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Abstract 

Neuroinflammation associated with lumbar radiculopathy and peripheral nerve 

injury is characterized by locally increased levels of the pro-inflammatory cytokine 

tumor necrosis factor alpha (TNF Systemic administration of TNF antagonists for 

radiculopathy in the clinic has shown mixed results, and there is growing interest in 

local delivery of anti-inflammatory drugs to treat this pathology, as well as similar 

inflammatory events of peripheral nerve injury.  Curcumin, a known antagonist of 

TNF in multiple cell types and tissues, was chemically modified and conjugated to a 

thermally responsive elastin-like polypeptide (ELP) to create an injectable depot for 

sustained, local delivery of curcumin to treat neuroinflammation.   

ELPs are biopolymers capable of thermally-triggered in situ depot formation that 

have been successfully employed as drug carriers and biomaterials in several 

applications.  For this work, a library of ELP-curcumin conjugates were synthesized and 

characterized.  One lead conjugate was shown to display high drug loading, rapidly 

release curcumin in vitro via degradable carbamate bonds, and retain in vitro bioactivity 

against TNF and NF-B with near-equivalent potency compared to free curcumin.  

When injected into the perineural space via intramuscular (i.m.) injection proximal to 

the sciatic nerve in mice, ELP-curcumin conjugates underwent a thermally triggered 
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soluble-insoluble phase transition, leading to in situ formation of a depot that released 

curcumin over 4 days post-injection.   

The results of this dissertation support the use of ELP as a drug carrier for local 

perineural drug delivery, and the strategy presented here for drug conjugate 

development and local injection of depot-forming ELP-curcumin conjugates represents a 

novel means of providing sustained treatment of neuroinflammation and pain 

associated with radiculopathy and peripheral nerve injury. 
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1. Introduction  

Intervertebral disc (IVD) herniation, or “ruptured disc,” is a common cause of 

low-back pain that partially accounted for 663,000 back pain-related hospital stays, 3.4 

million emergency department visits, and $9.5 billion in hospital treatment costs in the 

US in 2008 [1].  IVD herniation is one of many spinal disorders with the potential to 

cause significant back pain, neurological deficit, and functional disability in patients.   

Herniated discs can present as protruding, or bulging, disc material or extruded 

disc fragments that enter the epidural cavity, impinge the proximal nerve root, and leave 

previously sequestered disc material exposed to the body's innate and adaptive immune 

system.  Painful symptoms from IVD herniation are believed to result from a 

combination of two pathophysiologies: 1) mechanical compression of the nerve root by 

disc tissue and 2) biochemical irritation, or inflammation, of the nerve root caused by an 

inflammatory and/or immune response to disc tissue [2-5].   

Patients often report low back pain, radiating leg pain (a.k.a. sciatica or 

radiculopathy), muscle weakness, gait abnormality, prolonged patient disability, and 

loss of function in areas innervated by the affected nerves [6].  The first line of treatment 

for disc herniation is conservative care, given that large fractions of herniated discs 

naturally resorb over time [7].  Localized epidural injections of anesthetics or 

corticosteroids show some ability to relieve symptoms in the short term, but show no 

evidence of modifying the disease pathophysiology [8].  A significant unmet need 
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remains for developing non-surgical therapies to modify the disease pathology and lead 

to resolution of painful symptoms and motor impairments following disc herniation.   

This dissertation focuses on the neuroinflammation associated with 

radiculopathy and peripheral injury, which have similarities in both biochemical cellular 

responses and immune cell activation and infiltration.  The parallels in the scientific 

literature, specifically related to the use of TNF inhibitors, for peripheral nerve injury 

and radiculopathy have led us to study both pathologies, with a focus on developing 

therapeutics to locally antagonize neuroinflammation.   

1.1 Neuroinflammatory pathologies 

The two primary neuroinflammatory pathologies addressed here are IVD 

herniation-induced radiculopathy and peripheral nerve injury.  These pathologies have 

many similarities in the pattern and types of infiltrating immune cells, the changes in 

cytokine secretion from local cell types, activation of glial cells in the dorsal root 

ganglion (DRG) or central nervous system (CNS), and the observed chronic painful 

hypersensitivities and gait abnormalities in animal models.   

1.1.1 Disc herniation induced radiculopathy 

1.1.1.1 Structure of the IVD and DRG 

The human IVD resides between vertebral bodies in the spine and is composed 

of three distinct regions, the outer region called the annulus fibrosus (AF), the inner 

region called the nucleus pulposus (NP), and the cartilaginous endplates [9, 10].  The AF 
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is a lamellar structure composed of highly-aligned collagen fibers that forms the outer 

ring of the IVD.  Successive layers of the AF are characterized by alternating fiber 

alignment direction, crossing at 120° angles, to constrain the inner NP region, resist 

stresses on the spine, and limit the motion between adjacent vertebral bodies.  The NP is 

a gelatinous, highly hydrated, avascular tissue with a large concentration of 

proteoglycans and low cellularity.   The NP cushions and evenly distributes the 

compressive forces of the spine, permits motion of adjacent segments, and maintains the 

spacing between vertebrae.  The vertical forces on the NP are converted to radial stresses 

on the AF.  The endplate covers the surfaces of the AF and NP regions to interface with 

the bone of the vertebral bodies.  The endplates permits longitudinal diffusion of 

nutrients into the avascular center of the disc.  In a healthy human, the NP is completely 

enclosed by the AF and endplates and isolated from the body’s immune system, which 

has led many to consider the IVD as an immuno-privileged tissue [11].     

The AF and NP contain distinct cell types originating from different germ layers.  

Fibroblast-like cells reside in the AF and derive from the mesoderm, while large, highly-

vacuolated, chondrocyte-like cells reside in the NP and derive from the notochord [10].  

These two cell types can be visually distinguished with some consistency, but the 

discovery of precise and reliable differentiating cell markers are an area of intense 

investigation [12, 13].  With aging, the IVD undergoes significant degeneration that can 

contribute to low back pain or increase the chance for disc rupture, or herniation.  The 
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NP experiences dramatic changes, including decreased water content, decreased 

proteoglycan synthesis, increased stiffness, decreased cellularity, and decreased height.   

The catabolic changes of NP and AF cells with aging have been extensively 

studied.  IVD cells are known to spontaneously secrete a milieu of inflammatory 

mediators including tumor necrosis factor alpha (TNF), interleukin-1 beta (IL-1), IL-6, 

IL-8, IL-17, prostaglandin E2 (PGE2), nitric oxide (NO), thromboxanes, and macrophage 

chemoattractant protein 1 (MCP-1) [14-23].  Cells of the IVD respond to pro-

inflammatory stimuli (TNF, lipopolysaccharide (LPS), and IL-1) in vitro with a net 

catabolic response characterized by decreased collagen and aggrecan synthesis, 

increased gene or protein expression for degradative collagenases, gelatinases and 

aggrecanases, as well as increased release of NO, PGE2, and IL-6 [14, 17-21, 24].  This 

ability to produce, respond to, and amplify inflammatory signals plays an important 

role in the pathophysiologies of low back pain, especially in the case of disc herniation 

when previously immune-isolated NP tissue is exposed to the immune system.  Some 

investigators hypothesize that the introduction of NP tissue following disc herniation 

may lead to an autoimmune response [11, 25, 26].   Regardless of the role of 

autoimmunity, the presence of extruded NP tissue provides a potent source of pro-

inflammatory cues and biochemical irritation of the adjacent nerve root that play a 

central role in radiculopathy.   
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The DRG is a collection of neuron cell bodies located at the intervertebral 

foramen adjacent to the IVD disc.  For most spine segments, one DRG exits on each side 

of the spine and these serve as a gateway for peripheral nerve signal transmission to the 

CNS.  Peripheral nerve fibers relay primary afferent signals to the spinal cord, often 

bypassing the cell bodies of the DRG.  Surrounding the nerve cell bodies are supporting 

small glial satellite cells (SGCs) that provide nutrients and regulate neurotransmission 

[27].  The DRG does not have a blood-nerve barrier and, even prior to injury, there are 

small numbers of resident MHC-II-positive T cells and macrophages that provide 

immune-surveillance [28].  Disrupted interactions between SGCs and cell bodies and 

infiltration of activated immune cells to the DRG following nerve injury or disc 

herniation can contribute to generation of chronic pain. 
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1.1.1.2 Pathophysiology of disc herniation induced radiculopathy 

Herniated discs often present as an extrusion or protrusion of NP material 

through the AF and into the epidural cavity (Figure 1).  As early as 1934, compression of 

 

Figure 1: Herniated IVD affecting nerve root.  Image adapted from [29]. 

the nerve root following IVD herniation was implicated as the main cause of low back or 

radiating leg pain (i.e. sciatica), numbness, or weakness in areas innervated by the 

affected nerve [2].  Intraoperative studies in patients with disc herniation and associated 

root impingement demonstrated decreased compound muscle action potential 

amplitudes following electrical stimulation to the affected nerve root [30, 31], and 

reproduction of pain generating straight-leg raises in patients undergoing surgery 

showed that the amplitude of the evoked action potentials decreased 41% as early as one 

minute following positioning and decreased by 63% after three minutes [31].  The 

change in evoked action potential continued to develop through the period of nerve root 



 

7 

 

impingement, demonstrating that time-dependent electrophysiologic responses occur in 

the nerve root with compression. These changes in neuronal signaling probably 

contribute to radiculopathy symptoms.  Together the magnitude, duration, and rate of 

compression of the nerve root modulate both the extent of the local tissue damage and 

the degree and duration of the pain symptoms [32-36]. 

Compression-relieving discectomy can provide immediate pain relief, yet 20-60% 

of patients require additional surgeries or have repeat herniations, and patients 

receiving surgery show only minor improvements compared to patients not undergoing 

surgery in the long term [6, 37-39].  The persistence of herniation symptoms after 

discectomy, as well as the absence of a strong correlation between patient symptoms and 

radiographic images of  protruding or bulging disc, have led many to believe that a 

chemical component is linked to the pathology of IVD herniation [3, 4]. 

Many models of radiculopathy and neuropathic pain directly apply compression 

to peripheral nerves or nerve roots with sutures or direct indentation with a rod to elicit 

animal hypersensitivities that mimic clinical symptoms [5, 40-42].   Compression injury 

consistently induces mechanical allodynia, hypersensitivity to non-nonxious mechanical 

stimuli usually measured with von Frey fibers.  Allodynia may develop as early as 1 day 

after compression and persist out to 3 months [36, 40, 42].  Nerve damage in these 

models can also elicit thermal hyperalgesia, a quickened withdrawal of the tail or paw 

from thermal stimuli [40, 43, 44].  Lumbar nerve root compression can produce 
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immediate decreases in the amplitude of electrically-evoked compound nerve action 

potentials of the compressed root [45], contribute to edema production in the nerve root 

[46], and reduce axonal transport [47].  Both compression and constriction models lead 

to central nervous system sensitization mediated by neuroimmune activation of glial 

cells in the ipsilateral spinal cord and dorsal horn [48-50].  Injury of nerve roots is a 

complex pathology shown to alter cytokine and neurotransmitter mRNA expression and 

protein expression along the nerve, within the distal DRG, and within the spinal cord 

[41, 43, 50, 51].  These neuroinflammatory changes and clinical observations have led 

many to investigate the role of chemical factors in the neuropathology of radiculopathy 

[5, 44, 52]. 

1.1.1.3 Inflammatory and immunogenic properties of the NP 

 Herniated NP tissues contain significant amounts of CD68+ immunoreactive 

macrophages, as well as T and B lymphocytes [16, 22, 53].  These infiltrating cell types 

may be responsible for many of the inflammatory mediators elevated in pathologic IVD 

tissue [14, 19, 54, 55].  A hypothesis with growing support is that autologous NP tissue 

elicits immune system activation leading to immune cell infiltration and expression of 

inflammatory mediators.  Herniated NP tissue may be the primary immunogenic source 

and initiator of inflammation, potentially even leading to autoimmune responses [25, 26, 

56].  Many investigators, including the Setton laboratory, have studied NP-induced 

changes in animal models of radiculopathy such as autologous tail NP tissue placement 
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at the lumbar nerve root [52, 57, 58], lumbar IVD puncture to promote herniation [59], 

and IVD puncture and lumbar nerve root or DRG compression [5, 44].  Such models can 

elicit reduced nerve conduction velocities, reduced endoneurial pressure for dorsal horn 

and sensory neurons, and increased expression of neurotrophins, IL-1, TNF, 

phospholipases, and nitric oxide synthase in adjacent tissue and DRG [60-62].  The 

behavioral changes in these models overlap those seen in compression-induced models 

of neuropathology, in some cases finding that the greatest and most prolonged 

hypersensitivities follow the combination of compression and NP placement [5, 44]. 

1.1.2 Peripheral nerve injury 

Peripheral nerve injuries frequently arise from a mechanical or chemical insult to 

nerves that leads to neuronal dysfunction, immediate inflammatory responses and 

immune activation, and neuropathic pain, a type of pain characterized by an absence of 

stimuli and reduced nociceptive thresholds [63].  Animal models of peripheral nerve 

injury, such as the chronic constriction injury (CCI) model [40], provoke an immediate 

reaction from supportive Schwann cells of the nerve, peripheral macrophages, mast 

cells, and neutrophils, but also activates satellite cells of the DRG, as well as spinal 

microglia and astrocytes of the CNS (Figure 2).   CCI is one of the most commonly used 

models of compression-induced neuropathy that involves tying 2 or 3 sutures around 

the sciatic nerve at the mid-thigh [40].  This model of nerve compression is a less 

invasive, less complicated surgical model that elicits neuropathic pain with relevance to 
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both peripheral nerve injury and radiculopathy [40, 42, 64].  The choice of suture 

material can dictate the type of pathology elicited by the injury [65].  For example, the 

use of inert materials like nylon sutures will only lead to a mechanical, compressive 

pathology, whereas the use of chromic gut sutures will also introduce caustic chromic 

salts able to elicit a chemical, or inflammatory pathology, in addition to the mechanical 

compression.  The CCI model and other models of peripheral injury are characterized by 

a complex “triad” of responses at the injury site, DRG, and spinal cord that often occurs 

in a specific sequence, and contributes to the development of chronic neuropathic pain 

and central nervous system sensitization.   

At the site of injury, injured axons begin a well-described process called 

Wallerian degeneration, where the axon separated from the cell body begins to degrade.  

Schwann cells near axons and resident macrophages secrete matrix metalloproteases to 

interrupt the blood-nerve barrier [66].  These cell types also secrete vasoactive mediators 
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Figure 2: Peripheral nerve injury inflammatory responses. Adapted from [63]. 

A) Immune cells and glia are activated at the nerve injury, in the DRG, and within the 

spinal cord following injury.  B) Schwann cells and macrophages contribute to 

Wallerian degeneration at the nerve site.  Satellite glial cells, macrophages, and T 

lymphocytes are activated and recruited to the DRG, which contribute to the 

activation of resident microglia and astrocytes within the spinal cord. 
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including calcitonin gene-related peptide (CGRP), substance P, bradykinin and NO to 

increase permeability of tissues adjacent to the injury and promote infiltration of 

circulating monocytes, lymphocytes, and mast cells within the first 48 hours of injury 

[27].   Release of the facilitating mediators is dependent upon the secretion of TNF from 

Schwann cells and resident macrophages. 

Distal to the injury site within the DRG there are few immune cells prior to 

injury, but this cell number increases significantly after injury as infiltrating T 

lymphocytes and macrophages are attracted to small SGCs by neuronal cell bodies 

secreting fractalkine [67] and CCL2 (a.k.a. MCP-1) [68].  SGCs support DRG neurons by 

supplying nutrients and buffering ion and neurotransmitter levels [27]; but after sciatic 

nerve injury infiltrating macrophages form perineuronal rings around SGCs and limits 

these cells ability to regulate neighboring neurons [28].  After injury, SGCs begin to 

proliferate and increase the expression of glial fibrillary acidic protein (GFAP), and 

injured neurons may begin to degenerate and die, leading to further secretion of pro-

inflammatory mediators such as TNF, IL-1, and IL-6 that can contribute to spontaneous 

action potential discharges  and sensitize nearby neurons and adversely affect 

neurotransmitter synthesis and release [63].  The inflammatory changes that occur at the 

DRG can begin in days and last for months after injury and directly affect the responses 

observed in the spinal cord [63]. 
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Microglia and astrocytes play a key role in the pathophysiology of neuropathic 

pain following peripheral nerve injury.  Activation of spinal microglia—characterized by 

increased expression of GFAP, Iba1, and CD11b—in the dorsal and ventral horns is 

mediated by chemokine receptors and toll-like receptors (TLRs) and peaks after 1 week 

[63]. TLR signaling activates nuclear factor kappa B (NF-B), a master transcription 

factor that regulates expression of pro-inflammatory cytokines like TNF, IL-1, and IL-

6 [69].  Microglial activation and neuropathic pain-like behavior following nerve injury 

were attenuated in mice lacking TLR2 [70] or rats treated with antisense to knockdown 

TLR4 [71].  Specific inhibition of microglial NF-B activity reduced the expression and 

activity of neuropeptides CGRP and galanin [72] and attenuated pain behavior and 

inflammation in the CCI model (Figure 3) [73].  Glial cell-specific glutamate transporter 1 

(GLT1) expression decreased following chronic constriction, and in vitro explant 

cultures of spinal dorsal horn synaptosomes from animals with CCI demonstrated 

decreased uptake of glutamate and increased excitatory synaptic transmission, 

indicating spinal glutamate metabolism plays a role in the development of neuropathic 

pain [74].  In a chronic neuropathic state, astrocytes can remain activated for months as a 

result of microglia-derived inflammatory factors, acting as a positive feedback 

mechanism for sustained neuropathy [75]. 
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Figure 3: Role of glial cell NF-B activation in painful hypersensitivities 

following CCI.   Transgenic mice with a gene encoding double-negative (dn) nuclear 

factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IkBdn 

was inserted downstream of the gene for GFAP (specific glial cell marker) and linked 

to the gene encoding luciferase.  Upon GFAP activation, IkB-dn and luciferase are 

both expressed, leading to inhibition of NF-B (p65) activation and an ability to 

longitudinally track this expression with luminescence. A) Wild-type (WT) sciatic 

nerve immunostaining for GFAP and NF-B compared to sciatic nerve from 

transgenic mice expressing IkB-dn. Expression of IkB-dn attenuated the 

mechanical allodynia (A) and thermal hyperalgesia (A) observed for WT. Adapted 

from [73]. 

 

1.2 Role of TNF in neuroinflammation 

While many inflammatory mediators have been consistently linked to IVD 

herniation-associated pain and peripheral nerve injury neuropathy, TNF has received 

special attention.  TNF is expressed at higher levels in degenerated and herniated IVDs 
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[14, 19-21, 54, 55], and TNF protein and mRNA increase in the first 3 days following 

nerve root injury.  Application of exogenous TNF to nerve roots in the pigs and rats 

can reproduce similar changes in nerve conduction velocity, glial activation, and 

inflammatory changes in DRG that follow compression-induced nerve root injury 

(Figure 4) [76, 77]. 

 

Figure 4: Local application of TNF to the DRG reduces nerve conduction 

velocities.  Exogenous TNF applied directly to the cauda equina (nerve root) in pigs 

led to decreases in nerve conduction velocities similar to that of NP placed on the 

DRG.  Decreases in nerve conduction velocity were significantly different from 

control tissue (fat) and other inflammatory cytokines, indicating a key role of TNF in 

the pathophysiology of radiculopathy. Adapted from [76]. 

Selective inhibition of TNF with TNF-blocking antibody, has been shown to 

reduce pain-related movements in rats, as well as the expression of key neurotrophins in 

DRG and spinal cord [78-81].  Local delivery of soluble TNF receptor type I  
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(sTNFRI) was able to attenuate mechanical allodynia for short periods following NP 

placement upon the DRG [57].  Local, perineural delivery of sTNFR type II (sTNFRII) at 

the time of NP placement on the exposed rat DRG ameliorated signs of mechanical 

hypersensitivity, imbalanced weight distribution, and gait compensations characteristic 

of rats receiving no drug (Figure 5) [82]. 

  

Figure 5: Changes in animal gait, weight bearing, and mechanical allodynia 

following NP-induced radiculopathy. Autologous NP tissue was placed on the L5 

DRG in rats as a model of disc herniation-induced radiculopathy, and sTNFRII was 

locally delivered at the time of surgery to antagonize the effects of NP tissue.  

Differences in stance time on affected limbs and gait symmetry (A), weight bearing 

preference (B), and hypersensitivity to non-noxious mechanical stimuli (C) were 

attenuated with local sTNFRII treatment.  Statistical differences from contralateral 

limb (∀), pre-op (*) and sham (#) (p < 0.05). Adapted from [82]. 
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Interest in TNF for NP-induced radiculopathy models likely stemmed from 

findings that TNF plays a key role in peripheral nerve injury models such as CCI [83-86].  

TNF plays a key role in Wallerian degeneration following peripheral nerve injury and 

limits Schwann cell proliferation and differentiation [87-90].  Schwann cells immediately 

release TNF after peripheral nerve injury, which induces MMP-9 secretion that 

promotes macrophage migration to the injury site [66].  TNF, as well as CCL2, has been 

shown to be a key mediator of immune activation upstream in the DRG [68, 91], and 

these responses are in part regulated by NF-B activation [73].  This ability to link 

inflammation at the injury site with upstream CNS sensitization may be due, in part, to 

the ability of injured axons to retrogradely transport TNF, where it may activate 

microglia [91].  Local and systemic administration of TNF blockers can attenuate or 

completely reverse thermal and mechanical hypersensitivities following CCI [42, 84, 92, 

93].  The significant role of TNF in both nerve constriction and NP-induced nerve root 

injury suggest that TNF inhibitors may be able to attenuate pain and inflammation 

associated with IVD herniation in the clinic. 

1.3 Clinical interest in TNF antagonists for radiculopathy 

Early trials of systemically administered infliximab (3 mg/kg) [94] and etanercept 

[95] indicated an ability for TNF antagonists to attenuate leg and back pain associated 

with IVD herniation.  However, results from the first randomized controlled trial of  
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Figure 6: Clinical trial results for epidural delivery of etanercept to treat 

radiculopathy. A small cohort of patients (n = 6 per treatment group) received epidural 

injection of saline or etanercept, an IgG-sTNFRII fusion protein marketed as Enbrel® 

and approved for human use.  Patients receiving a single local injection of etanercept 

(2 mg dose) self-reported better leg pain and back pain scores than patients receiving 

saline, and these effects persisted out to 6 months.  Adapted from [96]. 

infliximab (FIRSTII, Finnish Infliximab Related Study) showed no benefit [97]. 

Infliximab was delivered systemically by a single intravenous infusion (5 mg/kg) and 

showed no significant differences from placebo in measures of straight leg raise, motor 

and sensory deficits, pain scores, or disability scores one year after treatment.  In a 

different study, local epidural injection of etanercept (2 mg, 4 mg, or 6 mg) for patients 
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with unresolved radicular pain led to complete resolution of pain by 3 months for a 

majority of patients, compared to only 17% in the placebo control (Figure 6) [96].   

The mixed results in clinical trials thus far illustrate the importance of drug 

administration method and the potential for local administration of TNF antagonists to 

treat radicular pain associated with IVD herniation.  In support of local delivery, an 

novel anti-TNF domain antibody (Cephalon, now Teva, [98]) delivered via 

transforaminal epidural injection is currently being evaluated in a Phase 2 clinical trial 

for treating sciatica (Identifier #: NCT01240876).  Systemic delivery of TNF antagonists 

comes with heightened risk of adverse reactions and excessive immunosuppression [99], 

in addition to high costs of large drug doses that never reach the target site.  Depot-

based local drug delivery can provide for sustained release of TNF inhibitors to modify 

pain resulting from IVD herniation or peripheral nerve injury and may allow for lower 

total drug use and minimal serum drug exposure.  

