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Release of anti-inflammatory peptides from thermosensitive 
nanoparticles with degradable cross-links suppresses pro-
inflammatory cytokine production

Scott Poh*, Jenny B Lin*, and Alyssa Panitch*

*Weldon School of Biomedical Engineering, Purdue University, 206 South Martin Jischke Drive, 
West Lafayette, Indiana, 47907

Abstract

Pro-inflammatory cytokines tumor necrosis factor α (TNF-α) and Interleukin 6 (IL-6) are 

mediators in the development of many inflammatory diseases. To demonstrate that macrophages 

take up and respond to thermosensitive nanoparticle drug carriers we synthesized PEGylated 

poly(N-isopropylacrylamide–2-acrylamido-2-methyl-1-propanesulfonate) particles cross-linked 

with degradable disulfide (N,N′-bis(acryloyl)cystamine) (NGPEGSS). An anti-inflammatory 

peptide (KAFAK) was loaded and released from the thermosensitive nanoparticles and shown to 

suppress levels of TNF-α and IL-6 production in monocytes. Cellular uptake of fluorescent 

thermosensitive degradable nanoparticles and therapeutic efficacy of free KAFAK peptide 

compared to KAFAK loaded in PEGylated degradable thermosensitive nanoparticles was 

examined. The data suggests that the degradable, thermosensitive nanoparticles loaded with 

KAFAK may be an effective tool to treat inflammatory diseases.
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INTRODUCTION

Immune cells constitute key players in the development of many inflammatory diseases such 

as rheumatoid arthritis1, ulcerative colitis2, atherosclerosis3, ischemia reperfusion injury4, 

transplantation rejection5, 6 and diabetes7. Immune cells primarily serve to protect against 

opportunistic infections, but when they become activated inappropriately, they can 

participate in the development of inflammatory diseases8, 9. During progression of these 

diseases, immune cells such as macrophages may release cytokines (interleukin-1 [IL-1], 

interleukin-6 [IL-6], tumor necrosis factor-alpha [TNF-α]), chemokines (e.g., monocyte 

chemotactic protein-1 [MCP-1]), digestive enzymes (e.g., collagenases), prostaglandins, and 

reactive oxygen species (ROS), which can aggravate or accelerate damage to the normal 

tissues10–12.

Treatment of inflammatory disorders using peptide drugs may be effective, by suppressing 

cell-mediated immunity and promoting anti-inflammatory effects13–15. However, gastric 

acid in the stomach and peptidases in the blood easily breakdown peptides into both 

fragments and single amino acids resulting in poor bioavailability of peptide16, 17. Other 

challenges, including potential peptide antigenicity may result in unwanted immune 

responses and limit the commercial applications of these drugs18, 19. Our laboratory 

previously developed the anti-inflammatory cell-penetrating peptide sequence 

KAFAKLAARLYRKALARQLGVAA (abbreviated KAFAK) that targets mitogen-activated 

protein kinase activate protein kinase 2 (MK2) to reduce expression of pro-inflammatory 

cytokines14. MK2, a member of the p38 mitogen-activated protein kinase pathway, controls 

activation of transcription factors that affect the stability of cytokine AU-rich mRNA and 

upregulates many pro-inflammatory cytokines such as, TNF-α and IL-620–22. However, in 

order to improve the efficacy and retention time of the peptide drug, alternative delivery 

approaches must be sought. For this purpose, we designed a biocompatible polymer as a 

drug carrier to protect the peptide from enzymatic degradation, thus increasing the half-life 

of the peptide therapeutic for diagnostics and treatment.

In recent years, there has been significant growth of basic and applied research in the area of 

polymers as drug carrier systems. There is increasing optimism that appropriate design of 

nanoparticle systems will bring advances in the diagnosis and treatment of disease23. 

