vitro study and the 
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multidomain peptides have no cytotoxicity, the antimicrobial activities of these self-assembly 

nanofibers should be tested in relevant animal infection models, such as mice [6] and rabbit [7].  

In Chapter 3 and for bioadhesives development for wound closure, we are the first to 

employ inverse-demand Diels-Alder cycloaddition reaction, copper-free click chemistry pair 

trans-cyclooctene /tetrazine into the bioadhesives in order to increase the adhesive strength. 

Surprisingly, the bioadhesives can not only close the wound within few minutes, but also 

accelerate the wound healing process in the mice incised wound healing experiment. Thirdly, for 

wound milieu pH measurement, we are the first group to develop this non-contact approach with 

high accuracy and fast speed. The outcome of all these projects can be translational and further 

developed for clinical application. It should be noted that the bioadhesive can be further 

developed and used as a drug delivery vehicle for wound healing promotion as shown in many 

previous works [8-10]. For example, the bioadhesives can be developed for glenoid labrum tear 

regeneration through the cooperation of cellulose since it can provide higher tensile and 

compressive strength without introducing any toxicity [11]. Moreover, with the adding of gelatin 

[12], the bioadhesives may be used as a cell friendly scaffold to recruit cells for tissue 

regeneration. Also, since chitosan itself has been widely used as an antimicrobial material [13], 

the bioadhesives can be tested for its antimicrobial property which will expand its application in 

wound infection treatment.   

The pH sensing film represents the first group of diagnosis tools for chronic wound 

diagnosis. Similar technology can be further developed for sensing other wound biomolecules, 

such as reactive oxygen species, blood sugar, matrix metalloproteinases, and oxygen content, can 

be used to monitor the wound healing process [14]. These new sensing films will no doubt to 

assist the physicians to monitor patients’ long-term wound healing process.    
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