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Abstract

Interstitial cystitis (IC), also known as painful bladder syndrome, is a debilitating chronic 

condition with many patients failing to respond to current treatment options. Rapid clearance, 

mucosal coating, and tight epithelium create strong natural barriers that reduce the effectiveness of 

many pharmacological interventions in the bladder. Intravesical drug delivery (IDD) is the 

administration of therapeutic compounds or devices to the urinary bladder via a urethral catheter. 

Previous work in improving IDD for IC has focused on the sustained delivery of analgesics within 
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the bladder and other small molecule drugs which do not address underlying inflammation and 

bladder damage. Therapeutic glycosaminoglycans (GAG) function by restoring the mucosal 

barrier within the bladder, promoting healing responses, and preventing irritating solutes from 

reaching the bladder wall. There is an unmet medical need for a therapy that provides both acute 

relief of symptoms while alleviating underlying physiological sources of inflammation and 

promoting healing within the urothelium. Semi-synthetic glycosaminoglycan ethers (SAGE) are an 

emerging class of therapeutic GAG with intrinsic anti-inflammatory and analgesic properties. To 

reduce SAGE clearance and enhance its accumulation in the bladder, we developed a silk-

elastinlike protein polymer (SELP) based system to enhance SAGE IDD. We evaluated in vitro 
release kinetics, rheological properties, impact on bladder function, pain response, and bladder 

inflammation and compared their effectiveness to other temperature-responsive polymers 

including Poloxamer 407 and poly(lactic-co-glycolic acid)-poly(ethylene glycol). SAGE delivered 

via SELP-enhanced intravesical delivery substantially improved SAGE accumulation in the 

urothelium, provided a sustained analgesic effect 24 hrs. after administration, and reduced 

inflammation.
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1.0 Introduction:

1.1 Intravesical Therapy

Interstitial Cystitis (IC), also known by descriptive epithet painful bladder syndrome (PBS), 

is a chronic condition where lower abdominal pain, urinary frequency, sexual dysfunction, 

and urgency lead to major detrimental impacts on a patient’s quality of life.[1] In spite of 

afflicting between 3.3 and 7.9 million people in the United States each year, there is a lack 

of effective treatment options available for these patients. A study of 581 women with 

IC/PBS over several years found that they underwent 183 different types of therapy in 

attempts to ameliorate their symptoms.[2] A simple and direct treatment that alleviates 

symptoms while helping to restore underlying bladder function is needed.
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Therapeutic glycosaminoglycans (GAG) are a broadly used treatment for IC/PBS and 

function by restoring the mucosal barrier within the bladder and preventing irritating solutes 

from reaching the bladder wall. However, the predominant therapeutic GAG used, pentosan 

sulfate, lacks analgesic and anti-inflammatory effects.[3] While providing temporary 

analgesic relief, lidocaine and other analgesic moieties such as botulinum toxin fail to repair 

underlying damage and offer only superficial bladder anesthesia.[4–7] Even multi-modal 

treatments where GAGs are combined with analgesics result in only temporary relief lasting 

up to 12 hours.[8] Intravesical treatment with analgesics provide short-lived and ultimately 

unsatisfactory relief. There are several ongoing trials for botulinum toxin A delivered in 

saline, thermoresponsive hydrogels, or liposomes and there are some promising initial 

results in their potential to prevent bladder urgency and pain, but data reflect that they have 

limited utility in resolving the underlying pathology.[9–11] There is an unmet medical need 

for a therapy that provides both acute relief of symptoms while alleviating underlying 

physiological sources of inflammation and promote healing within the urothelium.

Intravesical delivery of semisynthetic glycosaminoglycan ethers (SAGE) has the potential to 

overcome the shortcomings of current GAG-based treatment by offering both mucosal 

restoration and potent analgesic and anti-inflammatory effects.[3] SAGE GM-0111 has 

previously shown increased anti-inflammatory effects compared to pentosan sulfate and 

lacks the anticoagulation-associated risks of heparin.[12] However, a prolonged residence 

time in the bladder for drugs remains a challenge as patients can typically only tolerate 

intravesical solutions for 60–90 minutes.[4]

Low retention, dilution in urine, and rapid clearance are barriers to effective 

pharmacological intervention in IC/PBS and result in decreased effect size and frequent 

treatment failure.[13] Intravesical drug delivery (IDD) via urethral catheter allows for the 

direct administration of higher concentrations of drugs to the urinary bladder. Intravesical 

treatment maximizes the concentration of the therapeutic within the bladder while 

minimizing systemic toxicities. However, the mucous coating of the bladder, tight 

epithelium, dilution from urine, and rapid clearance during urination create substantial 

barriers to drugs penetrating the urothelium and achieving sustained therapeutic action.[14] 

For example, IDD of lidocaine has a residence time of only 20–60 minutes in the bladder 

prior to clearance. Devices that can prolong delivery have been developed, but must 

eventually be retrieved and can lead to infection, irritation, obstruction, and other 

complications.[13] Other formulation approaches for IDD that do not leave behind a device 

include liposomes, mucoadhesive particles, mucopenetrating particles, and in situ gelling 

depots such as Poloxamer 407 and poly(lactic-co-glycolic acid) (PLGA)- poly(ethylene 

glycol) (PEG) copolymers. These systems have been mainly used for small molecule 

analgesic delivery. While there is extensive research for intravesical delivery of small 

molecule drugs for the treatment of bladder cancer or urinary tract infections, there are far 

fewer IDD systems that have been developed for IC/PBS, and none have focused on 

improving GAG delivery.[4,7,13,15] The delivery of hydrophilic drugs particularly with 

high molecular weights remains a challenge in the bladder. Successful pharmacological 

interventions in the bladder is tied to the ability for drugs to reach and then maintain local 

therapeutic concentrations. Temperature-responsive polymers offer a direct mechanism to 

enable the transition from an injectable solution into a solid gel to enable localized retention 
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of a therapeutic payload.[16] The physicochemical properties of SAGE can interfere with 

many standard chemistries used to chemically crosslink polymer systems. Temperature-

responsiveness also enables off-the-shelf functionality in the clinic without the need for 

specialized delivery devices.

Silk-elastinlike protein polymers (SELP) offer substantial potential as drug delivery carriers.

[17–19] Exquisite control over polymer structure with tunable gelation and mechanical 

properties has been achieved based on silk-to-elastin ratio and sequence, incorporation of 

biodegradable sequences at specific sites, and control over molecular weight.[20–23] Herein, 

we selected SELPs with appropriate structures to readily be able to transition to form stable 

gel networks at body temperature and contain positively charged guest residues for 

interaction with SAGE.