1.4 Preclinical investigations of local antagonism of 
neuroinflammation for radiculopathy 

Preclinical studies evaluated etanercept-loaded polymer depots comprised of 

poly(lactic-co-glycolic acid) (PLGA) placed adjacent to a constricted sciatic nerve in rats 

[64].  Sustained, local delivery of drug from these depots reduced thermal hyperalgesia 

more than subcutaneous delivery of etanercept, but had limited effects on mechanical 

allodynia.  Treatment with gapapentin, a small-molecule neurotransmitter mimetic used 

clinically to treat neuropathic pain, one hour prior to sensitivity testing in this study 
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displayed significant improvements in mechanical allodynia but did not show a 

sustained ability to treat thermal hyperalgesia [64].  This finding indicates that treatment 

of pain alone with no antagonism of inflammation provides only hours of pain relief but 

does not address the underlying neuroinflammation.  Locally targeted delivery of 

depots providing sustained release of drugs that can affect pain and neuroinflammation 

simultaneously may provide a new approach to treating sciatica.   

We have experience with drug depots based on native elastin sequences, termed 

elastin-like polypeptide (ELP), that provide for 7-to 8-fold increases in protein residence 

time in the perineural space following transforaminal delivery [100].  An ELP-sTNFRII 

fusion protein has been previously developed to treat neuroinflammation, and was 

shown to  attenuate in vitro TNF-induced metabolic stress and increased glutamate 

release from rat DRG explants and murine glial cell monolayers (Figure 7) [101].  While 

the disulfide bond-rich cytokine receptor domain of this fusion protein was poorly 

folded and processed by prokaryotic E. coli cells, a sequential protein denaturation and 

re-folding protocol [102] recovered some bioactivity of the sTNFRII domain and ELP-

sTNFRII depots were able to bind and sequester TNF, limiting its neuroinflammatory 

activity.   
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Figure 7: Inflammatory responses of rat DRG explants to TNF. 

Image adapted from Shamji et al. [101].  Addition of TNF to rat DRG explant 

cultures led to statistically significant increases in glutamate and IL-6 release, 

increased metabolic stress as measured by the lactate-to-pyruvate ratio, and a decrease 

in the anti-inflammatory cytokine IL-10.  In vitro culture with a high dose of ELP-

sTNFRII was able to attenuate these responses. 

The high cost of large protein biologics has led many to investigate novel small-

molecule therapeutics for treating neuroinflammation associated with radiculopathy 

and peripheral nerve injury. Methotrexate [103], indomethacin [104], morphine [105], 

clonidine [105], ketamine [105], gabapentin [64], minocycline [106], neurotransmitter 

antagonists [107, 108], NF-B decoy polynucleotides [109], resveratrol [110], and 

curcumin [111] have been investigated in models of radiculopathy or peripheral nerve 
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injury.  Many of these drugs were locally delivered, either via intrathecal, epidural, or 

perineural placement to maximize the therapeutic effect.   

Chemical coupling of small-molecule anti-inflammatory compounds to ELP has 

yet to be pursued.   We propose to synthesize and characterize a drug depot comprised 

of curcumin, a small molecule TNF inhibitor our lab has previously studied, and ELP to 

study the potential of ELP drug depots to provide local, sustained-release of an anti-

inflammatory compound to treatment neuroinflammation. 

1.5 Curcumin 

1.5.1 Background and anti-inflammatory properties 

 

Figure 8: Chemical structure of curcumin.  The enol form, rather than di-keto 

form, is depicted here. 

Curcumin is a small molecule (368 Da, Figure 8) derived from the rhizome 

(turmeric) of the herb Curcuma longa commonly used as a food spice in yellow curries or 

a yellow dye for mustard.  The spectrophotometric properties of curcumin have been 

extensively studied owing to its orange-yellow color, and this visible color can be 

exploited for therapeutic development and characterization.  The spectral properties of 

curcumin—maximum absorbance  wavelength (max), extinction coefficient at max (max), 

maximum fluorescence wavelength (em), and quantum yield (φ)—are highly sensitive 
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to the solvent, presence of binding proteins or surfactants, and pH [112-115].  

Curcumin’s visible color has been attributed to the “conjugated” π-bond system of the 

heptadiene backbone linking the two symmetric phenols (Figure 9), that when cleaved 

yields a colorless “half curcumin”[112].  Curcumin has also been shown to bind to 

pockets in bovine serum albumin (BSA), which leads to an increase (red-shift) in max 

and an increased magnitude of absorbance and fluorescence [116].   

 

Figure 9: Illustration of conjugated systems like curcumin with overlapping π-

bonds.  A) Depiction of isolated vs. conjugated π-bonds (in red) based upon 

molecular orbital theory. B) Structure of curcumin with extended conjugated π-bond 

system that contributes to the visible color of the compound. 

Curcumin has been widely studied for its known anti-carcinogenic, anti-

bacterial, anti-fungal, and anti-inflammatory activities [117].  At micromolar 

concentrations, curcumin suppresses TNF-induced or IL-1-induced upregulation of cell 

adhesion molecules and pro-inflammatory cytokines in multiple cell lines, including 

myeloma cells [118], splenic T-lymphocytes, peritoneal macrophages [119], dendritic 

cells [120], monocytes [121-123], chondrocytes [124] and primary human IVD cells [125], 

often via inhibition of NF-B.   
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Figure 10: Canonical NF-B signaling pathway.Adapted from [126]. 

Extracellular ligands such as TNF bind to cell receptors, leading to the recruitment 

and assembly of an activated IB kinase complex (IKK).  The IKK complex 

phosphorylates IB, liberating the NF-B dimer, depicted as p50-RelA (a.ka. p50-p65) 

to translocate into the nucleus and affect gene expression. 

In the canonical NF-B pathway (Figure 10) [126], NF-B dimers such as p50/p65 

(a.k.a p50/RelA) are retained in the cytoplasm by nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor (IB) until one of many extracellular 

ligands binds its cellular receptor (e.g. TNF binding sTNFRI or II, or LPS binding TLR4).  

This binding leads to the recruitment of molecules that form an activated IB kinase 

(IKK) complex, which phosphorylates IB and liberates the NF-B dimer to translocate 

to the nucleus and activate multiple genes, including genes that encode many pro-

inflammatory cytokines. Mechanistic studies of intracellular signaling within human 
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colon epithelial cells [123] and human multiple myeloma cells [127] have found that 

curcumin directly inhibits TNF-induced activation of IKK- and -.  Table 1 highlights 

the potential efficacy of curcumin for targeting the key inflammatory mediators of NP 

tissue, showing known activities of curcumin against each mediator.  

Table 1: Moleculer inflammatory mediators in NP tissue and known activity of 

curcumin against each mediator. 

Mediator IVD Notes IVD Citations Curcumin Citations 

TNF 1-3,6 [54, 55, 128-130] [118, 122, 131-134] 

ICAM-1 1 [16] [121, 122, 134] 

Interleukin-1 1,2 [55, 128] [132, 135] 

Interleukin-1 1,3,7 [55, 128, 129] [121, 124, 131, 136] 

Interleukin-17 3 [22] [137, 138] 

Interleukin-4 3,5 [22] [139] 

Interleukin-6 1,3,6 [15, 18, 22, 128-130] [121, 133, 140, 141] 

Interleukin-8 1,2,4 [18, 129] [121, 142, 143] 

Interleukin-12 3,4 [22] [144, 145] 

Interferon- 1,3,4 [22, 129] [132, 145] 

Leukotriene-B4 1,4,7 [129, 130] [146] 

Thromboxane-B2 1,4,7 [129, 130] [147] 

Prostaglandin E2 1,3 [14, 128, 148] [147, 149] 

CCL2 (MCP-1) 4 [18, 150] [132, 134, 142] 

IVD Notes: 1. Expression noted in degenerative and/or herniated IVD; 2. Protein 

or mRNA expression revealed in herniated IVD only; 3. Herniated or 

degenerated IVD > non-degenerative or autopsy control; 4. Uncontained > 

contained herniated or non-herniated control; 5. Expression in uncontained < 

contained herniation; 6. No evidence of protein or mRNA in herniated discs; 7. 

Little or no spontaneous expression detected in herniated IVD. 

1.5.2 Curcumin in the clinic 

As a pharmaceutical, curcumin suffers from exceptionally low bioavailability 

after oral administration due to poor adsorption into the systemic circulation, rapid 

metabolism in the body, and rapid systemic elimination [151].  In humans, when 
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curcumin was given orally at 8 g, the maximum observed plasma level was 1.75 M only 

1 hour after ingestion, or 0.05% of the total delivered mass (assuming a blood volume of 

5 L and a hematocrit of 42%) [152].  A similarly poor bioavailability has been observed in 

mice, where oral delivery of 2 mg of curcumin resulted in peak plasma levels of only 

0.22 g/ml, and curcumin was undetectable in plasma after 6 hours [153].  

Clinical investigators have compensated for this low bioavailability by 

administering grams of curcumin per day to treat colorectal cancer [154], Crohn’s 

disease [155], and pancreatic cancer [156], with no indications of toxicity for doses as 

high as 15 g/day [157]. With a high safety profile and low cost (<$50 for grams), local 

delivery of micromolar concentrations of curcumin for treating inflammation has 

substantial potential for translation to the clinic.  As of this writing, a search for 

“curcumin” on clinicaltrials.gov yields 75 results, 9 of which are active, but not 

recruiting, 24 of which are recruiting, and 26 of which have completed.      

1.5.3 Curcumin and neuroinflammation 

At micromolar levels, curcumin demonstrated neuroprotective activity against 

IL-1-induced secretion of calcitonin gene-related peptide (CGRP), a neuropeptide 

upregulated in the DRG following peripheral neuroinflammation, from neonatal rat 

DRG neurons [158]. Curcumin has also been shown to interact with the transient  



 

27 

 

 

Figure 11: Antihyperalgesic effect of curcumin in a TRPV1-mediated model of 

paw-inflammation.  TRPV1 channels, also known as the capsaicin receptors, are 

involved in temperature sensing, and injection of capsaicin into the paw of rats leads 

to significant paw thermal hyperalgesia (A).  Pre-injection of varying doses of 

curcumin was able to abrogate these capsaicin-induced effects, possibly by curcumin 

competitively inhibiting capsaicin binding to TRPV1.  Adapted from [159]. 

receptor potential vanilloid 1 (TRPV1) in a mouse model of induced colitis [160], and 

attenuates TRPV1-mediated hyperalgesia in a rat model of capsaicin-induced paw 

inflammation (Figure 11) [159].  Investigators noted that the chemical structures of 

curcumin and capsaicin both share a vanilloid ring moiety, which may allow curcumin 

to inhibit TRPV1 activation by capsaicin.   

In the CCI model, twice daily oral delivery of curcumin (2 mg/day) ameliorated 

neuropathic pain sensitivities in mice [111].   Painful sensitivities from the nerve 

constriction were first allowed to develop for 10 days, at which time treatment with 

curcumin or vehicle began.  Significant differences in mechanical allodynia and thermal 



 

28 

 

hyperalgesia were apparent after 1 week of treatment, and sensitivity levels returned to 

sham control levels after 3 consecutive weeks of oral curcumin delivery (Figure 12A and 

B).  Interestingly, cessation of curcumin treatment led to a resurgence in nociceptive 

dysfunction, hyperalgesia, and mechanical allodynia only 48 h later (Figure 12C and D).  

 

Figure 12: Efficacy of twice daily oral delivery of curcumin in the CCI model.  

After the painful sensitivities developed for 10 days and reached peak levels, chronic 

treatment with curcumin (2 mg/day, oral gavage) significantly decreased mechanical 

allodynia (A) and thermal hyperalgesia (B) by 7-10 days and achieved complete 

attenuation after 3 weeks of treatment.  Once curcumin treatment was halted, both 

painful sensitivities returned with in 48 h to untreated CCI control levels (C and D).  

Adapated from [111]. 
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1.5.4 Strategies for delivering curcumin 

Table 2: Conjugation and entrapment strategies for curcumin 

Category Citation Method 
Drug 

Loading 
Finding 

Conjugation 

[161, 162] 

 

Mono- and di-valent ester-

linked single amino acids 

2:1 Increased anti-

microbial activity 

[163] PEGylation via carbamate bond 1:1 Increased cytotoxicity 

and in vitro release 

t1/2 =
  60-200 min. 

[164] PAMAM dendrimers via click 

chemistry 

37:1 Amyloid plaque 

dissolution in vitro 

[165] poly(Curcumin-PEG) hydrogels ≤ 78 

(mol%) 

Released curcumin 

(0.2-0.5 M) over 80 

days in vitro 

Entrapment 

[166] MePEO-b-PCL micelles 4.7:1 162-fold increase in rat 

plasma exposure t
1/2

  

[167, 168] 

 
NanoCurc

TM

  

(PNIPAAm, VP, and PEG) 

1.5 

(wt%) 

Greater crossing of 

BBB (Alzheimer’s) 

[169, 170] 

 

Liposomes 10 

(wt%) 

Greater activity against 

colorectal cancer cells 

[171] PLGA microspheres 38 

(wt%) 

Better inhibited in vivo 

tumor growth 

[172] MAX8 self-assembling peptide 

hydrogels 

<2:1 Achieved constant 

levels of 2-4 M 

curcumin in cell 

culture for 2 weeks. 

[173] Crosslinked thermo-responsive 

chitosan-g-poly(N-

vinylcaprolactam) 

nanoparticles 

10% 

(wt%) 

Below LCST (38°C), 

curcumin release rate 

in vitro greatly 

reduced. 

[174] Carboxymethyl-chitosan 

nanoparticles 

48 

(wt%) 

50% released in vitro 

over 120 hours 
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The exceptionally low bioavailability of curcumin, partly due to its 

hydrophobicity, has led many to develop strategies for chemical modification, chemical 

conjugation, or entrapment in order to increase drug solubility and drug loading for 

drug delivery applications. Some studies have sought to develop series of curcumin 

analogs with increased hydrophilicity or bioactivity [175, 176].  Others have sought to 

exploit the strong hydrophobic interactions of curcumin with hydrophobic polymers 

like polystyrene to load curcumin on metallic nanoparticles [177]. The two most popular 

strategies for overcoming solubility and bioavailability limitations have been chemical 

conjugation to polymers or amino acids or physical entrapment of curcumin in polymer 

or lipid-based delivery systems (Table 2). 

Single amino acids have been conjugated to the phenols of curcumin to form 

ester bonds, and the resulting conjugates had increased solubility and anti-microbial and 

anti-fungal activity [161, 162].  Curcumin has been conjugated to high-MW (3500 kDa) 

and low-MW (750 kDa) poly(ethylene glycol) (PEG) [163] and poly(amidoamine) 

(PAMAM) dendrimers [164].  In the case of PEGylated curcumin (Figure 13), a 

hydrolyzable carbamate bond was formed between PEG and the phenol of curcumin in 

a 1:1 molar ratio and shown to hydrolyze from the high-MW PEG 3-times more rapidly 

than low-MW PEG in PBS at 37°C [163].  Recently, curcumin was incorporated into the 

polymer backbone of a hydrogel system via degradable carbonate bonds for use as a  
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Figure 13: Synthesis and structure of PEGylated curcumin.  Curcumin was 

linked to methoxy-terminated amino-PEG via carbodiimide chemistry via an 

“activated urethane” intermediate.  The final product, while not stated by the authors, 

was curcumin linked to PEG via a carbamate bond.  Adapted from [163].   

soft-tissue filler following surgical tumor removal [165].  This strategy achieved high 

drug loading and was able to sustain the release of curcumin in vitro for 80 days.  

Numerous entrapment strategies have been developed to deliver high doses of 

curcumin systemically for cancer and Alzheimer’s applications. Curcumin has been 

loaded in hydrophilic nano-scale carriers composed of crosslinked poly(NIPAAm) (i.e. 

“nanocurcumin” [167, 168]), liposomes [169], a diblock copolymer of poly(ethylene 

oxide)-b-poly(e-caprolactone) (MePEO-b-PCL) [166, 178], self-assembling methoxy PEG-

palmitate amphiphilic nanocarriers [179], PLGA microspheres [171, 180], and triblock 

copolymers of PLGA-PEG-PLGA micelles [181].  Recently, curcumin was entrapped in 

self-assembling MAX8 peptide hydrogels as an injectable strategy for localized 

treatment of medulloblastoma [172].   Several of these strategies were able to increase 

the systemic circulation half-life of curcumin significantly [166, 170, 171, 181].  In one 

clinical trial, tablets of curcumin entrapped in phosphatidylcholine-based phytosomes 
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(Meriva®, Indena S.p.A., Milan, Italy) were given to osteoarthritis patients alongside a 

standard treatment and shown to be safe and more effective than the standard treatment 

alone for treating patient pain and dysfunction [182]. 

We propose to chemically modify curcumin for facile conjugation to ELP, a 

thermally responsive polypeptide, via hydrolyzable carbamate bonds as a new strategy 

for delivering injectable, in situ-forming curcumin drug depots for sustained-release 

perineural delivery for treating neuroinflammation. 

1.6 ELPs for Drug Delivery 

1.6.1 Thermally responsive depot-forming behavior 

Elastin-like polypeptides (ELP) are monodisperse, biocompatible, biodegradable, 

non-immunogenic biopolymers based on the native structure of human tropoelastin 

[183, 184].  ELP is composed of pentapeptide repeats of Val-Pro-Gly-Xaa-Gly, where Xaa 

is any amino acid, and can be designed at the genetic level by fabricating a library of 

genes encoding varying polymer sizes by plasmid reconstruction recursive directional 

ligation (PRe-RDL) [185].  Synthesized genes are then transformed into E. coli and liters 

of cells can be grown to yield 50-200 mg/L of purified protein [186].   

ELPs undergo an inverse phase transition governed by hydrophobic interactions 

at a specified transition temperature (Tt, or lower critical solution temperature (LCST)), 

whereby ELPs transition from a soluble chain to insoluble micron-sized particles at  
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Figure 14: Molecular representation of inverse phase transition of ELPs. 

temperatures above the Tt (Figure 14) [183, 187, 188].  The Tt of a given ELP is primarily a 

function of amino acid composition, solution concentration, and molecular weight, but 

also depends on the solution pH, ionic strength, polarity of the solvent, and the presence 

of any fused proteins or conjugated molecules. 

The thermally responsive behavior of ELPs can be used to design injectable, in 

situ-forming drug depots for local delivery applications.  Locally delivered drug depots 

can prolong drug residence times, provide for therapeutic levels of drug for sustained 

periods, and limit the peak systemic exposure of drug.  Genetically engineered ELPs are 

well-suited for local delivery applications because they are soluble and easy to handle at 

room temperature, display sufficiently low viscosity at high concentrations to enable 

injection, and rapidly undergo a soluble to insoluble phase transition into a viscous 

coacervate in situ [184, 189, 190].  ELPs engineered to aggregate at body temperature (Tt 

< 37°C) have been shown to have 7- to 8-fold longer residence times and 14-fold lower 

serum exposure levels compared to non-aggregating ELPs following transforaminal 

delivery to the perineural space in rats [100], and over 25-fold increases in clearance half-

life when delivered to the knee joint via intra-articular injection [191]. 



 

34 

 

1.6.2 ELP as a Drug Carrier 

1.6.2.1 ELP fusion proteins 

ELPs are tunable biopolymers that have been employed as drug carriers and 

biomaterials in a variety of applications owing to its facile recombinant synthesis, 

biocompatibility, biodegradability, and non-immunogenic nature [192, 193].  Because 

ELPs are recombinant proteins, they can be easily fused to therapeutic proteins at the 

genetic level and expressed as single, continuous fusion proteins with a molecular 

weight equal to the sum of the two proteins, yet still retain the thermally-triggered depot 

forming behavior of ELPs.  Previously, ELPs have been genetically linked to interleukin-

1 receptor antagonist (IL1Ra) [194], sTNFRII [102], and protease-cleavable glucagon-like 

peptide 1 (GLP-1) repeats [195] for local, sustained drug release applications.  However, 

fusion proteins can exhibit lower expression yields compared to ELP alone, and complex 

cytokine receptors with multiple disulfide bonds that significantly impact receptor 

binding activity may not be properly folded by prokaryotic bacteria cells [102]. 

Recently, ELPs have been shown to be safe in clinical trials, with an ELP-GLP-1 

fusion protein called GlymeraTM currently being evaluated in a Phase II clinical trial as a 

once weekly injection for treating diabetes (Clinical Identifier #: NCT 01236404).   

1.6.2.2 Small molecule coupling to ELP 

ELPs can also be treated as polymers displaying reactive chemical groups, which 

can be introduced by including amino acids with primary amines (lysine or arginine), 
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sulfides (cysteine), or carboxylic acids (glutamate, aspartate).  The small-molecule 

chemotherapeutic drug, doxorubicin, was conjugated to a single C-terminal lysine or 

cysteine of ELP for treating solid tumors [196, 197].  Doxorubicin was linked to ELP via a 

pH-responsive hydrazide bond using maleimide linker chemistry, such that uptake into 

acidic endosomes of cells will initiate intracellular doxorubicin release [196]. 

 

Figure 15: Design of ELP-doxorubicin micelle-forming conjugates. 

Doxorubicin was coupled to sulfides of ELP cysteines via acid-labile hydrazide 

bonds, and self-assembled into micelles, with conjugation ratios of 5 to 1. Adapted 

from [198]. 

Doxorubicin loading was increased by designing a C-terminal “conjugation 

domain” with 8 cysteine residues spaced by glycine repeats (Figure 15) [198].  Upon 

conjugation of hydrophobic doxorubicin, these ELP drug conjugates were shown to self-
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assemble into micelles that when delivered intravenously accumulate in the leaky 

vasculature of tumors and show better tumor-killing abilities than doxorubicin alone.   

Other small molecules that have been chemically coupled to ELPs include the 

radionuclide iodine-131 for local intra-tumoral injection [199, 200] and a series of 

maleimide drug derivatives of gemcitabine, oxycodone, and paclitaxel [201]. 

1.7 Central hypothesis and aims 

The central hypothesis of this research was that sustained, local delivery of an 

injectable ELP-curcumin depot would lead to prolonged drug residence times compared 

to bolus curcumin for treating neuroinflammatory pathologies such as radiculopathy 

and peripheral nerve injury.   

As part of Aim 1, curcumin was chemically modified to include a degradable 

carbamate linkage and reactive primary amine, so that it may be coupled to thermally-

responsive ELP for local, sustained release of bioactive curcumin.  Chapter 2 reports on 

the synthesis and characterization of a library of depot-forming ELP-curcumin 

conjugates (Aim 1).  Chapter 3 reports on the in vitro characterization of release kinetics 

for one of the lead ELP-curcumin conjugates using HPLC, as well as the anti-TNF and 

anti-NF-B bioactivity of curcumin released from these depots using newly developed 

assays of in vitro neuroinflammation (Aim 2).  Chapters 4 and 5 report on the in vivo 

plasma pharmacokinetics (Chapter 4) and local in vivo clearance kinetics (Chapter 5) 

following two methods of local drug delivery: perineural placement on the sciatic nerve 
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or intramuscular (i.m.) injection proximal to the sciatic nerve (Aim 3).  The work 

presented in this dissertation is depicted in Figure 16. 

 

Figure 16: Graphical summary of ELP-curcumin depot development and 

perineural delivery. 
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2. Curcumin conjugate synthesis and characterization 

2.1 Introduction 

As introduced in Chapter 1, we have chosen curcumin, a natural product with 

known anti-inflammatory and neuroprotective activities [111, 117, 158-160], as a model 

drug for treating neuroinflammation that we wished to chemically couple to an ELP 

drug carrier. Small molecule therapeutics, such as doxorubicin [196-198] and iodine-131 

[199], have been previously conjugated to reactive lysines and cysteines of ELPs. 

