
ABSTRACT 

ADAMS, MARY REGAN. Decorating Extracellular Matrix with Click Chemistry Motifs to act 

as a Refillable Drug Depot (Under the direction of Dr. Yevgeny Brudno). 

 

Local presentation of cancer drugs by drug eluting depots can reduce off-target systemic 

side effects. However, local depots rapidly deplete their drug stores, have a less than ideal 

volume, and cannot be refilled, reducing their utility in treating disease. I have developed an 

intradermal, intratumoral, and intracranially injectable drug-eluting depot that can be 

noninvasively refilled from the blood. In this thesis I will first discuss the background of the 

technology, then a model the establishment of the depot system in a murine tumor and brain 

tissue, then finally demonstrate homing of complementary click small molecules. These 

refillable depots utilize bioorthogonal click chemistry, a fast and highly specific reaction, to 

capture systemically-delivered click chemistry conjugated small molecules.  The depot is 

established by injecting a liquid PBS solution containing click motif conjugated sulfo-NHS 

esters which react with proteins (that have primary amines) and become anchored extracellularly 

at a disease site. Finally, we show homing of click chemistry motifs and refilling to intradermal 

depots for up to 6 months, within pancreatic tumors, and to intracranially injected depots in mice. 

The system also has not been shown to elicit any noticeable immune response. This proof of 

concept study requires further investigation into therapeutic efficacy. 
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CHAPTER 1: Establishing a Click Chemistry-sNHS depot 

Background 

Systemic toxicity is a central obstacle to drug delivery due to the nonspecific action of 

therapeutics at off-target tissues1. Off-target side effects of systemic anti-tumor chemotherapy 

include cardiotoxicity, nephrotoxicity, anemia, digestive issues, fatigue and others1. Limiting 

presentation of drugs to exclusively at the disease site would be transformative in avoiding 

systemic side effects. Local presentation of therapeutics can be accomplished by locally-eluting 

drug depots that are implanted at a disease site and offer controlled and tunable drug release, 

biodegradability, and foreign body response2.  

Currently used local drug-eluting depots, such as the chemotherapy-eluting Gliadel, 

provide benefit, but have several drawbacks. Many locally-eluting depots rapidly deplete their 

drug stores, require large volumes, and cannot be refilled, reducing their utility in treating 

disease2. For example, the Gliadel wafer, which is implanted intracranially at glioblastoma brain 

tumor resection site, provides slow release of chemotherapy to the extracellular fluids of the 

brain3.  However, Gliadel  has only modestly increased patient’s life span likely due to the 

chemotherapeutics’ limited diffusivity into the brain parenchyma, limited amount of drug in the 

wafer, and possible drug resistance that develops over time4. A localized drug eluting depot that 

is diffuse throughout a disease site and can be refilled multiple times with multiple types of drugs 

would mitigate current therapeutic limitations and improve patient quality of life. 

A second major obstacle for drug delivery to many tumors is the density of extracellular 

matrix (ECM), which prevents drug diffusion throughout a diseased area6. ECM is composed of 

proteins like collagen that help sustain and develop a tumor5. Specifically, in pancreatic cancer, 

ECM proteins like collagen 1 are essential for tumor function, invasion, and proliferation 6,7. The 

https://paperpile.com/c/UcEMK5/UdOVQ
https://paperpile.com/c/UcEMK5/5ho1o
https://paperpile.com/c/UcEMK5/803YA
https://paperpile.com/c/UcEMK5/BW4X4
https://paperpile.com/c/UcEMK5/wYRtV
https://paperpile.com/c/UcEMK5/17XLV+NwFQv
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combination of higher density of ECM and the alignment of the protein fibers have been shown 

to sustain growth of a tumor6 and reduce concentrations of systemically-administered drugs8. 

The high ECM content in these tumors motivated the use of anti-stromal agents in a clinical 

setting which targets ECM components for destruction to enhance intratumoral chemotherapy 

and immunotherapy diffusion. But, these targeted anti-stromal therapies have only shown modest 

results in the clinic with pancreatic cancer still having the lowest 5-year survival rate of <6%6. 

Interfering with the development of or alignment of tumor ECM by an intratumoral injection 

could be beneficial for high collagen-content tumor therapy. 

To fully realize the potential of intratumoral injections, necessitates repeated and 

controlled drug presentation at inaccessible tumor site, such as in the brain. Intratumoral 

injections are a direct way to allow drug presentation in disease site ECM. This strategy has been 

useful for both chemotherapy9 and immunotherapy10,which have shown regression responses in 

the clinic. However, one intratumoral injection is often not enough for a curative effect and these 

therapies are often supplemented with systemic chemotherapy11. Although repeated intratumoral 

injections are possible in accessible tumors such as melanoma and head and neck cancers, they 

are not feasible for internal tumors, including brain cancer. To mitigate this gap in drug delivery, 

Brudno et al.  introduced noninvasive methods to refill drug depots12. The refillable system 

utilizes bioorthogonal click chemistry between azides (Az) and cyclooctynes (CO) which is   

fast, highly specific, and biocompatible in vivo 13,14. Another bioorthogonal chemistry, presented 

by Brudno et al. in the same in vivo refillable gel application, is between tetrazine (Tz) and 

transcyclooctynes (TCO) which is thought to have faster binding rates14. In the refillable depot 

technology, an alginate gel conjugated to a click chemistry motif is administered through 

injection at a disease site and captures systemic molecules carrying the complementary click 

https://paperpile.com/c/UcEMK5/17XLV
https://paperpile.com/c/UcEMK5/uvXY
https://paperpile.com/c/UcEMK5/17XLV
https://paperpile.com/c/UcEMK5/Air95
https://paperpile.com/c/UcEMK5/u2zux
https://paperpile.com/c/UcEMK5/Xxqg2
https://paperpile.com/c/UcEMK5/AeEvn
https://paperpile.com/c/UcEMK5/7uN0r
https://paperpile.com/c/UcEMK5/nzA2H
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motif.  The unique advantage of this approach is that the drug refills are inactivated by 

conjugation to the click chemistry motifs, eliminating systemic toxicity12.   

Although refillable depots offer many improvements to non-refillable drug-eluting 

depots, they have several important limitations. Drug depots eventually release all of their drugs 

capacity, oftentimes need to be removed, and may cause an immune response12. To overcome 

this, we used a reactive small molecule click motif that is dissolvable in PBS rather than a 

traditional biomaterial implant. This solubility allows for the depot to reach inaccessible sites, 

requires a small volume as to not need to be removed, and does not appear to cause a toxic 

immune response compared to controls. Another important consideration is the possible off 

target binding of the refills for the drug depots. To mitigate this, “click and release” systems have 

been introduced that use click chemistry motif inactivated chemotherapeutic prodrugs that offer 

release of therapeutics at specifically tuned rates15. The idea for tuned release of therapeutics 

would allow for the majority of the prodrug to be release at the disease site after being caught by 

the click motifs or cleared from circulation by the time active drug is released15. 