We hypothesized that SAGE GM-0111 is an effective potential therapy for ICP/PBS and its 

effectiveness can be enhanced via intravesical delivery with SELP. This mixture of protein 

and GAG mimics the natural components of the mucous membrane within the bladder. To 

enhance SAGE GM-0111 IDD, we created a silk-elastinlike protein polymer (SELP) 

intravesical delivery system. We investigated the release kinetics, viscoelastic properties, 

impact on SAGE accumulation and residence time in the bladder, bladder function, and 

therapeutic effect in a murine model of IC/PBS. The effectiveness of SELP was tested 

against two other in situ gelling polymer systems, namely Poloxamer 407 and PLGA-PEG-

PLGA that have been explored for improving intravesical therapy in clinical trials.

2.0 Materials and Methods:

2.1 Polymeric Materials

SAGE GM-0111 was purchased from GlycoMira Therapeutics, Inc. (Salt Lake City, UT) 

(Structure and characteristics shown in Figure 1A). PLGA-PEG-PLGA was purchased from 

Sigma Aldrich (St. Louis, MO). Poloxamer 407, also known as Polyethylene-Polypropylene 

Glycol, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) copolymer (PEO-

PPO-PEO), and the tradenames Pluronic® F-127 and Speronic PE/F 127, was purchased 

from Spectrum Chemical Mfg. Corp. (New Brunswick, NJ). The structures and 

characteristics of these polymers from manufacturer’s lot characterization are shown in 

Figure 1B and 1C, respectively. SELP 815K was expressed, characterized, and shear-

processed as previously described (structure shown in Figure 1D).[20,22,24,25] SELP 415K 

was synthesized as previously described (structure shown in Figure 1E).[26] SELP 415K 

and SELP 815K were selected for consideration as they readily form hydrogels at 37°C and 

have positively charged lysine residues located in their elastin-like portions of their sequence 

to facilitate interaction with negatively charged SAGE. SELP was stored at −80° C freezer 

loaded in luer lock-syringes (Becton Dickinson, Franklin Lakes, NJ) and thawed at room 

temperature water at the time of use.

2.1 In vitro release and polymer formation

The release of SAGE GM-0111 from high and low concentrations of SELP 815K, SELP 

415K, PLGA-PEG-PLGA, and Poloxamer 407 was quantified using an Azure A based 
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colorimetric assay method. The high and low concentrations tested were based upon 

concentrations previously reported in the literature used for the sustained delivery and the 

dissolution needed to see a substantial difference in rheological properties and gel formation.

[27–32] SELP 815K and SELP 415K were evaluated at 12% and 4% (wt/wt). Below 3–4% 

(wt/wt) these copolymers do not form a cohesive gel matrix, and the possibility of 

spontaneous gelation during shear processing of the material exists above 12% (wt/wt).[24] 

Poloxamer 407 and PLGA-PEG-PLGA were dissolved in chilled phosphate buffered saline 

(referred to as saline through the remaining manuscript) pH 7.4 (ThermoFisher Scientific, 

Waltham, MA) at 20% and 10% (wt/vol). 20% (wt/vol) Poloxamer 407 is sufficient to form 

a robust gel, and 10% (wt/vol) is right at the edge of its ability to undergo a temperature 

responsive transition.[32] 10 mg/ml of lyophilized SAGE GM-0111 was added to each 

polymer solution and a saline solution as a control. Samples of these solutions were set aside 

for further characterization. 20 μL of each mixture was placed in a sterile tube and incubated 

at 37 °C in a humidified incubator for 12 hr. 1 mL of prewarmed Surine™ simulated urine 

(Sigma Aldrich, St. Louis, MO) was added to each tube and then they were incubated in a 

SteadyShake™ 757 (Amerex Instruments Inc., Concord, CA) incubator at 37 °C and 120 

rpm. 100 μL samples of release media were taken and replaced with clean media after 1 min, 

5 min, 15 min, 30 min, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr. The content of SAGE in the release 

media was determined using Azure A as previously described.[27]

2.2 Tilt testing

A tilt test was used to observationally assess the gelation of the thermoresponsive polymer 

under conditions similar to intravesical administration. Solutions of SELP 815K, SELP 

415K, PLGA-PEG-PLGA, and Poloxamer 407 at the high and low concentrations loaded 

with 10 mg/ml of SAGE GM-0111 were cooled to 4 °C. 400 μL of the solution was then 

placed in glass vial (ThermoFisher Scientific, Waltham, MA) and sealed. The solutions were 

tilted 90 °C and photographed (images were globally white balanced and cropped to remove 

extraneous background). They were then placed in a water bath set to 37 °C for 30 sec, 1 

min, 2 min, 3 min, 5 min, 10 min, 15 min, 30 min. and 60 min. The samples were then set 

overnight in a 37 °C water bath prior to further characterization.

2.3 Electron microscopy of SAGE loaded gels

Scanning electron microscopy was used to assess the structure of the gel following 

formation. Solutions of SELP 815K, SELP 415K, PLGA-PEG-PLGA, and Poloxamer 407 at 

the high and low concentrations loaded with 10 mg/ml cured overnight in a 37 °C water bath 

were flash frozen in liquid nitrogen and lyophilized on a FreeZone 12 (Labconco, Kansas 

City, MO) at ≤ −50 °C and ≤0.005 mBar for 4 days. The lyophilized samples were placed on 

carbon tape and sputter-coated with 5nm of gold-palladium and imaged on an FEI Quanta 

600F (ThermoFisher Scientific, Waltham, MA) with a kV of 10.00.

2.4 Rheological characterization:

The viscosity and rheopectic properties of the gels were assessed using a TA Instruments 

AR550-Stress Controlled Rheometer (New Castle, DE) with a 20 mm 4° cone-and-plate 

configuration. Evaporation during the run was prevented using a solvent trap. A viscosity 

sweep was performed from 18 to 37 °C (5.76 °C/min) at an angular frequency of 6.283 
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rad/s. A 3 hr oscillatory sweep at 37 °C with 0.1% strain followed as described previously.

[23,24] All tests were performed in triplicate using separately prepared samples.

2.5 Animal Care and Ethics Statement

The animal facilities at the University of Utah are American Association for the 

Accreditation of Laboratory Animal Care (AAALAC) accredited. Before beginning studies, 

all procedures were reviewed by the Institutional Animal Care and Use Committee of the 

University of Utah (Protocol #: 1106010), and all experiments were conducted in accordance 

with the Guide for the Care and Use of Laboratory Animals.[33] Animals were maintained 

on a standard 12 hr. light/dark cycle and given food and water ad libitum. Mice were 

randomly allocated to each experimental group and housed together if possible. Experiments 

were performed during the light portion of the cycle within their care facility or dedicated 

procedure room. Paperchip® (Shepherd Specialty Papers, Watertown, TN) was used as the 

primary beading and mice were provided with an Enviropak Nestpak® filled with 

envirodri® (Fibercore, Cleveland, OH). The health of all mice was assessed daily by either a 

veterinarian or a trained veterinary technician.

