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Abstract

Tetracarboxylic porphyrins and polyethylene glycol (PEG) diamines were crosslinked in 

conditions that gave rise to a water-soluble porphyrin polyamide. Using PEG linkers 2 kDa or 

larger prevented fluorescence self-quenching. This networked porphyrin mesh was retained during 

dialysis with membranes with a 100 kDa pore size, yet passed through the membrane when 

centrifugal filtration was applied. Following intravenous administration, the porphyrin mesh, but 

not the free porphyrin, was rapidly cleared via renal excretion. The process could be monitored by 

fluorescence analysis of collected urine, with minimal background due to the large Stokes shift of 

the porphyrin (230 nm separating excitation and emission peaks). In a rhabdomyolysis mouse 

model of renal failure, porphyrin mesh urinary clearance was significantly impaired. This led to 

slower accumulation in the bladder, which could be visualized non-invasively via fluorescence 

imaging. Without further modification, the porphyrin mesh was chelated with 64Cu for dynamic 

whole body positron emission tomography imaging of renal clearance. Together, these data show 

that small porphyrin-PEG polymers can serve as effective multimodal markers of renal function.
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1. Introduction

The prevalence of advanced renal disease is common and generally affects between 1–2 

people per thousand, worldwide [1]. The kidneys perform several vital tasks including 

removal of circulating waste products from blood. This is achieved through glomerular 
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filtration, which is also considered the best general measure of kidney function [2]. While 

elevated serum levels of endogenous biomolecules such as creatine, urea and cystatin C 

(normally excreted by the kidney) suggest renal impairment, excretion of an intravenously 

administered exogenous chemical is preferred to accurately measure the glomerular 

filtration rate (GFR). Exogenous clinical markers for GFR determination include inulin, 

dextrans, chelated metals, and iodine molecules, sometimes which are radiolabeled for 

facilitated detection [3]. The clinical utility of such methods, which are considered gold-

standard, has been called into question due in part to difficulty in administering those tests, 

which require arduous blood sampling [4].

For over 50 years, the effect of dextran size on renal clearance has been studied in humans 

[5]. Renal excretion of dextrans over 50 kDa is negligible, whereas excretion of dextrans 

smaller than 15 kDa is rapid [6, 7]. It was shown in rats that neutral dextrans with diameters 

less 5 nm are cleared renally, whereas those greater than 8 nm are retained in blood 

circulation [8]. Recently, functional nanoparticles have been explored in this context, since 

these hold promise for theranostic applications [9]. Luminescent quantum dots with 

hydrodynamic diameters of less than 5.5 nm have been shown to be efficiently cleared 

renally [10]. Renal clearance has been demonstrated for numerous other types of 

appropriately-sized nanoscale materials, including, for example, gold nanoparticles [11], 

carbonaceous dots [12], biodegradable silicon nanoparticles [13], gold nanoclusters [14], 

inorganic nanodots [15] and nanotubes [16]. Iron oxide nanoparticles have been explored as 

diagnostic agents for obstructive nephropathy [17]. Perfluorocarbon nanoparticles were 

demonstrated to assess intrarenal nonperfusion and vascular leakage in acute kidney injury 

[18].

Porphyrins and tetrapyrrolic derivatives have long been used as theranostic agents [19, 20]. 

Polymeric porphyrin structures have been created by cross-linking tetra-functional 

porphyrins with bi-functional linkers [21–23]. These can provide for high density porphyrin 

materials for applications such as fluorescence imaging [24, 25] and oxygen concentration 

monitoring [26, 27]. Meso-tetra(4-carboxyphenyl) porphyrin (mTCPP) is a water soluble 

porphyrin derivative that can self-assemble in aqueous systems induced by pH changes [28] 

and can coordinate with metal ions [29–31]. Attachment to polyethylene glycol (PEG) has 

been shown to improve monomer stability [32]. We previously demonstrated that PEG 

diamines can crosslink mTCPP to form a fully insoluble, biocompatible hydrogel polymer 

for in vivo biosensing applications [24, 27]. In this work, we report the development and 

characterization of a soluble mTCPP-PEG polymeric mesh for use as a multimodal marker 

for renal function.