In this study we present a method to specifically label tumor and tissue ECM to optimize 

and allow for a true intratumoral drug depot (Figure 1). We take advantage of NHS ester 

chemistry to anchor extracellular ECM with click capture motifs, allowing for improved tissue 

coverage15. An azide sulfo-NHS ester molecule injected at a tissue site covalently anchors the 

azide groups to  ECM, while the azide molecule serves as a homing beacon to capture 

cyclooctyne-conjugated molecules circulating in the blood  Additionally, we chose the sulfo 

NHS form of the molecule because it allowed dissolving in non-organic solvents, which is 

optimal for in vivo use35. 

https://paperpile.com/c/UcEMK5/AeEvn
https://paperpile.com/c/UcEMK5/AeEvn
https://paperpile.com/c/UcEMK5/DEhp
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Herein, we first discuss a model that predicts the reactive diffusion and establishment of a 

click depot within tumor tissue using a finite element analysis model of pancreatic tumor tissue. 

We then compare the model to histology of a fluorescent NHS ester molecule injections in 

murine tumor and brain tissue. Using the depot establishment information, we demonstrate 

DBCO homing efficiency to intradermal, intratumoral, and intracranial depot locations for both 

small molecule fluorophores and antibodies. We also demonstrate targeted and spatial separation 

of small molecule depots in vivo utilizing two bioorthogonal chemistries and have found no 

obvious immune response from the depot implantation. Lastly, preliminary studies show promise 

for homing DBCO molecules intratumorally to an orthotopic U87 Glioblastoma tumor model. 

 

Figure 1: Proof of concept schematic for a localized cancer therapy. Schematic of the 

intratumoral depot establishment by infusion of azide sulfo-NHS ester which reacts with primary 

amines in extracellular matrix of a disease site and forms a covalent bond. Systematic 

cyclooctyne-conjugated molecules are specifically captured at disease site through selective 

bioorthogonal click chemistry.  
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Finite Element Analysis Modeling 

We reasoned that a local injection of activated sNHS esters could react with the primary 

amine’s present proteins tumor extracellular matrix6 to anchor azide click groups to tissue ECM. 

In order to better understand the diffusion and anchoring of the click groups, we created and 

computational model of the reaction kinetics. COMSOL 5.4a Multiphysics finite element 

analysis software was used as the platform to model azide sNHS ester diffusion and reaction 

within a tumor extracellular space. A 0-D time dependent chemical reaction engineering model 

solved for the NHS ester chemistry kinetics in a semi batch reactor setting based on the expected 

reaction rates and the number of amines available to react with over time in the disease site. The 

rates of aminolysis and hydrolysis of NHS esters were estimated from literature values to be 

0.00102 [1/s](aminolysis) and the and 0.000045[1/s] (hydrolysis) at physiological pH15–17. The 

estimated amount of amines in a pancreatic tumor was found by using 54.72 ug/mg of wet 

pancreatic tumor and 58 moles of lysines(which we used as the only source of primary amines) 

found from FASTA to obtain 22.24 mmol of amines/L of pancreatic tumor 18. We used this 

model to estimate tumor depot establishment, but other parameters can be incorporated into the 

model for optimization in other diseases contexts. Of course, there are many other sources of 

primary amines that can contribute to these estimations presented and is the reason we decided to 

focus on modeling within a murine tumor using the estimated amount of lysines per collagen I 

strand as the base. 

 The 0-D component consists of 2 irreversible competing reactions with the aminolzyed 

species treated as a surface reaction and the hydrolyzed species as a solvent. This was solved in a 

time dependent model for 10,000 seconds and a parameter sweep was used to verify the solution 

with varying different reaction rates as shown in Figure 2 below. 

https://paperpile.com/c/UcEMK5/lai2E+j2r3t+tXjy2
https://paperpile.com/c/UcEMK5/QQGbj
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Figure 2: Micro mols of reactive azides at 1000 seconds in a tumor with constant aminolysis(kL) 

and varying hydrolysis(kH) rates. This was a test used to verify the 2 irreversible competing 

reactions in COMSOL Multiphysics showing that the lower the hydrolysis rates, the higher the 

probability of aminolysis, leading to higher concentrations of azides in a tumor to act as a drug 

depot. 

 

The 0-D time dependent chemical reaction was layered on a 2-D axisymmetric space 

dependent model to incorporate the geometry of a tumor, flux of injection from needle source, 

and reactive porous media flow throughout a tumor extracellular matrix show in Figure 3A. The 

geometry was created using a 500 mm3 tumor as reference which we estimated the shape as a 

sphere with a radius of 4.923 mm and the inner 27G needle injection creating a radius sphere of 

0.205 mm. The flux of injection out of a 0.205 mm sphere in the middle of the tumor was 

directed outwards along the circumference of the inner sphere at a rate to deliver 10 μ mol of 

azide sulfo- NHS ester in 50 uL over the first 500 seconds of the model to match the 

experimental infusion rate conditions. The outside circle circumference flux was set to 

atmospheric gauge pressure at the start of the simulation. The diffusivity of the azide sNHS ester 

0

1

2

3

4

5

6

7

8

0.5 0.05 0.005 0.0005 0.00005 0

u
m

o
l o

f 
re

ac
ti

ve
 a

zi
d

es
 in

 t
u

m
o

r 
EC

M

Hydrolysis rate[1/s]

Estimation of reactive azides with varying 
hydrolysis and constant aminolysis



  7 

 

molecule with MW=314 Daltons was estimated to be similar to sucrose(molecular weight 

sucrose=343 vs 314 for azide sNHS ) in tumor media at 5 x109 21. The dynamic viscosity of 300 

Pa*s22, porosity of 0.223 , and permeability of 1x10-17  24 for the tumor were obtained from 

literature. The other properties such as electrical conductivity and heat capacity were assumed to 

be equal to water at body temperature.  

The 2-D model was solved in two steps. First, a stationary model solved for Darcy’s law 

of fluid flow considering the flux of the injection to set up a force to move the diluted species 

through the tumor material area. Next, a time dependent model solved for the porous media flow 

and reaction engineering kinetics to give a space dependent and time dependent output. The 

mesh was extra fine and tetrahedron shaped. Figure 3B is a direct output from the COMSOL 

results section. Figure 3C shows the integration of the extracted results over the entire simulation 

time at individual radial coordinates in excel to obtain the total amount of reactive azide per 

radial coordinate over the entire simulation time. We solved for a 50 μl intratumoral injection as 

well as a 2ul brain injection that is presented in this thesis. Figure 4 shows direct output of the 

azide sNHS remaining in the 2-D simulation over radial cordinates at different timepoints both 

visually in a 2D sense and graphically. 

https://paperpile.com/c/UcEMK5/Sdvyw
https://paperpile.com/c/UcEMK5/Z9SIk
https://paperpile.com/c/UcEMK5/EyiO5
https://paperpile.com/c/UcEMK5/9DO2z
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Figure 3: Comsol Multiphysics modeling of the azide sNHS depot. A) Schematic Diagram of 

NHS-ester injection, aminolysis and hydrolysis as well as COMSOL Multiphysics model 

parameters. B) 0-D model estimating change in concentration of the azide-sNHS ester injected, 

hydrolyzed species, and ECM-anchored azides over time. The expected reaction kinetics are 

further layered on a 3D space-dependent model that leads to the results in C. C) Estimated 

concentration of anchored azides available to bind to systemic DBCO molecules over radial 

coordinates from the tumor (50 uL) and brain (2ul) infusion needle. 
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Figure 4: 2D representations of azide-sNHS COMSOL model. A) Images include azide 

sNHS(mol/m3) remaining at 100,500, and 1000 seconds in the 2D axisymmetric model. B) 

Quantitation of azide sNHS ester left at various timepoint over radial cordinates. 
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Alexa Flour 488 injections in pancreatic tumors and brains 

In order to evaluate the accuracy of the COMSOL modeling and provide a visual 

representation of what the depot looks like in vivo, we utilized a fluorophore NHS ester injection. 