Poly(N-isopropylacrylamide) (pNIPAm) is a thermosensitive polymer, which exhibits a 

lower critical solution temperature (LCST) at ~ 31–33°C24–26. Below the LCST, the 

pNIPAm backbone is hydrophilic, which results in nanoparticle swelling in aqueous 

environments. Above the LCST, the water is expelled as the pNIPAm collapses on itself. The 

LCST allows pNIPAm particles to be loaded with a drug by passive diffusion at 

temperatures below the LCST, to entrap the diffusible species above the LCST, and to slowly 

release the drug while in the collapsed state. Previous work from our lab demonstrated that 

incorporating sulfated monomer 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) 

into the pNIPAm backbone increased loading efficiency of the positive-charged KAFAK 

peptide in poly(NIPAm-AMPS) nanoparticles27. To improve the stability of the 

nanoparticles, modification was used to render stealth properties by addition of 

poly(ethylene glycol)(PEG) in one pot polymerization. The stealth character of PEG is based 

on its excluded volume, or steric repulsion properties; the PEG segments serve to minimize 
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the non-specific interactions with plasma protein28. An additional feature of the nanoparticle 

system is the incorporation of disulfide cross-links within the nanoparticle. Although stable 

in the oxidizing extracellular environment, once the nanoparticle is taken up by cells, the 

glutathione and low pH present in the intracellular compartment (endosome/lysosome) 

reduces the disulfide (SS) cross-links allowing nanoparticle degradation and subsequent 

peptide release29 (Graphical Abstract).

In this paper, we describe the synthesis and characterization of functionalized pPNIPAm-

AMPS nanoparticles. Cellular uptake studies were carried out with fluorescent-labeled 

pNIPAm nanoparticles by the RAW 264.7 murine macrophage cell line. We examined 

whether using sulfated pNIPAm nanoparticles with disulfide cross-links (SS) and 

PEGylation (PEG) could improve the KAFAK peptide therapeutic efficacy as compared to 

free peptide.

EXPERIMENTAL SECTION

Materials

N-Isopropylacrylamide (≥ 98%, NIPAm) was acquired from Polysciences Inc. (Warrington, 

PA, USA). Dialysis membrane tubing was purchased from Spectrum Laboratories 

(Dominguez, CA). (1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (≥ 98%, HBTU), N-hydroxybenzotriazole (> 97%, HOBT), N,N′-

methylenebisacrylamide (99%, MBA), sodium dodecyl sulfate (SDS; 10% w/v in water), 2-

acrylamido-2-methyl-1-propanesulfonic acid (99%, AMPSA), dithiothreitol (98%, DTT), 

fluorescein o-acrylate (98%, F), N,N-Diisopropylethylamine (99%, DIPEA), potassium 

persulfate (99%, K2S2O8), N,N′-bis(acryloyl)cystamine (98%, BAC) and dimethyl sulfoxide 

(DMSO) were acquired from Sigma-Aldrich (St. Louis, MO, USA). N,O-dimethacryloyl 

hydroxylamine (98%, DMHA) were synthesized based on a previous protocol30. NIPAm, 

MBA, and AMPSA were stored under nitrogen at 4 °C. All water used in synthesis, dialysis, 

and testing was treated by a Milli-Q system (Millipore, Billerica, MA, USA; 18.2 MΩ·cm 

resistivity). Acrylate-PEG2000 was purchased from Laysan Bio (AL).

Cell Culture

RAW 264.7 cells (Murine macrophage cell line) were a gift from Dr. Philip Low’s lab - 

Chemistry, Purdue University. The cell lines were grown continuously as a monolayer in 

non-folate RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin (50 

units/mL), and streptomycin (50 μg/mL) antibiotic at 37 °C maintained with 5% CO2.3

Peptide Synthesis and Purification

Therapeutic peptides (KAFAK) were synthesized on knorr resin by 9-

fluorenylmethyloxycarbonyl (FMOC) solid phase methodology (see Supporting Scheme 1). 