2. Materials and Methods

2.1 Materials

Unless specified, reagents were obtained from Sigma. Meso-tetra(4-carboxyphenyl) 

porphyrin (mTCPP) was obtained from Frontier Scientific, Inc. (Logan, UT, U.S.A.). 

Polyethylene glycol (PEG)-10000, 6000, 3000, 2000, 1000, 800, 600 and 400 were obtained 

from Rapp Polymere (Tuebingen, Germany). (PEO)4-bis-amine (PEG-192) and (PEO)3-Bis-

amine (PEG-148) was obtained from Chem-Impex International (Wood Dale, IL, U.S.A.). 
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O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU) was 

obtained from Advanced Chem Tech Inc (Louisville, KY, U.S.A.). Glycerol was obtained 

from Bioshop Canada Inc. (Burlington, ON, Canada). ICR mice were ordered from Harlan 

Laboratories Inc. (U.S.A.).

2.2 Synthesis of the mTCPP-PEG polyamide

mTCPP, PEG-diamine and HBTU were dissolved separately in dimethylformamide to make 

3 mM, 6 mM and 12 mM stock solutions, respectively. 300 μL each of mTCPP and HBTU 

stock solutions were mixed together with sonication. 4.5 μL N,N-Diisopropylethylamine 

(DIPEA) was then added into the mixture. 5 minutes later, 300 μL of the PEG-diamine 

solution was added dropwise into the mixture over the course of approximately 2 minutes. 

The reaction was carried out with sonication in a water bath at 25 °C for 45 minutes. The 

products were put into dialysis tubing with a molecular weight cutoff (MWCO) size of 12 

kDa (purchased from Fisherbrand, Fisher Scientific) and dialyzed extensively in deionized 

water to remove the unincorporated reactants and exchange dimethylformamide to an 

aqueous system. The dialyzed products were then centrifuged at 10,000 rpm for 10 minutes. 

The supernatant was removed and each milliliter of solution was combined with 200 μL of 

10 mM sodium citrate (pH=4) in order to induce precipitation of any unreacted mTCPP. 

Following 15 minutes of shaking, the solutions were centrifuged again at 10,000 rpm for 15 

minutes and the supernatant was collected and re-dialyzed in deionized water to remove 

sodium citrate.

2.3 Porphyrin-mesh characterization

Porphyrin-PEG mesh (PEG lengths of 10K, 6K, 3K, 2K, 1K, 800, 600, 400, 192 or 148 Da) 

and mTCPP alone were dissolved in 10 mM Tris-HCl, pH=8 buffer. The absorbance of the 

samples was adjusted to be near 0.05 based on the Soret band at 420 nm of mTCPP. The 

fluorescence of all the samples were tested and relative brightness was calculated by 

dividing the fluorescence intensity by the corresponding absorbance. The relative brightness 

of porphyrin-PEG mesh was further normalized to the relative brightness of free mTCPP 

alone.

For dialysis and retention experiments, porphyrin-PEG2K mesh was dialyzed with dialysis 

membranes with a MWCO of 10 kDa (purchased from Fisherbrand, Fisher Scientific UK 

Ltd) or MWCO of 100 kDa (purchased from Spectra/Por Biotech, U.S.A). Alternatively, the 

samples were subjected to centrifugal filtration with membranes with a MWCO of 10 kDa 

or 100 kDa (MCP010C41 (10 kDa) and MCP100C41 (100 kDa), Pall Corporation, U.S.A.), 

respectively. Dialysis groups were dialyzed in water with water changes every 4 hours for 

12 hours. Centrifugation groups were centrifuged at 2500 × g for 15 minutes 3 times. 

Absorbance of the retentates was then assessed and compared to the initial absorbance. All 

samples before and after dialysis and centrifugation were adjusted to the same volume.