We hypothesized that each of the intratumoral injections of the sNHS depot would look unique 

despite what modeling predicts. To visualize and possibly quantify the distribution of the click 

chemistry depot within and around a disease site, we injected fluorescent NHS ester molecules 

locally in pancreatic tumors.  We chose pancreatic tumors specifically for their highly fibrous 

nature that we predict will increase the click groups within a tumor upon intratumoral injection 

due to the increased amount of amines to bind with7. We also want to use this therapy in the 

brain and injected the florescent NHS ester molecule into healthy mouse brains as well. 

To do this, approximately 750,000 p12 KPC 4662 murine pancreatic tumor cells in 1:1 

PBS: matrigel mixture were inoculated subcutaneously on the dorsal flanks of 6 female C57B/6 

mice. Day 9 after KPC 4662 pancreatic tumors injections, 50 μl of 0.005M AF488-sNHS 

ester(N=3) or PBS as control(N=3) were infused intratumorally. All the tumors were at least 150 

mm3 and the 50 uL volume was delivered over 10 minutes with a 27-gauge winged catheter 

attached to a syringe pump in order to match the simulation conditions. Alexa Fluor 488 NHS 

ester that was infused intratumorally and left to stabilize for at least 24 hours in vivo before 

euthanasia of the animal and perfusion 

Similarly, healthy outbred CD1 mice were injected with 2ul of 0.005 M AF488-

sNHS(N=3) or PBS(N=3) as control over 10 minutes into the right brain hemisphere (described 

later in more detail) and perfused 5 days after infusion. Perfusion was performed by intra-arterial 

infusion of 10 mL cold PBS followed by 10 ml of 4% Formaldehyde through a 27g winged 

needle infusion set and tumors or brains extracted.  

https://paperpile.com/c/UcEMK5/NwFQv
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The iDisco protocol was followed25 for the extracted tumors and brains. Briefly, fixed 

tumors and brain samples were incubated and shaken at room temperature in increasing 

methanol concentrations. Once the sample was fully dehydrated, the tissue was shaken in 3 

incubations of Dichloromethane for 30 minutes and finally the optical properties of the tissue 

were changed when the samples were placed in Dibenzyl ether. Cleared samples were imaged on 

a Lavision Ultramicroscope II at UNC Chapel Hill’s microscopy core and evaluated on IMARIS 

version 9. The samples were imaged at 7 um increments in the z direction with 40% laser power 

on the 488 nm wavelength. The width of the light sheet was set to 100% in order to visualize the 

entire sample, NA set to 21 μm, 0.63x zoom, and focus adjusted so that lasers illuminated both 

sides of the sample. Postprocessing included creating isosurfaces for the 488 nm signal and 

signal thresholds values were further lowered in order to create a surface for the entire tissue 

volume incorporating natural tissue autofluorescence at the 488nm wavelength. The entire tissue 

was set to be a white color surface with 80% transparency and the 488 nm signal volume was 

made into a green surface. Analysis in the program included volume statistics of the isosurfaces 

made as well as isoplanes to find the widest distance of detectable signal in each tissue 

measured. The values for radial diffusion were found by manually finding the cross section of 

the tumor with the widest diameter of signal, divided by 2 to get a radius, and further by 0.8 to 

account for shrinking during the iDISCO process. A shrink factor of 0.8 was found from 

averaging caliper measurements before the protocol was followed (samples in PFA) and after 

imaging on the microscope. Tumor and brain samples were measured with a caliper before and 

after the clearing protocol, demonstrating a 20% decrease in sample size after the clearing 

process which was incorporated into data for Tables 1 and 2. This 20% shrink was incorporated 

into the corrected injection and tumor measurements presented in the table. The corrected tumor 

https://paperpile.com/c/UcEMK5/PeXpj
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volumes were comparable to the caliper measured on the live mouse using the equation: 

Volume=(Length*Width*Width)/2 [mm3] 38. 

Whole-tumor cleared tissue imaging using light sheet microscopy and post processing in 

IMARIS software allowed for volumetric representations of the whole tumor sample area distinct 

from just the AF488-NHS ester signal.  The process and results are shown in Figure 5. Two of 

the tumors had signal preferentially coating one side of the tumor while one of the samples had 

sporadic signal in all directions from the center infusion needle.  From the isosurfaces in 

IMARIS, we also estimated an average of a 12.7 μl volume of reacted NHS molecules stuck 

within or onto the tumor out of 50 ul injected, the rest was likely attached to surrounding areas 

around the tumor. From IMARIS we also estimated the depot diffusion around 5 mm radially 

from middle of tumor which readily agrees with the COMSOL simulation estimations. Due to 

the variability of injection conditions and between tumors, sometimes the intratumoral injections 

had complications. An example of a complication was the liquid infused would flow 

immediately to the outside of the tumor and create a separate bubble of liquid next to the tumor. 

Perhaps altered viscosity, smaller needle gauge sizes, or varied injection rates would show a 

larger volume “sticking” inside the tumor30. 
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Figure 5: Modeling the distribution of AF488-NHS ester within a murine tumor. A) Schematic 

of azide depot visualization method from NHS injection, clearing, imaging, and analysis. B) 

Representative green isosurfaces of the three Alexa Fluor 488 injected tumors obtained from 

IMARIS software. The entirety of the autofluorescence tissue was visualized and set as a gray 

background. 
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Table 1: IMARIS tumor injection data 

  Volume 

of 

injection 

(mm3) 

Volume  

of tumor 

(mm3) 

Corrected 

injection 

(mm3) 

Corrected 

tumor 

volume 

(mm3) 

Caliper 

measured 

tumor 

volume 

(mm3)  

Vinjection 

/Vtumor 

*100 

Widest 

distance 

(mm) 

AF488 

NHS1 

8.04 408 10.05 510 588 1.97 4.50125 

AF488 

NHS2 

9.31 145 11.6375 181.25 244 6.42 4.4475 

AF488 

NHS3 

13.1 125 16.375 156.25 196 10.48 5.87687 

PBS 1 0 69.5 0 86.875 147 0 0 

PBS 2 0 116 0 145 185 0 0 

PBS 3 0 92.7 0 115.87 126 0 0 

 

In order to evaluate the distribution of anchored click chemistry groups after intracranial 

injections, we assessed the tissue penetration of a fluorescent NHS ester injected locally into 

healthy brains. We chose healthy mouse brains because we wanted to see if this could potentially 

be used as a therapeutic platform for neurodegenerative diseases or for brain tumors. Alexa Fluor 

488 NHS ester was infused into brain (2 μl) and left to stabilize for at least 24 hours in vivo 

before euthanasia of the animal by perfusion. Brains were removed from the mouse and 
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submitted to clearing using the iDisco clearing protocol before whole-brain imaging using light 

sheet microscopy and post processing in IMARIS software, volumetric representations of the 

whole brain sample area distinct from just the AF488-NHS signal were created.   