2.6 Qualitative assessment of intravesical accumulation of SAGE:

The impact of thermoresponsive polymer matrices on SAGE accumulation within the 

bladder urothelium was assessed using fluorescent microscopy. SAGE GM-0111 was 

labeled with CF™633 Hydrazide (Biotium, Inc., Fremont, CA) as previously described.[12] 

Labeled SAGE GM-0111 was diluted at a 1:9 ratio to ensure sufficient material for all 

animals in the study to receive a uniform batch. Animals received 10 mg/ml of fluorescently 

doped SAGE in Poloxamer 407 20% (wt/vol), PLGA-PEG-PLGA 20% (wt/vol), SELP 

415K 12% (wt/wt), SELP 815K 12% (wt/wt), or phosphate buffered saline. Healthy female 

C57BL/6 mice 11 weeks of age were used for intravesical delivery. Female mice were 

selected for this study as IC/PBS diagnosis in the clinic has a female-to-male ratio of 10:1.

[1] Mice were anesthetized using 1.5–3% isoflurane in oxygen. The bladder was accessed 

via 1.5 cm long 0.64 mm OD × 0.3 mm ID piece Dow Corning Silastic® (VWR, Radnor, 

PA) tubing coated in Surgilube® (HR Pharmaceuticals, Inc., York, PA) inserted into the 

urethra. Urine was then drained through the catheter using gentle suprapubic palpitations. To 

the empty bladder, 50 μL of test solution was administered followed by immediate 

withdrawal of the catheter. After 3, 12, and 24 hr. mice (n=3, per group per time point) were 

sacrificed. The bladders were hemisected at necropsy, fixed in 10% formalin, dehydrated in 

xylene, embedded in paraffin, sectioned to 0.5 μm thick, and stained with Hoechst 33342. 

Tissue sections were then imaged on an Olympus Confocal FV1000 microscope at 20x 

magnification with an excitation of 640±15 nm and emission of 690±15 nm for CF™−633 

bound to SAGE GM-0111 and a second channel set to an emission of 350±15 nm and 

excitation of 460±15 nm for Hoechst 33342.

2.7 Creation of a murine IC/PBS model using LL-37 and treatment with SAGE GM-0111

To evaluate the impact of thermoresponsive polymer formulations on the therapeutic 

potential of SAGE GM-0111, we treated a mouse model of IC/PBS. The human cathelicidin 

LL-37, a signaling and anti-microbial peptide found in the urine of IC/PBS patients, was 

used to induce IC/PBS in 8–10 week old female C57BL/6 mice.[34] This generates a model 
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that mimics the inflammation and pain associated with IC/PBS.[35–37] LL-37 (peptide 

sequence: LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was obtained from the 

DNA/Peptide Synthesis Core at the University of Utah and purified using preparative high-

performance liquid chromatography. The peptide was prepared as a 320 μM solution in 

water and then delivered as a 50 μL treatment via catheter to the bladder as described above. 

LL-37 was allowed to dwell for 1 hr in order to induce an IC/PBS-like condition. SAGE 

GM-0111 was delivered via intravesical administration to the bladder at a concentration of 

10 mg/ml in 50 μL test solutions including phosphate buffered saline, SELP 815K 12%, 

SELP 415K 12%, PLGA-PEG-PLGA 20%, and Poloxamer 407 20% (n=6 in each group). 

The test solution was allowed to dwell for 5 minutes before removing the instillation 

catheter. The intravesical administration of phosphate buffered saline was used as a sham 

treatment control in animal studies (n=6). Additionally, a set of mice that were catheterized 

but did not undergo LL-37 insult referred to as intact mice in this manuscript, were used as 

reference control to better understand baseline variability in test methods, validate LL-37 

induction of an IC/PBS-like disease state, and expected values within a healthy population 

(n=6).

2.8 Impact on bladder function using void spot assays

The delivery of therapeutic compounds via intravesical delivery of in situ gelling polymers 

to the bladder can potentially impact bladder function by occupying volume, affecting 

bladder elasticity, or obstructing clearance through the urethra. Bladder function was 

assessed using a void spot assay (VSA). Mice were placed into individual wire mesh-

bottomed cages over filter paper (ThermoFisher Scientific, Rockford, IL) for 4 hr. in a quiet 

room during the middle of their day cycle. The filter paper was collected, dried, and then 

imaged on an Alpha Innotech FluorChem SP Digital Imaging System under ultraviolet light 

at 365 nm. The area and number of void spots were calculated by analyzing the images 

using ImageJ. Volume was calculated from the area of the spots compared to a calibration 

curve. Spots under 6.6 mm2, corresponding to a volume of 0.5 μL, were excluded from 

consideration. Mice that did not have any voiding events during the test period were 

excluded from calculation of average voiding volume.

2.9 Evaluation of treatment efficacy via behavioral assessment of lower abdominal pain

Pain is one of the central aspects of IC/PBS and a major contributor to the decrease in 

patient’s quality of life. SAGE GM-0111 effectiveness as an analgesic intravesical therapy, 

delivered in solutions of phosphate buffered saline, SELP 815K 12%, SELP 415K 12%, 

PLGA-PEG-PLGA 20%, or Poloxamer 407 20%, was behaviorally assessed using tactile 

stimulation. Mice in individual polycarbonate enclosures with a wire mesh base were given 

at least 10 min prior to testing for acclimation. Von Frey filaments corresponding to 0.04, 

0.16, 0.4, 1.0, and 4.0 grams of force (g) were used to generate consistent levels of 

stimulation to the suprapubic zone over the bladder. Each filament was applied in 10 

successive tests for 1 sec with at least 3 sec between each application. Each test was 

administered to a unique site to prevent wind-up. Positive indicators of pain included a jump, 

a sharp retraction of the abdomen, or immediate scratching or licking of the stimulated area.

[38] The number of positive responses out of the total number of trials at each stimulation 

level is the response rate. The baseline response rate for each mouse was determined before 
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exposure to LL-37. The effect of treatments was assessed 24 hr. after administration. The 

degree of analgesic effect was calculated by taking the difference between the post-treatment 

and baseline response rates at the highest degree of stimulation. The impact on hyperalgesia, 

or heightened sensitivity to pain, was measured by calculating the area under the curve 

(AUC) using the trapezoidal rule of the dose-response curve.[39] The AUC was then 

normalized to the Sham treatment control, where the mice received only saline injections. 