Sizing of the porphyrin-PEG2K mesh was achieved by gel permeation chromatography 

(GPC). Data were obtained from a Viscotek GPC system equipped with a VE-3580 

refractive index detector, a VE 1122 pump, and two mixed-bed organic columns 

(PAS-103M and PAS-105M). Dimethylformamide containing 0.1 M LiBr was used as the 
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mobile phase with a flow rate of 0.5 mL/min at 57 °C. The GPC instrument was calibrated 

using narrowly-dispersed linear polystyrene standards purchased from Varian. Nuclear 

magnetic resonance (NMR) data was acquired with a Varian Inova-500 spectrometer, using 

D6-dimethyl sulfoxide as the solvent. Scanning electron micrographs were acquired with a 

Zeiss AURIGA focused ion beam scanning electron microscope following sample freeze 

drying from water.

2.4 Characterization of renal clearance

Animal protocols were carried out with the approval of the University at Buffalo IACUC. 

Porphyrin-PEG2K polyamides were used for all in vivo studies. ICR mice were injected via 

tail vein with 10 mg/kg porphyrin-PEG2K mesh or mTCPP Tris-HCl solution (pH=8.0). 

Mice were then placed in metabolic cages for 24 hours with free access to food and water. 

Urine was collected at 1, 2, 4, 6, 8, 12 and 24 hour post-injection. Mice were sacrificed after 

24 hours and heart, liver, spleen, lung, kidney and feces were extracted for biodistribution 

analysis. The organs were also used for hematoxylin and eosin (H&E) stained histology and 

for cryostat histology.

The acute renal failure model was carried out according to the literature [33]. ICR mice were 

deprived of water but had free access to food for 16 hours. 8 mL/kg of a 50% (v/v) glycerol-

water solution was distributed equally into the hind limbs via intramuscular injection. The 

mice were then given free access to water and food for 24 hours. 10 mg/kg porphyrin-mesh 

was then injected into ARF mice and urine was collected from metabolic cages. Urine was 

collected at 1, 2, 4, 6, 8, 12 and 24 hours post injection. Heart, liver, spleen, lung, kidney 

were collected for H&E stained histology and cryostat histology. Whole body fluorescence 

scanning was performed on mice using an IVIS imaging system with excitation at 430nm 

and using the emission signal with the Cy5.5 filter.

2.5 Dynamic PET imaging with 64Cu-porphyrin-mesh
64Cu (t1/2=12.7 h) was produced in a CTI RDS 112 cyclotron through proton irradiation 

of 64Ni enriched targets with a specific activity of >5 Ci/μmol. Radiolabeling of porphyrin 

mesh was accomplished by reacting 4 mCi of 64CuCl2 with 1.5 mg of nanoparticle in a 

NaAc buffer (0.1 M, pH = 5.5) at 37 °C for 2h, under constant shaking. 64Cu-porphyrin 

mesh was purified with size exclusion PD-10 columns (GE Healthcare, U.S.A.) using 

phosphate buffered saline (PBS) as mobile phase. Radioactive fractions were collected for in 

vivo studies.

In vivo positron emission tomography (PET) imaging studies were performed in an Inveon 

microPET/microCT scanner (Siemens Preclinical Solutions, Knoxville, TN, U.S.A.). For 

dynamic PET studies, normal ICR mice (n=4) were anesthetized under isoflurane (2%) and 

their tail vein catheterized. Following, animals were placed in the scanner in a prone 

position and simultaneously with the injection of 200–300 μCi of 64Cu-porphyrin mesh, a 30 

minutes emission scan was acquired. List mode files were framed into 28 frames: 5×6 sec, 

7×30 sec, 6×60 sec, 6×120 sec, and 2×240 sec. Two additional static PET scans at 2 and 4 

hours post-injection of the tracer were acquired. Dynamic and static scans were 

reconstructed using an ordered subset expectation maximization 3D/maximum a posteriori 
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(OSEM3D/MAP) reconstruction algorithm. Region-of-interest (ROI) analysis of the PET 

images was performed to determine time activity curves for blood pool, liver, kidney, and 

muscle. Tissue uptakes were expressed as percentage of the injected dose per gram (% 

ID/g). An imaging-based approach which estimates arterial the concentration of the 

radiotracer from ROIs of the heart, was employed to determine the blood pharmacokinetics 

(PK) of the radiolabelled mesh. Circulation half-life was derived from the slow rate constant 

of the bi-exponential fitting of heart time-activity curve.