From the IMARIS results represented in Figure 6, we estimate the entire 2 μl of AF488 

NHS infused stayed in the striatum area where the injection was. Also, from the 3 samples 

imaged, the diffusion in any direction was limited to 1-2 mm in the striatum region of the brain 

which was the target of the injection. A small amount of needle track backflow was observed in 

the cranial/rostral direction. We suspect the injection to be extremely localized to the injection 

site, but realize many more samples are needed with various brain regions to accurately predict 

the behavior. 

Table 2 offers the same analysis as Table 1, but in the context of the intracranial 

injections. This data is somewhat contradictory since the estimated volume injected is more the 2 

μl in 2/3 of the cases and the volume of mouse brains for the PBS group were all lower than 

experimental. This again offers insight into the limitations of the data acquisition method 

performed as well as parts of the brain that could be lost during extraction, during clearing, and 

even during image analysis since the brains are held in the microscope with a screw inside the 

tissue. Literature reports significant tissue shrinkage and tissue deformation using organic 

solvent based clearing methods 43. Another problem could be that the signal intensity was high 

enough and amplified the true volume of the depot in this evaluation. 
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Figure 6: Modeling the distribution of AF488 NHS ester injections in a mouse brain. A) Process 

of injection mouse brains with fluorescent (AF488) NHS ester, clearing, and imaging. B) Three 

cleared mouse brains that were imaged with representative signal as a green isosurfaces. 
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Table 2: IMARIS brain injection data 

 
Volume of 

injection 

(mm3) 

Volume of 

whole brain 

(mm3) 

Corrected 

volume of 

injection 

(mm3) 

Corrected 

volume of 

brain 

(mm3) 

Vinjection 

/Vtumor  

*100 

Widest 

Distance 

(mm) 

AF488 

NHS 

Brain 1 

3.09 406 4.12 507.5 0.81182 2.1 

AF488 

NHS 

Brain 2 

9.22 397 11.525 496.25 2.32241 2.23 

AF488 

NHS 

Brain 3 

1.89 364 2.3625 455 0.51923 1.44 

PBS 

Brain 1 

0 272 0 340 0 0 

PBS 

Brain 2 

0 271 0 338.75 0 0 

PBS 

Brain 3 

0 291 0 363.75 0 0 
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Chapter 2: Showing Homing of DBCO Molecules to Azide Depots 

Intradermal Targeting 

The most important part of the therapeutic system proposed is the homing of systemically 

circulating molecules that can be bound to the implanted depot site. We reasoned that showing 

intradermal homing of click chemistry fluorophores was a logical first step before setting up a 

tumor model. To achieve this, 8-week-old female CD1 mice (Envigo) were injected 

intradermally with 50 uL of 0.2M azide-sNHS (N=4) or sterile PBS as control (N=4) and imaged 

on the IVIS imager to obtain a background fluorescence signal. IVIS excitation wavelength was 

ICG BKG and emission wavelength ICG for all IVIS images presented with no image math in 

the IVIS program performed unless specifically stated. For IVIS images, only radiant efficiency 

values were used to normalize the data over variable exposure times. All mice were then retro 

orbitally injected with 100uL of 50 mg/ml of DBCO-cy7 followed by imaging at 5 minutes, 1 

hour, and 24 hours post IV injection. The increase in radiant efficiency measured was found by 

subtracting the ROI values before the DBCO-cy7 injection from the 24 hours after image. The 

procedure was repeated according to the timeline presented in Figure 7A. All significant 

differences presented in this paper were found by t test statistics in Prism software (*=p<0.05, 

**=p<0.01, ***p<0.001). 

In Figure 7A, we show the long-term intradermal refill experiment timeline and 7B 

details the systemic activity of the IV injected DBCO-cy7 fluorophore injection homing to the 

azide sNHS depot site after 24 hours. In 7C, the quantification of signal increases is analyzed 

over the depot location at different experimental timepoints.  With repeated systematic dosing, 

we were able to see the depot is still capturing DBCO-cy7 molecules from circulation up to the 6 

months’ time and establishes the longevity of this system, at least in an intradermal setting. 

Further measurements at 8 months did not reveal a significant increase in the depot fluorophore 
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measurements possibly due to the lack of accessible azide molecules from blood circulation. 

Injecting a higher volume or concentration of azide sNHS could potentially mitigate this 

limitation.  

 

Figure 7: Azide-sNHS ester depots allow long-term and repeated targeting. A) Timeline of long-

term intradermal refill experiment. B) Mice received intradermal injection of azide-sNHS (50 uL 

of 0.1M) or PBS were administered i.v. DBCO-cy7 and IVIS imaged before the dose and after 5 

mins, 1 hour, and 24 hours. C) quantitation of systemic targeting of intradermal depots over the 

long term for 0.2 M azide-sNHS or controlled PBS injections (50 uL). IVIS images are in 

Appendix 2. 

 

To begin to characterize the potential toxicity response to azide-sNHS ester, 8-week-old 

CD1 mice from Envigo were injected intradermally with 50uL of 0.1M azide-sNHS(N=4) or 

PBS(N=4) as control. These mice did not receive fluorophore IV injections, but were sacrificed 1 
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month after intradermal injections to have the skin at the injection site and organs (heart, liver, 

kidneys, lungs, and spleen) embedded in paraffin, sectioned, and stained with H & E by NC State 

College of Veterinary Medicine’s histology core. These sections were sent to a certified 

pathologist for evaluation with notes in Appendix 1.  Off-target toxicities of the azide sNHS 

depot establishment was not deemed different from PBS injected controls which potentially 

makes this technology suitable for non-cancerous situations.    

 

 

Figure 8: Intradermal Toxicity to Azide sNHS injection. Representative H&E staining of skin 

injection site at one month for CD1 mice injected intradermally with 50 ul of azide-sNHS. 