Doxorubicin was linked to ELP via a pH-responsive hydrazide bond using maleimide 

linker chemistry, and an equation for calculating the drug-to-carrier conjugation ratio 

from the absorbance of ELP (OD280) and the absorbance of doxorubicin (OD495) was 

reported [196].  Conjugation of a single doxorubicin residue was reported to drop the Tt 

of the resulting conjugate by ~7°C, and the maleimide linker chemical structure and 

length were shown to impact conjugation efficiency and conjugate Tt.   

As further exploration of the effects of small molecule coupling on ELP behavior, 

the hydrophobicity—measured by the octanol-water distribution coefficient at pH = 7.4 

(logD7.4)—of drug conjugated to cysteine-rich “conjugation domains” of ELPs was 

shown to directly impact self-assembly of conjugates into micelles.  Coupling of small 

molecules with logD7.4 > 1.5 triggered micelle formation, while coupling of less 

hydrophobic drugs did not trigger micelle formation [201].  While a cysteine-rich 

“conjugation domain” was not included in the design of ELPs for this work, the logD7.4 
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of curcumin is 2.96 (ACD/Labs PhysChem Suite software), suggesting that its 

hydrophobicity could impact the phase transition behavior of ELPs and was 

hypothesized to dramatically decrease the Tt of resulting ELP-curcumin conjugates.  

 

Figure 17: Graphical summary of synthesis and characterization of ELP-

curcumin conjugates. 

In this study, curcumin was chemically modified to include a degradable 

carbamate linkage and reactive primary amine, so that it may be coupled to a thermally-

responsive drug carrier, elastin-like polypeptides (ELP) for local, sustained release of 

bioactive curcumin to treat neuroinflammation (Figure 17).  A monofunctional curcumin 

carbamate (MCC) was synthesized by organic chemists at the Duke Small Molecule 

Synthesis Facility (SMSF) for facile conjugation to ELP.  Carbamate bonds have been 

previously used in the design of prodrugs and polymer-drug conjugates [202], because 

they are susceptible to aminolysis and hydrolysis at physiologic pH [203].  Amines of 

ELP were blocked to minimize ELP-ELP crosslinks, and the carboxyl groups of blocked, 

glutamate-rich ELPs were chemically coupled to MCC.  The physicochemical properties, 

including drug-to-carrier ratio, hydrodynamic radius, and Tt, of these conjugates were 

characterized to ensure design specifications for local in vivo delivery were satisfied. 
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2.2 Methods 

2.2.1 Materials and Reagents 

All reagents were purchased from Sigma Aldrich (St. Louis, MO), unless 

otherwise noted.  1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC), sulfo-N-

hydroxysulfosuccinimide acetate (sulfo-NHS-acetate), and SnakeSkin® Pleated Dialysis 

Tubing (MWCO 7000 Da) were purchased from Pierce Biotechnology (Rockford, IL). 

Curcumin (95%, with 5% curcuminoid impurities) was purchased from Alfa Aesar 

(Ward Hill, MA), and phosphate-buffered saline (1X PBS) were purchased from 

Invitrogen (Gibco®, Carlsbad, CA).  

2.2.2 Chemical synthesis of Monofunctional Curcumin Carbamate 
(MCC) 

Curcumin was modified by introducing a carbamate linker at one phenolic end 

to form a compound termed monofunctional curcumin carbamate (MCC) (MW = 490.5 

Da, Figure 18).  The following methods were developed by Drs. Xin Chen, David 

Gooden, and Ramesh Gopalaswamy at the Duke SMSF. 

N,N-Diisopropylethylamine (DIEA, 700 L, 4 mmol, 2 eq.) was added to 

curcumin (0.738 g, 2 mmol) in anhydrous tetrahydrofuran (THF, 0 °C, 30 mL).  4-

Nitrophenylchloroformate (0.403 g, 2 mmol) in anhydrous dichloromethane (CH2Cl2, 10 

mL) was added dropwise and the mixture was stirred (3 h) while warmed to room 

temperature.  Consumption of curcumin was monitored by thin layer chromatography 

(EtOAc:hexanes, 2:1).  N-Boc-ethylenediamine (0.385 g, 2.4 mmol, 1.2 eq.) in CH2Cl2 (5 
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mL) was added and stirred (1 h, room temperature), then diluted with CH2Cl2 (50 mL) 

and washed with 1 N HCl (70 mL) and brine (2 x 70 mL).  The organic phase was added 

to silica gel (~1 g) and concentrated to dryness under reduced pressure.  Flash column 

chromatography (RediSepRf SiO2 (12 g), 100% CH2Cl2 → 50% EtOAc in CH2Cl2) gave the 

desired product as a yellow solid (0.445 g, 40%). 

 

Figure 18: Reaction schematic for the synthesis of MCC from curcumin. 

N-Boc-Curcumin-carbamate (0.400 g, 0.72 mmol) in THF (6 mL) was cooled, HCl 

(4M in dioxane, 5 mL, 20 mmol, 28 eq.) was added, and the reaction mixture was 

allowed to warm to room temperature while stirring overnight.  The reaction mixture 

was then concentrated to dryness under reduced pressure, anhydrous diethyl ether 

(Et2O, 10 mL) was added, and the suspension was agitated for several minutes (vortex 

mixer).  The suspension was subjected to centrifugation (room temperature, 2 min, 

2000rpm) and the supernatant was removed by decantation.  This sequence was 

repeated twice and the residue was dried under reduced pressure giving the curcumin 
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carbamate salt as an orange-yellow solid (0.32 g, 91%). Masses of the N-boc-curcumin 

carbamate and final product, MCC, were confirmed by electrospray ionization mass 

spectrometry (ESIMS). 

2.2.3 UV-Vis characterization of curcumin and MCC 

The spectral properties of curcumin—maximum absorbance  wavelength (max), 

extinction coefficient at max (max), maximum fluorescence wavelength (em), and 

quantum yield (φ)—are highly sensitive to the solvent, presence of binding proteins or 

surfactants, and pH [112-115].   Curcumin has also been shown to bind to pockets in 

bovine serum albumin (BSA), which leads to an increase (red-shift) in max and an 

increased magnitude of absorbance and fluorescence [116].   

The absorbance of curcumin and MCC standards was measured via UV-Vis 

spectrophotometry from 200 to 800 nm (CARY Bio 300 UV-VIS, Agilent Technologies, 

Santa Clara, CA).   The molar extinction coefficient of MCC at max = 416 nm (ɛ416) was 

calculated for MCC samples diluted from 100% acetonitrile (CH3CN) stocks into a cold 

UV-Vis buffer (50% CH3CN: 50% DI H2O, pH = 7.4).  MCC standards used to calculate 

ɛ416 were prepared with amine-blocked ELP, described in methods below, in a fixed 

molar ratio of 1 mole ELP to 5 moles MCC to mimic ELP-MCC conjugates, to account for 

any effects of ELP protein on curcumin absorbance.   

Curcumin is also known to be sensitive to light and degrade rapidly in 1X PBS 

(pH = 7.4)[113].  Therefore to account for any changes in absorbance of MCC stocks over 
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time, enough standards for 3 separate studies were initially prepared and 3 separate 

absorbance studies took place over 2 weeks.  Standards were stored at -20°C between 

studies.  For each study, all standards were scanned 4 times back-to-back over 1 hour to 

account for any instability from handling or solubility changes as the UV-Vis buffer 

temperature equilibrated with room temperature.  Absorbance of MCC with amine-

blocked ELP at 416 nm (OD416) was obtained and plotted against the known 

concentration of MCC, and ɛ416 was determined from the linear regression of OD416 and 

concentration. 

2.2.4 ELP expression, purification, and amine blocking 

Glutamate-rich ELPs with the amino acid sequence MSKGPG[VPGXG]L=40, 

60,80,160WPC with X = V/I/E [1:3:1] (MW = 17.8, 26.3, 34.9, and 68.8 kDa, where L is the 

number of total pentapeptide repeats), were synthesized, expressed, and purified as 

previously described [186, 204].  ELPL=40,60 plasmids included a kanamycin resistance 

gene and cells transfected with these plasmids required the addition of IPTG to growth 

media 8-10 h into the 24-hr growth cycle for optimal protein expression.  ELPL=80,160 

plasmids included an ampicillin resistance gene and cells transfected with these 

plasmids did not require IPTG during the growth cycle.  Hydrophilic glutamate residues 

(E) were periodically and precisely placed along the polymer backbone to provide 

carboxylates convenient for drug attachment. 
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To prevent intra- and inter-ELP chain crosslinking, the two terminal amine 

groups present on purified ELP (the amino terminus and the ɛ-amine of lysine) were 

blocked using one of two strategies: 1) PEGylation with methoxy-PEG-NHS (mPEG-

NHS, PEG MW = 2000 Da, Creative PEGworks); or 2) acetylation with sulfo-NHS-acetate 

(MW = 259.17 Da, Sigma).  For both strategies, purified ELP was reacted in 1X PBS (pH = 

8.3) at a concentration of 1 mM with mPEG-NHS or sulfo-NHS-acetate dissolved in 

dimethylformamide (DMF) at a molar ratio of 25 to 1 mPEG/acetates to amines for 1 

hour at room temperature.  The reaction solution was dialyzed against de-ionized H2O 

(DI H2O, pH = 7.1-7.4) for 48 hours with at least 2 buffer changes, and the dialysate was 

frozen and lyophilized.  

Blocking efficiency was confirmed with a 2,4,6-trinitrobenzene sulfonic acid 

(TNBS) assay [205].  Dry PEGylated ELP (pELP) or acetylated ELP (AcELP) and 

unmodified ELP were weighed and dissolved in a known volume of 0.1 M sodium 

bicarbonate (NaHCO3, pH = 8.3).  pELP and AcELP was diluted to 50 M and a standard 

curve of unmodified ELP ranging from 10-100 M was prepared.  Importantly, ELP of 

the same molecular weight was used in each standard, as significant variations in 

absorbance were detected between ELPs of different sizes.  TNBS acid stock was diluted 

to 0.01% acid in the same buffer and 50 l was added to 50 l of sample or standard in a 

96-well plate.  The plate was incubated at 60°C (15 min), allowed to cool at room 

temperature (5 min), and absorbance was recorded at 340 nm (background correction at 



 

45 

 

595 nm) (Enspire Mutlimode Plate Reader, Perkin Elmer, Waltham, MA).  Successful 

blocking was defined as a reduction in 340 nm absorbance by ≥ 90% of unmodified ELP. 

This blocking resulted in a net increase in molecular weight of 2000 Da per mPEG group 

(4000 Da per pELP) or 43 Da per acetyl group (86 Da per AcELP). 

2.2.5 Conjugate synthesis and purification 

ELP-MCC (using pELPL=40,60,80 or AcELPL=60,80,160) conjugates were synthesized via 

carbodiimide coupling chemistry and termed pMCC40, 60 or 80 for PEGylated 

conjugates, or simply MCC60, MCC80, or MCC160 for AcELP conjugates (Figure 19).  

Dried pELP or AcELP, MCC, hydroxybenzotriazole (HOBt), and EDC were individually 

 

Figure 19: Chemical coupling schematic of ELP-MCC conjugates.  The reactive 

amines of MCC couple to the reactive carboxylic acid groups of glutamate residues 

via EDC carbodiimide chemistry to form a stable amide bond.  This leaves the 

hydrolyzable carbamate bond built into the MCC structure available to release full-

length curcumin.  HOBt was included to stabilize the reaction intermediates and 

increase the efficiency of EDC coupling. 

weighed and dissolved in DMF to insure a ratio of 6 moles MCC for 1 mole pELP or 

AcELP.  For initial reactions with pELP, ratios as high as 25 moles MCC to 1 mole pELP 

were also tested.  To the mixture of pELP or AcELP and MCC, HOBt and EDC in DMF 
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were added in a 1.5 to 1 molar ratio to MCC to react carboxyls of pELP or AcELP with 

the amines of MCC.  Reaction solutions were rotated at 4°C in the dark for 18-24 h.  

Reaction solutions were purified by dialyzing against pre-chilled DI H2O (pH = 7.1-7.4) 

for 24 h with 3 buffer changes.  The dialyzed conjugate was centrifuged (13.5 kRPM, 10 

min., 4°C) to remove insoluble components, frozen, and lyophilized.  Purity was 

determined by high-pressure liquid chromatography (HPLC), as described in Chapter 3. 

2.2.6 Drug-to-carrier ratio characterization 

A molar drug:carrier ratio for the ELP-MCC conjugate was determined as 

described here.  A mass of ELP-MCC (m) was dissolved in UV-VIS buffer of volume, and 

absorbance at 416 nm (OD416) and MCC MW were used to obtain the moles of MCC 

(nMCC) and mass of MCC (mMCC). A value for moles of pELP or AcELP in this solution 

(nELP) was determined from the dry weight attributed to pELP or AcELP (m-mMCC) and 

the pELP or AcELP MW.  The molar drug:carrier ratio was thus reported as nMCC/nELP. 

2.2.7 Thermal characterization and particle formation of conjugates 

The thermal transition properties of ELP, pELP, AcELP, and ELP-MCC 

conjugates were measured by monitoring the optical density, or turbidity, of the 

solution at 650 nm on a thermally controlled UV-Vis spectrophotometer (CARY Bio 300 

UV-Vis) as described previously [197]. OD650 was selected because curcumin does not 

absorb light at that wavelength.  Samples were diluted in 1X PBS (pH = 7.4) to 25 M 

ELP and OD650 was monitored from 20 to 80°C with a temperature ramping rate of 1 
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°C/min.  The transition temperature (Tt) was defined as the point at which the derivative 

of OD650 with respect to temperature was at its maximum value.  

The hydrodynamic radii, Rh, of ELP-MCC conjugates (25 M in 1X PBS, pH = 7.4) 

were measured using dynamic light scattering (DLS, DynaProTM Plate Reader, Wyatt 

Technology, Santa Barbara, CA, USA) from 20°C to 50°C at 5°C increments [102]. Any 

particle subpopulation representing less than 2% of the total mass was excluded from 

analysis, and data were reported as the mean Rh with standard error representing the 

calculated polydispersity at each temperature.   

To confirm DynaProTM DLS results, the Rh of ELP-MCC particles were also 

measured using a Zetasizer Nano ZS (Malvern Instruments, Malvern, Worcestershire, 

UK), which also uses DLS techniques to quantify particle size.  For these studies, ELP-

MCC conjugates (25 M in 1X PBS, pH = 7.4) were centrifuged (4°C, 13.5 kRPM, 10 min), 

syringe-filtered (0.45 m), and kept on ice prior to reading.  Filtered particles were 

analyzed at 4°C and 45°C, slightly above the predicted Tt (~40°C) for lead conjugates at 

the concentration tested using the high resolution setting for detection of multiple 

population peaks. Mean Rh values and polydispersities for each particle population were 

reported.  



 

48 

 

2.3 Results 

2.3.1 Synthesis of MCC 

MCC was successfully synthesized by a 3-step reaction shown previously in 

Figure 18.  Formation of a reactive carbonate intermediate, followed by reaction of the 

intermediate with N-boc-ethylenediamine, yielded a mono-protected curcumin 

carbamate.  Analysis of the reaction mixture by thin layer chromatography (DM 

Gooden, Duke SMSF) indicated complete consumption of curcumin, and analysis by 

ESIMS indicated one peak with the expected mass of the mono-protected curcumin 

carbamate (m/z = 555 ([M+H]+)).  This product was deprotected using standard 

techniques to yield the desired final product, MCC (ESIMS m/z = 491 ([M+H]+)). 

2.3.2 Absorbance properties of curcumin and MCC 

The absorbance spectra of curcumin and MCC in UV-Vis buffer were measured 

in the presence of pELP or AcELP in a molar ratio of 5 to 1 MCC to ELP (Figure 20).  In 

the presence of either pELP or AcELP, the wavelength of maximum absorbance, max, for 

curcumin was found to be 425 nm, and max for MCC was found to be blue-shifted to 416 

nm.  At the same concentration, the maximum absorbance of MCC in UV-Vis buffer was 

50% lower than for curcumin, indicating the change in structure of MCC hinders its 

ability to absorb light. The molar extinction coefficient of MCC at 416nm, 416, in the 

presence of pELP was calculated to be 31893 M-1cm-1.   The molar extinction coefficient of 

MCC at 416nm, 416, in the presence of AcELP was calculated to be 31486 M-1cm-1.   
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Statistical analysis of the individual extinction coefficients for each scan for standards 

containing pELP and AcELP indicated no differences between groups (Matlab, function: 

anovan, p = 0.87); therefore, the data were pooled together and a molar extinction 

coefficient of MCC, 416, in the presence of pELP or AcELP was calculated to be 31806 M-

1cm-1. 

 

Figure 20: Absorbance spectrum of curcumin and MCC in UV-Vis buffer. 

Curcumin and MCC at the same concentration in the presence of AcELP at a fixed 

ratio of 5 moles MCC to 1 mole AcELP are shown.  (Inset) Linear regression fit of 

MCC standards to Beers-Lambert law (A=cl) to calculate 416 for MCC (n=3 tests, 4 

scans per test, R2=0.9712). 

2.3.3 Blocking of ELP N-terminal amines 

Glutamate-containing ELPs were reacted with mPEG-NHS or sulfo-NHS-acetate 

to block the two N-terminal amines present on ELP, which were found to contribute to 

excessive intra- and inter-chain crosslinking when left blocked.  When either mPEG-

NHS or sulfo-NHS-acetate was added in great excess (25 moles acetate to 1 mole amine), 

the reaction resulted in the irreversible addition of a PEG chain (2000 Da) or acetyl  
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Figure 21: Confirmation of ELP amine blocking with sulfo-NHS-acetate. A) 

TNBS Assay of AcELPL=80 (High = 75 M, Low = 50 M) compared to a standard curve 

of unmodified ELPL=80.  One-way ANOVA with post-hoc Tukey’s HSD (p < 1e-18) 

indicated that all samples, except the lowest standard (6.25 M, marked as #), were 

significantly different from 0 (blank). * = samples that were not significantly different 

from each other.  B) Thermal analysis of AcELPL=80 indicates that the addition of 

acetate groups slightly increased the Tt by 2-4°C.   

group (43 Da) to each amine of ELP, which was confirmed for each batch using the 

TNBS assay (Figure 21). 

As the thermal transition temperature (Tt) of ELPs is dependent upon the 

hydrophobicity of the polymer chain, the addition of these capping groups to the ELPs 

did affect the Tt of each ELP.  For the larger PEG chains, increases in Tt were difficult to 

detect because of the high starting Tt of ELPL=40,60,80.  Still, pELPL=80 showed an increase in 

Tt of at least 8°C.  Addition of the smaller acetyl groups led to a 2-4°C increase in the Tt 

of each AcELP at the concentrations tested (Figure 21 and Table 3).  Differences in ELP 

transition kinetics and reversibility were not detected for pELP or AcELP compared to 

unmodified ELP for all sizes.  
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2.3.4 Characterization of ELP-MCC drug-to-carrier ratios 

MCC was conjugated to pELPs or AcELPs by carbodiimide coupling chemistry 

in DMF (Figure 19). The mean molar drug-to-carrier ratio for MCC60 and MCC80 was 

7.2 ± 0.2 and 5.9 ± 0.2, indicating that between 5 and 10 glutamates remained 

unconjugated, respectively (Table 3, mean ± SEM, n=3 batches).  Preliminary reactions of 

MCC with AcELPL=160 (termed MCC160) had low yields and ratios below unity, so 

further studies of MCC160 were not pursued.  HPLC was used to verify that there was 

no more than 5% unreacted MCC or recently released curcumin in each batch of MCC60 

and MCC80.  Presentation of HPLC methods, chromatograms, and results pertaining to 

in vitro release of curcumin will be presented in Chapter 3.  

PEGylated ELP-MCC conjugates (pMCC40, pMCC60, and pMCC80) were 

synthesized using a range of MCC to ELP reactant ratios and a range of purification 

techniques, but often yielded little to no conjugate product.  PEGylated conjugates 

reported in Table 3 represent n = 1 batch of product purified from reaction mixtures 

containing significant insoluble fractions.  The drug-to-carrier ratio calculated for all 

PEGylated ELP-MCC conjugates were adjusted based upon HPLC analysis of purity, 

which for these conjugates was only 50-75% pure.  While high drug loading (>5:1) was 

achieved for all 3 pELPs, the inconsistencies in purity and large insoluble fractions was 

not optimal for an injectable drug delivery system.   
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Table 3: Summary of ELP and ELP-MCC conjugate characterization 

ELP-MCC 
ELP MW 

(kDa) 

Tt 
(ELP) 
(°C) 

Acetylation 
(%) 

Tt 
(AcELP) 

(°C) 

MCC:AcELP 
Ratio 

Tt 
(ELP-MCC) 

(°C) 

MCC60 26.3 >80 72 >80 7.2 54 
MCC80 34.8 72 90 76 5.9 40 

MCC160 68.7 63 84 65 0.8* 39* 

ELP-MCC 
ELP MW 

(kDa) 

Tt 
(ELP) 
(°C) 

PEGylation 
(%) 

Tt 
(pELP) 

(°C) 

MCC:pELP 
Ratio 

Tt 
(ELP-MCC) 

(°C) 

pMCC40 17.8 >80 100 >80 5.6* 75* 
pMCC60 26.3 >80 99 >80 6.7* 71* 
pMCC80 34.8 72 91 >80 7* 63* 

ELPL=40,60,80,160 contained 9, 13, 17, or 33 carboxylic acids, respectively, when including 

the C-terminus. % Molar acetylation for AcELPL=60,160 were below 90%, but high and 

low concentrations of each AcELP were not different from the lowest standard tested, 

while % molar PEGylation for pELPs was excellent.  Purity of MCC60 and MCC80 

were both ~95%, as measured by HPLC, and MCC:AcELP ratios for MCC60 and 

MCC80 represent the mean ratio of n = 3 separate batches. Purity for PEGylated 

conjugates was poor in all cases (50-75%).  Tt are reported for 25 M ELP, AcELP, or 

pELP. * = data reported for n=1 batches. 

2.3.5 Thermal transition properties of ELP-MCC conjugates 

Curcumin is a highly hydrophobic molecule, and hence was expected to decrease 

the Tt of ELP-MCC conjugates.  Previous reports of ELP-doxorubicin conjugates 

conjugates [197, 198], measured a drop in Tt of ~6°C/molecule doxorubicin, which has a 

logD7.4 = -1.74 (reported by www.chemspider.com).   Being more hydrophobic than 

doxorubicin, curcumin (logD7.4 = 2.9) was hypothesized to decrease the Tt by the same or 

greater magnitude.    
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Figure 22: Thermal transition properties of MCC80 and AcELPL=80. Rapid 

thermally triggered phase transition of MCC80 conjugates below physiologic 

temperatures.  A) MCC80 was resuspended at 1mM conjugate (6 mM MCC) in 1X PBS 

(pH = 7.4) and heated at a constant rate of 1 °C/min while monitoring the solution 

turbidity (OD650). B)  MCC80 displayed significantly lower Tt than AcELPL=80. 

Concentrations of MCC80 at or above 100 M exhibited Tt ≤ 37°C, but at 1 mM 

deviated from the logarithmic dependency of Tt on concentration [206]. 