For ex vivo biodistribution studies, another cohort of 3 mice was injected with 50 μCi 

of 64Cu-porphyrin mesh and placed in metabolic cages. Mice were sacrificed 4 hours post-

injection and all major tissues along with urine and feces collected and the radioactivity 

counted in an automated γ-counter (Perkin Elmer). Tissue distribution was reported as 

percentage of the injected dose (% ID).

3. Results and Discussion

3.1 Synthesis and characterization of the porphyrin mesh

The synthetic reaction of the porphyrin-PEG polyamide is shown as Fig. 1A. The ratio of 

mTCPP:PEG:HBTU was 1:2:4, which corresponds to equimolar ratios of functional groups 

of the tetracarboxylic porphyrin, the PEG diamine and the HBTU acid activator. Unlike 

conventional approaches which graft porphyrins onto existing polymers [34], mTCPP serves 

as the polymer comonomer. The resulting product is a random polyamide network of PEG 

and porphyrin, which is reminiscent of a mesh material. As shown in Fig. 1B, at 

polymerization concentrations equal to or greater than 2 mM porphyrin, essentially all the 

mTCPP became incorporated into a single insoluble crosslinked polymer, consistent with 

previous studies [24, 27]. However, when polymerization was carried out using just 1 mM 

mTCPP, the resulting polymer was 100% soluble without any detectable aggregation. The 

products were then dialyzed with a membrane with 12 kDa pore size. The dialysis step 

exchanged the polymer from dimethylformamide into water, and also enabled the removal 

of non-polymerized small molecules and reactants. This procedure was carried out with 

different sized PEG diamines of 6, 2 and 0.6 kDa size. As shown in Fig. 1C, despite 

differences in linker sizes, all the PEG diamines produced highly soluble polymers with 

good yield. When HBTU was omitted from the reaction, no polymerization occurred and the 

porphyrin mesh yield was negligible. Likewise, in the absence of PEG diamine, no polymer 

was produced.

This procedure was then carried out with 10 different PEG diamines, ranging in size from 

150 Da to 10 kDa. The brightness of the resulting porphyrin mesh was then determined (Fig. 

1D). A clear decrease in the brightness was observed in those formed from PEG-diamines 

smaller than 2 kDa. This is likely due to self-quenching induced by intermolecular porphyrin 

interactions crosslinked with short PEG linkers. Thus, the porphyrin mesh generated with 

the 2 kDa PEG diamine was used for further studies.

Based on gel permeation chromatography in dimethylformamide, the porphyrin mesh 

(generated with the 2 kDa PEG linker) had a relatively broad size distribution with a 

number-average molecular weight of 16.2 kDa (Fig. S1). The proton NMR signals from the 
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mTCPP carboxylic acid groups (close to 12 ppm) were absent in the mesh product, showing 

that these functional groups reacted (Fig. S2). Expected and observed CHN elemental 

analysis data are shown in Table S1. Scanning electron microscopy of the freeze dried mesh 

demonstrates a polydisperse spherical microstructure of the mesh agglomerates (Fig. S3). 

Compared to the free mTCPP (which is fully water soluble at pH 8), the porphyrin-PEG-2K 

mesh displayed a similar absorption spectrum (Fig. S4). Together with the lack of 

fluorescence self-quenching (Fig 1D), the data suggest the porphyrins within the mesh did 

not interact sufficiently to induce modified spectral properties, possibly due to the spatial 

arrangement and confinement of the porphyrin and PEG in a three dimensional mesh.

The susceptibility of the porphyrin mesh to pass through porous membranes was examined 

with dialysis and centrifugal filtration. As shown in Fig. 2, with membranes with relatively 

small pores of approximately 10 kDa, retention of the porphyrin mesh was ~90% for both 

conventional dialysis and centrifugal centrifugation. When membranes with larger 100 kDa 

pores were under, the sample was retained in dialysis but could pass through the membrane 

when centrifugal filtration was applied. Free mTCPP could pass through all membranes with 

either dialysis or centrifugal filtration. These data suggest that the polymer size of the 

porphyrin-mesh was greater than 10 kDa, in accordance with GPC results, which indicated 

an average size of 16.2 kDa. The reason the mesh could be retained in 100 kDa membranes 

during dialysis can be attributed to higher order polymer self-assembly characteristics which 

was disrupted by the force of centrifugal filtration.