 

Although no difference was found between the experimental and control H & E organ 

samples shown in the initial toxicity study Figure 8, further study of azide sNHS injection 

causing unintended effects of modifying disease site ECM as well as toxicities in the brain still 

needs to be understood. This will require tests that involve blood withdraws on mice injected 

with the azide sNHS ester liquid at various timepoints42 as well as histological stains of 

immunogenic organs. Another approach would be to perform in vitro assays looking at immune 

cells behavior around regular and click modified ECM41. 
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Intratumoral Targeting and Homing of Antibodies 

In order to use the proposed mechanism as a tumor therapy, we demonstrate homing of 

small molecule click conjugated fluorophores and antibodies within a tumor. The refillable drug 

depot delivery system would be extremely useful for cancers that have large amounts of ECM to 

anchor the depot, like pancreatic tumors. To do this, approximately 750,000 p-12 KPC 4662 

murine pancreatic tumor cells in 1:1 PBS: matrigel mixture were inoculated subcutaneously on 

the dorsal flanks of albino female C57B/6 8-week-old mice from Envigo. The mice were infused 

intratumorally with 50 μl (0.2M) azide sNHS ester(N=4) or PBS as control(N=4) over 10 

minutes through a 27G winged catheter attached to a syringe pump (Harvard Apparatus 70-4500) 

and images taken on the IVIS spectrum imager. The mice were then retro orbitally injected with 

100 μl of 50 mg/ml DBCO-cy7 once (Figure 9) or multiple times (Figure 10) depending on what 

the experiment called for.  

Figure 9 and 10 shows that the refillable depot system could work as an intratumoral 

depot for pancreatic cancer. We first evaluated how much of a 100 μl dose of DBCO-cy7 is 

caught from systemic circulation by fluorescence measurements of regions of interest over 

murine pancreatic tumors in vivo. The radiance values over azide sNHS injected tumor regions 

were 4 times the amount found on the intratumoral PBS mice. To calibrate the fluorescence 

signal of intravenously injected dosing, we proceeded to make alginate gels with 1.2mL of 

alginate dissolved overnight mixed with a 120 μl crosslink solution containing different volumes 

of DBCO-cy7(0,0.5,1,5, and 10%), PBS, and 1.22M calcium sulfate. The gels were shaped into a 

cylindrical shape to closely match the size of a mouse tumor and was imaged on the IVIS create 

a linear calibration curve of fluorophore signal. From that analysis in Figure 9 we estimated 

around 7.8% of the administered dose was captured in the azide sNHS injected tumors compared 
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to 2.22% in the PBS injected tumors. From the raw radiant efficiency values, 4 times as much 

florescence was measured over the sNHS tumors. 

 

 

 

Figure 9: 1 dose capture of complementary fluorophore within a murine pancreatic tumor. A) 

Estimation of 1 dose of DBCO-cy7 caught by intratumoral depots using alginate gels to generate 

a calibration curve and B) pictures of mice and extracted tumors(right) 24 hours after IV dose. 

 

In Figure 10, we present the 3 fluorophore refills of the sNHS depot within a murine 

pancreatic tumor. The timeline in Figure 10A and results in 10B show that there are still active 

azide sites available through systemic circulation for 3 refills in tumor ECM. The timeline 

stopped at 3 refills because the fast rate of tumor growth in the KPC 4662 model that often-

forced euthanasia by day 18. Quantification of the florescent signal in Figure 10C also shows 

that the fluorescence of the refilling is decreasing slightly, but this could be because the tumors 

were not being treated with drugs and the tissue growth dampened radiance signal 
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measurements. Overall, this provides proof of homing intravenous click motifs within a 

pancreatic tumor multiple times.  

 

Figure 10: DBCO-cy7 homing and refilling in intratumoral azide sNHS ester depots. A) 

Timeline for tumor refill experiment. B) Representative images of intratumoral azide sNHS ester 

mice 24 hours after 1 IV dose of DBCO-cy7 fluorophore. C) Increase in radiant efficiency over 

tumor ROI’s 24 hours after IV DBCO-cy7 administration. IVIS images are in Appendix 3. 

 

Further, we wanted to show homing of therapeutically relevant antibodies using the 

system. We injected KPC 4662 tumors with azide sNHS or PBS, imaged the mice, and then IV 

injected cy7 and DBCO conjugated anti-human PD1 antibodies. In order conjugate an anti-

human PD-1 antibody to both DBCO and Cy7, 0.4 mg of antibody was left to react at room 

temperature for 1 hour with 8 equivalents of DBCO-peg4-NHS ester and Cy7-sNHS ester. The 

mixture was filtered with a 10K Amicon filter (Thermo scientific) and spun at 12000 g for 10 

minutes (3 times) to remove unreacted NHS esters and a control solution without antibody 
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present was used to verify the filtering ability. The structure and molarity of conjugated antibody 

was verified by nanodrop before administering intravenously to mice. 

 

 

Figure 11: Nanodrop reading Confirming conjugation of cy7 and DBCO to PD1 antibody. 

Nanodrop reading confirming DBCO (309nm wavelength) and cy7(750nm wavelength) 

conjugation to anti-human PD1 antibody before in vivo use.  

 

24 hours after IV injection of the antibody, the mice were euthanized, tumors extracted, 

and further imaged along with the carcass of the mice underneath the tumors. Figure 12A shows 

the extracted tumors and 12B shows the quantification of fluorescence over the tumors and 

directly under the tumors on the carcass of the mouse. A higher concentration of antibody would 

probably make the results more significant as well as allowing the antibody to circulate for a 

longer time period before ending the experiment36. We also see that not all the bound antibody 
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ends up within a tumor and a large signal is detected right beside or underneath the extracted 

tumor area. 

 

 

 

Figure 12: Intratumoral azide sNHS antibody homing. A) Schematic of antibody conjugation to 

cy7 and DBCO.B) Extracted azide sNHS infused tumors (left) and PBS (right) 24 hours after 

refill with DBCO and cy7 conjugated anti-PD1 antibody. C) Quantification of radiant efficiency 

over tumor and the area around the tumor on the underlying mouse carcass ROI’s 24 hours after 

IV DBCO-cy7-antibody administration. P value for unpaired t test for extracted tumors=0.0292. 

P value for unpaired t test for mouse carcass=0.0437. C)Nanodrop reading confirming with 

pronounced signals at 309 nm confirming DBCO conjugation and 750 nm confirming cy7. 
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Intracranial 

We also want to use this therapeutic method for brain tumor treatments, possibly 

combined with temporary Blood Brain Barrier disruption for drug delivery to the brain. 

Therefore, we first wanted to demonstrate small molecule homing to intracranial brain depots. 