All ELP-MCC conjugates synthesized displayed thermally-responsive behavior 

that was dependent upon concentration and MW (Table 3).  MCC60 and MCC80 

conjugates were measured to have Tt of 54°C or 40°C, respectively, at 25 M.  At 

therapeutically relevant doses (> 100 M ELP), MCC80 conjugates exhibit a Tt ≤ 37°C, 

which is ideal for in situ-gelling therapeutics (Figure 22).  However, above 250 M, 

MCC80 Tt appears to deviate from the logarithmic dependence of Tt on concentration 

previously reported for ELPs [206].  The Tt of MCC60 conjugates at high concentrations 

was not below 37°C, meaning they would not be useful for an injectable, local delivery 

application.  Therefore, MCC60 conjugates were not characterized further or included in 

later pharmacokinetic and clearance studies.  
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The Tt of PEGylated ELPs did drop from > 80°C for all three MWs (Table 3).  

However, due to the limitations of the UV-Vis heating unit, we were unable to quantify 

a change in Tt for these pELP per molecule of MCC.  Based upon the calculated Tt for all 

three PEGylated ELP-MCC conjugates, the use of a bulky, hydrophilic mPEG-NHS as a 

capping molecule prevented significant decreases in Tt to physiologic temperatures.  

Therefore, PEGylated ELP-MCC conjugates were not evaluated further.    

The hydrodynamic radius, Rh, was determined by DLS for AcELPL=80 and MCC80 

using two different DLS instruments.  Initial studies with the DynaProTM DLS (Wyatt) 

equipped with a plate reader measured AcELPL=80 monomers to be Rh = 8 nm below the 

Tt and aggregate into micron-sized depots above the Tt (Table 4).  MCC80 conjugates 

were characterized as three separate populations with mean Rh equal to 19 nm ± 9.4 nm, 

104 nm ± 17 nm, and 10,000 nm ± 2000 nm below the Tt.  Even though MCC80 conjugates 

were initially filtered with a 0.45 m filter, 75% of the particle mass was estimated to be 

in the form of 10 m particles.  

Table 4: Hydrodynamic radii of AcELP and MCC80 as measured by DynaProTM DLS.   

 T = 20°C T = 45°C 

 Rh (nm) % Mass Rh (nm) % Mass 

AcELPL=80 8 ± 1 100 2000 ± 200 100 

 Rh (nm) % Mass Rh (nm) % Mass 

MCC80 19 ± 9.4 20 -- -- 

 104 ± 17 5 -- -- 

 10,000 ± 2,000 75 2600 ± 210 100 

AcELP and MCC80 were diluted to 25 M in 1X PBS and filtered with a 1 m filter 

prior to reading (n=3 replicates).  The Tt of MCC80 was measured to be 40°C. 
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Above the Tt, the entirety of the MCC80 sample mass was observed as micron-sized 

depots above the Tt.  

The presence of micron-sized aggregates below the Tt led to analysis of the same 

samples using the Zetasizer Nano ZS (Malvern), which also used DLS techniques to 

quantify particle size.  After centrifugation and syringe filtration (0.45 m) of MCC80 

conjugates at 25 M ELP in 1X PBS, the Zetasizer detected similar populations of 

particles of similar sizes below and above Tt.  As shown in Figure 23, below the Tt at 4°C, 

two populations of particles were detected with mean particle diameters of 16.8 nm ± 3.7 

nm and 251 nm ± 120 nm representing percent masses of 43% and 57%,  

 

Figure 23: Particle diameters of MCC80 conjugates measured with a Zetasizer 

NanoZS.  At 4°C, below the Tt of MCC80 conjugates at 25 M, conjugates form 

particles of two distinct diameters with more percent of total particle mass forming a 

polydisperse population of particles ~251 nm in diameter. At 45°C, above the Tt of 

MCC80 conjugates at 25 M, one population of aggregates forms particles ~ 631 nm in 

diameter. 
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respectively.  After allowing filtered conjugate to equilibrate to a temperature above Tt 

(45°C) for one minute, the Zetasizer measured 100% of the particle mass as having a 

mean diameter of 631 nm ± 50 nm.   

2.4 Discussion 

Curcumin is a natural product with an excellent safety profile that may be useful 

in treating neuroinflammation associated with IVD herniation (radiculopathy) and 

peripheral nerve injury, owing to its diverse anti-inflammatory activity and known 

efficacy in an animal model of peripheral nerve injury [111].  However, curcumin suffers 

from low aqueous solubility and bioavailability [151], which has led many investigators 

to develop drug delivery systems for entrapping or conjugating curcumin to a drug 

carrier to improve pharmacokinetics and preclinical efficacy [166, 167, 171].   

In this study, curcumin was chemically modified and bound to a thermo-

sensitive ELP biopolymer that experiences a sharp and rapid liquid-to-gel phase 

transition at a temperature below 37°C [183, 184].  This unique characteristic allows the 

ELP-curcumin conjugate to be easily handled and injected as a fluid solution at room 

temperature when the ELP is fully soluble and then promotes the rapid transition into a 

viscous coacervate upon warming to physiological temperature.  A library of glutamate-

rich ELPs of varying MW were used from a prior synthesis [204] and their N-terminal 

amines were capped with either mPEG-NHS (MWPEG = 2000 Da) or sulfo-NHS-acetate 

(MWAc = 43 Da).  The carboxyl groups of glutamate residues on pELP or AcELP were 
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reacted with the primary amines of MCC via carbodiimide chemistry to form ELP-MCC 

conjugates with a pendant chain structure.  All ELP-curcumin conjugates successfully 

synthesized were shown to retain an ability to form thermally-triggered depots after 

curcumin conjugation.  The measured Tt depended upon the capping molecule, ELP 

MW, concentration of conjugate, and drug-to-carrier ratio, as coupling of hydrophobic 

curcumin significantly reduced the Tt of all ELPs.   The primary outcome from these 

synthesis reactions was one lead conjugate, MCC80 (Figure 24), which was measured to 

have a drug-to-carrier ratio of 6-to-1, be soluble at millimolar concentrations without the 

addition of organic solvents, and form thermally-triggered micron-sized aggregates 

below 37°C (Figure 23).  This drug-to-carrier ratio suggests an ability to deliver a 

releasable form of curcumin at millimolar concentrations locally to the nerve injury or 

herniated disc site for sustained periods of time.   
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Figure 24: Screening criteria for conjugate library. Six different conjugates 

were synthesized and characterized as described.  Passing conjugates had to exhibit 

all 3 design criteria shown above, high drug loading (>5:1), be soluble at room 

temperature and form thermally-triggered depots below 37°C, and aggregate into 

micron-sized particles.  Only 1 conjugate out of 6 passed these criteria. 

To synthesize ELP-curcumin conjugates, curcumin was first chemically modified 

to include a reactive primary amine connected by a carbamate linkage, termed 

monofunctional curcumin carbamate (MCC).  With this chemical modification, we 

generated a more soluble curcumin variant and enabled facile conjugation of curcumin 

to a variety of carrier compounds with a built-in carbamate bond that is susceptible to 

hydrolysis and aminolysis [203].  The reported 3-step synthetic schematic employed a 

carbonate intermediate that can react readily with any primary amine, meaning many 

modified curcumins could be easily synthesized with distinct carbamate linkers and 

reactive end-groups.  The linker structure of MCC was chosen for its simplicity and as a 
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proof-of-concept of this approach to conjugate design.  Curcumin has been previously 

modified by conjugation of single amino acids to form monovalent or divalent curcumin 

bioconjugates that have increased solubility and anti-microbial or anti-mutagenic 

bioactivity in vitro [162, 207].  Other investigators have created libraries of curcumin 

variants by modifying the hydrocarbon backbone and screening these libraries for 

compounds with increased anti-angiogenic or chemotherapeutic activity [175, 176].  

These strategies have proven to be effective methods for increasing curcumin solubility 

and discovering novel small molecule drugs, and if coupled with sustained drug 

delivery systems, could prove useful for local delivery applications like 

neuroinflammation. 

The modifications to curcumin reported here had modest effects on the 

absorbance properties of MCC and somewhat increased the hydrophilicity of curcumin, 

owing to the hydrophilic carbamate and amine groups.  To quantify MCC in later 

studies using spectroscopy, the 416 of MCC in the presence of ELP was quantified.  

Values of 416 in the presence of pELP or AcELP were not different.  Previously, 420 for 

curcumin in benzene was calculated to be 63,000 M-1cm-1 [208].  Because the maximum 

absorbance of MCC at 416 is half that of curcumin (Figure 20), the value of MCC 416 of 

31806 M-1cm-1 is supported by prior studies. 

We hypothesized that conjugation of curcumin, a very hydrophobic drug, to ELP 

would dramatically drop the Tt, as was observed for ELP-doxorubicin conjugates [198].  
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Based upon this hypothesis, highly hydrophilic glutamate-rich ELPs were chosen for 

this conjugation strategy, which were previously developed for pH-responsive drug 

delivery applications [204].  Initial coupling reactions with ELPs and MCC yielded 

highly cross-linked, insoluble ELP-curcumin networks, likely the result of inter-and 

intra-ELP chain coupling of N-terminal amines to backbone glutamates. To prevent this 

cross-reactivity, ELP N-terminal amines were blocked with one of two capping agents, 

mPEG-NHS or sulfo-NHS-acetate.  When reacted in large molar excess of NHS groups 

to amines, these capping agents bound to amines with generally good efficiency.  To our 

knowledge, this represents the first time ELP was acetylated or PEGylated.  Dried pELPs 

had a different appearance and texture than dried unblocked ELP, with a cotton-candy 

appearance, less compact dried structure, and more hygroscopic nature.  AcELP 

appearance and texture was indistinguishable from unblocked ELP.  The TNBS assay 

worked well for free amine quantification, but was very sensitive to the type of ELP.  

Standard curves of all ELPs had different slopes and different linear ranges; therefore, 

each batch of blocked ELP was directly compared to a standard curve of ELP of the same 

MW.   

In a majority of studies published, micromolar concentrations of curcumin were 

required to elicit a biological response from a given cell type.  Therefore, curcumin must 

be delivered at high doses in order to be efficacious.  With the primary goal of 

producing a highly-loaded ELP-curcumin conjugate, 2 moles of MCC were added for 



 

61 

 

every 1 mole of carboxyl groups, or 18-34 moles of MCC for every mole of pELP.  These 

reactions often resulted in insoluble aggregates of pELP-MCC that could not be purified 

or resuspended in aqueous solutions.  As the reactant ratio was scaled back with each 

new reaction, yields somewhat improved (from 0% to ~25%) and some soluble pELP-

MCC could be recovered after purification.  However, for all 3 pELPs, the resulting ELP-

MCC conjugates, while coupled with 5-7 moles of MCC per mole of pELP, still exhibited 

Tt > 63°C.  Because of the lower reaction yields and very high Tt for pELP-MCC 

conjugates, we pursued a different amine-blocking strategy with a far smaller capping 

agent, acetate. 

The added presence of acetyl groups on ELPs led to minor increases in Tt of 2-

4°C, for all 3 AcELPs.  Based upon results from pELP coupling reactions, the MCC to 

ELP reactant ratio was reduced in order to find an optimal reactant ratio that would 

maximize recovery of soluble conjugate and minimize the presence of insoluble, “over-

coupled” ELP-MCC conjugates.  To determine this reactant ratio, MCC was reacted with 

AcELPL=60 or AcELPL=80 in a 6-to-1 or 12-to-1 molar reactant ratio.  All 4 reactions were 

carried out using the same reaction conditions and purified in the same manner.  For 

both AcELPs, the 12-to-1 molar reactant ratio led to significant masses of insoluble ELP-

MCC conjugates that could not be resuspended or easily purified.  However, using the 

6-to-1 reactant ratio led to greater masses of soluble conjugate for both AcELPs, 
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indicating that the drug-to-carrier ratio of recovered, purified conjugates may be limited 

to ~6-7 due to the resulting low solubility of heavily coupled ELP conjugates.   

The low solubility following over-coupling may indicate a substantial drop in Tt 

or an increased domination of hydrophobic interactions for incremental increases in 

drug-to-carrier ratio.  Enhanced hydrophobic interaction may also explain the deviation 

of the Tt for 1mM MCC80 from the logarithmic dependence of Tt on ELP concentration.  

At millimolar concentrations, the concentrated presence of hydrophobic phenols like 

curcumin along the backbone of ELP may alter the standard thermodynamics of ELP 

aggregation. Just as incremental increases in drug-to-carrier ratios were found to 

dramatically affect conjugate solubility, incremental increases in concentration above 

250 M may also dramatically affect the Tt for these ELP-MCC conjugates.  Interestingly, 

successful reactions using a 6-to-1 reactant ratio were characterized by more insoluble 

MCC60 (~25% of total mass) than insoluble MCC80 (~10%), which may suggest that final 

conjugate solubility may also be a function of the number of unreacted carboxyls 

remaining on the ELP chain.  This over-coupling limitation and the effect of unreacted 

carboxyls could be studied by redesigning the ELP sequence to include additional 

glutamates, or overcome by sequestering the reactive carboxyls to one region of the ELP 

chain (e.g. diblock design) to form micelles.   

Analysis of conjugate particle size indicated that MCC80 conjugates exist as two 

distinct populations of polydisperse particles when in a soluble form below Tt.  Given 



 

63 

 

that the coupling chemistry used here could not precisely control the number of MCC 

molecules conjugated to each ELP molecule, conjugate polydispersity is not surprising.  

The somewhat larger nano-sized population of ~250 nm in size may represent 

hydrophobic interactions between MCC molecules on separate conjugate chains leading 

to the formation of particles representing several conjugate monomers.  An initial 

concern from data acquired with the DynaProTM DLS was that ~10 m-sized particles 

were observed and calculated to represent 75% of the total particle mass, even though 

each sample was syringe filtered using a 1 m cut-off prior to analysis.  DLS techniques 

are known to have reduced sensitivities for particles above 1m in size, as indicated by 

the higher standard deviations for the larger particles in Table 4.  Additionally, the time 

required to measure triplicates at one temperature using the DynaProTM DLS instrument 

is somewhat long (~1 h), and enough time for an appreciable mass of curcumin to 

hydrolyze from ELP.  Curcumin released from conjugates that forms insoluble 

precipitates during data acquisition may explain the sudden emergence of micron-sized 

particles even after filtration.   

The Zetasizer Nano ZS, which also used DLS techniques to measure particle size, 

measures particle size far more rapidly than the DynaProTM DLS (~2 min).  Using the 

same sample preparation methods, buffer, and ELP concentration, this DLS instrument 

measured two distinct nano-sized populations of MCC80 conjugates, without any 

micron-sized particles.  The lower temperature used and faster acquisition time likely 
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limited the mass of curcumin that could possibly release and form insoluble precipitates.  

Both instruments calculated similar experimental sizes of the two particle populations 

for temperatures below Tt, and both instruments reported a single population of 

aggregates for temperatures above Tt.  Additional studies of particle size using different 

buffers or solvents that may limit curcumin hydrolysis or solubilize released curcumin, 

could confirm that insoluble curcumin precipitates are forming during data acquisition.  

Lowering the concentration of conjugate such that released curcumin remains soluble in 

PBS could simultaneously lower the ELP concentration below the limit at which the 

phase transition can be observed.  

2.5 Conclusion 

In conclusion, curcumin was chemically modified to form MCC and bound to a 

thermally responsive ELP drug carrier to form ELP-MCC conjugates.  These curcumin 

conjugates can be easily handled and injected at room temperature when the ELP is fully 

soluble and then rapidly transition into an immobile gel upon warming to physiological 

temperature.  All ELP-curcumin conjugates successfully synthesized were shown to 

retain an ability to form thermally-triggered depots after curcumin conjugation, though 

conjugates made from pELP exhibited Tt well above 37°C and were not pursued further.  

The measured Tt depended upon the amine-blocking molecule, ELP MW, concentration 

of conjugate, and drug-to-carrier ratio, as coupling of hydrophobic curcumin 

significantly reduced the Tt of all ELPs and altered the thermodynamics of ELP 
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aggregation.   The primary outcome from these synthesis reactions was one lead 

conjugates, MCC80, which was measured to have a drug-to-carrier ratio of 6-to-1, be 

soluble at millimolar concentrations without the addition of organic solvents, and form 

depots below 37°C.  MCC80 was further evaluated in vitro (Chapter 3) and in vivo 

(Chapters 4 and 5) to study its potential utility as a local antagonist of inflammation for 

peripheral nerve injury or radiculopathy. 
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3. In vitro characterization of MCC80 release kinetics 
and bioactivity 

3.1 Introduction 

In the previous chapter, the synthesis and physicochemical characterization of 

ELP-curcumin conjugates was described.  One conjugate, MCC80, satisfied the initial 

design criteria of displaying high drug loading and a Tt < 37°C.  The next design criteria 

for this local depot-forming drug delivery system were:  1) sustained in vitro release of 

curcumin from depots; and 2) that released drug still retain anti-TNF bioactivity 

(Figure 25). 

 

Figure 25: Graphical summary of in vitro characterization of MCC80 release 

kinetics and bioactivity. 

The drug-carrier linker properties of most polymer-drug conjugate systems can 

have dramatic effects on drug release kinetics, biodistribution, bioactivity, and in vivo 

efficacy.  Without release from the polymer carrier, drug may have diminished or 

negligible bioactivity and unstable drug linkages may prevent drug from reaching the 

target location.  The rate, mechanism, and location of drug release heavily depend on the 
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polymer-drug linkage [202], all of which can affect the pharmacokinetics, clearance 

rates, and therapeutic efficacy of a drug conjugate.  For drugs susceptible to hydrolytic 

cleavage, the chemical structure of the linkage [202, 209, 210], hydration of the polymer 

[211], and secondary structure of the polymer [212] can all impact drug release. 

 

Figure 26: MCC80 carbamate cleavage mechanisms. Cleavage of the carbamate 

bond introduced into the MCC structure can theoretically occur via one of two 

mechanisms: hydrolysis or aminolysis.  A) Carbamates can hydrolyze in aqueous 

solvents, and this process can be catalyzed with basic conditions.  B) Carbamates may 

also undergo aminolysis, or nucleophilic attack by the nitrogen atom that forms an 

amide bond with the ELP glutamate carboxyl to form a cyclic urea.  This form of 

cleavage, also known as cyclization, has previously been shown to be useful for the 

design of prodrugs and polymer-drug conjugates [203, 209]. After conjugation to ELP, 

hydrolysis is the most likely mechanism of cleavage.  R1 = curcumin; R2 = glutamate 

carboxyl of ELP. 

MCC80 conjugates were designed to include hydrolyzable carbamate linkages 

with the goal of releasing full-length curcumin in a sustained manner from locally 

delivered drug depots.  Carbamates hydrolyze more slowly than ester bonds [209], but 

can be cleaved at rates favorable for sustained drug delivery.  Carbamates can also 

participate in a self-cleaving aminolysis mechanism called cyclization (Figure 26), 
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whereby nucleophilic nitrogen atoms on the same chain as the carbamate attack the 

carbamate carbon, cleave the carbon-oxygen single bond, and release a cyclic structure.   

Release kinetics of entrapped or conjugated curcumin for a variety of drug 

delivery systems have been previously reported.  In one study, the release half-life of 

PEGylated curcumin linked by a carbamate bond (a.k.a urethane) in 1X PBS (pH = 7.4) 

was 60 minutes and 200 minutes for high-MW PEG (3500 Da) and low-MW PEG (750 

Da), with 100% and 60% of loaded curcumin released after 6 and 8 hours, respectively 

[163].  When curcumin was incorporated into the polymer backbone of PEG-based 

hydrogels and gels were submerged in a stabilizing release buffer, sustained release of 

curcumin was measured over 80 days with constant buffer concentrations of 0.2-0.5 M 

(Figure 27 )—representing one of the longest half-lives of in vitro curcumin release from 

any system currently in the literature [165].   
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Figure 27: Sustained release of curcumin from PEG-poly(curcumin) hydrogels. 

In vitro release studies were conducted with a stabilizing release buffer originally 

developed by Shahani et al. [171], which was also used for release studies in this 

work. Adapted from [165]. 

Curcumin entrapped in 22 ± 9 m PLGA microspheres released in vitro slowly 

over 6 weeks (100% release) in a stabilizing release buffer [171]. When entrapped in self-

assembling MAX8 peptide hydrogels, curcumin concentrations in 1X PBS were 

maintained at 2.5-4.5 M over 14 days; and curcumin stability was accounted for by 

measuring the fluorescence of supernatants, since the fluorescence of degradation 

products of curcumin were found to be negligible [172].  Stabilizing curcumin released 

into physiologic buffer (PBS, pH = 7.4) is paramount to accurate analysis of in vitro 

release kinetics of curcumin, since curcumin rapidly degrades in PBS at pH = 7.4 [113], 

as studies in this chapter will show. 
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Setton and co-workers have previously shown that TNF can induce 

neuroinflammation in multiple cell types and antagonism of TNF with sTNFRII can 

attenuate these responses.  TNF exposure increased secretion of inflammatory 

mediators NO, PGE2, and IL-6 from primary human IVD cells [23] and induced 

metabolic stress and increased glutamate release from rat DRG explants and murine 

glial cell monolayers (Figure 7, Chapter 1) [101].  As introducted in Chapter 1, curcumin 

is known to antagonize the inflammatory responses induced by TNF and IL-1 in 

multiple cell types [118, 122, 124, 134, 142], often via inhibition of NF-kB (Figure 10, 

Chapter 1).   In this chapter, the anti-TNF bioactivity of curcumin released from 

MCC80 depots was evaluated using the well-described L929 cytoprotection assay, and 

in newly developed assays of p65 phosphorylation in immortalized human monocytes 

(U937 cells) and immortalized rat Schwann-like cells (S16 cells).   

3.2 Methods 

3.2.1 Quantitation of curcumin and MCC80 with HPLC 

In vitro drug release and conjugate purity was measured by reverse-phase HPLC 

(RP-HPLC) (LC10, Shimadzu, Kyoto, Japan) using a Phenomenex Aeris™ WIDEPORE 

XB-C18 column (4.6 mm X 250 mm) and HPLC mobile phase (50% CH3CN: 50%DI H2O: 

0.87% acetic acid, CH3COOH).  All samples were injected (100 l) with a flow rate of 0.6 

ml/min and monitored at OD420.  Area-under-the-curve (AUC) and percent of total AUC 
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(%AUC) for each peak of the chromatogram was analyzed with Shimadzu EZStart 

Software. 

Release aliquots were analyzed via HPLC and converted to concentrations using 

standard curves for MCC80 and curcumin to determine the curcumin concentration in 

the supernatant.  Fresh standards of curcumin and MCC80 (10,000, 5,000, 2,500, 1,250, 

625, and 312.5 nM) were prepared in mobile phase, analyzed with HPLC using the exact 

conditions described above, and AUC for OD420 and RFU (ex = 440 nm, em = 545 nm) 

monitoring were recorded.  Data for each standard were numerically fit to Beers-

Lambert law (see Chapter 2 methods for MCC absorbance) and HPLC absorbance and 

fluorescence extinction coefficients were calculated.   

3.2.2 In vitro drug release 

To quantify the kinetics of curcumin release from MCC80 conjugates, samples 

(50 M ELP, 300 M MCC) were diluted in a release buffer (10% (w/v) Tween-80, 0.1% 

(w/v) N-acetylcysteine (N-Ac), and 0.01% (w/v) butylated hydroxytoluene (BHT) in 1X 

PBS at pH=7.4) previously reported to promote stability of  curcumin [171].  To this 

release buffer, 10% FBS was added to include serum proteins likely to influence in vivo 

MCC hydrolysis and/or ELP degradation.  Preliminary studies without FBS were 

conducted and displayed significantly reduced released rates.  Only studies including 

10% FBS are reported here to mimic the in vivo environment.   
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Conjugates were divided into 50 l aliquots (25 M MCC80 or 150 M MCC) and 

incubated in the dark at 37°C.  At multiple time points (0, 1, 2, 4, 24, 48, 72, 96 h; n=4 

replicates), one aliquot was removed from heat, cooled on ice to resolubilize ELP (5 

min), diluted 1:3 in mobile phase, and stored at -20°C before analysis.  After thawing 

and before analysis, samples were centrifuged (13.5 kRPM, 10 min, 4°C) to remove any 

precipitates.  