Allodynia, or the sensitization to normally non-painful stimulation, was assessed by 

determining the stimulation level at which the animals exceeded a 30% increase in response 

rate over baseline.

2.10 Examination of bladder inflammation

Inflammation is central to most etiological theories and treatment strategies for IC/PBS. 

Gross examination of bladder anatomy was conducted at necropsy with attention given to 

urinary retention, swelling, erythema, and other signs of inflammation. Each bladder was 

resected and then hemisected to allow for inspection to assess the extent of edema, 

hemorrhage, urothelial erosion, and ulceration at 10x magnification. Half of the bladder was 

fixed in formaldehyde and prepared with hematoxylin and eosin for histological evaluation, 

as described previously.[35] The other half of the tissue was homogenized. As a general 

marker of bladder inflammation, the myeloperoxidase (MPO) concentration was measured 

using a Hycult® mouse MPO Kit (Biotech Inc., Plymouth Meeting, PA). The concentration 

of MPO was normalized to the protein content using a Pierce™ Coomassie Plus (Bradford) 

assay kit (ThermoFisher Scientific, Rockford, IL).

2.11 Statistical Analysis

Statistics were performed using GraphPad Prism ™ 5.0 (GraphPad Software, CA) for 

mechanical characterization and release data and R version 3.5.2 (The R Foundation for 

Statistical Computing, Vienna, Austria). A Grubbs test was used to identify outliers and 

exclude them from analysis in vitro. Results from in vivo were assumed normal unless they 

were identified as non-parametric using a Shapiro-Wilks test. A Student’s T-test for paired 

sets of data and a one-way analysis of variance (ANOVA) with a post-hoc Bonferroni 

Multiple Comparison Test were used to compare parametrically distributed sets of data with 

3 or more groups. For non-parametrically distributed data, a Kruskal-Wallis test followed by 

a post-hoc Dunn’s test for group comparisons was used to assess statistical significance. No 

outliers were excluded from in vivo results as they may represent important but infrequent 

events. A p-value of less than 0.05 was used as the threshold of statistical significance in this 

manuscript.

3.0 Results:

3.1 Controlled release of SAGE from thermoresponsive polymers

To test if SAGE could be efficiently released from the polymer gels, we measured the 

release of SAGE over a 24-hour period. A high and low concentration for each polymer was 

tested based upon past reports in the literature for achieving controlled release of 

therapeutics for each polymer. The synthetic polymers Poloxamer 407 and PLGA-PEG-

PLGA and the low concentration of SELP 415K showed massive burst release with over 
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80% of the payload being dumped within one min in simulated urine (See Figure 2 A, B, 

and C). Only SELP 815K and the high concentration of SELP 415K showed controlled 

release profiles that best fit a zero-order release profile with linear correlation coefficients 

(R2) of 0.88 and 0.972, respectively within the 24 hr. period of observation (See Figure 2 C, 

D). Only the SELPs showed statistically significant effects on SAGE release associated with 

their concentration (See Figure 2 E). All of the high concentrations showed greater than 50% 

release over 24 hours and were selected for rheological characterization.

3.2 Mechanical assessment of in situ gelling formulations

To evaluate the ability of the polymer solutions to be delivered through a catheter into the 

bladder and then transition into a delivery depot we evaluated rheological properties of the 

material. Even the most viscous formula tested, Poloxamer 407 20% with SAGE, was able 

to be easily injected through a 5 Fr (1.7 mm) catheter by hand (see Figure 3A). The SELP 

815K and SELP 415K showed increasing modulus with time indicating rheopectic behavior, 

due to gelation from the intra-polymeric crosslinking of the silk units (See Figure 3B). 

PLGA-PEG-PLGA had a drastic reduction in viscosity between 23° and 37° C due to phase 

separation between the polymer and aqueous portions of the media (see Figure 3 A, C, and 

F). Poloxamer 407 and PLGA-PEG-PLGA showed stable properties over the 2 hr. period 

indicating that they had reached equilibrium (See Figure 3 D). The addition of 10 mg/ml 

SAGE to the polymer systems increased their viscosity by a statistically significant amount 

except for SELP 415K (see Figure 3E). The addition of 100 mg/ml of SAGE to SELP 815K 

did not prevent matrix formation, but did accelerate gelation and reduce the peak modulus of 

the gel. The addition of SAGE to SELP 415K and 815K tended to create lower density 

matrices based upon SEM observations of lyophilized samples. There was no readily 

apparent effect on PLGA-PEG-PLGA or Poloxamer 407 film structures after the addition of 

SAGE. SAGE at 10 mg/ml did not interfere with the in situ gelling function of any of the 

polymers tested in the context of intravesical administration.

The structure of the materials was evaluated via SEM of lyophilized samples of the gels. 

SELP samples formed distinct crosslinked matrices while PLGA-PEG-PLGA and 

Poloxamer 407 formed a film and highly viscous fluid respectively that depended on 

hydrophobic-hydrophilic interactions to stabilize their structures (see Figure 3G and 3H). 

SELP structure persisted through lyophilization due to crosslinking between the beta sheets 

formed between the silk-like motifs. SELP 415K produced a denser matrix than SELP 

815K, but had slower gelation and lower peak modulus owing to the higher silk-like:elastin-

like motif ratio. These materials gave us a broad base of properties to evaluate for enhancing 

SAGE accumulation in the bladder.

3.3 Polymer enhanced accumulation in healthy mice

We assessed the impact on SAGE accumulation in the bladder and ease of intravesical 

administration for each of the thermoresponsive polymers. All solutions were easily 

administered by hand through a small silicone 0.3 mm diameter catheter into the bladder. 

This represents a greater challenge for administration than clinically used catheters which 

have diameters ranging from 2.67 to 6 mm in diameter (8–18 Fr). After the 3-hr. time point, 

no SAGE-633 was observed in the animals that received SAGE in a traditional intravesical 
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administration using saline (See Figure 4). The PLGA-PEG-PLGA and SELP 415K showed 

limited accumulation of SAGE-633 at the 3-hr. time point, but did show increased retention 

in the bladder wall at the 12 and 24-hr time points. Poloxamer and SELP 815K showed 

enhancement of accumulation at all three-time points (See Figure 4). SAGE-633 was 

observed within the mucus coating, penetrating the urothelium, and associating with the 

endovasculature. These results indicate that the addition of thermoresponsive polymers to 

intravesical delivery enhances the accumulation of SAGE compared to saline and polymers.