12-week-old female CD1 mice from Charles River laboratories were used. For anesthesia, 

surgeries had 1-5% isoflurane before procedures as well as continuously through the stereotaxic 

setup in a Kopf 701 anesthesia mask. Mice were mounted on a Kopf stereotaxic head stage using 

ear bars and the 5 ul Hamilton syringe with a 33-gauge removable needle placed in microinjector 

attachment (World Precision Instruments UMP3 system) mounted on the stereotax. For surgery, 

area on the head was shaved and washed with 70% alcohol and chlorhexidine solution using 

cotton tipped applicators. An incision with a #10 scalpel was made from posterior to anterior 

(start of skull to between eyes) and skin pulled away from incision using sterile Q-tips to expose 

the skull. The syringe needle was adjusted so the tip of the needle landed on Bregma, position of 

the stereotaxic device recorded, and then moved to the desired calculated position where a mark 

was made with a sterile surgical marker (1 mm anterior, 2 mm laterally right, and 2.5 mm deep 

with respect to Bregma). A microdrill made a 1-2 mm size hole in the skull for the injection 

needle. Once the hole was wide enough, the needle was adjusted to injection position and slowly 

lowered to desired depth from the skull opening. 2 uL of 0.2M azide-sulfo-NHS(N=4) or PBS as 

control(N=4) was injected using a microinjector at a flow rate of 3.3 nL/sec over 10 minutes. 

Once complete, the needle was left in place for 3 minutes and pulled up slowly over the next 5 

minutes until out of the mouse completely. The incisions were glued with Vet bond and the 

animals were placed in a heated recovery area until ambulatory. Each mouse was then left to heal 
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for three weeks before imaging and fluorophore refills as described for previous refill imaging 

and fluorophore injection techniques.  

 For the intracranially injected azide sNHS(or PBS), the mice were allowed to heal for 21 

days to allow for glial scar formation from the cerebral injection28. A glial scar is formed in 

reaction to central nervous system trauma and consists of ECM molecules that form stiffer scar 

tissue around affected areas and upregulated vimentin, collagen 4, laminin, and GFAP28.This 

delay in fluorophore administration also allowed for most of the cranial incision skin wounds to 

be healed which could interfere with true cy7 signal, but notably some were not completely 

closed up on all the mice  at the first refill time point. When we administered the first refill, we 

did not see significant differences between the two groups. Notably, one of the azide sNHS 

injected mice did not capture as much fluorophore when in vivo fluorescence measurements were 

taken but continued to after the 1st refill time point shown in the pictures available in appendix 

data. This could have been because not all the head wounds were completely closed, variability 

of accessible azide binding sites, and possible tail vein injection variability. By the end of one 

month, at the second refill time point, we saw significant differences in fluorophore caught over 

the right brain hemisphere of azide sNHS injected mice and as well as on day 40.  

An obvious question asked based on the results is why no blood brain barrier (BBB) 

disruption technique was needed for brain homing. The DBCO-cy7 molecule is just under 1000 

Daltons and would not be expected to readily cross the blood brain barrier29. Unpublished data 

obtained before this experiment suggested that there was no significant difference between azide 

sNHS injected mice that received IV mannitol to osmotically open the BBB and those that 

received vehicle saline injection44. But, there was a significant difference from the control groups 

that had PBS injected intracranially. We predict the homing was still achievable because we 

https://paperpile.com/c/UcEMK5/s3RQ1
https://paperpile.com/c/UcEMK5/s3RQ1
https://paperpile.com/c/UcEMK5/UuPy
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created a wound in the brain from the depot injection which likely allowed fluorophore access to 

the other side of the barrier. Further investigation into where the fluorophore is binding is 

warranted as well as if modification of brain ECM by the intracerebral injection is causing the 

barrier to be opened. 

 

Figure 13: Brain homing and refill-ability. A) Timeline of brain refill experiment. B) Pictures of 

azide sNHS and control mice after 3 refills of DBCO-cy7.C) Quantitation of intracranial ROI 

radiant efficiency measured 24 hours after IV DBCO-cy7 tail vein administration. IVIS images 

are in Appendix 4. 

 

We also performed a separate experiment to look at explanted brains after 1 dose of 

DBCO-cy7 which is shown in Figure 14. There was a significant difference quantitatively and 

visually of the fluorophore uptake in the brain, but the signal did not seem to be localized to the 

same spot, or even around the injection site. This data brings up the possibility that this depot 

does not stay in place inside the brain or this could be explained by the possible point source 
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spreading from the IVIS software acquisition. An example of a future experiment that could test 

if the fluorophore is being caught in the right area would be to cut the brains into regions of 

interest and imaging those separately. Notably, the florescence and distinction from the control 

groups was less significant than in an intradermal or intratumoral context. 

 

Figure 14: 1 dose of DBCO-cy7 fluorophore in brain depots. A) Representative images and B) 

quantitation of ROIS over extracted brains with top row azide sNHS injected and bottom row 

PBS injected in the right hemisphere.  

 

Chapter 3: Other Click Chemistries and Future Directions  

Methyltetrazine sNHS  

The use of other click chemistries will need to be evaluated to optimize binding kinetics 

of IV click therapeutics, diffusion of depot in a disease area, and toxicity concerns. To begin 

looking at other chemistries, we built on previous work by Brudno et al. showing refilling of a 

tetrazine modified alginate depots with TCO molecules14. We found that when methyltetrazine is 

injected intradermally at a maximum soluble concentration of 0.05M (50uL) into CD1 mice, 

fluorophore refills of complementary TCO-cy5 molecules were found to home up until a 3 and a 
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half month timepoint (shown in Figure 15). We specifically chose to try methyltetrazine sNHS to 

enhance stability and provide considerably faster binding kinetics than the azide-DBCO pair34.  

 

 

Figure 15: Intradermal Methyltetrazine sNHS homing. A) Quantitation of ROI total radiant 

efficiency and B) representative images of sNHS mice and PBS mice 114 days post intradermal 

injection. 

 

Using two distinct chemistries would allow for spatial separation of two distinct 

fluorophore chemistries in vivo. This could potentially be used for people who have two disease 

conditions that have incompatible therapeutic drugs14,39. To show the separation of two 

chemistries,  4 CD1 mice were injected intradermally with 50 μl of methyl tetrazine sNHS 

(0.05M) in the right flank and 50 μl of azide sNHS (0.05M) in the left (N=4). The concentration 

was limited by the solubility of methyl tetrazine sNHS ester maxing out at 0.05M in sterile PBS. 

For a control group, 4 CD1 mice were injected with 50ul of PBS on in the same fashion on both 

sides intradermally. All mice were then imaged for a before background fluorescence picture on 

cy5.5 and ICG filter sets. We then proceeded to make a mixed solution containing equal amounts 

of DBCO-cy7 and TCO-cy5 at a 50 mg/ml concentration before injecting retro orbitally into the 
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mice with 100 μl in both eyes as not to exceed the suggested 150 μl per mouse eye40. Pictures on 

the IVIS were taken 48 hours later in order to make sure background fluorophore was cleared 

from the mice. From the images obtained after the dose shown in Table 3, it seems that 

methyltetrazine sNHS(blue) has a wider diffusion radius than azide sNHS(red). Image math was 

able to subtract background noise to reveal clean bound fluorophore images that were further 

layered in Image J to produce Figure 16. It is difficult to directly compare the two different 

chemistries in vivo because different fluorophores were used and the Cy5 signal is thought to be 

1.4X brighter than Cy727.This could be slightly more complicated since imaging is performed 

through a skin layer.  Doing a side by side comparison of the two chemistries, using the 

calibrated fluorophore alginate gel approach mentioned in Chapter 2, on the intradermal results 

from Table 3 is shown in Table 4. Although highly variable, we see that the methyltetrazine-

TCO system captures a slightly increased percentage of fluorophore more than the DBCO-cy7 

system using this evaluation approach. 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/UcEMK5/CAML7
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Table 3: IVIS Images of spatial separation of chemistries in vivo. 50 uL of methyltetrazine 

sNHS (right, 0.05M) or azide-sNHS (left, .05M) was injected intradermally on the dorsal flank 

of 4 mice. 200 uL of 1:1 DBCO-Cy7 / TCO-Cy5 were injected i.v. After 48 hours, IVIS images 

demonstrated selective capture of fluorophores at the intradermal depot containing their 

respective click partner. Top left picture is ICG bkg, top right is ICG, bottom left is cy5.5 bkg, 

and bottom right is cy5.5 measurements. 