3.2 Renal clearance of the porphyrin mesh

Unlike commonly used markers for renal function, the porphyrin mesh exhibits strong 

endogenous fluorescence. Excitation and emission spectra are shown in Fig. 3A. The Stokes 

shift separating excitation and emission was 230 nm, with peak excitation and emission 

wavelengths of 420 nm and 650 nm, respectively. This large shift makes fluorescence 

measurements of urine straightforward without interference and is conducive for in vivo 

imaging. A white light and fluorescence photograph of the porphyrin mesh solution is 

presented in Fig. 3B. Mice were intravenously injected with 10 mg/kg porphyrin mesh, and 

placed in a metabolic cage with free access to food and water and urine was collected 

periodically over 24 hours. As shown in Fig. 3C, close to 70 % of the porphyrin mesh 

injected dose was recovered in excreted urine within 2 hours of administration. Little 

additional polymer was excreted between the initial 2 hours and the 24 hour time point. The 

fraction of porphyrin mesh that was not cleared could possibly represent larger polymerized 

porphyrins that were too large for renal clearance. In the future, additional purification steps 

to eliminate larger polymers could potentially be added to enhance renal clearance. When 

free mTCPP was administered, little was recovered in the urine. This is likely because the 

small molecule is able to bind to serum components to prevent rapid excretion. The 

biodistribution of the porphyrin mesh was assessed following organ homogenization, and 

nearly all the recovered porphyrin signal was confined to the urine, with negligible amounts 

detected in the heart, liver, spleen, lung, kidney or feces (Fig. 3D). Urine that contained the 

excreted porphyrin mesh was dialyzed and exhibited similar retention pattern as the freshly 

prepared polymer (Fig. 2) which demonstrates the intactness of the porphyrin-PEG2K mesh 

in urine (Fig. 3E). Just as the porphyrin mesh could pass through the membrane upon 
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centrifugal filtration, the porphyrin mesh apparently could dynamically disassemble while 

circulating in vivo to pass through the glomerular membrane.

Acute renal failure (ARF) is often accompanied with a rapid defect in glomerular filtration 

[35, 36]. Although ARF can be reversible, it can lead to chronic kidney damage and can 

damage other organs [37, 38]. ARF is typically diagnosed by testing for high levels of 

circulating urea or creatinine, or monitoring decreasing urine output [39, 40]. However, 

these tests might only yield positive results with sufficient time lapse from ARF onset so 

there is interest in finding better ARF markers [41–44].

A glycerol-induced myohemoglobinuria model of ARF was used that leads to acute tubular 

necrosis [45, 46]. Even though the exact mechanism is unclear, glycerol-induced ARF is 

thought to be caused by myohemoglobinuria-induced glomerular filtration failure [47]. The 

morphology of glomerular of normal and ARF mice is shown in Fig. 4A. Under 40X 

magnification, compared to the H&E stained histology of normal mouse kidneys, the 

morphology of kidneys of ARF mice showed tubular necrosis, cast deformations and 

inflammation. Following intravenous administration of the porphyrin mesh, the fluorescence 

in the urine of the two groups of mice was dramatically different after 2 hours (Fig. 4B). The 

porphyrin mesh output in urine in healthy mice was over 60 times that of ARF mice. 24 

hours after porphyrin mesh administration, normal mice and ARF mice were subjected to 

whole body, non-invasive fluorescence imaging (Fig. 4C). The bladder of all ARF mice 

examined were fluorescent due to impaired and slower renal excretion of the porphyrin 

mesh. The mesh could be readily detected in the bladder with non-invasive fluorescence 

imaging. The mesh could not be visualized in the kidneys of the ARF mice, probably due to 

their deeper localization in the body. Even though the mesh has red fluorescence emission, 

the blue excitation maximum is not optimal for in vivo imaging and future work could 

benefit from development of probes that operate in the near infrared with both excitation and 

emission [48]. As expected, no signal was visualized in the bladder healthy mice, since they 

had already cleared the porphyrin mesh after a just a couple of hours. 24 hours following 

porphyrin mesh administration, hearts, livers, spleens, lungs and kidneys of both healthy and 

ARF mice were examined with frozen sectioning and white light and florescence analysis. 