3.4 Effect of thermoresponsive polymers on urinary function after intravesical 
administration

We used VSA to evaluate the influence of SAGE with the intravesical polymer 

administration on bladder function in mice exposed to LL-37 induced IC/PBS. Healthy 

intact mice tended to have 1–2 large voiding events in the corners of their cages during the 

4-hr observational period (See Figure 5A). This is typical behavior for female C57BL/6 

mice.[40] The induction of IC/PBS did not significantly alter standard urinary behavior, but 

intravesical delivery with polymers did impact bladder function.

Intravesical administration of matrix forming gels negatively impacted bladder function, 

with a stiffer faster gelling formulation having the most deleterious outcomes. SELP 415K 

and 815K reduced both the mean and total urination volume (See Figure 5C and 5D). The 

faster gelation and stiffer modulus of SELP 815K lead to the formation of a free-floating gel 

mass within the bladder leading to reduced capacity and potential bladder outlet obstruction. 

These effects were manifested by frequent small urination events in the center of the cage, 

indicating an increased feeling of urgency (See Figure 5). SELP 415K due to its slower 

gelling and more elastic character formed a stronger association with the urothelium and 

demonstrated reduced impact on urination compared to SELP 815K.

Film forming and soluble polymers had minimal impact on bladder function 24 hours after 

intravesical delivery. Both PLGA-PEG-PLGA and Poloxamer 407 did not significantly alter 

the frequency or volume of urination (See Figure 5 B, C, and D). The addition of SAGE to 

Poloxamer 407 and PLGA-PEG-PLGA did not lead to any apparent change in urinary 

behavior after 24 hours. This may be due to rapid clearance from the bladder during 

subsequent urination. No residual Poloxamer 407 or PLGA-PEG-PLGA polymer was 

observed in the bladder after administration in either healthy or IC/PBS mice and were likely 

cleared with urination.

3.5 Amelioration of LL-37 induced pain in murine IC/PBS model by SAGE

SAGE ameliorated the pain associated with an LL-37 induced model of IC/PBS, and this 

effect was enhanced by thermoresponsive polymers. Pain response was assessed using 

mechanical stimulation to the suprapubic area of the mice using Von Frey filaments after 

LL-37 insult (See Figure 6A). LL-37 exposure significantly increased the relative maximal 

pain response rate by 250% and induced a highly significant allodynic and hyperalgesic 

response to suprapubic stimulation (See Figure 6 B, C, and D). Treatment with SAGE via a 

traditional saline injection provided a reduction in pain response. All of the solutions that 

contained SAGE demonstrated superior analgesic effects to those that did not contain SAGE 
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(See Figure 6E) as seen by the repression of elevation pain response from baseline in the 

dose-response curves. Poloxamer 407, PLGA-PEG-PLGA, saline, SELP 815K SELP 415K 

with SAGE reduced the pain response by 19%, 22%, 28%, 38%, and 56%, respectively, 

compared to the sham treatment control (See Figure 6B).

Polymers that formed gel networks and mediated SAGE release showed improved analgesic 

effects over non-network forming systems. Poloxamer 407 and PLGA-PEG-PLGA solutions 

reduced the size of the analgesic efficacy compared to either SELP 815K and SELP 415K 

which showed a greater degree of analgesic effect (See Figure 6B). Only SELP 415K 

showed significant amelioration of hyperalgesia, based upon the reduction in the AUC of the 

stimuli response curves (See Figure 6C). SELP 815K was second only to SELP 415K, and 

likely has its effectiveness reduced due to untoward effects on urination. In particular, this is 

seen in the reduced response threshold for SELP 815K, which is negatively impacted by the 

retention of urine in the bladder. The ability of polymers to increase retention of therapeutic 

payload in the bladder leads to improved analgesic outcomes.

3.6 Evaluation of anti-inflammatory effects

Administering SAGE to the bladder visibly reduced inflammation and ulceration in the 

urothelium. Gross anatomical inspection showed clear signs of swelling, hyperemia 

erythema, and ulceration 24 hr. after the administration of LL-37 (See Figure 7A). The 

addition of SAGE at 10 mg/ml drastically reduced the visible signs of inflammation and in 

many cases were visually indistinguishable from intact bladders which were never exposed 

to LL-37. Histology substantiated this observation of inflammation as indicated by 

significant edema within the urothelium and cellular infiltrates (See Figure 7B). This 

indicates that SAGE substantially improved local inflammation. Quantitative assessment of 

MPO, a general marker for the degree of bladder inflammation, demonstrated a barrier 

function in the polymer systems in preventing LL-37 induced inflammation. MPO rose 245-

fold between the saline control and intact mice, which were never exposed to LL-37 (See 

Figure 7C). PLGA-PEG-PLGA, Poloxamer 407, and SELP 415K without SAGE decreased 

MPO concentration by 70%, 67%, and 35% compared to the sham treatment, respectively. 

The addition of SAGE further enhanced reductions in MPO concentration by an additional 

42–72% depending on the mode of delivery. The intravesical administration of SAGE had a 

clear beneficial effect on reducing bladder inflammation induced from LL-37 insult.

Intravesical delivery of thermoresponsive polymer to the bladder exhibited a moderate 

amelioration of LL-37 induced inflammation, except SELP 815K which visually 

exacerbated inflammatory response. PLGA-PEG-PLGA and Poloxamer 407 reduced the 

signs of erythema and swelling and other signs of inflammation and no signs of the material 

24 hours after administration (See Figure 7A). Substantial urinary retention and distention of 

the bladder was noted in all of the animals that received SELP 815K with or without SAGE. 

Swelling due to urinary retention lead to increased inflammation in animals that received 

SELP 815K. This effect was not observed with the other polymers. Depots of 815K and 

415K were observed in the bladders at the time of resection indicating a greater degree of 

retention. Distension leading to increased inflammation for SELP 815K was also apparent in 

histology by the greater degree of edema and in increased MPO expression (See Figure 7B 
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and 7C). The masses of SELP 415K were far softer and more pliable than 815K at the time 

of resection and tended to conform tightly to the surface of the bladder like a coating. 

Poloxamer 407 and PLGA-PEG-PLGA were no longer visibly present in the bladder after 

24 hrs. However, Poloxamer 407 and PLGA-PEG-PLGA did significantly reduce MPO 

expression due to LL-37 insult even without the incorporation of SAGE.

4.0 Discussion:

IC/PBS is a chronic condition with few treatments that are effective on most patients. The 

intrinsic symptomology of urinary urgency, sexual dysfunction, and pain result in a 

substantial reduction to patient quality of life. Oral pentosan sulfate is the only currently US 

FDA approved drug for IC/PBS and has shown limited efficacy in placebo-controlled trials. 