Azide(left) and methyltetrazine(right) Controls 
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Figure 16:ImageJ renderings of in vivo spatial seperation of chemical flourophores. Blue scale 

is measuring cy5[(cy5.5-cy5.5bkg)*1] signal while red is measuring cy7[(ICG-ICK bkg)*1] 

signal.  
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Table 4: Estimation of percent dose over intradermal Regions of Interest (ROI) using alginate 

gels with increasing doses of fluorophores to calibrate signal intensity on IVIS software. 

 Cy7 Calibration Cy5 Calibration 

IVIS images of gels 

with 0,0.5,1,5, and 

10% doses of 

fluorophore 

  

Mouse Azide sNHS Methyltetrazine sNHS 

ROI 1 1.11 47.34 

ROI 2 1.838 34.71 

ROI 3 1.309 9.669 

ROI 4 1.268 15.04 

Average 1.3815 26.689 

Estimated % dose 

from calibration 

curve 

0.476874 0.575508 

  

We also performed a 1 dose intratumoral homing experiment with the methyltetrazine 

sNHS system. KPC 4662 tumors were inoculated and allowed to grow for 9 days similar to the 

experiments above and given a 100 μl IV dose of 50 mg/ml TCO-cy5. The results are presented 

in Figure 17 with images of the extracted tumors. Of note are the variability of florescence 

between the tumors. This could possibly be due to the order in which the tumors were injected 
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with sNHS (top left is 1, top right is 2, bottom left is 3, and bottom right is 4). The time in 

between dissolving the sNHS molecule in PBS and injection was much longer due to the length 

of intratumoral infusions (around 30 minutes) for mouse number 4 compared to 1. Having 

different aliquots of undissolved powder to dissolve and vortex right before injection might be a 

solution to this problem. Interestingly, the intratumoral florescence signal is comparable in value 

and variability to those found in an intradermal setting for 1 IV dose of Cy5-TCO.  This is in 

strikingly similar to the azide sNHS ester system where the intratumoral depots performed better 

than in an intradermal setting. 

 

Figure 17: Intratumoral methyltetrazine sNHS homing. A) Quantitation of ROI total radiant 

efficiency and B) representative images of sNHS(left) and PBS (right) extracted tumors after 1 

refill of TCO-cy5. 
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Preliminary Glioblastoma Targeting 

In order to realize this system as a targeted therapy for glioblastoma, an orthotopic GBM 

model like Dr. Shawn Hingtgen’ s at UNC was implemented37. In order to do this approximately 

30,000 U87 GFP-Fluc cells in 2 μl of PBS were injected stereotactically into the front right 

hemisphere of a nude mouse over 10 minutes(N=2). Tumors were allowed to grow and imaged 

on a bioluminescent filter after a 125 μl 2 mg/ml subcutaneous D-luciferin in PBS injection 

subcutaneously. Subcutaneous D-luciferin injection allows for temporary visualization of Fluc 

tumors in vivo37. After 7 days, the incisions were opened back up, the GBM tumors injected with 

2 μl of azide sNHS and AF488 NHS or AF488 NHS as control over 10 minutes, and upon 

animal recovery, injected retro-orbitally with 100 μl of 50 mg/ml DBCO-AF647. 24 hours later, 

the mice were again injected with luciferase subcutaneously and then imaged on the IVIS imager 

on the bioluminescent and cy5.5 channel. The mice were then euthanized by perfusion, ex vivo 

brain images taken again on the bioluminescent and cy5.5 filter set, and further iDISCO clearing 

and imaging. One other mouse was used as control and injected with AF488 NHS ester 

intratumorally to show active targeting with the azide moiety is needed. Figure 18 shows the 

IVIS results and light sheet image that shows a 3D visualization of where the IV injected 

fluorophores are binding in vivo. Scale up of numbers and introduction of a Glioblastoma 

therapeutic click molecule is the logical next step. 
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Figure 18: Homing and visualization of DBCO molecules to a Glioblastoma tumor(N=1). A) In 

vivo and ex vivo luciferase signal. B) Ex vivo IVIS imaging on 647nm wavelength. C) cleared 

brain tissue imaged on light sheet 647 wavelength showing where DBCO molecules (blue signal) 

are binding in vivo intratumorally. The rest of the tissue was made green in order to visualize the 

entire mouse brain. 
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Figure 19: Control orthotopic GBM brain injected intratumorally with AF488 NHS ester. The 

blue signal is the 647 DBCO fluorophore wavelength exemplifying that click chemistry targeting 

to the tumor is necessary. 

 

Conclusions and Future Directions 

We have begun to characterize using a click chemistry NHS ester molecule as an 

intratumoral target that can catch circulating complementary molecules. First, we predicted 

reaction kinetics of the NHS ester anchoring and diffusion within disease site ECM using a finite 

element analysis method. We then performed injections of a fluorescent NHS molecule in 

disease ECM to compare to in silico predictions and obtained in vivo visualizations of where a 

depot would anchor. Lastly, we show homing of complementary click fluorophores, spatial 

separation of two chemistries in vivo, and proof of antibody homing within a fibrous pancreatic 

tumor. 
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The proposed approach is also versatile in that a large variety of therapeutics have 

primary amines which can be conjugated to click chemistry motifs and used in the refillable 

depot system15.This ability would give a clinician temporal control over the course of treatment 

and allow for using different chemotherapeutic or immunotherapeutic interventions. Along with 

being conjugated to a click motif, chemical modifiers must be chosen to control the active drug 

release rate which gives temporal control over the delivery of active drugs15. 