Knorr amine resin was swollen with dichloromethane (DCM) followed by 

dimethylformamide (DMF). A solution of 25% piperidine in DMF was added to the resin, 

and nitrogen was bubbled for 15 min. The resin was washed with DMF (3x) and isopropyl 

alcohol (i-PrOH, 3x). For amino acid coupling, a solution of Fmoc-amino acid (3 equiv), 

(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 3 equiv), 
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N-hydroxybenzotriazole (HOBT, 3 equiv) and N,N-Diisopropylethylamine (DIPEA, 5 

equiv) in DMF was added. Nitrogen was bubbled for 2 h, and resin was washed with DMF 

(3x), DCM (3x) and i-PrOH (3x). To deprotect Fmoc, a solution of 25% piperidine in DMF 

was added to the resin, and nitrogen was bubbled for 20 min, the solvent was removed and 

resin was washed with DMF (3x) and i-PrOH (3x). The above sequence was repeated for 

coupling of each amino acid. Final compound was cleaved from the resin with a cocktail of 

trifluoroacetic acid (Sigma-Aldrich, St. Louis, MO, U.S.A.), triisopropyl silane (TCI 

America, Boston, MA, U.S.A.), ethane dithiol (Alfa Asara, Ward Hill, Massachusetts, 

U.S.A.), and Milli-Q water. The cleaved mixture was concentrated under vacuum. The 

concentrated product was immediately precipitated in ether, recovered by centrifugation, 

solubilized in Milli-Q water, and lyophilized. Peptides were purified on an FPLC AKTA 

Explorer (GE Healthcare, Pittsburgh, PA, U.S.A.) with a 22/250 C18 prep-scale column 

(Grace Davidson, Deerfield, Illinois, U.S.A.) and an acetonitrile gradient with 0.1% 

trifluoroacetic acid. Purity of peptide were determined by HPLC to be > 98%. Peptide 

molecular weight was confirmed by matrix-assisted laser desorption ionization time-of-

flight (MALDI TOF) mass spectrometry with a 4800 Plus MALDI TOF/TOF Analyzer 

(Applied Biosystems, Foster City, CA, U.S.A)

Preparation of nanoparticle

NIPAm-AMPS nanoparticles were synthesized as described elsewhere with slight 

modification27, 30, 31. Briefly, the nanoparticle compositions were formed by dissolving 

192.1mg NIPAm, 2 mol% cross-linker, and 5 mol% AMPSA in 18ml degassed MilliQ water 

in a three-neck round bottom flask. 3 mol% PEG-acrylate and 2% cross-linker (BAC, MBA, 

DMHA) was pre-dissolved in 3% (v/v) of dimethyl sulfoxide (DMSO) in water for 10 mins 

before addition to polymer mixture. 41 μL of a 10% SDS in MilliQ water solution was 

added, and the mixture was heated to 65°C under nitrogen. Potassium persulfate (8.4mg) 

was dissolved in 2ml degassed MilliQ water and added after a 35 mins equilibration to 

initiate polymerization. After 5 h, the reaction was removed from heat and allowed to cool to 

room temperature. Particles were dialyzed against MilliQ water for 5 days using a 15,000 

MWCO membrane.

For fluorescent nanoparticle synthesis, 1 mol% fluorescein o-acrylate (F) was pre-dissolved 

in 3% DMSO solution. The dye-DMSO solution was added to polymer mixtures and 

equilibrated for 30mins. Potassium persulfate dissolved in 2ml degassed MilliQ water was 

added to initiate polymerization. Particles were dialyzed against MilliQ water for 5 days 

using a 15,000 MWCO membrane. All sample were freeze-dried and kept in the dark for 

further experiments.

Nanoparticle Characterization

Size measurements were performed using dynamic light scattering (DLS) on a Nano-ZS90 

Zetasizer (Malvern, Westborough, MA, USA). Zeta (ζ) potentials were measured at 25 °C 

using a Nano-ZS90 Zetasizer in capillary cells in PBS. To characterize their degradation, 

samples with an identical particle concentration were prepared in pH 7.4 PBS buffer. To one 

solution, an excess of DTT (1mM) was added and allowed to incubate for 24 h. 