The stability of curcumin in release buffer was confirmed and compared to 

another surfactant buffer (PBS with 10% Triton-X) to determine if solubilizing 

surfactants were sufficient to stabilize curcumin, or if anti-oxidants N-Ac and BHT were 

necessary.  Several aliquots of curcumin were prepared at the same concentration in 

release buffer or PBS with 10% Triton-X and incubated from 0 to 72 h (n=1 replicate per 

timepoint) at 37°C.  At each time point, one aliquot was removed from heat, cooled on 

ice to resolubilize ELP (5 min), diluted 1:3 in mobile phase, and stored at -20°C before 

analysis.  After thawing and before analysis, samples were centrifuged (13.5 kRPM, 10 

min, 4°C) to remove any precipitates.  Each stability study sample was run under the 

same HPLC conditions and AUC was normalized to the 0 h AUC value for release 

buffer, to compare overall solubility in the two buffers and the OD420 signal between 

the two buffers.  
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3.2.3 Release kinetics analysis and modeling 

All MCC80 release samples (n=4 replicates per timepoint) were run on HPLC, 

and AUC for each peak was recorded.  These AUC values were converted to 

concentrations of curcumin using the curcumin HPLC standard curve (above), 

normalized to the loaded concentration, and converted to percent drug released, C.  

Values for C were plotted as a function of time and fit to a first-order release equation, C 

= Cf [1-e-t/], to determine the release half-life t1/2 = ln(2).    Release data were numerically 

fit to the above equation (Matlab, function cftool) to calculate the fit parameters Cf, the 

final percent drug released, and t1/2.  

3.2.4 L929 cytoprotection assay of anti-TNF bioactivity 

The murine L929 fibrosarcoma (ATCC#: CCL-1) cytoprotection assay [213] was 

used to screen in vitro drug bioactivity of curcumin, MCC, and MCC80 conjugates 

against TNF.  The L929 cytoprotection assay is widely used by industry to characterize 

batches of anti-TNF antibodies and receptors (e.g. Abcam).  L929 mouse fibroblast cells 

(ATCC® #: CCL-1TM) stem from the first clone of one of the first cell strains to be 

established in continuous culture in 1948 [214], and this cell line is used in one assay of 

in vitro biomedical device cytotoxicity per International Organization for 

Standardization (ISO) recommendations (ISO 10993-5:2009).   The in vitro cytolytic 

effects of TNF on L929 cells when cells are pre-treated with actinomycin D, originally 
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described in 1985 [215], are dose-dependent and specific to TNF over other cytokines 

[213].  

The assay was performed as previously described [102], with modifications to 

accommodate the low aqueous solubility of curcumin and MCC.  Curcumin and MCC 

stocks were prepared in DMSO and MCC80 stocks were prepared in sterile 1X PBS.  

Cells were  pre-incubated with 1 g/ml of actinomycin D (1 h) after which individual 

wells were supplemented with 250 pg/ml recombinant human TNF in 2% DMSO 

(Abcam, positive control), an equivalent media volume with 2% DMSO (negative 

control), or volumes containing TNF with curcumin, MCC, or MCC80 [0.5 to 30 M]. 

After 24 h incubation, cell numbers were assessed using the ATP-dependent 

bioluminescent CellTiterGlo® Assay (Promega).  A standard curve of luminescence 

against cell number was obtained using L929 cells (0-50,000 cells/ well) on a plate reader.  

From luminescence per experimental well, a subtracted cell number per well was 

determined as the difference between cell number (N) and maximum cell numbers 

without TNF or N = N - Nnegative.   A normalized cell fraction, X, was calculated for 

each drug at each dose as X = N/Nmax where Nmax represents the difference in cell 

numbers due to TNF supplementation alone (positive control).  X was plotted against 

curcumin or MCC80 concentration and numerically fit to a logistic curve (Matlab, 

function cftool) to calculate a half-maximal inhibitory concentration (IC50) for curcumin 

and MCC80, separately: 
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     (1) 

The Hill slope, k, and b are fit parameters and the IC50 (X = 0.5) is equal to .  

3.2.5 NF-B p65 phosphorylation assays  

The inhibitory effects of curcumin and MCC80 conjugates on NF-B p65 

activation were assessed in two cell types relevant to neuroinflammation.  For both cell 

types, NF-B p65 phosphorylation was assessed using the AlphaScreen® SureFire HVTM 

NF-B p65 (p-Ser536) Assay Kit (Perkin Elmer) and read on a plate reader equipped 

with Alpha laser technology (Enspire Multimode Plate Reader, Perkin Elmer,).   

For S16 rat sciatic nerve Schwann-like cells (ATCC#: CRL-2941), cells were 

cultured in S16 medium (DMEM with high glucose, 10% FBS, and 100 g/ml penicillin 

and streptomycin) and not allowed to grow to confluence prior to assay cell seeding.  

Upon reaching ~75% confluence, 100l of S16 cells (10,000 cells/well) were seeded in 96-

well plates and allowed to attach overnight.  After 24 h, S16 culture media was removed 

and replaced with 50L of S16 assay medium (culture medium with only 2% FBS) with 

or without varying concentrations of curcumin or MCC80 conjugates (0.5 to 50 M) and 

allowed to pre-incubate with inhibitor for 2 hours at 37°C.  At 2 h, cells received 50 l of 

S16 assay media with or without rhTNF (Abcam, 50 ng/ml), and cells were allowed to 

incubate for 10 min. at 37°C.  At this time, all medium was removed, 50 l of 1X Lysis 
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buffer (Perkin Elmer) was added to each well, the plate was agitated on an orbital shaker 

for 10 minutes at room temperature, 30 l of cell lysate was transferred to a fresh 96-well 

white-bottom plate, and the AlphaScreen® SureFire HVTM protocol was followed to 

quantify NF-B p65 (p-Ser536, phospho-p65).  For all AlphaScreen® assays, one positive 

control well containing concentrated cell lysate from activated HeLa cells was included 

to confirm assay activity.  Curcumin stocks were prepared at 50 mM in 100% DMSO and 

diluted in S16 assay media so that only 0.25% DMSO was present in wells, while MCC80 

conjugate stocks were prepared in 1X PBS (pH = 7.4). 

For U937 human monocytes (ATCC#: CRL-1593.2), the same assay protocol was 

followed with minor modifications to account for these cells being non-adherent 

(suspension cells).  U937 cells were cultured in U937 culture medium (RPMI-1640 

medium w/ 10% FBS and 100 g/ml penicillin and streptomycin) and not allowed to 

grow to confluence prior to cell seeding.  Cells were resuspended in U937 assay medium 

(Hank’s Balanced Salt Solution (HBSS) with 1% FBS) and 40 l of cells were seeded in 

96-well plates (400,000 cells/well).  U937 cells then received 20 l of U937 assay medium 

with or without curcumin, MCC, SM7368 (Sigma, 3-Chloro-4-nitro-N-(5-nitro-2-

thiazolyl)-benzamide), or MCC80 conjugates and pre-incubated with inhibitor for 2 

hours.  At 2 h, 20 l of U937 assay medium with or without rhTNF (200 ng/ml, final 

concentration of 50 ng/ml) was added to each well and incubated for 10 minutes at 37°C.  

Lysis buffer (20 l, 5X concentrated) was added to each well, agitated on a plate shaker 
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for 10 minutes at room temperature, 30 l of cell lysate was transferred to a fresh 96-well 

white-bottom plate, and the AlphaScreen® SureFire HVTM protocol was followed to 

quantify phospho-p65.  MCC and SM7368 stocks were prepared at 50 mM in 100% 

DMSO and diluted in S16 assay media so that only 0.25% DMSO was present in wells.  

SM7368 is a potent inhibitor of IKK-, previously used to inhibit in vitro NF-B 

activation in human NP cells [216], and used here as a positive control of NF-B 

inhibition. 

Alpha counts from AlphaScreen® assays were normalized to the mean value of 

negative control groups (cells receiving no drug and no TNF) to calculate fold-changes 

in phospho-p65 for each treatment group.  Statistical differences in fold-changes 

between all groups and amongst treatments were evaluated using unbalanced two-way 

ANOVA (Matlab, function anovan) with post-hoc Tukey’s HSD tests. 

3.3 Results 

3.3.1 Characterization of curcumin and MCC80 with HPLC 

Curcumin and MCC80 standards were analyzed with HPLC to determine the 

number of peaks, peak AUC, and peak elution times.  Table 5 lists the individual peaks 

for each compound using the described HPLC parameters.   HPLC standard curves for 

curcumin and MCC80 were generated from freshly prepared aliquots diluted in mobile  
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Table 5: List of HPLC elution times for curcumin, MCC, and MCC80. 

Peak Elution time (0 h) Elution time (72 h) 

MCC 3.7 3.7 

MCC80 1 -- 4.2 

MCC80 2 4.4 4.4 

MCC80 3 6.2 -- 

MCC80 4 6.4 -- 

Curcumin 1 8.7 8.7 

Curcumin 2 9.2 9.2 

Curcumin 3 9.7 9.7 

Values are for a Phenomenex Aeris™ WIDEPORE XB-C18 column (4.6 mm X 250 mm) 

and HPLC mobile phase (50% CH3CN: 50%DI H2O: 0.87% acetic acid, CH3COOH).  All 

samples were injected (100 l) with a flow rate of 0.6 ml/min and monitored at OD420.  

For MCC80 release studies, peaks present at t = 0 hours changed in magnitude or 

disappeared and gave rise to new peaks at later times, likely due to the change in 

hydrophilicity as curcumin released from MCC80 depots. 

phase to concentrations ranging from 10 M to 312.5 nM.  The calculated AUC for each 

curcumin or MCC80 peak was summed to get a value for the total AUC attributed to 

curcumin or MCC80.  These values were plotted against the known concentrations to 

determine the absorbance extinction coefficients, HPLC, for each compound (Figure 28).  

The calculated HPLC was 4.2 times higher for curcumin than MCC80, which is higher 

than the 2-fold difference in OD420 for curcumin and MCC (Figure 20, Chapter 2).  This 

result suggests that conjugation of MCC to ELP may further diminish the ability of the 

curcumin molecule to absorb light.   

For reverse-phase methods run with columns containing C18 resin, more 

hydrophilic, polar compounds elute more quickly than hydrophobic, nonpolar 

compounds.  Unreacted MCC eluted most rapidly from the column (Table 5,  
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Figure 28: HPLC standard curves for curcumin and MCC80. AUC and 

concentration were related by numerically fitting data to the Beers-Lambert Law.  

Extinction coefficients are noted as the slopes of the linear regressions.  Curcumin has 

a 4.2-fold higher extinction coefficient compared to MCC in mobile phase. 

Figure 29B), likely because the primary amine of MCC exists in an ionized form in acidic 

HPLC mobile phase (0.87% acetic acid).  Freshly prepared curcumin, representing 95% 

pure curcumin and 5% curcuminoids, was found to elute last as 3 peaks from 8.7 to 9.7 

minutes (Figure 29A).  This triad of peaks likely represents curcumin and two primary 

curcuminoids also derived from turmeric, demethoxy-curcumin and bisdemethoxy-

curcumin, which were present in the source of curcumin used here.    

MCC80 conjugates were hypothesized to elute before curcumin, because the ELP 

carrier would be more hydrophilic and might still contain unreacted glutamate residues.  

Indeed, MCC80 conjugates elute as 3-4 peaks depending upon the release incubation 

time from 4.2 to 6.4 minutes.  Prior to any incubation at 37°C, MCC80 conjugates eluted 
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as 3 peaks, one primary peak at 4.4 minutes with the highest AUC and two smaller 

peaks at 6.2 and 6.4 minutes (Figure 30A).   After 4 hours at 37°C, MCC80 conjugate 

peak magnitudes have begun to decrease, while curcumin peaks have simultaneously 

begun to increase in magnitude (Figure 30B).  The fourth MCC80 peak, at 4.2 minutes, 

first appears after 24 hours of incubation (Figure 31A), which could represent a more 

hydrophilic conjugate with lower drug loading following the release of curcumin and a 

higher number of free glutamate residues.  Interestingly, the two MCC80 peaks at 6.2 

and 6.4 minutes, the more hydrophobic peaks, disappeared after 48 hours of curcumin 

release and remained absent through 96 hours of incubation (Figure 31B), which 

indicates these peaks may represent a population of MCC80 conjugates with the highest 

drug loading that become more hydrophilic over time as hydrophobic curcumin 

molecules release from the ELP backbone. 
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Figure 29: HPLC chromatograms of curcumin and MCC. A) Curcumin elutes as 

a triad of peaks, representing curcumin and curcuminoid impurities present in this 

curcumin source (demethoxy-curcumin and bisdemethoxy-curcumin).  B) MCC elutes 

as a single peak earlier than curcumin, owing to its hydrophilic amine and carbamate 

groups, and some residual, newly formed curcumin can be seen at ~8 min.  Note that 

these images reflect samples run at a higher flow rate than all other samples, meaning 

all samples elute earlier in time than will be shown later. 
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Figure 30: HPLC chromatograms of MCC80 release study at early time points. 

A) Prior to incubation at 37°C, MCC80 conjugates elute as 3 peaks, a primary peak at 

4.4 minutes, and two small peaks at 6.2 and 6.4 minutes, along with trace amounts of 

curcumin.  Using the HPLC for curcumin, this batch of MCC80 was calculated to be 

95% pure with only 5% curcumin. B) After 4 hours of incubation, full-length 

curcumin has released from MCC80 depots and elutes as three peaks at the identical 

elution times as freshly prepared curcumin. 
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Figure 31: HPLC chromatograms of MCC80 release study at late time points. A) 

At time 24 h, MCC80 now elutes as 4 peaks from 4.2 to 6.4 min., with a much larger 

fraction hydrolyzed free curcumin. B) At 96 h, a substantial fraction of curcumin has 

released with a greater total AUC, and only one detectable MCC80 peak remains.   
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In vitro release studies of MCC80 conjugates were conducted in a solubilizing 

release buffer.  Prior to evaluating release kinetics of curcumin from MCC80, the ability 

of release buffer to stabilize curcumin over time at 37°C was evaluated.  Release buffer, 

with 10% Tween-80 and two anti-oxidants N-Ac and BHT, was compared to PBS (pH = 

7.4) with 10% Triton-X, a different surfactant.  Compared to Triton-X release buffer, 

release buffer stabilized curcumin for at least 72 h (Figure 32).  Relative to release buffer, 

curcumin in 10% Triton-X PBS exhibited 20% lower OD420 values for the same 

concentration of curcumin, indicating release buffer may better solubilize curcumin.  

From 48 h to 72 h, the OD420 AUC of curcumin in 10% Triton-X PBS dropped by 33%,  

 

Figure 32: Validation of stabilizing in vitro release buffer with HPLC. Release 

buffer [171], PBS containing 10% Tween-80, 0.1% BHT, and 0.01% N-Ac (pH = 7.4), 

was compared to PBS with 10% Triton-X (pH = 7.4) for an ability to stabilize the 

absorbance of curcumin for at least 72 h at 37°C.  All calculated AUC for each sample 

were normalized to the 0 h AUC for release buffer.  Triton-X buffer contributed to a 

reduced absorbance compared to release buffer, and at 72 h a 33% reduction in AUC 

was observed, which suggests that BHT and N-Ac are likely necessary components for 

stabilizing curcumin in PBS. 
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while curcumin in release buffer maintained a relatively constant OD420 AUC.  This 

validation study confirmed the ability of this release buffer to stabilize curcumin for 

quantification of more accurate in vitro release kinetics with limited curcumin 

degradation over time. 

Based upon HPLC analysis of MCC80 release samples (Figures 29-31), we 

confirmed that full-length curcumin was rapidly released from MCC80 depots in vitro.  

The chromatograms in Figure 30 and 31 illustrate the change in elution peaks and AUC 

for MCC80 conjugates after incubation at 37°C.  These chromatograms confirmed that 

full-length curcumin was releasing from MCC80 conjugates, as the 3 curcumin peaks  

 

Figure 33: In vitro release kinetics of curcumin from MCC80. MCC80 

conjugates were incubated at 37°C in stabilizing release buffer with 10% FBS (n = 4 

replicates per time point), and AUC values from HPLC chromatograms were 

converted to concentrations of curcumin at each time point.  Concentrations were 

converted to %Loaded drug and numerically fit to calculate a final % loaded, Cf, a 

half-life of release, t1/2.   Numerical fit: R2 = 0.88; Cf = 55.26 [49.17, 61.35]; t1/2 = 7.154 

[3.36, 10.9]. Brackets indicate 95% CI. 
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characteristic of freshly prepared curcumin standards were being generated and 

increasing in AUC over time.  Conversion of AUC to curcumin concentrations and 

percent of loaded drug for each replicate at each time point indicated that 55% of loaded 

curcumin released after 96 hours at 37°C (Figure 33). The half-life of curcumin release, 

t1/2, from MCC80 depots was calculated to be 7.1 hours. 

3.3.2 Anti-TNF L929 cytoprotection with curcumin and MCC80 

 

Figure 34: Dose-dependent anti-TNF bioactivity of curcumin, MCC, and 

MCC80 in the L929 cytoprotection assay. Data were fit by nonlinear least-squares 

regression to Equation 1 to calculate IC50 values.  The IC50 of MCC80 was almost 2-fold 

higher than curcumin, while the IC50 of MCC was 4-fold lower than curcumin.  

Curcumin numerical fit: b = 45.95; k = 1.472; IC50 = 13.5 M [10.1, 19.0]; R2 = 0.98.  MCC 

numerical fit: b = 0.2132; k = -1.162; IC50 = 3.78 M [1.80, 7.00]; R2 = 0.91. MCC80 

numerical fit: b = 237.6; k = 1.72; IC50 = 24.1 M [19.1, 32.0]; R2 = 0.98.  Brackets indicate 

95% CI. 
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The abilities of curcumin, MCC, and MCC80 conjugates to protect L929 cells 

from the cytotoxic effects of TNF were evaluated.  Curcumin, MCC, and MCC80 

conjugates displayed a dose-dependent ability to protect L929 cells from TNF-induced  

death (Figure 34).  IC50 values for curcumin, MCC, and MCC80 were calculated to be 

13.5 M, 3.8 M, and 24.1 M, respectively.  For all doses of curcumin, MCC, and 

MCC80 at or below 30 M in the absence of TNF, there were no observed effects on 

L929 viability or proliferation, and AcELPL=80 had no cytotoxic effects or anti-TNF 

activity (not shown).  The increased bioactivity of MCC compared to curcumin may be 

attributed to the increase in solubility by adding a primary amine and carbamate linker.   

Based upon the release kinetics of curcumin from MCC80 depots (Figure 33), only 40% 

of loaded curcumin should have hydrolyzed after 24 h, which could explain the decrease 

in activity of MCC80 compared to curcumin.  It should be noted that no organic solvent 

(DMSO) was required to solubilize the highest doses of MCC80, which indicated that 

ELP conjugation results in enhanced curcumin solubility.  

3.3.3 Inhibition of NF-B p65 phosphorylation with curcumin and 
MCC80 

The ability of curcumin, MCC, and MCC80 to inhibit NF-B p65 phosphorylation 

was investigated in two immortalized cell types relevant to neuroinflammation, U937 

human monocytes and S16 rat sciatic nerve Schwann-like cells.  The kinetics of TNF-

induced phospho-p65 in each cell type was first investigated to determine the optimal 

TNF incubation time for these inhibition assays.  As shown in Figure 35, the peak levels  
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Figure 35: Kinetics of NF-B p65 phosphorylation in U937 and S16 cells. Cells 

were stimulated with 50 ng/ml TNF and incubated for 10 min, 30 min, or 60 min 

before being lysed (mean ± SEM for 1 assay, n = 3 wells).  A) U937 phospho-p65 peaks 

at 10 min, but the observed fold-change from cells not receiving TNF (0 h) was low. 

Also, assay media without any cells showed high background levels, which was later 

accounted for by using HBSS (without phenol red). B) S16 phospho-p65 also peaks at 

10 min, with a robust 10-fold response compared to controls and then plateaus to ~3-

fold above baseline levels for up to 1 hr. 

of phospho-p65 in both cell types were observed after 10 minutes of incubation with 

TNF (50 ng/ml), and the levels of phospho-p65 decreased or plateaued with increasing 

incubation times.  The fold-change in phospho-p65 for U937 cells was low for this initial 

kinetics study and further parameter and buffer optimization for this cell type increased 

the observed fold-change, as will be shown below. 

After assay optimization, U937 cells displayed repeatable 7.3-fold increases in 

phospho-p65 after 10-minute incubation with TNF (50 ng/ml, n = 3 assays, 3 replicates 

per assay).  This TNF-induced response was attenuated with micromolar doses of 

curcumin, MCC, SM7368, and MCC80 conjugates (Figure 36).  For curcumin, two low 

micromolar doses displayed statistically significant attenuation of phospho-p65 (p <  
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Figure 36: Attenuation of TNF-induced NF-B p65 phosphorylation in U937 

monocytes. Multiple micromolar doses of curcumin (Curc), MCC, SM7368 (SM), and 

MCC80 conjugates were tested.  Two-factor unbalanced ANOVA indicated a 

statistical difference between groups with and without TNF (p <0.0001) and between 

treatments (p<0.0001), with an interaction term p < 0.0001.  The dotted line indicates 

the mean phospho-p65 level for cells receiving TNF and no drug.  * = statistically 

different from CONT with TNF.  # = statistically different from CONT with no TNF 

(only evaluating groups with no TNF in separate one-way ANOVA). 

0.001), while the highest dose showed no effect.  The same behavior was observed for 

MCC, where a dose of 5 M showed better attenuation than a dose of 50 M.  SM7368 

showed the most attenuation of TNF-induced phospho-p65 in this assay, and also 

significantly dropped the basal levels of phospho-p65 in this cell type compared to the 

control group without TNF (p < 0.05).  MCC80 conjugates displayed a dose-dependent 

ability to attenuate TNF-induced p65 phosphorylation, with the highest dose being 

statistically lower than control groups receiving TNF and no drug (p < 0.001).  These  
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Figure 37: Attenuation of TNF-induced NF-B p65 phosphorylation in S16 

Schwann cells. Micromolar doses of curcumin and MCC80 attenuated the increase in 

phospho-p65 induced by 10-minute incubation with TNF.  Two-factor ANOVA 

indicated a difference between groups receiving TNF or no TNF (p < 0.001) and 

between treatments (p < 0.0001), with an interaction term, p < 0.01.  The dotted line 

indicates the mean phospho-p65 levels for control cells receiving TNF and no drug. * 

= statistically different from control cells receiving TNF. 

results corroborate previous studies of the inhibitory activity of curcumin on NF-B 

activation in multiple cells types, and suggest that curcumin may limit the inflammatory 

activity of infiltrating monocytes to the site of nerve injury in models of 

neuroinflammation. 

Curcumin and MCC80 conjugates were also tested for an ability to attenuate 

TNF-induced phosphorylation of NF-B p65 in S16 rat sciatic nerve Schwann-like cells 

(Figure 37).  Incubation of S16 cells with TNF for 10 min led to a 5.3-fold increase in 

phospho-p65 (n = 3 replicates from 1 assay).  Pre-incubation with 5 M curcumin or 0.5 
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M MCC80 conjugates (0.5 M MCC, 83 nM AcELPL=80) for 2hr was able to partly 

attenuate this increase (Figure 37).  Statistical analyses indicated that only the lower dose 

of MCC80 was statistically different from control cells receiving TNF (p < 0.01), and 

there were no differences between control cells receiving no TNF and cells receiving 

drug treatments and no TNF.  The ability of a low dose, but not high dose of MCC80 

conjugates to attenuate the increase in S16 cell phospho-p65 is an interesting finding that 

requires further investigation.  Further studies should focus on adding curcumin 

released from MCC80 depots, as well as including control groups of AcELPL=80 only and 

doses of conjugate between 5 and 0.5 M.  