Poor oral absorption and degradation is a challenge for therapeutic glycosaminoglycans, 

such as pentosan sulfate, with less than 6% of the ingested dose reaching the bladder, and 

then mostly as desulphated and depolymerized metabolites. [41–43] Given the proposed 

therapeutic mechanism of restoring the mucosal barrier, low molecular weight fragments 

have limited restorative potential. Intravesical hyaluronic acid and heparin have been used 

extensively to treat patients with IC/PBS in the US and Europe.[5] Patients treated with 

intravesical GAGs typically receive no immediate amelioration of pain, and it can take 3–6 

months to show any clinical signs of improvement and frequently result in only a modest 

amelioration of symptoms.[41,44,45] While intravesical delivery of analgesics such as 

lidocaine offer immediate relief, the effects are short-lived and fail to result in adequate 

resolution of patients’ symptoms in the long term. Here we show preliminary data 

demonstrating that SAGE GM-0111 when combined with a SELP polymer for enhanced 

delivery is able to both ameliorate bladder pain and reduce the underlying inflammatory 

source of IC/PBS.

SAGE as a therapeutic for IC/PBS has multiple potential modes of action that could be 

enhanced by polymer mediated intravesical drug delivery. SAGE has numerous purported 

mechanisms of action whose mode is tied to accumulation within target tissues. The most 

prevalent explanation of intravesical GAG therapeutic action in IC/PBS is fortification of the 

protective urothelial barrier that reduces ingress of molecules with danger-associated 

molecular patterns (DAMP).[46] However, this explanation can only partially explain the 

observed efficacy of SAGE in IC/PBS models. SAGE has improved efficacy compared to 

pentosan sulfate, hyaluronan, heparin, or chondroitin sulfate in spite of similar or greater 

anionic charge density and molecular weight.[3] Indicating, that this mechanism only 

partially contributes to the observed therapeutic effects of SAGE GM-0111. SAGE 

GM-0111 additionally blocks receptors for advanced glycosylation end products (RAGE), 

Toll-like receptor (TLR) 2 and TLR4 from activating downstream inflammatory pathways 

through competitive inhibition.[46,47] This can then inhibit Nuclear Factor kappa-light-

chain-enhancer of activated B cells (NF-κB) mediated cellular responses, decrease the 

extracellular release of ATP, reduce apoptosis in urothelial cells and leukocyte release of 

elastase, and lessen immune cell infiltration into the bladder leading to overall reduction in 

pain response, mast cell infiltration and degranulation, deterioration of bladder wall, and 

suprapubic pain responses.[36,37,46–48] These pharmacological aspects of SAGE 
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GM-0111 action are likely the source of the observed SAGE-associated amelioration of 

IC/PBS symptomology seen in the model in this study.

SELP improves the intravesical delivery of GAG therapeutics. The primary proposed mode 

of action for current clinically used GAG therapies is the restoration of mucosal barrier 

function within the bladder. SELP polymers were able to retain GM-0111 over at least a 24 

hr. period (see Figure 1), where PLGA-PEG-PLGA and Poloxamer 407 released nearly their 

entire cargo within 1 min at both the 20% and 10% concentrations tested. In spite of 

exhibiting very different viscoelastic properties, these concentrations had minimal impact on 

SAGE release. Poloxamer 407 at 18.75% and 11.6% have a peak modulus of 9kPa to 24kPa.

[32] This indicates that structure of the gel is unable to substantially impede the diffusional 

release of the SAGE. Floating Poloxamer 407 hydrogels achieved sustained release of 

rhodamine B for 10 hr. after installation within the rabbit bladder.[49] In spite of having a 

rapid release profile, Poloxamers form the basis for a number of clinically investigated 

thermoresponsive gels for intravesical delivery including in situ gelling Theracoat, RTGel™, 

Mitogel™, Vesigel™, BOTUGEL™, and TC-3 Gel formulations.[10,50–52] These 

Poloxamer gels are being explored in various clinical trials for the delivery of mitomycin 

and botulinum toxin.[10,50,53] PLGA-PEG-PLGA underwent a macroscopic phase 

separation during heating. This resulted in very low observed viscosities, lack of a defined 

modulus, and an essentially instantaneous release of its SAGE payload into the aqueous 

phase. Even the modest increase in intravesical dwell time of approximately 6 hr. leads to 

improved clinical outcomes. The ability of SELP 815K and 415K to extend release out to 24 

hr. is a significant step forward for non-device based IDD. SELP’s extended release profile 

is attributable to its formation of a distributed hydrogel network limiting diffusion and the 

presence of positively charged lysines within the matrix that interact with the negatively 

charged sulfate groups in SAGE GM-0111.

The use of a murine model for IC/PBS to assess therapeutic effects comes with inherent 

limitations. Voiding behavior is dependent upon mouse strain and other factors. Factors such 

as cage shape, time of day, age, cage flooring, and animal sex can have significant impacts 

on void volume, frequency, and spatial patterning.[40,54] To facilitate interpretation of data 

with this study, we used both healthy mice and sham treatment controls for reference. The 

LL-37 dose administered in this study did not increase voiding frequency, but did reduce 

voiding volume which is part of the canonical symptomology for IC/PBS. The lack of 

increased frequency observed in this study is likely caused due to post-procedural reduced 

water intake.[55] Past work has shown that LL-37 does also induce bladder frequency if the 

model is allowed to further mature past the acute phase and allow time for water intake to 

normalize. The purpose of the urodynamics studies in this report was to predominantly 

evaluate the impact of the polymers on bladder function.

SELP-SAGE solutions are easily administered via a catheter to the bladder and gel in place. 

By virtue of its polymeric nature, incorporation of SAGE to other polymer solutions 

increased the viscosity by increasing the frequency of polymer-polymer interactions and 

drag created by water-polymer interactions. While increased viscosity was observed for 

PLGA-PEG-PLGA, Poloxamer 407, SELP 815K, and SLEP 415K in no case did this make 

the solution too viscous for intravesical delivery. Substantial phase separation for PLGA-
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PEG-PLGA stemming from the precipitation of polymer into a micellar coating resulted in a 

large apparent drop in viscosity and a low storage modulus. This phase separation also likely 

led to the near instantaneous release of SAGE during the release study. SELP 415K and 

SELP 815K were both retained within the bladder 24 hr after treatment. SELP 415K, in 

particular, was observed as a tight elastic film bladder urothelium, whereas SELP 815K was 

more of a floating mass with only moderate interaction with the bladder wall. This was 

likely due to the differences in gelation kinetics, where the SELP 415K had a greater time as 

a liquid allowing it to more deeply penetrate the mucus and set within the native mucus to 

form an interpenetrating network. While SELP mucus interactions have been noted 

previously, further work is needed to investigate such interactions.[27] This, in turn, led to 

distinct differences in how SELP 815K and SELP 415K impacted bladder function and 

treatment outcomes, in spite of only minor differences in polymer architecture. We attribute 

the exacerbated urinary symptomology from 815K to the biomechanical impact and 

stimulation of a rigid mass within the bladder, coupled with partial obstruction of the 

urethra. The slower gelation, softer gels, potential for clearance, along with the lower 

relative volumes occupied by the gel likely lead to a decreased impact on bladder function 

for SELP 415K, PEG-PLGA-PEG, and Poloxamer 407.