Transmission electron microscopy (TEM) was conducted at the Purdue University Life 
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Science Microscope facility on a FEI/Philips CM-100 transmission electron microscope at 

100 kV using a uranyl acetate stain (UA) at pH 4.5. Discharged TEM sample grids were 

placed onto the top of a droplet of sample for 2 min. Then UA stain was added, and samples 

were briefly dried before imaging at room temperature.

Drug Loading and Release

Purified peptide was first dissolved in Milli-Q water to create a 1 mg/mL loading solution. 

Then this solution was added to 1 mg lyophilized nanoparticles. Next, the drug–nanoparticle 

loading solution complex was allowed to incubate for 24 h at 4 °C in the swollen state. After 

incubation particles underwent 1 h of centrifugation at 35 000 rpm (105 000 × g) in an 

Optima L-90k ultracentrifuge (Beckman Coulter, Indianapolis, IN, USA). The nanoparticle 

pellet was briefly resuspended in 1mL of Milli-Q water and was lyophilized. Measurement 

of free peptide released into the solution and the amount of peptide loaded were determined 

using fluorescence analysis with a fluoraldehyde o-phthalaldehyde (OPA) solution (Thermo 

Scientific, Waltham MA, USA). For KAFAK release studies, fluorescent measurements of 

drug release were taken every 15 min for the first hour, then at 1 h, 6 h, 12 h, and 24 h every 

day afterward for 4 days.

In Vitro Cell Imaging

For confocal microscopy studies, RAW 264.7 cells were seeded in 8 wells culture plates and 

maintained at 37 °C. Samples were performed in triplicate. RAW 264.7 cells incubated with 

fluorescein labeled nanoparticles were incubated for 4 h or 24 h at 37 °C in culture medium. 

Culture media used in nanoparticle experiments contained FBS (as indicated in the cell 

culture section) unless otherwise noted. After washing with medium to remove any unbound 

nanoparticles, the cells were imaged using confocal microscopy (Olympus BH-2). Cell 

samples were subjected to the trypan blue dye exclusion method to check cell viability. 

Lysotracker DND-99 (Life Technologies, Grand Island, NY, USA) staining was performed 

according to the manufacturer’s protocol to confirm that nanoparticles were taken up into 

endosomal/lysosomal intracellular compartments. Semi-quantitative fluorescence 

measurements were used to compare uptake between PEGylated and non-PEGylated 

nanoparticles. Image analysis by ImageJ determined the number of fluorescent pixels (area) 

and the integrated fluorescence intensity for the green channel normalized to the red channel 

within each field of view (n = 3).

Cytokine Analysis of In Vitro Inflammatory Model

RAW 264.7 cells were seeded at a density of 1× 104 cells/mL into 96-well plate for 4 hours. 

Cells were then incubated with various concentrations of KAFAK drug or KAFAK loaded 

nanoparticle in media with or without 10% fetal bovine serum (FBS). The amount of 

nanoparticles used was adjusted based on the concentration of drugs loaded, thus keeping 

the concentration of drugs consistent for both free drug and KAFAK loaded nanoparticles. 

Cells were activated with 2 ug/mL lipopolysaccharide (LPS) 12 h after cells were seeded. 

Control samples received PBS in place of LPS. After 24 h incubation in the cell culture 

incubator, the supernatant was collected and stored at −80 °C until cytokine analysis could 

be performed. CellTiter assays were performed according to manufacturer’s protocol to 

quantitatively check NP cytotoxicity (supplementary figure S3).
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Pro-inflammatory cytokine TNF-α and IL-6 production was determined by sandwich 

immunoassay methods using commercially available electrochemiluminescent detection 

system, plates, and reagents (Meso-Scale Discovery (MSD), Gaithersburg, Maryland). For 

each assay, samples were analyzed and compared with known concentrations of protein 

standard based on manufacturer protocol. Plates were analyzed using the SECTOR Imager 

2400.

Statistical Analysis

Student’s t-tests were used to determine statistical significance between treatment groups 

using a significance level of α = 0.05. Data is expressed as mean values ± standard deviation 

unless otherwise noted.