3.4 Discussion 

MCC80 conjugates were designed to include hydrolyzable carbamate linkages 

with the goal of releasing full-length curcumin in a sustained manner from locally 

delivered drug depots.  Hydrolysis is the most likely mechanism of release of curcumin, 

as aminolysis of the carbamate bond should be greatly hindered by the limited 

nucleophilicity of the newly formed amide bond between MCC and ELP, as well as the 

steric hindrance of the bulky ELP chain.  MCC80 conjugates readily released curcumin 

in vitro when suspended in a stabilizing release buffer.  Analysis of release study 

supernatants with HPLC confirmed that full-length curcumin was released over several 

days. 
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Release kinetics of curcumin from MCC80 depots in vitro should depend upon 

the rate of carbamate cleavage, the rate of MCC80 resolubilization from depots, the rate 

of curcumin diffusion out of depots, and the solubility of curcumin in release buffer.  

These rates are not independent of each other, and can be difficult to separate 

experimentally.  Previous studies of antibiotics entrapped in cross-linked ELP depots 

found that release kinetics of hydrophilic antibiotics cefazolin (MW = 455 Da, logD7.4 = -

4.41) and vancomycin (MW = 1450 Da, logD7.4 = -4.49) depended on MW and the 

concentration of loaded drug and could be numerically fit to a model of one-

dimensional unsteady diffusion [217].  Studies of curcumin release from cross-linked 

ELP depots have not been conducted, but may provide insight into the kinetics of 

diffusion of free curcumin from ELP depots.  In this study, we chose to focus on 

carbamate cleavage kinetics of curcumin from MCC80 depots because the introduction 

of a carbamate bond into the ELP-drug linker was a highlight of this design.   

One limitation of curcumin as a therapeutic is its rapid degradation in 1X PBS at 

pH = 7.2, where one study found 90% of curcumin had decomposed in just 30 minutes 

[113].  This degradation could be significantly delayed by adding 10% fetal bovine 

serum (FBS), allowing only 20% decomposition in 1 hour at pH = 7.2.  Nonetheless, 

stabilizing curcumin released into physiologic buffer (PBS, pH = 7.4) is paramount to 

accurate analysis of in vitro release kinetics of curcumin.  The importance of stability 

was confirmed in this study, and the presence of antioxidants like N-Ac and BHT seem 
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to be crucial to stabilizing curcumin in PBS buffers.  Interestingly, the primary in vitro 

degradation product of curcumin in PBS buffers was found to be vanillin, a natural 

compound also reported to be efficacious in an animal model of inflammatory colitis 

[218], to attenuate mechanical allodynia in the CCI model of neuropathic pain [219], to 

inhibit in vitro macrophage activation [220], and to down-regulate NF-B activity in 

carcinoma cells [221].  While the degradation of curcumin into vanillin in vitro may 

plague characterization efforts, the fact that vanillin has similar anti-inflammatory 

properties is worth noting for future work. 

Conjugation of MCC to AcELPL=80 increased the solubility of curcumin, such that 

no DMSO was required for in vitro bioactivity assays.  MCC80 conjugates were 

calculated to have a slightly higher IC50 value in the L929 assay, but this may be due to 

only 40% curcumin release after 24 h incubation at 37°C, based upon measured in vitro 

release kinetics.  MCC had the lowest IC50 value in the L929 assay, indicating that 

structural modification of curcumin to include a carbamate and amine may have 

increased solubility and/or activity of the molecule.  It should be noted that the observed 

effects of the L929 assay, and for any bioactivity assay, are time-dependent.  Longer 

incubation times of drugs with these cells may have led to increased activity and 

cytoprotection.  For curcumin releasing from MCC80 depots, this time dependency is 

even more obvious, where increased incubation times would directly lead to increased 

concentrations of released curcumin available to act on cellular targets. 
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Curcumin is known to inhibit TNF-induced activation of IKK- and -and 

down-regulate NF-B activatin in multiple cell types [123, 127].  U937 cells were of 

interest because of the leading role that infiltrating monocytes play in 

neuroinflammation associated with radiculopathy and peripheral nerve injury [16, 63].  

U937 cells have been previously studied to evaluate the ability of curcumin to attenuate 

NF-B translocation via the electrophoretic mobility shift assay (EMSA) [222].  In that 

study, cells were pre-treated with 50 M curcumin (final concentration of 0.25% DMSO) 

for 2 h, followed by 30 minute incubation with 0.1 nM TNF (2.5 ng/ml, MW = 25.6 kDa) 

prior to cell lysis, and NF-B translocation was almost completely abrogated.  This lower 

TNF concentration compared to the protocol reported here may allow for micromolar 

doses of curcumin to better attenuate NF-B activation. However, the low final % DMSO 

for the published EMSA assays should result in macroscopic insoluble curcumin 

precipitates that, in studies reported here, should have effects on cell viability. 

In the U937 NF-B p65 assay, SM7368 was used as a positive control, owing to its 

specific inhibition of IKK- along the NF-B pathway.  SM7368 (328 Da) was previously 

reported to inhibit TNF- and IL-1-induced NF-B activation in human primary NP cells 

[216], and is less hydrophobic than curcumin (logD7.4 = 1.4, ACD/Labs) and twice as 

soluble in water (ACD/Labs).  This increased solubility may partly explain its increased 

potency compared to curcumin, MCC, and MCC80 in the U937 assay.  It was also the 

only treatment that led to decreased basal NF-B p65 levels (without TNF) compared to 
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control groups receiving no treatment.  The 2 h pre-incubation time for this assay may 

favor more soluble molecules like SM7368.  

To the author’s knowledge, this work represents the first report on the effects of 

TNF on S16 cell NF-B p65 phosphorylation and the ability of curcumin to attenuate 

these effects.  S16 cells were of interest to these studies because of their origin and 

Schwann-cell like phenotype.  In the case of peripheral nerve injury, Schwann cells 

surrounding and supporting the injured nerve and resident macrophages secrete matrix 

metalloproteases to interrupt the blood-nerve barrier [66], secrete vasoactive mediators 

to increase permeability of tissues adjacent to the injury, and promote infiltration of 

circulating immune cells [27].  

 TNF is known to inhibit Schwann cell proliferation and communication with 

adjacent cells via gap junctions [87], and has been shown to induce apoptosis for another 

immortalized Schwann cell line [89].  Interestingly, one study of primary mouse 

Schwann cells isolated from sciatic nerves found that TNF treatment produced only 

transient activation of NF-B, and axotomy of sciatic nerves in NF-B p65 deficient mice 

led to greater Schwann cell apoptosis than wild-type, indicating NF-B may play a 

survival role in sciatic nerve axotomy [88].  S16 NF-B p65 phosphorylation kinetics 

reported here (Figure 35) could support a transient NF-B activation hypothesis, as the 

peak change occurs within 10 minutes and plateaus by 30 minutes of TNF exposure.  In 
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this study, the S16 assay primarily served as a means of evaluating the ability of 

curcumin and MCC80 conjugates to antagonize TNF-induced neuroinflammation. 

3.5 Conclusion 

In this chapter, the in vitro release kinetics and bioactivity of MCC80 conjugates 

were evaluated.  MCC80 conjugates released curcumin in vitro over several days when 

suspended in a stabilizing release buffer, and were confirmed to release full-length 

curcumin using HPLC.  The activity of curcumin, MCC, and MCC80 conjugates were 

evaluated in a well-described assay of TNF-induced L929 cytotoxicity, and in newly 

developed assay of TNF-induced NF-B p65 activation relevant to neuroinflammation.  

Curcumin released from MCC80 depots retained activity against TNF in all assays, 

with similar potency to curcumin, and represents a novel drug conjugate able to 

attenuate in vitro neuroinflammation.   
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4. In vivo pharmacokinetics of locally delivered 
curcumin and MCC80 

4.1 Introduction 

The primary goal of this chapter was to compare the in vivo pharmacokinetics of 

MCC80 depots to curcumin to validate that curcumin releases from MCC80 depots in a 

sustained manner in vivo.  MCC80 depots met all in vitro design criteria (Chapter 2 and 

3) and represent a novel local delivery strategy for providing sustained release of 

curcumin to treat neuroinflammation.   Other local delivery strategies for curcumin have 

been developed and studied in vitro, including a curcumin-eluting stent [223],  self-

assembling peptide hydrogels [172], and incorporation into a hydrogel polymer 

backbone via degradable carbonate bonds [165]; however, the pharmacokinetics of these 

sustained-delivery systems have not yet been evaluated.  The work described in this 

chapter and the next chapter takes these efforts to develop local, sustained drug delivery 

strategies for curcumin one step further by reporting the in vivo pharmacokinetics and 

clearance rates (Chapter 5) of curcumin delivered to the perineural space to be released 

from a local ELP depot.    

Our interests in treating neuroinflammation in animal models associated with 

NP-induced radiculopathy or chronic constriction injury (CCI) of the sciatic nerve 

motivated our choice of perineural delivery routes for MCC80 depots.  ELP was chosen 

as a drug carrier for perineural delivery because depot-forming ELPs delivered to the 

perineural space of the L5 DRG in rats have been shown to display 10-fold lower peak 
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serum levels than soluble ELPs [100].  For these studies, two perineural delivery routes 

were investigated:  1) placement upon the sciatic at the time of surgery; and 2) i.m. 

injection proximal to the sciatic nerve.   

To quantify curcumin in plasma, a fluorescent assay was developed to detect 

nanomolar concentrations of curcumin extracted from whole blood samples.  

Development of this assay required choosing an ideal drug extraction solvent and 

developing and optimizing a novel fluorescence detection assay using a plate reader, 

described in this chapter, which enabled detection of nanomolar concentrations of 

curcumin in plasma.  A graphical summary of the in vivo investigations of MCC80 

depot pharmacokinetics and clearance kinetics (Chapter 5) is shown in Figure 38. 

 

Figure 38: Graphical summary of studies of in vivo pharmacokinetics and 

clearance kinetics for MCC80 depots. Clearance kinetics are reported in Chapter 5. 
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4.2 Background 

Curcumin is a small, hydrophobic molecule known to have low bioavailability 

when administered orally and be rapidly metabolized and eliminated from the systemic 

circulation [151].  One hour after oral administration of an ultra-high dose of curcumin 

(8g) to humans in a Phase I clinical trial, the peak plasma levels of curcumin were 

measured to be only 1.75 M, or 0.04% of the total dose [152].  This exceptionally low 

bioavailability often leads to an inability to detect curcumin in plasma when 

administered at sub-gram doses, even with the aid of HPLC detection [154].  Preclinical 

studies of curcumin pharmacokinetics (PK) have elucidated the absorption and 

metabolism pathways of curcumin in rodents, which has been extensively reviewed 

[157, 224].  Investigators have studied curcumin PK after intraperitoneal (i.p.), 

intravenous (i.v.), and subcutaneous (s.c.) delivery in mice and rats (Table 6), all 

showing a similar trend of rapid elimination in under 24 hours with peak plasma 

curcumin concentrations, Cmax, ranging from ~100 nM - 10 M, and the time of this peak, 

tmax, occurring between 0.5 -2 h. 

Because plasma levels of curcumin are expected to be low and quickly diminish, 

the method of detection and quantitation of curcumin can significantly impact results.  

Many investigators have relied upon HPLC to detect and quantify curcumin, owing to 

generally better sensitivity compared to standard UV-Vis spectrophotometers or plate 

readers.  Some investigators have even used liquid chromatography-tandem mass 
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spectrometry (LC/MS/MS) to detect curcumin in plasma, though the LLD for this 

method was ~10 nM, only a 2- to 5-fold improvement on most published HPLC methods 

[171].   

For highly hydrophobic drugs like curcumin with very low aqueous solubility, 

many investigators extract drug from plasma using an organic solvent as the first step in 

sample preparation.  Extraction with an organic solvent can achieve three goals for a 

poorly-soluble drug within plasma: 1) increased solubility of the drug, which should 

increase spectral signal, 2) concentrate drug via isolation and evaporation of the organic 

layer, and 3) precipitate most plasma proteins, which are often not soluble at high 

concentrations in organic solvents.  In addition, curcumin is more stable in acidic 

conditions, with higher degradation half-lives and enhanced fluorescence at pH = 3-6 

[113, 114], and prior work has shown that plasma samples with curcumin should be 

acidified with hydrochloric or citric acid stabilize curcumin and limit degradation 

during extraction, processing, and analysis. 



 

 

 

 

 

Table 6: Preclinical pharmacokinetic studies of curcumin 

Reference Route Dose 
Rodent 

Strain 

Detection 

Method 

Extraction 

Solvent 

LLD 

(nM) 

Cmax (nM) 

(@ tmax (h)) 

Timepoint when 

undetectable (h) 

[153] 
oral 1 g/kg 

BALB/c HPLC 
Ethyl acetate/ 

propanol (9:1 v/v) 
14 

540 (1) 
6 

i.p. 0.1 g/kg 6100 (0.5) 

[225] i.p. 0.1 g/kg C57BL/6 Radiolabeling Ethyl acetate 5 200 (1) 6 

[166] i.v. 10 mg/kg 
Sprague-

Dawley 
HPLC Acetonitrile 54 2000 (0.5) 3 

[181] i.v. 10 mg/kg 
Kunming 

mice 
HPLC Ethyl acetate 27 1300 (0.1) 4 

[171] i.p. 0.1 g/kg BALB/c LC/MS/MS Diethyl ether 10 40,000 (0.1) 24 

[226] i.p. 25 mg/kg CD1 mice LC/MS/MS No extraction 27 N/A N/A 

PK studies of curcumin across rodent strains and across delivery routes indicate trends of low peak concentrations in blood 

(nM) and rapid elimination, with curcumin dropping below detection limits in 3-6 hours in most cases.  The lower limit of 

detection (LLD) for each detection method ranged from 5 – 50 nM. 

101 
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Curcumin is known to broadly fluoresce in many solvents at 500-550 nm [112, 

114, 115], and the degradation products of curcumin have been shown to emit negligible 

fluorescence [172].  The ideal solvent for a fluorescent detection assay is one in which 

curcumin is most soluble, remains stable, and exhibits favorable fluorescent properties. 

The fluorescent quantum yield, φf, is the ratio of the number of photons emitted to the 

number of photons absorbed by a given molecule, and φf of curcumin has been shown 

to depend upon the solvent and be highest in acetonitrile (Table 7) [115].  For this reason, 

acetonitrile was chosen as the primary solvent for UV-Vis, HPLC, and fluorescence 

assay quantitation in this work.  

Table 7: Fluorescent quantum yield of curcumin in various organic solvents 

 

Table adapted from Khopde et al. [115], with φf values (*) all being calculated 

using an excitation wavelength of 355 nm. Acetonitrile yielded the highest φf for 

curcumin in this study. 
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Many investigators have focused on developing drug delivery systems to entrap 

high concentrations of curcumin in nano- and micro-sized carriers to increase the half-

life of curcumin in plasma and promote increased accumulation in tumor tissues or 

within the brain.  Liposomes, micellar structures, and polymeric carriers represent 

successful strategies for achieving these pharmacokinetic and biodistribution goals 

(Chapter 1, Table 2), but these carriers are not all transferable to local delivery strategies 

where a sustained presence of curcumin over time may be required.   

MCC80 depots developed and characterized in Chapters 2 and 3 represent a 

novel local delivery strategy for providing sustained release of curcumin to treat 

neuroinflammation.  In general, Figure 39 illustrates the subsequent kinetics of curcumin 

following local delivery of MCC80 depots in vivo, including depot resolubilization, 

diffusion of curcumin from within depots, curcumin hydrolysis from resolubilized 

conjugates (equivalent to the in vitro release kinetics reported in Chapter 3), curcumin 

diffusion within the interstitial space, transcellular diffusion of curcumin across the cell 

membrane to act on its intracellular targets, and clearance of free or bound curcumin 

from the local injection site into the blood compartment.   
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Figure 39: Cartoon of MCC80 depot and curcumin kinetics following local 

injection.  Individual rate constants for transitions between states are shown and 

include, the rate of conjugate disassociation (k1), the rate of conjugate association 

back into depots (k2), the rate of diffusion of free or hydrolyzed curcumin from within 

depots (k3), the rate of hydrolysis of curcumin from conjugates (k4), the rate of 

clearance of conjugate into the blood (k5), the rate of transcellular diffusion of 

curcumin across cell membranes (k6), and the rate of clearance of free curcumin into 

the blood (k7). 

The kinetics depicted in Figure 39 could be modeled by individually measuring each 

rate constant, but these experiments were not pursued in this work.  The 

pharmacokinetic studies presented in this chapter and the clearance kinetics presented 

in Chapter 5 assessed the kinetics of curcumin clearance into the blood compartment 

and elimination of curcumin from the blood compartment. 
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4.3 Methods 

4.3.1 Local perineural delivery of curcumin and MCC80 to the sciatic 
nerve in mice 

All animal studies were conducted following protocols approved by the Duke 

Institutional Animal Care & Use Committee.  Animals were anesthetized with 

isoflurane, and curcumin or MCC80 (40 l, 6 mM) was delivered by one of two methods: 

1) perineural placement on the surgically exposed sciatic nerve, or 2) intramuscular 

(i.m.) injection using a 50 l Hamilton syringe with a sterile 27-gauge needle into the left 

thigh, adjacent to the sciatic nerve of female C57BL/6 mice (12-15 weeks, n = 2 or 3 per 

group, Charles Rivers Laboratories, Durham, NC).  Following perineural placement, 

incisions were carefully closed with 6-0 monofilament nylon sutures to prevent any 

escape of delivered drug.  In all studies, curcumin was dissolved in DMSO and MCC80 

was resuspended in sterile 1X PBS.   

For pharmacokinetic studies, animals were serially bled via the maxillary vein to 

collect 50-100 l of whole blood at each time point (0.5 hours to 1 week).  Duke IACUC 

requires that no more than 200 l of blood be collected from one animal over a 2 week 

period.  Therefore, treatment groups were split into subgroups with distinct sacrifice 

time points, as Figure 40 illustrates, such that enough plasma volume was available at 

each time point for assay analysis.  Blood was collected in EDTA-containing BD 

Vacutainer® microvials (BD, Franklin Lakes, NJ), inverted, placed on ice, immediately 
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centrifuged (4°C, 3500 RPM, 15 min), and plasma fractions were transferred to 2 mL 

cryovials (Corning Inc., Corning, NY) and stored at -80°C. 

 

Figure 40: In vivo PK and clearance rates experimental design. Small arrows 

indicate a blood collection time-point (via maxillary bleed) and large arrow indicate a 

terminal time-point where blood was collected via retro-orbital bleed and tissues 

were harvested to measure drug clearance rates (covered in Chapter 5).
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4.2.2 Fluorescence detection and quantitation of curcumin in plasma 

Curcumin in plasma was measured via fluorescence using an Enspire® 

Multimode Plate Reader (Perkin Elmer) using a protocol described here.  Enspire® 

software includes programs for scanning absorbance and fluorescence across 

wavelength ranges to determine optimal ex and em, optimizing the well height at which 

a fluorescence signal is detected, and increasing the number of laser flashes per well to 

increase the total summed fluorescence signal (RFU) per well.   

Assay parameters were optimized for standards of curcumin in acetonitrile and 

naïve plasma.  Parameters were varied as follows:  dilution ratio (75% acetonitrile/25% 

plasma (1:4 dilution) or 87.5% acetonitrile/12.5% plasma (1:8 dilution)), sample volume 

(100 l or 200 l per well), excitation wavelength (ex, scanned from 380-500 nm), 

emission wavelength (em, scanned from 500-600 nm), and number of plate reader laser 

flashes (500, 2000, or 5000).  Plate reader well read-height was optimized for each sample 

volume to be 6 mm or 8 mm for 100 l or 200 l, respectively, using the plate reader 

software optimization features.  Standard curves of curcumin (10-10,000 nM) were 

generated to determine the linear range and to compare fluorescence magnitudes for 

each set of assay parameters.  Excitation and emission wavelengths were chosen based 

upon an absorbance and fluorescence scan of naïve plasma to minimize 

autofluorescence.  Naïve plasma was prepared and assayed using the assay parameters 
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above, and the conditions indicating the lowest lower limit of detection (LLD) were 

chosen for all subsequent assays.  

For all experimental samples, plasma was diluted in acidified CH3CN (1:8, final 

pH = 4.4), vortexed, and centrifuged (4°C, 13000 RPM, 10 min) to remove plasma 

precipitates. Samples (100 l/well, 1 to 3 replicates) were transferred to a black-bottom 

96-well plate, and fluorescence (ex = 440 nm, em = 545 nm) was measured with a plate 

reader.  A final assay standard curve of curcumin (n = 3 replicates, 2000, 1000, 400, 200, 

100, 40, 20, 10, and 4 nM) was prepared by first diluting curcumin stocks in acidified 

CH3CN and then adding naïve plasma, such that the final volume ratio of plasma to 

CH3CN was 1:8 and the final pH = 4.4, and then processed in the same manner as 

samples.  Naïve plasma (n = 9 replicates) was prepared in the same manner to measure 

plasma autofluorescence, and the lower limit of detection (LLD) was defined as two 

standard deviations above the mean naïve plasma autofluorescence. Any samples with 

raw fluorescence signal (RFU) below the LLD were excluded from further analysis. 

For both delivery methods, the concentration of curcumin in plasma was plotted 

over time for each animal, and the AUC for each animal (nM*h) was calculated using the 

trapezoid method for only those time points where curcumin levels were above 

detection limit.  To account for plasma autofluorescence that may contribute to total 

AUC, a corrective factor, AUCnaive = LLD*(final timepoint-initial timepoint), was 

calculated for both delivery methods and subtracted from each individual AUC.  These 
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corrected AUC values were used to calculate the mean AUCCurc and mean AUCMCC80 for 

each delivery method.  Differences in plasma concentrations and plasma AUC between 

curcumin, MCC80, and naïve plasma were analyzed by one-factor ANOVA allowing for 

unbalanced groups (Matlab, function anovan) with post-hoc Tukey’s HSD tests. 

4.3 Results 

4.3.1 Fluorescence assay optimization 

Curcumin and MCC80 were delivered via perineural placement on the sciatic 

nerve or via i.m. injection proximal to the sciatic nerve in mice and drug levels were 

tracked in plasma over time.  Prior to conducting pharmacokinetic studies, a fluorescent 

quantitation assay was developed to accurately quantify plasma curcumin.   

The absorbance and fluorescence spectra of curcumin (20 M) in the presence of 

ELPL=80 (4 M) dissolved in 87.5% acetonitrile/12.5% PBS (pH = 4.4) was compared to the 

same spectra for naïve plasma in the same solvent (Figure 41).  Naïve plasma in 

acetonitrile absorbs light broadly from 340 to 420 nm, but at and above 440 nm absorbs 

very little light.  Curcumin, as shown in Figure 20 and Figure 41, has a peak absorbance 

at 420 nm, but still absorbed ~85% of its maximum absorbance at 440 nm.  When naïve 

plasma was excited at 440nm, it weakly fluoresced, with a maximal signal at 510-520 nm.  

When curcumin was excited at 440 nm, the peak fluorescent signal was at 533 nm, but 

still emitted 95% of the maximum fluorescent signal at 545 nm compared to naïve  
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Figure 41: Absorbance and fluorescence spectra of curcumin and naïve plasma. 