As shown in Fig. 4D, fluorescent signals from healthy mice organs were too weak to be 

detected. However, strong porphyrin fluorescence was detected in the kidneys of the ARF 

mice, but not any other organs. Thus, the porphyrin mesh distinguished ARF mice from 

healthy mice on the basis of analytical examination of urine, non-invasive in vivo imaging, 

and fluorescent histology analysis.

3.3 In vivo PET imaging with 64Cu-labeled porphyrin mesh

Porphyrins and related tetrapyrrolic nanoparticles can chelate copper for convenient post-

labeling with 64Cu, a useful PET tracer with a 12.7 hour half-life [49–51]. As shown in Fig. 

5A, the mesh was labeled with simple aqueous incubation with 64Cu. Fig. 5B shows 

representative maximum intensity projection (MIP) of coronal PET images depicting the in 

vivo biodistribution of 64Cu-porphyrin mesh, 30 minutes and 2 hours after intravenous 

administration (n=4). ROI analysis of the static images unveiled a prominent accumulation 

of the mesh within blood pool (8.2 ± 1.0 %ID/g), kidneys (7.5 ± 1.4 %ID/g), and bladder at 
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early time points, which gradually decayed overtime to 2.9± 0.2 %ID/g and 3.2 ± 0.2 %ID/g 

for blood and kidney respectively, 4.5 hours post-injection (Fig. S5). Other background 

tissues such as liver and muscle presented a lower, steadier uptake of the radiolabeled mesh 

indicating the non-specific character of such accretion. Quantitative analysis of the dynamic 

PET data enables us to unequivocally stablish renal clearance as the primary excretion route 

of the porphyrin mesh from the mouse body, and determine pharmacokinetic parameters 

including blood circulation half-life. The video in the Supplementary Information shows the 

time progression of the 64Cu-porphyrin mesh biodistribution within 4 hours after 

administration into mice. An initially high concentration of the mesh in the blood pool was 

observed (32.1 ± 2 %ID/g) that rapidly filtered through the kidneys and accrued in the 

bladder. The rate of clearance of the 64Cu-porphyrin mesh from the blood compartment was 

determined by fitting the dynamic time-activity curves of the heart to a two-phase 

exponential decay (Fig. 5C, Fig. S6) and a blood circulation half-life of just 7.4 minutes was 

observed.

Ex vivo biodistribution studies were performed to corroborate the accuracy of PET imaging 

data and to provide a detailed distribution of the labelled mesh within all major organs. Mice 

(n=3) were sacrificed 4 hours after inoculation of the tracer and the radioactivity 

corresponding to urine, feces, and all major organs recorded (Fig. 5D). The 64Cu-porphyrin 

mesh radioactivity collected in urine (~60 %ID) was markedly higher compared to the rest 

of the collected samples, which showed marginal accumulations (< 5 %ID). Altogether, data 

were comparable with respect to ex vivo biodistribution, fluorescence imaging (Fig. 3D), and 

the PET imaging, which showed the maximum accumulation of the porphyrin mesh in urine, 

and low uptake in other organs such as the liver, kidney, heart, blood, and muscles. The 

consistency of 64Cu-porphyrin mesh renal clearance with fluorometric analysis of unlabeled 

mesh clearance indicates that the radionuclide chelation is stable and does not alter effective 

renal clearance.

4. Conclusion

In this work we presented a facile synthetic route to a high-density water soluble porphyrin 

polyamide mesh. By using appropriate sized PEG linkers (e.g. 2 kDa) porphyrin 

fluorescence self-quenching was avoided. Upon centrifugal filtration but not dialysis, the 

porphyrin mesh (and the porphyrin mesh recovered from urine) could pass through 

membranes with pore sizes of 100 kDa. Upon intravenous administration to mice, the mesh, 

but not the free porphyrin, was excreted in urine. Renal clearance was rapid and effective, 

with more than 60% of the injected dose cleared in urine within a couple of hours. 