RESULTS

Nanoparticle Characterization and Drug Loading

Previous work from our laboratory showed that utilizing 5% AMPS co-monomer content in 

pNIPAm nanoparticles resulted in the maximum KAFAK loading capacity27. Incorporating 

5% AMPS into our disulfide PEGylated (NGPEGSS) and non-PEGylated (NGSS) 

nanoparticles yielded loading efficiencies of ~31.1% and ~29.7% respectively (Table 1). The 

KAFAK loading efficiency of nanoparticles using 2% of MBA and DMHA cross-linker 

ranged from 33 – 37% (all loading capacities are statistically equivalent).

As shown in the TEM micrographs collected from the disulfide PEGylated (NGPEGSS) and 

non-PEGylated (NGSS) nanoparticles (Figure 1), the nanoparticles were spherical, which is 

consistent with previous work with both non-degradable MBA and degradable DMHA 

cross-link pNIPAm nanoparticles. 27, 30 In addition, The TEM images in Figure 1 illustrate 

gel integrity in the absence (A and C) or degradation in the presence (B and D) of DTT for 

disulfide cross-linked nanoparticles. DLS measurements of the nanoparticles size confirmed 

that nanoparticles maintained integrity even after lyophilization from deionized Milli-Q 

water (Figure 2B).

Following 24 h incubation in Milli-Q water, disulfide nanoparticles did not show significant 

signs of degradation; however, when the disulfide cross-linked nanoparticles were exposed 

to the reductant DTT, DLS measurements confirmed that the nanoparticles fragmented 

(Figure 2B), which is consistent with the TEM data shown in Figure 1B & D. As evidence of 

longer term stability in the absence of a reducing agent, the hydrodynamic diameter data 

depicted in Figure 3A showed that the PEGylated and non-PEGylated nanoparticles did not 

degrade or aggregate when stored at 25°C for over 2 days in Milli-Q water. The data also 

demonstrated a general trend of increased size with incorporation of PEG. In summary, all 

nanoparticles synthesized with various cross-linkers (2 mol%) maintained size stability up to 

48 hours at pH 7.4 @ 25 °C and during lyophilization; only the disulfide cross-linked 

nanoparticles were susceptible to degradation in reducing environments.

As determined using DLS, degradation of the nanoparticles occurred over time when 

exposed to reducing conditions (Figure 3B and 3C). The data in Figure 3B and 3C 

demonstrated that over a two day period, NGSS lost ~31% of their size and NGPEGSS lost 

Poh et al. Page 6

Biomacromolecules. Author manuscript; available in PMC 2016 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



~ 32% of their size. Nanoparticles formed with 2% monomer feed of other cross-linkers, 

non-degradable MBA and high-pH sensitive (pH > 5.0) DMHA, were found to maintain 

their size in the presence of DTT with very little degradation (< 5%). Both non-degradable 

(MBA) and disulfide (SS) particle size remained intact when particles were exposed to 

conditions at pH 9.0 suggesting that little degradation occurred at basic pH, whereas high-

pH sensitive degradable DMHA cross-linked nanoparticles degraded over time under basic 

conditions, which is consistent with previous studies (Supplement figure 1)30.

With respect to nanoparticle stability, negative surface charge (ζ potential) can prevent 

agglomeration. Changing cross-link type does not have a profound impact on ζ potential for 

particles when using 2 mol% cross-linker content as shown in Table 1. All nanoparticles 

possess a negative ζ potential as expected due to the incorporation of the sulfated AMPS, 

although the range of ζ potentials did not vary much among the different nanoparticle 

formulations.