Based upon the overlaps in spectra for curcumin and naïve plasma, ex was set to 440 

nm and em was set to 545 nm for this assay (vertical dashed lines and arrows) to 

minimize autofluorescence and maximize curcumin fluorescence. To better visualize 

all spectra, absorbance spectra (ABS) were normalized to the maximum observed 

absorbance for curcumin and fluorescence spectra (RFU) were normalized to the 

maximum observed fluorescence of curcumin. 

plasma which emitted <50% of its maximal signal at 545 nm.  Therefore, to maximize the 

signal and minimize the autofluorescence from naïve plasma, ex was set to 440 nm and 

em was set to 545 nm for this assay. 

Next, the dilution factor (final % acetonitrile), well volume, and number of plate 

reader laser flashes were varied to determine the conditions for maximal curcumin 

fluorescence and the lowest LLD, as the concentrations of curcumin in plasma were  
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Figure 42: Standard curves of curcumin in acetonitrile with varying well 

volumes and flash numbers. Curcumin was serially diluted in 87.5% acetonitrile 

/12.5% PBS (pH = 4.4) from 10,000nM to 9.6nM, and linear fits of log-log plots were 

excellent (All R2 > 0.98, not shown).  Increasing numbers of flashes (f, above) and 

higher well volumes contributed to greater RFU magnitudes, without affecting 

linearity or detection limits. 

expected to be low.  Standard curves with 100 l or 200 l/well of curcumin in 75% or 

87.5% acetonitrile were generated and read at 500, 2000, and 5000 flashes.  For standards 

diluted in 87.5% acetonitrile, larger well volumes and higher numbers of flashes led to 

higher signals, as expected (Figure 42).   

Naïve plasma was then prepared and analyzed using varying sets of parameters, 

and autofluorescence signals were converted to curcumin concentrations of equivalent 

fluorescence to determine an LLD for each set of parameters (Table 8).  Standards with 

higher acetonitrile content (87.5%), which decreases the plasma protein content and 

promotes curcumin solubility, displayed lower LLDs than 75% acetonitrile.  Using  
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Table 8: Naïve mouse plasma autofluorescence and calculated LLD. 

CH3CN 

(%) 

Well Volume 

(l) 

Number of 

Flashes RFU 
LLD 

(nM) 

75 100 2000 5748 225 

75 100 5000 12372 200 

87.5 100 2000 3084 80 

87.5 100 5000 6969 57 

87.5 200 2000 4270 62 

87.5 200 5000 10464 54 

RFU (ex=440; em=545nm) values represent n=1 well for naïve mouse plasma 

prepared according to methods described above.  LLD were calculated from 

standard curves of curcumin generated for each set of parameters.   

higher numbers of laser flashes (5000 vs. 2000) actually led to lower LLD, possibly 

because additional laser flashes no longer have a linear effect on increasing plasma 

autofluorescence.  Higher well volume, while contributing to higher total signal, did not 

lead to improved LLD values; therefore, 100 l well volume was chosen, such that only 

12.5 l of plasma per well would be required per assay.  The final assay parameters 

based upon these optimization studies are shown in Table 9, with an estimated LLD of 

~50 nM.  In this case, increasing the sample dilution factor (1:8 rather than 1:4) led to a 

lower LLD and higher measured RFU.  

Table 9: Final fluorescence assay parameters to detect curcumin in mouse plasma. 

Parameter Value 

ex 440 nm 

em 545 nm 

Sample volume 100 l (12.5 l plasma) 

% CH3CN 87.5% 

Buffer pH 4.4 

Number of Flashes 5000 

Estimated LLD ~50 nM 
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4.3.2 Fluorescence quantitation of curcumin in mouse plasma 

A final standard curve was generated by mixing known concentrations of 

curcumin dissolved in acetonitrile with naïve plasma, which was found to increase the 

fluorescence of lower concentrations of curcumin (Figure 43), possibly due to the 

presence of plasma proteins [116].    

 

Figure 43: Final fluorescence assay standard curve for curcumin quantitation in 

plasma. The presence of plasma proteins increased the fluorescence of lower 

concentrations of curcumin.  Curcumin in acidified acetonitrile was added to PBS (pH 

= 7.4) or naïve mouse plasma for final concentrations of curcumin from 2000 to 4 nM 

(final pH = 4.4).  The slope and intercept of the linear regression of the log-log plot 

above including plasma was used to convert raw RFU to curcumin concentrations for 

all intramuscular samples. 

The lower limit of detection (LLD) for the plasma fluorescence assay was found to be 22 

nM, which corresponds to a final concentration of 176 nM after accounting for sample 

dilution (mean + 2SD, n = 9 replicates across 3 assay plates). It is important to note that 
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for perineural placement studies of curcumin and MCC80, all final assay parameters 

were chosen as described above, except for buffer pH.  For these samples and standard 

curves (not shown), HCl was added at 10 mM to acidify samples and stabilize curcumin.  

However, the final pH of these solutions was later re-evaluated and found to be pH = 

0.4.  This extreme acidity led to rapid degradation of curcumin and plasma proteins 

(confirmed by HPLC, not shown), skewing the standard curves unbeknownst to the 

investigators.  While standard curves were linear, the LLD for these samples was found 

to be 52 nM, or 416 nM after accounting for sample dilution (mean + 2SD, n = 9 replicates 

over 3 assay plates).  The curcumin concentrations calculated for perineural placement 

may not be directly comparable to those for intramuscular injection, but the trends of 

sustained release and lower maximum plasma levels are still valid. 

Following perineural placement of curcumin and MCC80, curcumin levels were 

initially high in plasma, but dropped to below the detection limit 4 hours after delivery 

(Figure 44).  The maximum observed plasma levels of curcumin delivered as a bolus or 

as a depot were Cmax = 1030 nM ± 59.0 nM and 729 nM ± 26.4 nM (n = 3 animals, mean ± 

SEM), respectively.  For those samples above the assay detection limit (0.5 to 2 h, Figure  
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Figure 44: Pharmacokinetics of curcumin and MCC80 following perineural 

placement. Curcumin or MCC80 (40l, 6mM) was delivered to the perineural space of 

the exposed sciatic nerve in mice and plasma levels of curcumin were tracked over 

time.  MCC80 depots contributed to lower peak levels of curcumin and sustained 

release of curcumin in plasma over time (mean ± SD). The LLD (top of shaded grey 

area, mean naïve plasma autofluorescence ± 2SD) was 416nM. 

45), plasma levels between curcumin, MCC80, and naïve plasma groups were 

statistically different (one-factor ANOVA, Matlab, p < 0.05).   

Interestingly, curcumin delivered as MCC80 depots appeared to resurge above 

detection limits in plasma at 72, 96, and 168 h for some animals, while curcumin was not 

evaluated at these later time points.  Maximum levels of plasma curcumin delivered as a 

bolus in DMSO seemed to plateau from 0.5 to 2 h, indicating equilibrium in the rate of 

absorption into plasma and rate of elimination from plasma.  Plasma curcumin released 

from MCC80 depots also plateaued from 0.5-1 h, but was rapidly  
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Figure 45: Pharmacokinetics of detectable levels of curcumin and MCC80 

following perineural placement. Kinetics of curcumin released from MCC80 depots 

were different from the kinetics of bolus curcumin and different from naïve plasma 

autofluorescence.  * = different from MCC80 and naïve plasma. # = different from 

curcumin and naïve plasma (one-way ANOVA, Matlab, p < 0.0001). 

eliminated from 1-4 h post-injection.  AUCMCC80 was found to be 2.3-fold lower than 

AUCCurc, and both were statistically different from AUCPlasma (set to zero, p < 0.0001) but 

(Table 10).   

Following intramuscular (i.m.) injection, curcumin was detected in plasma out to 

4 h (Figure 46), with maximum plasma levels Cmax = 590 nM ± 40 nM and 260 nM ± 3.0 

nM for free curcumin and MCC80, respectively (n=2 or 3 animals, mean ± SEM).  Cmax 

levels occurred at time, tmax, of 1-2 hours for both curcumin and MCC80, which is similar 

to oral [153] and subcutaneous delivery [171] of curcumin in mice reported elsewhere.  
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Figure 46: Plasma pharmacokinetics of curcumin and MCC80 delivered via i.m 

injection. Curcumin and MCC80 were delivered proximal to the sciatic nerve via i.m. 

injection (n = 2 or 3, mean ± SEM). Naïve plasma mean (146 nM) is plotted ± 2SD [116 

nM, 177 nM] in shaded region. Curcumin and MCC80 were statistically different from 

naïve plasma from 0.5 to 4 h (one-factor ANOVA, Matlab, p<0.0001). * = different from 

MCC80 and naïve plasma. # = different from curcumin and naïve plasma. 

 

Table 10: Summary of PK values for local delivery of curcumin and MCC80. 

 Perineural Intramuscular 

Buffer pH 0.4 4.4 

Assay LLD (nM) 416 176 

 Curcumin MCC80 Curcumin MCC80 

Cmax (nM) 1030 ± 59 730 ± 27 585 ± 40 260 ± 3.0 

tmax (h) 0.5 1 2 1 

AUC (nM*h) 900 ± 56* 390 ± 22*,# 870 ± 130* 127 ± 26# 

*=statistically different from AUCplasma; # = statistically different from curcumin (one-

factor ANOVA, Matlab, all p values < 0.001) 
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Plasma concentrations for all time-points less than 24 h were statistically different from 

naïve plasma levels, and AUCMCC80 was measured to be 7-fold lower than AUCCurc, 

indicating that less total curcumin entered the systemic circulation when it was 

administered in a depot and injected intramuscularly. 

4.4 Discussion 

Curcumin was conjugated to thermally-responsive ELP as a strategy for 

delivering millimolar concentrations of curcumin that would be release over time in a 

sustained manner to locally treat neuroinflammation.  One common preclinical model of 

neuroinflammation and chronic neuropathic pain is the chronic constriction injury (CCI) 

model, where the sciatic nerve at the mid-thigh is exposed and loosely ligated with 

sutures to provide chronic compression and neuroinflammation of the nerve [40].   Prior 

interest in studying the CCI model to screen therapeutics for radiculopathy and 

neuroinflammation [42, 64, 84, 85, 91-93] motivated our studies of the pharmacokinetics 

of curcumin delivered as a bolus or as an MCC80 depot to the sciatic nerve in mice.   

When delivered perineurally or via i.m. injection, MCC80 depots displayed 

sustained release of drug into the systemic circulation, while decreasing Cmax.  The time 

of peak curcumin plasma, tmax, was in agreement with the literature and was similar for 

both delivery methods and between groups.  Perineural delivery of MCC80 depots led 

to a 2.3-fold decrease in plasma AUC compared to bolus curcumin, and intramuscular 

delivery of MCC80 depots led to a 7-fold decrease in plasma AUC.  
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Limiting cumulative and peak systemic concentrations of immunosuppresants 

such as TNF inhibitors helps to limit drug toxicities and adverse events.  Setton and co-

workers have previously studied the pharmacokinetics of ELPs delivered to the 

perineural space of the L5 DRG in rats, and showed that depot-forming ELPs 

demonstrated 10-fold lower peak serum levels than soluble ELPs [100].  Sustained, local 

delivery can simultaneously allow for the delivery of high local concentrations of drug 

to achieve efficacy and limit systemic exposure.  While curcumin has been shown to be 

safe as very high oral doses and toxicity concerns are limited, we hoped to design ELP-

curcumin depots that would reduce the peak systemic concentrations of curcumin 

compared to bolus local delivery, since curcumin represents a model drug for this drug 

delivery strategy.  

The fluorescent quantitation assay described in this chapter was calculated to 

have a LLD for curcumin of 22 nM (for buffer pH = 4.4), which is better than most 

previously reported methods using HPLC (Table 6).  Finding that increasing sample 

dilution (% CH3CN) and increasing flash number led to a lower LLD was unexpected, 

but allowed less plasma to be used per assay and required significantly less time to 

analyze multiple samples on one plate (5 min. per 96-wells) compared to HPLC (30 min. 

per sample).  However, the main limitation of this assay compared to HPLC is an 

inability to distinguish free curcumin from curcumin bound to MCC80, which has a 

decreased absorbance.  Plasma volumes for each animal for each time point did not 
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allow for HPLC analysis in addition to fluorescence assay analysis.  In future studies, a 

subset of plasma samples should be evaluated with HPLC to determine if curcumin is 

being absorbed into the systemic circulation as a free molecule or bound to bulky ELP 

carriers. 

Other limitations of this pharmacokinetic analysis of curcumin and MCC80 

depots include the finding that buffer pH for perineural delivery was too acidic, the 

incongruous experimental design for perineural delivery low sample size (n = 2 or 3 

animals), and the timing of plasma collection for both delivery methods.  Given that the 

buffer pH for perineural placement studies was too acidic, the data reported for this 

method cannot be used to draw rigorous conclusions.  However, the lessons learned and 

general trends are still relevant, and do loosely match the results reported for 

intramuscular delivery.  The incongruity between MCC80 and curcumin collection time 

points for perineurally placement was originally built-in to mimic the experimental 

design for perineural delivery of ELP to the L5 DRG, where depot-forming ELP 

remained detectable for up to 2-weeks post-delivery [100].  Delivery of MCC80 depots to 

a more defined compartment such as the L5 DRG perineural space or the intra-articular 

space may aid in sustained presence of MCC80 depots similar to previously studied 

ELPs. 

Higher sample size for perineural delivery may provide for increased power to 

differentiate MCC80 depots from naïve plasma at 72 and 96 h post-injection.  A sample 
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size analysis using the data presented here indicates that, to achieve statistical power of 

70%, with p< 0.05 and an effect size  = 1.28 (m1 = 380 nM, m2 = 536 nM, 1=16.5 nM,  2 = 

170 nM), one would need a sample size of n = 9 per group to detect differences between 

groups in a two-tailed student’s T-test.  

Future PK studies of MCC80 might also benefit from the inclusion of an 8-hour 

timepoint, which may further elucidate differences between groups and support the 

hypothesis of sustained release.  Separately labeling ELP carriers of MCC80 depots with 

radiolabels or reactive near-infrared (NIR) dyes may also provide insights into the 

kinetics of depot resolubilization and curcumin absorption into the systemic circulation. 

4.5 Conclusion 

In this chapter, the pharmacokinetics of curcumin and MCC80 depots were 

evaluated after local administration via perineural placement on the exposed sciatic 

nerve or intramuscular injection proximal to the sciatic nerve in mice.  A fluorescent 

detection assay was developed to quantify curcumin in plasma with a lower limit of 

detection of 22 nM, or 176 nM in plasma after accounting for dilution.  For both methods 

of local delivery, curcumin released from MCC80 depots displayed lower Cmax and lower 

mean AUC compared to bolus curcumin.  Plasma levels of curcumin dropped below 

detection after 4 h post-delivery for both delivery methods, but may have resurged 

briefly for MCC80 depots delivered via perineural placement.  However, all data 

reported in this chapter for perineural placement should be used only for gleaning 
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valuable lessons and trends, not quantitative interpretation of depot kinetics.  MCC80 

depots delivered via i.m. injection showed decreased plasma AUC compared to bolus 

curcumin, contributed to sustained release of curcumin into plasma from local depots in 

mice, and limited the observed Cmax, an important design goal for the delivery of 

immunosuppresants such as TNF inhibitors. 
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5. In vivo clearance kinetics of locally delivered 
curcumin and MCC80 

5.1 Introduction 

In this chapter, clearance kinetics of curcumin and MCC80 depots delivered via 

perineural placement or intramuscular injection proximal to the sciatic nerve in mice 

were evaluated.  ELP depots have been previously delivered to the perineural space of 

the L5 DRG of rats via transforaminal injection followed by insertion of bone glue to 

form a confined compartment with limited perfusion [100].  Tissue anatomy differences 

between the perineural DRG space and the more perfused muscle and interstitial spaces 

proximal to the sciatic nerve could impact ELP depot clearance kinetics.   

Other local delivery strategies for curcumin have been developed and studied in 

vitro, including a curcumin-eluting stent [223], self-assembling peptide hydrogels [172], 

and incorporation into a hydrogel polymer backbone via degradable carbonate bonds 

[165].  The work reported herein takes these efforts to develop local, sustained drug 

delivery strategies for curcumin one step further by reporting the in vivo 

pharmacokinetics (Chapter 4) and clearance rates of curcumin from a local depot, as has 

been previously investigated for ELP carriers delivered to other compartments. 

5.2 Background 

Local drug delivery strategies benefit from an ability to deliver high doses of 

drug directly to the pathologic site, such as a tumor, arthritic joint, injured nerve, or 
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impinged nerve root.  Locally delivered drug depots can prolong drug residence times, 

provide for therapeutic levels of drug for sustained periods, and limit the peak systemic 

exposure of drug.  Genetically engineered ELPs are well-suited for local delivery 

applications because they are soluble and easy to handle at room temperature, display 

sufficiently low viscosity at high concentrations to enable injection, and rapidly undergo 

a soluble to insoluble phase transition into a viscous coacervate in situ [184, 189, 190].  

This thermally responsive behavior can be tuned by altering the amino acid composition 

of the repeat pentapeptide motif, which can affect the kinetics of depot formation, depot 

resolubilization, and drug release. The clearance rates of soluble and depot-forming 

ELPs has been studied following intra-articular injection in rats [191], perineural 

transforaminal placement on the L5 DRG in rats [100], intra-tumoral infusion in mice 

[199], and subcutaneous injection to treat diabetes in mice [195].   

In the simplest drug clearance model, the rate of change of drug mass at the 

delivery compartment over time ( ) is related to the mass of drug present at any time 

(m) by the constant of elimination, ke, as follows: .  This model assumes that 

all drug transport occurs out of the delivery compartment and into the blood 

compartment, with no drug ever returning to the delivery compartment via the 

circulation.  Solving for this differential equation yields a monoexponential decay 

model, , where is the mass of ELP remaining at time, t,  is the 
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initial mass of ELP, and ke = ln(2)/t1/2, where t1/2 is the clearance half-life.  The rate 

constant of elimination of drug, ke, in this model is equivalent to the rate constant of 

absorption into the blood, ka, which is commonly reported for pharmacokinetic models.  

Therefore, the clearance kinetics of drug out of the delivery compartment reported here 

could also be considered absorption rates into the blood compartment. Table 11 lists the 

calculated clearance half-lives and ke for soluble and depot-forming ELPs delivered to 

various compartments in vivo.   Depot-forming ELPs consistently provide increased 

clearance half-lives—which implies decreased ke—compared to ELPs remain soluble at 

physiologic temperature.  In all cases, ELPs were radiolabeled with 14C or 3H to detect 

ELP in tissues over time.   

Table 11: Local clearance rates of soluble and depot-forming ELPs 

Compartment 
Injection 

Route 
Type 

MW 

(kDa) 

Tt 

(°C) 

t1/2 

(h) 

ke 

(h-1) 

Knee joint Intra-articular Soluble 61 72 3.4 0.204 

  Depot 47 28 88 0.00791 

L5 DRG Transforaminal Soluble 49 82 5.5 0.125 

(Perineural)  Depot 50 26 39 0.0177 

Tumor Intra-tumoral Soluble 49 70 8.3 0.0835 

  Depot 50 28 44 0.0157 

Data were taken from [100, 191, 199] for radiolabeled ELPs delivered to various 

compartments in mice or rats. The reported half-lives, t1/2, and elimination rate 

constants, ke, were calculated by numerically fitting clearance kinetics to a 

monoexponential decay model. In each case, the rate of elimination from the injected 

compartment is significantly slower for depot-forming ELP.  
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Recently, a new method for labeling ELPs to quantify clearance rates was 

investigated.  Protease-operated depots (PODs), which consist of thermally responsive 

ELP carriers genetically fused to 6 repeats of the therapeutic glucagon-like peptide 1 

(GLP-1) each separated by a dipeptidyl dipeptidase substrate, were injected 

subcutaneously in mice to evaluate clearance kinetics and an ability of local depots of 

GLP-1 to control blood glucose levels in a model of diabetes [195].  By design, 

endogenous peptidases would cleave GLP-1 peptides from PODs to slowly release these 

peptides from the depot.  To quantify depot clearance kinetics, the lysine residues of the 

GLP-1 repeats were labeled with a near-infrared (NIR) dye and imaged longitudinally 

using in vivo fluorescent tomography (Figure 47).  While clearance t1/2 were not  

 

Figure 47: Fluorescent tomography of NIR-dye-labeled ELP depots. Protease-

operated depots (POD) composed of ELPs genetically fused to repeat sequences of 

glucagon-like-peptide 1 (GLP-1) were labeled with near-infrared (NIR) dyes and 

injected subcutaneously.  Clearance of soluble POD (A, Tt = 54°C) and aggregating 

POD (B, Tt = 20°C) were tracked over time, and POD engineered to form depots below 

37°C remained at the injection site for 1 week. Adapted from [195]. 
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quantified, depot-forming PODs remained at the injection site for 1 week and were able 

to control blood glucose levels during that time, while soluble PODs were almost 

completely cleared in 72 h. 

Muscle tissues are well supplied by capillary beds that promotes diffusion of 

drugs delivered by i.m. injection, and increased movement characteristic of most 

muscles has been reported to increase the percentage of open cell junctions between 

capillary endothelial cells [227], further promoting diffusion of drug delivered via. i.m 

injection. Small (< 1000 Da) lipid-soluble drugs, when injected into muscle, can rapidly 

diffuse through the capillary endothelial cell layer to the systemic circulation.  The rate 

of absorption is dependent upon the drug diffusion coefficient, area of distribution, rate 

of dissolution from the particle phase to the aqueous phase, the lipophilicity of drug 

(measured by the partition coefficient, logP), drug MW, pH of the vehicle, and pKa of the 

drug [227-229].  The formulation of drug, such as particle size and viscosity, can also 

impact diffusion and the rate of phagocytosis of particles by macrophages.  Likewise, the 

injection depth of intramuscular injections can impact clearance kinetics, as off-target 

injections into fat and subcutaneous tissues will have markedly different clearance 

kinetics owing to the differences in tissue composition [228].  While soluble hydrophilic 

drugs are rapidly absorbed into the circulation following i.m. injection, lipophilic drug 

absorption can be highly dependent upon the vehicle, drug pKa, and formulation 

(suspension, soluble, prodrug, or depot) [228].  Modeling the absorption rates of such 
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drugs and depot formulations into the blood can be complex, making absorption rates of 

lipophilic drugs are often difficult to predict.  From a clinical perspective, the clearance 

of molecules from an inflamed tissue region or compartment may be different from 

clearance from a healthy tissue region.  Inflammation can often slightly decrease the 

local pH, encourage vasodilation of the surrounding blood vessels that may encourage 

more rapid clearance into the blood compartment, and chronic inflammation or chronic 

injections at a specific site can often lead to the formation of fibrous tissue or scar tissue 

that can impede drug clearance rates from tissue. 

5.3 Methods 

5.3.1 Local perineural delivery of curcumin and MCC80 

All animal studies were conducted following protocols approved by the Duke 

Institutional Animal Care & Use Committee.  Clearance studies were conducted along 

with pharmacokinetic studies; therefore the delivery methods, both perineural and 

intramuscular, and sacrifice time points were identical (Section 4.3.1, Figure 40).  

5.3.2 Tissue solubilization and preparation 

For clearance studies, the injection site was defined to include the sciatic nerve 

segment at the mid-thigh (~5-10 mm), muscles dorsal and ventral to the nerve segment, 

and the dorsal skin and subcutaneous layers surrounding the incision or point of needle 

entry. For perineural delivery, animals were sacrificed at 2 and 48 h for curcumin, or 2, 
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96, and 168 h for MCC80.  For i.m. injection, both groups of animals were sacrificed at 2, 

48, and 96 h.   