We first set out to create an in silico model of the NHS reaction kinetics with disease site 

ECM. With reported literature values we created a chemical engineering model that was layered 

on a 2D axisymmetric diluted flow model. As with any model, there are limitations. First, the 

proposed model only incorporates fluid flow and the reaction of the azide sNHS ester. We 

determined the reaction kinetics and flow to be important in establishing a model but realize 

mechanical and thermal properties also play a large role in vivo. Even further, patient specific 

factors like specific lymphatic pathways in the tumor, densely packed spots in the tumor, and 

placement of the infusion needle are all variables. The parameters were all estimations as this 

molecule has not been studied in this manner and we only have a limited amount of histology to 

compare to prove its accuracy. Nevertheless, this model serves as an estimate to figure out the 

ideal flow rate, concentration, and volume injected to optimize the azide depot setup in specific 

case by changing tissue parameters. We also assume a tumor microenvironment is even more 

acidic than a pH of 7.4 used in the model parameters, so our values are considered an 

underestimation of the reactive azides available due to NHS molecules preferring aminolysis at 

lower pHs33. Literature suggests that the unpredictable shape of intratumoral infusions is due to 

necrotic or blood pooling “cracks” which cause abnormal ECM and form a pathway of the 

infused substance directly to the outside of the tumor30. Importantly, the in silico predictions 
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suggest that the speed of the reaction kinetics would allow administration of complementary 

click chemistry small molecules to be administered the same day as intratumoral injections. 

The model also offers insight into establishment of a depot in a brain. Although rodents 

and humans have remarkably different brain sizes and chemistry, we can still use this model to 

estimate azide distribution intracranially. Unknown factors include the amount of amine binding 

sites in the area of interest, fluid dynamics in relation to blood vessels and ventricles, and 

variability with disease states that occur.  Ultimately, the quantity of each brain region, or disease 

area, will have to be measured and averaged across a wide range of humans to have a realistic 

model of the depot establishment in vivo.  

We then used a fluorescent NHS molecule to obtain a 3D visualization of the disease site 

depot establishment to compare to the modeling. Although very informative, a major limitation 

of 3D imaging is volume distortions. There is always a slight variability in analysis depending on 

the zoom, NA, and light sheet thickness that a microscope user employs. An example of this is in 

our data we found and estimated an injection volume in the brain to be greater than the actual 

experimental volume injected, which could not possibly be true.  

Next, the small molecule fluorophore refilling experiments presented show that this depot 

system can be established in the intradermal skin layer, within a tumor, and in a healthy brain. 

These distinct injectable drug-eluting depots can now be intravenously refilled from the blood 

with complimentary click motif fluorophores. We also show spatial separation of two click 

chemistries in vivo similar to Brudno et al.’s alginate gel system. This would be useful if two 

drugs were not compatible and needed to be localized at their site of action. We found the 

methyltetrazine system only lasts around 3 months compared to the azide system which is 

expected to last up to 6 months’ time. From the data presented, we think the methyltetrazine 
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system maybe better, but lasts a shorter amount of time in vivo. Further characterization and 

optimization of the concentrations is warranted. Ultimately, the reaction rates, stability of the 

depot, and immunogenicity will all need to be evaluated for each disease state presented that 

would benefit from the proposed therapeutic mechanism. 

Overall, this technology shows promise for diseases that would benefit from repeated and 

localized dosing of therapeutics. The proposed system as a localized cancer treatment is expected 

to lead to a better quality of life for patients by reducing the therapeutic contact with other parts 

of the body as well as appeal to patients because of the relatively noninvasive refilling procedure. 

The refillable click NHS ester system as localized drug depot platform has shown promising 

results in vivo and calls for further research into its therapeutic efficacy utilizing 

chemotherapeutic or immunotherapeutic conjugated click molecules. 
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Appendix 1-Intradermal pathology comments 

The pathologist was blinded to the identity of the two groups. Group A was the 50ul 

saline control and group B was injected intradermally with 50ul azide sNHS. 

September 13, 2018 

H&E slides of mouse skin and tissues were submitted from 8 mice after a study to determine 

local or distal effects of an injected depot material. All tissues were evaluated by light 

microscopy and were graded as:  “-“ = no changes observed in this tissue for any mouse; “0” = a 

particular change not present,;”1” = change is present at slight/minimal severity; “2” = mild 

severity, “3” = moderate severity; “4” marked severity; “5” = severe.  A grade of 1 represents the 

minimal detectable change and a 5 represents a change judged to be essentially as severe as 

possible.  

Microscopic Observations and Comments: 

See Table 1 below for individual animal results by group.  Minimal histologic alterations 

were noted in the skin of one mouse and the livers of 3 mice. 

Mouse #7, Group B, has a very small focus of slightly increased numbers of neutrophils 

and macrophages in the hypodermis.  A few of the macrophages contained dull reddish-brown 

isotropic pigment which could be lipofuscin, or possibly hemosiderin or other material. This area 

may be the site of injection. Mouse #2, Group A, has a single small aggregate of macrophages in 

a hepatic sinusoid.  Mice #6 and #8, both Group B, have similarly sized small clusters of 

leukocytes, which include a few neutrophils in addition to macrophages (probably an earlier 

stage of the same process) . Hepatic aggregates of leukocytes in these 3 mice likely represent a 

progressive response to blood-borne inflammatory particles and are frequently observed in both 
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manipulated and control mice.  When infrequent and small, as in these mice, they are generally 

considered to be of no research significance or biologic consequence. 

No differences were noted between the two groups. 

                                                                        

                                                                      

___ ______ 
Charles B Clifford, DVM, PhD, DACVP 
 
Table 1:  Individual mouse results by Group 
 

Group: A B 

 
mouse 

#: 
1 2 3 4 5 6 7 8 

Skin 
         

Subcutaneous 
inflammation 

0 0 0 0 0 0 1 0 

Subcutaneous 
pigment 

0 0 0 0 0 0 1 0 

         

Lung 
 

- - - - - - - - 

         

Heart 
 

- - - - - - - - 

         

Spleen 
 

- - - - - - - - 

         

Liver 
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Mononucear 
cell 

aggregate(s) 

0 1 0 0 0 0 0 0 

Mixed 
inflammatory 

cell 
aggregate(s) 

0 0 0 0 0 1 0 1 

         

Kidney 
 

- - - - - - - - 

                    

 

 

Appendix 2-Intradermal IVIS pictures 

First two pictures/columns are before the refill and second two pictures are the same mice 

24 hours after the refill. The first row is the 1 day, second row is 1 month, and the 3rd row is the 

3-month time point. All values are normalized to radiant efficiency values.1 day,1-month, and 3-

month refill data images for the 4 azide sNHS mice: 
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4 controls on the same scale: 

 
6-month refill: 
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Appendix 3-Intratumoral Azide sNHS IVIS Data 

1st four mice are the azide sNHS infused tumors before and the next four are PBS before. 

Starting from the 2nd row 2nd column, the azide sNHS infused tumor mice after 24 hours are 

shown followed by the PBS. 

1st refill: 
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2nd: 

 
3rd refill and extracted tumors: 
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Appendix 4: Intracranial Data 

Azide sNHS(left) and PBS (right) mice before and after 1st dose: Tails were covered if 

the fluorescence from tail vein IV injections made the image saturated. Also, one of the PBS 

mice hurt it’s right eye from scratching at head wounds and shows a small fluorescence signal 

near the wound. 
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2nd dose: 

 
3rd refill: 
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