Intravesical delivery of Poloxamer 407 and PLGA-PEG-PLGA reduced the impact of LL-37 

insult on bladder inflammation. This type of protective effect is also seen clinically where 

intravesical liposomes with or without drugs function as a protective lipid barrier over the 

urothelium that prevents inflammatory solutes from inducing bladder inflammation and pain 

in areas where the protective mucus coating has eroded.[56–59] The Poloxamer 407 or 

PLGA-PEG-PLGA may have produced a similar protective coating or acted as a detergent 

that increased the elimination of LL-37 from the bladder. This effect was not observed in 

either SELP 815K or SELP 415K indicating that by themselves they did not create a barrier 

to diffusion. In all cases however the addition of SAGE GM-0111 to the polymer solution 

resulted in a visible decrease in inflammation.

SELPs impacted bladder function to a greater extent than Poloxamer 407 or PLGA-PEG-

PLGA. The incorporation of 50 μL of hydrogel into the bladder of mice occupied 

approximately a third of the typical 150 μL volume of the adult mouse urinary bladder. This 

resulted in reduced filling prior to the induction of the voiding urge. Additionally, SELP 

815K with its rapid gelation formed a mass that potentially obstructed the bladder outlet and 

urethra in some of the mice. The distinct differences between SELP 815K and 415K indicate 

that more soft elastic gels with slower gelation may potentially yield superior results as 

intravesical delivery vehicles. These types of obstructive events have been previously 

observed where pumps or polymer swelling drives the release of analgesics such as lidocaine 

into the bladder.[4,60] The narrow diameter of the mouse urethra compounds any potential 

blockage issues, and may not be relevant in larger animal models.

The quantification of MPO expression as a general marker of inflammation and visually 

apparent level of inflammation did not correspond with the observed pain responses. This 

observational precedent both clinically and within animal models of IC/PBS. Pain in IC/PBS 

patients can be independent of inflammation or the extent of visually observed pathological 

changes in bladder tissue.[35,61] In the LL-37-induced IC/PBS model used this has also 
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been noted. While increased pain response remains at peak levels 7 days after LL-37 insult, 

MPO levels and visual inflammation return to near baseline by day 3.[35] In a chemically-

induced, mustard oil, mouse model of visceral pain, morphine analgesic efficacy was 

assessed using abdominal stimulation with von Frey filaments, as in this study.[62] 

Morphine, 1.9 ± 1 mg/kg, in this model of visceral pain was required to illicit a 50% 

reduction in pain response.[62] SELP 415K with 10 mg/ml of SAGE GM-0111 reduced the 

mean pain response rate to suprapubic stimulation rate by 56% compared to the sham 

treatment control 24 hr. after administration. It is important to consider both inflammation 

and analgesic effects when evaluating treatments for IC/PBS.

The clinical relevance of small animal modeling for urodynamics is also challenging as the 

stiffness, voiding frequency, forces generated, and volumes differ from what is encountered 

clinically or in large animal models.[63] These features alter the potential dimensions and 

stiffness of delivery modalities that can be deployed without impairing bladder function. The 

viscoelastic properties of materials and relative volumes of polymer gels used in this study 

had an impact on mouse bladder function, but these effects may not carry into the clinic or 

larger animal models. Additionally, there are substantial physiological differences between 

the urinary bladder in rodents and larger animal models such as the locations of 

parasympathetic cell ganglia that can affect the potential clinical translation of these 

findings.[64] The work in mice in this paper lays the ground work for potential future work 

in large animal and alternative models of IC/PBS for evaluating the impact of SAGE 

treatment on bladder pathophysiology.

SELP 415K resulted in the greatest degree of analgesic improvement in spite of limited 

accumulation. Several factors may have contributed to this including the slow release rate of 

SAGE GM-0111 resulting in low accumulation at the 3 hr. time point. During preparation 

for histology, residual 815K and 415K was removed as the drug remaining in the gel wasn’t 

relevant to the therapeutic effect and would create an imaging artifact that would 

overshadow the SAGE that accumulated in tissues. The slow release, improved retention of 

SAGE, and lack of bladder obstruction were likely the main contributors to why SELP 415K 

exhibited the greatest degree of therapeutic analgesia at the 24 hr. time point.

5.0 Conclusion:

Improving intravesical delivery is key to increasing the effectiveness of pharmaceutical 

interventions for bladder diseases including IC/PBS. SAGE represents an effective potential 

treatment for IC/PBS and demonstrated both analgesic and anti-inflammatory effects within 

a mouse model. SELPs were able to provide a superior intravesical delivery platform for 

sustained release of SAGE GM-0111 compared to Poloxamer 407 or PLGA-PEG-PLGA. 

SELP 415K and 815K were both able to generate a sustained release profile and remain 

within the bladder and provide a sustained therapeutic effect for at least 24 hr. Intravesical 

delivery of SAGE GM-0111 was improved by thermoresponsive in situ gelling polymers 

with SELP 415K exhibiting the greatest enhancement of analgesic efficacy for the treatment 

of IC/PBS.
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Highlights:

• Temperature-responsive polymers improved intravesical drug delivery

• Glycosaminoglycans exhibited analgesic and anti-inflammatory properties

• Glycosaminoglycans altered polymer solution viscosity and gelation kinetics

• Temperature-responsive polymer enhanced therapeutic potential of 

Glycosaminoglycans

• Soft and erodible polymer gels have less impact on bladder function
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Figure 1: Structures and characteristics of polymers used in this study.
A) The therapeutic semisynthetic glycosaminoglycan (SAGE) GM-0111, B) poly(lactic-co-

glycolic) acid (PLGA)-poly(ethylene glycol) (PEG)-PLGA C) Poloxamer 407 D) & E) 
Graphical depictions of silk-elastinlike protein polymer (SELP) 815K- and SELP-415K 

structures, respectively. The single letter amino acid code for each polymer is included 

below the structures. Red represents silk-like units forming a rigid backbone, and blue 

signifies the flexible elastin-like units that allow for pore formation, : is used to convey the 

hydrogen bonding between the silk-like units which gives the gels their mechanical strength, 

and the green asterisk indicates the lysine substituted elastinlike motif. MW: Molecular 

Weight, PDI: Poly dispersity index.
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Figure 2: Cumulative release of SAGE from different thermoresponsive polymer gels at varying 
concentrations.
The plots for A) PLGA-PEG-PLGA, B) Poloxamer 407 (Pluronic F127), C) SELP 415K, 

and D) SELP 815K show the release profile for each structure at a high and low 

concentration. E) The chart showcases the instantaneous release and cumulative release after 

24 hours for each test group demonstrating the distinct advantage of SELPs for the 

controlled release of SAGE between the synthetic polymers and the recombinant SELP 

systems. * and *** indicate p-values of less than 0.05 and 0.001 when sample is compared 

to the PBS control. †† and ††† for comparison of the high and low concentrations polymer 

indicates p-values of less than 0.01 and 0.001, respectively. ‡, ‡‡, and ‡‡‡ indicate a p-value 

between the 1 min. and 24 hr. time points of 0.05, 0.01, than 0.001 or less, respectively. 