Administered porphyrin mesh could be used to distinguish healthy mice from those with 

acute renal failure by fluorescence analysis of urine, in vivo optical imaging and 

fluorescence analysis of kidney sections. The porphyrin mesh was seamlessly labeled 

with 64Cu for whole body PET imaging and biodistribution, confirming that little mesh 

remained in vital organs following clearance. Future work includes achieving more 

monodisperse polymer sizes in order to further improve the renal clearance of the mesh and 

chelation of other metals into the mesh such as manganese to enable magnetic resonance 

contrast for higher order multimodal imaging approaches [52]. Overall, porphyrin mesh 

holds potential as a unique biomaterial for monitoring and imaging renal function.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of a high density, soluble porphyrin-PEG polyamide mesh
A) Schematic of the porphyrin-PEG mesh reaction. The ratio of mTCPP (red) to PEG-

diamine (blue) to HBTU was 1:2:4. B) Soluble polymer generation as a function of mTCPP 

concentration during polymerization reaction of mTCPP and PEG6K diamine. All reactants 

were kept at the same ratio. C) Product yields following dialysis for PEG-diamines of 

indicated lengths; D) Relative brightness of mTCPP-PEG polyamides formed with dialyzed 

PEG-diamines of the indicated molecular weights (10K, 6K, 3K, 2K, 1K, 800, 600, 400, 192 

and 148 Da) relative to free mTCPP. Data show mean +/− std. dev. for n=3 separate 

polymerization reactions and purifications.
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Figure 2. Porphyrin mesh and monomer retention during dialysis and centrifugal filtration
Samples were subjected to dialysis or centrifugal filtration with the indicated membranes 

and retention was calculated based on absorption values. Mean +/− std. dev. for n=3 (for 

porphyrin mesh, these represent 3 separate preparations).
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Figure 3. Fluorescence Monitoring of Porphyrin mesh renal clearance
A) Fluorescence excitation and emission spectra of the PEG-2K porphyrin mesh in water. B) 
White light and fluorescence photographs of the PEG-2K porphyrin mesh solution. C) 
Urinary excretion of porphyrin mesh or free mTCPP following intravenous injection of 10 

mg/kg doses (mean+/− std. dev. for n=3 mice); D) Biodistribution from tissue homogenates 

24 hours after porphyrin-mesh injection (mean+/− std. dev. for n=3 mice). E) Retention of 

porphyrin-PEG2K mesh in recovered urine after dialysis or centrifugal filtration using 

membranes with 100 kDa pore size. Values show mean +/− std. dev. for n=3.
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Figure 4. Inhibited porphyrin mesh excretion in an acute renal failure model
A) H&E stained kidney histology of normal and ARF mice, “A” shows partially renal 

tubular epithelium degeneration and cast deformation, “B” shows tubular necrosis and “C” 

demonstrates angiectasis and inflammation. 100 μm scale bar is shown. B) Fluorescence 

analysis of urine in mice 2 hours after intravenous injection of porphyrin mesh (10 mg/kg) 

(mean +/− std. dev. for n=3); C) Whole body fluorescence scan 24 hours after injection of 

porphyrin-PEG mesh in mice. Representative images for n=3 mice. D) Fluorescence and 

white light images of frozen sections of indicated organs. 100 μm scale bar is shown.
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Figure 5. 64Cu-labeled porphyrin mesh
A) Facile post chelation strategy for inserting 64Cu into the porphyrin mesh; B) 
Representative PET images of mice 30 minutes and 2 hours post intravenous injection 

of 64Cu-porphyrin-PEG mesh. Heart (H), Kidneys (K) and bladder (B) are indicated. C) 
Dynamic PET imaging reveals 64Cu distribution in indicated organs (mean +/− std. dev. for 

n=4 mice); D) 64Cu biodistribution of extracted organs 4 hours after intravenous injection 

of 64Cu-porphyrin mesh (mean +/− std. dev. for n=3 mice).
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