Animals were sacrificed by exsanguination to collect blood, after which all 

tissues from the injection site were harvested. To quantify a maximum recoverable 

percent of injected dose from tissues at time zero (%ID max), two naïve animals were 

injected (i.m.) with curcumin or MCC80 just after sacrifice and tissues were immediately 

harvested.  For perineural delivery studies, %ID max was only calculated for MCC80 

depots.   

After tissue harvest, the remaining tissues were washed with 400 l of tissue 

buffer (87.5% CH3CN/12.5% 1X PBS, pH = 4.4) to recover any remaining free drug.  Wet 

tissues were transferred to pre-weighed 2mL tubes, weighed, and suspended in 0.3-

1.5mL tissue buffer (< 100 mg/ml tissue).  To each tube, 5-10 zirconia beads (2 mm, 

BioSpec Products, Bartlesville, OK) were added, and tubes were placed on a 

MiniBeadBeater16 (1 min, BioSpec) to solubilize tissues, after which tubes were rotated 

overnight at 4°C to extract all drug from tissues.  Supernatants were then decanted into 

fresh tubes, centrifuged (4°C, 3500 RPM, 15 min), and stored at -80°C prior to analysis.  

5.3.3 Fluorescence detection assay and standards for tissue samples 

Total fluorescence, RFUT, of each tissue sample was measured using the same 

parameters as plasma (Chapter 4, Table 9), and in some cases samples were diluted to 

fall within the linear range of the assay.   To calculate a lower limit of detection (LLD) 
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specific to each tissue type, muscle, nerve, and tissue wash aliquots were taken from 

naïve animals (n = 2 animals), processed in an identical manner, pooled together by 

tissue type, and autofluorescence was measured (n = 3 replicates).  Any tissue samples 

with raw RFUT below the matching tissue LLD were excluded from analysis. 

Standard curves of curcumin and MCC80 (4 - 2000 nM) in tissue buffer in 96-well 

black-bottom plates were generated to account for the difference in fluorescence for free 

vs. bound curcumin previously found for HPLC standards (Chapter 3, Figure 28).  

Standard curves were numerically fit to Beers-Lambert law to calculate slopes for free 

and bound curcumin (MCC80), kf and kb, respectively. Identical standard curves of 

curcumin and MCC80 were also generated using muscle buffer (MB, buffer from 

solubilized naïve muscle) to determine if muscle tissue proteins significantly impacted 

fluorescence.  For samples diluted in tissue buffer prior to fluorescence detection, slopes 

from standard curves without MB (kf and kb) were used to convert RFU to concentration.  

For samples loaded “neat” into wells for fluorescence detection, slopes from standard 

curves with MB were used.   Differences in standard curve slopes for curcumin and 

MCC80 with or without naïve muscle buffer were tested for statistical significance using 

analysis of covariance, ANOCOVA (Matlab). 

5.3.4 Quantitation of mass ratio of free and ELP-bound curcumin in 
tissue samples 

Because the fluorescence of free curcumin is significantly different from 

curcumin bound to ELP (Chapter 3, Figure 28), HPLC was used to quantify the mass 
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fractions of free and bound curcumin, mf and mb, respectively, and calculate a mass ratio 

of free to bound curcumin, M = mf/mb.  This procedure was performed on a subset of 

processed MCC80 samples following i.m. delivery spanning each tissue type and across 

all animals (21 out of 30 samples).  When M ≥ 0.01, the mass ratio was multiplied by the 

constant ratio of slopes of bound curcumin and free curcumin, S = kb/kf, to determine 

RFUf and RFUb at each time point, as follows: 

Let         (1) 

      (2) 

       (3) 

It follows that:          (4) 

where VT, the total volume, cancels out, and replacing RFUb with an expression from Eq. 

1 then yields an expression for RFUf: 

   (5) 

Letting    and rearranging Eq. 5 to solve for RFUf yields an expression for RFUf in 

terms of M, S, and RFUT: 
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        (6) 

  and      (7) 

If M < 0.01, meaning less than 1% of the total mass of curcumin was free, RFUf 

was set to zero, RFUb was equal to RFUT, and kb was used to calculate the concentration 

of curcumin. 

 

5.3.5 Statistical analysis of tissue samples 

All concentrations of curcumin in tissue samples were converted to mass (nmol) 

using the known volume of tissue buffer added and summed for a total mass of 

curcumin remaining at the injection site for each time for each animal.   The mass totals 

were normalized to tissue mass (nmol/g), or normalized to the total injected mass of 

curcumin to determine a % injected dose (%ID = nmol/nmol*100%).  To detect 

differences in drug masses (nmol, nmol/g, or %ID) between curcumin and MCC80 

groups and across time, a two-factor ANOVA (Matlab, function; anovan) was performed 

with post-hoc Tukey’s HSD tests.  

5.4 Results 

The sciatic nerve at the mid-thigh in mice was surgically exposed and a pocket of 

space was created by gentle mechanical spreading of tissues to allow for curcumin or 

MCC80 depots to be directly delivered to the perineural space (Figure 48).  Once 
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delivered, the skin was closed carefully to minimize disturbance of the delivered 

volume.  In many cases, some delivered drug was pushed upward from the nerve to the 

subcutaneous layers and exterior, indicating a limit to the volume of depot or curcumin 

that could be reliably delivered perineurally and likely adding more variability to the 

calculated clearance rates of curcumin and MCC80 depots. 

For perineural delivery, animals receiving curcumin in DMSO were sacrificed at 

2 h and 48 h, and animals receiving MCC80 in 1X PBS were sacrificed at 2 h, 96 h, and 

168 h  

A) 

 

B) 

 

Figure 48: Images of sciatic nerve exposure and perineural drug delivery. A) 

The sciatic nerve was exposed at the mid-thigh and a pocket was formed to allow for a 

volume of drug to be delivered.  B) Curcumin in DMSO delivered to the perineural 

space of the sciatic nerve. 

to harvest injection site tissue and measure curcumin clearance rates over time (Section 

4.3.1, Figure 40).  This staggered experimental design was implemented in anticipation 

of extended clearance half-lives of MCC80 depots, similar to clearance half-lives 

reported for ELP depots delivered to the intra-articular compartment and perineural 
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space of the L5 DRG. Curcumin from MCC80 depots cleared from the perineural space 

in a sustained manner, with detectable levels at 96 h and 168 h post-injection (Figure 49).  

The maximum recoverable dose of curcumin from MCC80 depots at t = 0 h (%ID 

max) was found to be only 11.5%.  This finding led to the investigation of mass ratios of 

free vs. bound curcumin and special attention to the differences in fluorescence of free 

and bound curcumin for i.m. delivery, reported below.  As was the case for 

pharmacokinetic studies of perineural depot delivery, the buffer pH used to solubilize 

tissues was later determined to be pH = 0.4, which was found to rapidly degrade  

 

Figure 49: Clearance kinetics of curcumin and MCC80 depots from the 

perineural space. After 2h post-injection, MCC80 depots cleared at a slower rate than 

bolus curcumin, indicating a sustained release of curcumin. 

curcumin in these samples, which were incubate overnight. While the trends may still be 

valid, the final calculated clearance values should not be directly compared to i.m. 

delivery, as this method for recovering and quantifying curcumin failed.  
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Following i.m. delivery, all animals were sacrificed at 2 h, 48 h, or 96 h to 

measure clearance rates from the injection site.  Curcumin from MCC80 depots cleared 

from the injection site in a sustained manner (Figure 50).  At each time point, MCC80 

was detected in depot form by both visual inspection and HPLC analysis of solubilized 

tissues. Standard curves of curcumin and MCC80 were generated in assay buffer with or 

without muscle buffer (MB), and the presence of MB was found to affect the slope of the 

standard curve linear regression for curcumin but not MCC80 (Figure 51).  

 

 

Figure 50: Clearance kinetics of curcumin and MCC80 depots following i.m. 

injection proximal to the sciatic nerve. The maximum %ID at time, t=0h, for curcumin 

and MCC80 were 59% and 33%, respectively.  MCC80 depots were cleared more 

rapidly from 0 to 2 hours, but then displayed increased residence times at the 

injection site compared to curcumin. 
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Figure 51: Standard curves of curcumin and MCC80 in tissue buffer with and 

without muscle buffer. Muscle buffer, MB, was used to dilute stocks of curcumin or 

MCC80 to detect an effect of muscle tissue proteins on fluorescence.  Slopes and R2 

for each linear regression are displayed next to each linear fit, and ANOCOVA tests 

indicated a difference between the slopes of ‘Curc’ and ‘Curc + MB’ (p < 0.05, Matlab), 

but not between ‘MCC80’ and ‘MCC80 + MB’. 

Table 12 shows the maximum recoverable mass at time t = 0 h, as well as the 

measured masses of curcumin found within tissues at each time point for each group.  

Based upon the methods reported here, a greater %ID from free curcumin in DMSO 

delivered by i.m. injection remained at the site of injection at 2 h compared to MCC80.  

At this time, free curcumin appeared completely insoluble and as macroscopic particles, 

indicating that the DMSO vehicle had been exchanged for interstitial fluids, rendering 

curcumin insoluble (Figure 52).  This insolubility favored lower initial clearance rates of 

curcumin compared to MCC80.  
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Table 12: Tissue clearance rates for curcumin and MCC80 

Group 
Time 
(h) 

Mass 
(nmol) 

Mass 
(nmol/g tissue) 

%ID 
(nmol/nmol) 

Curcumin 0* 158 765 59 
 2# 98 ± 24 531 ± 81 36 ± 8.9 
 48& 0.67 ± 0.004 7.2 ± 1.3 0.25 ± 0.002 
 96 0.39 ± 0.12 2.8 ± 0.95 0.14 ± 0.04 

MCC80 0* 90 1080 33 
 2 33 ± 8.1 280 ± 73 12 ± 3.0 
 48 3.5 ± 1.2 37 ± 10 1.3 ± 0.46 
 96 2.2 ± 0.32 15 ± 2.1 0.80 ± 0.12 

* = 0 h validations were conducted for n = 1 animals per group and not 

included in statistical analyses. All other time points represent n = 3 animals per 

group (mean ± SEM), except where outliers were removed due to injection error (n = 

2&). # = statistically different from all other time points for both groups (p < 0.05).  2-

way ANOVA indicated differences across time (p < 1e-3), the interaction (p < 0.02), but 

not across groups (p = 0.053). 

HPLC analysis of a subset of MCC80 solubilized tissue samples indicated that, 

for 16 out of 21 samples, > 95% of curcumin was still bound to ELP at the time of harvest 

(not shown).  Only samples at 2 h after injection contained a mixed population of free 

and bound curcumin.  At 48 h and 96 h, 5-fold more curcumin was detected for MCC80 

compared to free curcumin, and depots of MCC80 were still visible at 96 h, suggesting 

that conjugation of curcumin to ELP may provide for sustained release of curcumin 

following local perineural delivery. 
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A) 

 

B) 

 

Figure 52: Images of curcumin and MCC80 localized to the nerve 2 h after i.m. 

injection. A) Curcumin appears as insoluble, turbid masses submerged in excess 

interstitial fluid, likely driven to the space by an osmotic effect from DMSO vehicle.  

B) MCC80 depots localized to the sciatic nerve appear as a hydrated orange-yellow 

gel. 

 

5.5 Discussion 

MCC80 depots were shown to maintain thermally-triggered depot formation 

after curcumin conjugation (Chapter 2), to readily release curcumin in vitro (Chapter 3) 

and in vivo (Chapter 4), to retain bioactivity against TNF(Chapter 3), and to limit the 

peak levels of plasma curcumin compared to a bolus of curcumin (Chapter 4).  In this 

chapter, we found that after perineural placement and intramuscular injection proximal 

to the sciatic nerve, MCC80 depots contributed to a sustained presence of curcumin over 

several days at the site of delivery.  As discussed in the previous chapter, the methods 

used to recover and detect curcumin following perineural placement failed due to low 

buffer pH and poor ability to recover drug from tissues at time, t = 0.  Nonetheless, the 
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trends discussed below are valuable for futures studies of ELP-curcumin conjugates or 

ELP-small molecule conjugates.   

Perineural placement of curcumin and MCC80 depots led to rapid clearance of 

both forms of curcumin, but only MCC80 depots were visually observed out to 1 week 

after delivery.  Perineural delivery of 40 l volumes to the small limb of a mouse were 

challenging, and led to significant variability in the final placement and volume of 

distribution of delivered curcumin and MCC80 depots.  All MCC80 depots observed at 

96 h or later were actually found in the subcutaneous space, likely originating from 

depots that migrated upwards as the skin tissues were sutured close.  Transitioning to a 

larger animal model such as a rat may improve clearance study outcomes, but may 

simultaneously limit pharmacokinetic outcomes, as the average blood volume of a rat is 

at least 10 times greater than that of a mouse.  This increase in blood volume would have 

to be accounted for by delivering 10-times greater masses of curcumin and MCC80 such 

that curcumin could be detected in plasma.  

The low maximum recoverable dose (%ID max, ~11%) after perineural placement 

for the described method of tissue solubilization and drug extraction was concerning, as 

this value did not match visual observations of remaining curcumin or depots at time, t 

= 0 h.  Further investigation with HPLC revealed that all curcumin in solubilized tissue 

samples had significantly degraded and elution times for expected peaks had shifted.  

The dramatic change in the HPLC chromatogram led us to reevaluate the tissue buffer 
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pH, which we found to be too acidic.  Questions about the effects of tissue proteins on 

curcumin fluorescence, as well as the difference in fluorescence emitted from free 

curcumin compared to bound curcumin on MCC80, were raised during this 

troubleshooting phase as a result of the low %ID max, which were addressed in 

intramuscular injection investigations. 

Our interest in intramuscular injections stemmed from interests in moving 

forward with efficacy studies of curcumin and MCC80 depots in the CCI model.  Based 

upon a previous study of orally administered curcumin in this model, where cessation 

of twice daily curcumin treatment was accompanied by a resurgence in painful 

sensitivities similar to untreated groups within 24-48 h [111], we hypothesized that 

MCC80 depots would need to be delivered multiple times over the course of a 28-day 

efficacy study.  As multiple surgical procedures to place depots in the perineural space 

were not feasible, we turned to intramuscular administration as an alternative local 

delivery strategy.   

Preliminary studies of i.m. injection (not shown) indicated that curcumin and 

MCC80 localized to the sciatic nerve well when the injection angle and needle depth 

were kept constant.  Before conducting i.m. clearance studies, the effect of tissue proteins 

on fluorescence were investigated using naïve muscle buffer (MB) from perineural 

studies.  We found that MB did significantly affect the fluorescence of curcumin (Figure 

51), but did not affect fluorescence of curcumin bound to MCC80.  Additionally, the 
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stark differences in fluorescence of free and bound curcumin were noted, meaning 

calculation of curcumin mass remaining at the injection site may depend on first 

determining the separate masses of free curcumin and bound curcumin.  

Following intramuscular injection proximal to the sciatic nerve in mice, MCC80 

depots provided a sustained release of curcumin for 4 days at the site of injection, while 

decreasing Cmax 3-fold and plasma AUC of curcumin 7-fold (Chapter 4).  The clearance 

kinetics reported for MCC80 were limited by the method of extraction and detection, as 

recovery of curcumin and MCC80 at 0 h was only 59% or 33%, respectively.  The tissue 

buffer solvent seemed to favor recovery of curcumin over MCC80, likely due to the 

differences in aqueous solubility which are exaggerated at higher concentrations found 

at the injection sites at early time points.  This finding indicates that recovery and 

quantification of MCC80 in tissues was likely poor for all time points studied, and the 

clearance rates of MCC80 may, in reality, be better than measured.   The method for 

curcumin recovery and quantitation in injected tissues was flawed and needs significant 

revision in order to draw conclusions about the rates of curcumin clearance following 

local delivery.  

Delivery of ELP-curcumin to a less perfused and more isolated compartment, 

such as the perineural or intra-articular space, may facilitate retention of the curcumin in 

depot form above that which was measured here via i.m. delivery.  Furthermore, the 

extensive previous success of ELP as a drug carrier for subcutaneous, intra-tumoral, 
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intra-articular, and perineural delivery are encouraging (Table 11), and our own visual 

observations of ELP-curcumin depots at the injection site 4 days after delivery should be 

emphasized.    

One further limitation of this study is that perineural or local delivery to an 

injury site may not precisely hit the target pathologic tissue.  From a clinical perspective, 

or in the case of evaluating efficacy of MCC80 depots in future studies, the exact region 

of injured nerve contributing to chronic pain and neuroinflammation may be unknown.  

Therefore, local delivery of a depot may not be close enough to the target tissue prior to 

being cleared by the perfused muscle proximal to the nerve, and the volume of 

distribution of injected drug or depot may not overlap the volume of pathologic tissue 

requiring therapeutic intervention.  For local delivery into confined compartments such 

as the intra-articular or epidural spaces, proper localization of injected drug volume is 

more likely than intramuscular injection proximal to an inflamed nerve.  Nonetheless, 

the neuroinflammation following peripheral nerve injury or IVD herniation induced 

radiculopathy can lead to local and systemic effects, meaning local delivery and 

subsequent systemic distribution of drug may still be efficacious for treating these 

pathologies.   

5.6 Conclusion 

Local delivery of in situ forming depots using ELP carriers represents a novel 

strategy for sustained-release treatment of neuroinflammation.  MCC80 depots released 
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curcumin in a sustained manner in vivo following perineural placement or i.m. injection 

proximal to the sciatic nerve in mice.  Curcumin delivered as a bolus in DMSO became 

insoluble almost instantly as the DMSO vehicle was exchanged for aqueous interstitial 

fluids, which contributed to a prolonged presence of free curcumin from 0-2 h post-

injection.  However, conjugation of thermally responsive ELP to curcumin provided for 

sustained presence of the drug out to 4 days post-injection.     

In the future, alternative methods of detecting curcumin and MCC80 depots in 

tissues, such as NIR-dye labeling coupled with longitudinal in vivo imaging or 14C-

radiolabeling of curcumin and MCC, may help to better quantify and mathematical 

model the clearance rates of curcumin from local delivery sites.   Based upon the 

evidence for sustained release of curcumin from MCC80 depots, efficacy studies of local, 

sustained delivery of curcumin and MCC80 depots in the CCI model commenced and 

are ongoing.  
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6. Conclusions and future directions 

Local delivery strategies for many hydrophobic drugs such as curcumin are 

becoming more popular to overcome poor bioavailability and achieve a high drug 

concentration at the site of action, while remaining cost-effective.  Likewise, local 

delivery strategies for treating radiculopathy and peripheral nerve injury are gaining 

support, given the limitations of systemic administration of TNF inhibitors.  We chose 

curcumin because it possesses a wide range of anti-inflammatory properties relevant to 

neuroinflammation but has typically limited in vivo efficacy owing to its poor 

bioavailability and low solubility.  Motivated by these reasons, injectable, thermally-

responsive ELP-curcumin conjugates were synthesized and characterized for the 

purpose of providing local and sustained release of curcumin to treat 

neuroinflammation pathologies such as IVD herniation-associated radiculopathy or 

peripheral nerve injury.   

One lead ELP-MCC conjugate, MCC80, met all in vitro design criteria, and was 

studied as a novel drug delivery strategy for locally delivering curcumin depots to the 

perineural space for sustained curcumin release to treat neuroinflammation. The 

investigations reported in this dissertation achieved the following outcomes: 

 A chemically modified derivative of curcumin, MCC, containing a single reactive 

amine linked by a cleavable carbamate bond for facile conjugation to any drug 

carrier. 

 

 A chemical synthesis strategy to modify any polyphenol to include a cleavable 

carbamate and reactive group for conjugation to a drug carrier. 
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 Evaluation of two new strategies for blocking ELP amines, PEGylation and 

acetylation, to minimize ELP-ELP crosslinking during conjugate synthesis. 

 

 A library of amine-blocked ELP-MCC conjugates of varying MW and drug-loading 

that retained an ability to form thermally-triggered depots. 

 

 A lead conjugate, MCC80, with high drug loading (6-to-1), a Tt < 37°C, that formed 

micron-sized particles after transition, and was able to solubilize millimolar doses of 

curcumin in 1X PBS without any organic solvent. 

 

 Confirmation that MCC80 depots released curcumin in a sustained manner in vitro, 

and that released curcumin retained bioactivity against key molecular targets for 

neuroinflammation, TNF and NF-B, with potency only 2-fold lower than native 

curcumin. 

 

 Development of HPLC methods for evaluating curcumin release from ELP-curcumin 

conjugates, and methods for stabilizing curcumin in vitro for such studies. 

 

 Development of novel cell-based assays for quantifying the ability of NF-B 

inhibitors, such as curcumin, MCC, SM7368, and MCC80, to inhibit NF-B p65 

phosphorylation in a human monocyte cell line (U937) and a rat sciatic nerve 

Schwann cell line (S16). 

 

 Perineural delivery methods for evaluating curcumin and MCC80 pharmacokinetics 

and clearance kinetics from the perineural space, either by perineural placement on a 

surgically exposed sciatic nerve or i.m. injection proximal to the sciatic nerve. 

 

 Description of a novel curcumin extraction and fluorescence detection assay of 

curcumin in mouse plasma with a LLD of ~20 nM, which is equivalent to or better 

than most published LLDs for HPLC detection of curcumin in plasma. 

 

 Data suggesting that MCC80 depots provided sustained release of curcumin when 

delivered perineurally that limited systemic exposure of drug, with lower values for 

Cmax and plasma AUC compared to bolus curcumin, and provided for sustained 

presence of curcumin at the injection site out to 4 days post-delivery. 
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The in vivo efficacy of bolus curcumin and MCC80 delivered by weekly i.m. 

injection in the CCI model of peripheral nerve injury is being investigated at this time 

using a transgenic luminescent mouse strain with luciferase reporter genes downstream 

of NF-B, which allows longitudinal in vivo imaging of NF-B activity.  In addition to 

frequent imaging of NF-B activity over the course of this study, data on mechanical 

allodynia and thermal hyperalgesia are being collected to test for the effect of curcumin 

and MCC80 therapy in the CCI model.  The author hopes that NF-B imaging may 

provide further insights into the clearance kinetics of curcumin, as it relates to the 

kinetics of the neuroinflammatory pathology, and help to better determine the sustained 

therapeutic concentration of curcumin needed to effectively attenuate NF-B and pain in 

this model.   

In the future, alternative methods of detecting curcumin and MCC80 depots in 

tissues, such as NIR-dye labeling coupled with longitudinal in vivo imaging or 

radiolabeling of curcumin and MCC, may help to better quantify and mathematical 

model the clearance rates of curcumin from local delivery sites.  Simple modifications to 

the amino acid sequence or MW of ELP carriers used in this work should help to tune 

the clearance rates of these depots.  Alternatively, tuning the chemical structure of the 

carbamate linker built-in to MCC may also impact the cleavage rates of drug from 

depots. 
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MCC80 depots may also have significant therapeutic potential in treating 

inflammation associated with osteoarthritis (OA).  Based upon previous studies of intra-

articular delivery of depot-forming ELPs, the published efficacy of ELP-IL1Ra for 

models of knee arthritis and instability, and the ability of curcumin to inhibit multiple 

targets of interest in OA pathology, MCC80 depots may be an exciting new therapeutic 

for this disease.  When delivered to the confined intra-articular compartment, MCC80 

depots will likely have increased residence times and decreased clearance rates 

compared to perineural delivery, which would hopefully translate to an ability to 

significantly attenuate local inflammation. 

Additionally, with the NIH National Center for Advancing Translational Science 

(NCATS) current interest in “rescuing and repurposing” pharmaceuticals whose 

development by industry or government labs have been discontinued, finding a potent 

polyphenol with an ability to attenuate inflammation, either by inhibiting TNF or NF-

B, to repurpose for treating neuroinflammation locally may provide an exciting 

extension of this work with significant translational potential. 
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