Statistical comparisons performed with a 1 way ANOVA followed with a Bonferroni Post 
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Test with a sample size of 6 for each test group. All error bars indicate the standard 

deviation.
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Figure 3: Polymer solutions maintain injectable profiles and gelation after the incorporation of 
SAGE
A) Viscosity profile of SAGE containing polymer solutions over a temperature range 

simulating a typical intravesical administration. B) Rheology trace of polymers over a 2-

hour period demonstrates the distinct difference between SELP 815K, SELP 415K, 

Poloxamer 407, and PLGA-PEG-PLGA gelation profiles. C) Comparison of polymer 

solution viscosity at room and physiological temperatures. * indicates statistically significant 

differences between the viscosity at 23° and 37° C. † indicates statistical differences 

between the saline and polymer solutions. D) Gelation over time was observed in the SELP 

samples but not either of the synthetic polymers or saline control. * indicates statistically 

significant differences between the modulus at 5 min. and 1 hr. † indicates statistical 

differences between the saline and polymer solutions. E) Viscosity traces showing that 10 

mg/ml SAGE increases the viscosity of the polymer solutions, but the degree of impact 

varies by temperature and polymer type. F) Images of polymer solutions in HPLC vials over 

time visually demonstrating gelation kinetics for each of the solutions. The scale bar 

represents 1 cm. G) A rheology trace showing the impact of adding 10 mg/ml and 100 

mg/ml SAGE to SELP 815K 12% solutions on gelation. H) SEM images of lyophilized 

polymers after 24 hr. at 37° C, demonstrating SELP network formation. Statistical 

comparisons performed with a 1-way ANOVA followed with a Bonferroni Post Test. All 

points indicate the mean of 3 independent samples and error bars indicating the standard 

deviation.
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Figure 4: Thermoresponsive polymers enhance SAGE accumulation within the urothelium.
Representative fluorescent micrographs of bladder tissue samples. SAGE accumulation was 

enhanced when delivered via a thermoresponsive polymer matrix to when delivered in 

phosphate buffered saline at time points greater than 3 hours. The SAGE GM-0111 labeled 

with CF™633 is shown in red and the tissue stained with Hoechst 3342 is shown in blue. 

Key anatomical features are labeled as follows: bladder lumen (LU), urothelium (U), lamina 

propria (LP), and blood vessel (BV).
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Figure 5: Assessment of bladder function in IC/PBS mouse model after treatment with SAGE 
loaded thermoresponsive polymers.
A) Representative images of void spot assay (VSA) sheets under ultra violet illumination. B) 

The number of voiding events with greater than 0.5 μL calculated volume, C) mean voiding 

volume, and D) total volume of urination in a 4 hr. period was determined by analyzing the 

images. *, †, and ‡ indicate a statistical difference with a p value of less than 0.05 to the 

saline control group, intact mice, and the polymer without SAGE, respectively. Samples 

were statistically analyzed via a 1-way ANOVA with Bonferroni Post-Test. Each 

experimental group contained 6 animals.
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Figure 6: Behavioral assessment of suprapubic pain in murine IC/PBS model after SAGE 
administration.
A) Graphical depiction of Von Frey filament testing of bladder pain via suprapubic 

stimulation. B) The change in response rate for mice from baseline at the 4 g stimulation 

level. Each dot represents the individual mouse (n=6). Dashed line shows the demarcation 

between groups that did or did not receive SAGE. Intact mice were not subjected to LL-37 

insult. C) Area Under the Curve (AUC) of the response curve after the subtraction of 

baseline response rates for each animal normalized to the saline, sham treatment, group 

(n=6). D) Plot showing treatment effects on allodynic response based on the level of 

stimulation needed to increase positive response rate from baseline by 30%. None of the 6 

mice from the intact group exceeded the 30% response threshold, so the maximum 

stimulation of 4 g is shown for reference. All plots are of the mean with error bars 

representing the standard deviation when included. The dashed line shows the clear 

demarcation between groups that did or did not receive SAGE. E) Traces of the increased 

positive response rate from baseline for mice (n=6) 24 hours after LL-37-induced IC/PBS 

model and treatment with polymer solutions with or without 10 mg/ml of SAGE. * and *** 

indicate a p-value of less than 0.05 or 0.001 when compared to the saline control group, 

respectively, as determined by a 1-way ANOVA with Bonferroni Post Test. Each 

experimental group contained 6 animals.
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Figure 7: Examination of inflammation within the mouse bladder.
A) Gross anatomy of hemisected bladders 24 hours after treatment showed visually apparent 

reduction in ulceration, swelling, erythema, and hyperemia within the mucosa of the bladder 

with the administration of SAGE. Bladders administered SELP 815K or 415K contained 

intact gels that were in intimate contact with the urothelium prior to dissection. Scale bar 

represents 5 mm. B) Histological inspection showed that the addition of SAGE substantially 

reduced edema and signs of vessel dilation. SELP 815K without SAGE showed especially 

pronounced edema. Key anatomical features are labeled as follows: bladder lumen (LU), 

urothelium (U), lamina propria (LP), bladder smooth muscle (BSM). Scale bar represents 

250 μm. C) Myeloperoxidase (MPO) for each bladder was quantified as a general marker of 

the degree of inflammation. LL-37 exposure induced a highly inflamed state and drastically 

increased MPO production. Pretreatment with PLGA-PEG-PLGA and Poloxamer 407 had a 

prophylactic protective effect. *** indicates a p-value of less than 0.001 when the sample is 

compared to the intact mice. † and †† indicate statistical difference between the sham 

treatment group, saline without SAGE, with p-values of less than 0.05 and 0.01, respectively. 

A Kruskal-Wallis test followed by a post-hoc Dunn’s test for group comparisons were used 

to assess the statistical significance (n=6 per group) of the MPO data.
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