Figure 4 shows DLS size measurements of disulfide nanoparticles as a function of 

temperature. The ability of pNIPAm-AMPS nanoparticles to respond to temperature was 

maintained with the incorporation of PEG and disulfide cross-links. Barlett et al.27 used 

NIPAm as the primary constituent of a bulk polymer of nanoparticles and found the phase 

transition temperature, or LCST, shifted to higher temperatures as the AMPS content of the 

polymer increased. However, we found that addition of PEG to the bulk nanoparticle 

formulation does not affect the LCST. Nanoparticles synthesized using non-degradable 

(MBA) cross-linker were used as a control and were shown to have a LCST consistent with 

literature around 31–33°C34 (data not shown). The LCSTs of the synthesized disulfide 

nanoparticles were in the range of 35–43°C as shown in Figure 4 demonstrating that the 

addition of the disulfide crosslinks shifts the LCST to slightly higher temperatures.

Drug Release Studies

Due to the strong affinity of KAFAK for sulfated moieties as reported previously, KAFAK 

loading capacity and release are controlled in part by incorporation of 5% AMPS30. NIPAm 

was used as the polymer backbone to ensure the high molecular weight drug KAFAK was 

able to efficiently diffuse into the nanoparticle cores while particles were in the swollen state 

below the LCST, while above the LCST, at physiological conditions, the peptide remained 

encapsulated and protected from proteases. To test the drug delivery efficacy, release studies 

of KAFAK from the nanoparticles were conducted in different environments at 37°C. As 

shown in Figure 5, the amount of KAFAK released in a pH 7.4 environment was 

significantly lower than the amount of KAFAK released in a reducing environment using 

(Figure 5A) DTT or (Figure 5B) low pH 4.0 environment where disulfide bonds were 

expected to reduce and release loaded drug. After 24 hours, disulfide particles released 

nearly ~24% of their loaded drug in a reducing environment compared to ~7% at pH 7.4. 

Taken together these observations demonstrate that the loading and release mechanism is 

driven by both cross-link density and the electrostatic interactions between KAFAK and the 

copolymer. The integrity of the KAFAK following release from disulfide-cross-linked 

nanoparticles was confirmed by MALDI TOF MS (data not shown).
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Cellular Uptake of Fluorescent Nanoparticles

To investigate cellular uptake and toxicity of disulfide nanoparticles, fluorescein-labeled 

disulfide nanoparticles (NGSSF and NGPEGSSF) were synthesized. An intracellular uptake 

study was performed with the fluorescently labeled disulfide nanoparticles (Figure 6). The 

uptake and localization of the particles in RAW 264.7 cells were visualized by confocal laser 

scanning microscope after 24 h of incubation with particles (Figure 7III). The internalization 

of the particles is illustrated in Figure. 7 AIII and BIII. The optical sections (z-plane) 

depicted in Figure 7 represent a plane of focus interior to the cell membrane demonstrating 

that the nanoparticles have been internalized rather than accumulated in or at the cell 

membrane. The fluorescein-labeled nanoparticles were taken up and were distributed 

throughout the cell within 24 hours of exposure, but no uptake was observable in the first 4 

hours. However, similar to previous reports35 cellular uptake of small molecule fluorescein 

was observed within 2 hours of incubation (Supplement Figure 2), which suggests that the 

fluorescence observed in our uptake study is due to labeled particles and not from potentially 

unreacted fluorophore since unreacted fluorophore should be observable at earlier time 

points. No evidence of localization within the cell nuclei was observed. The punctate 

staining seen in Figure 7 AIII and BIII, suggests that particles accumulated into the 

endosomes/lysosomes, but it is also possible that further agglomeration occurred 

intracellularly. This was verified by using a red lysotracker probe to confirm co-localization 

of labeled nanoparticles in endosomes/lysosomes (Figure 7C,D). Semi-quantitative 

measurements of fluorescence intensity comparing green fluorescent pixel area normalized 

to red fluorescent pixel area showed that there was a statistically significant difference (p < 

0.01) in the amount of co-localization for PEGylated compared to non-PEGylated 

nanoparticles with PEGylated nanoparticles exhibiting significantly less co-localization 

(Supplemental Figure S4); perfect co-localization would result in a red to green fluorescence 

area ratio of 1. Similarly, green fluorescence intensity integration measurements normalized 

to red fluorescence intensity showed significantly less PEGylated compared to non-

PEGylated nanoparticle uptake (p < 0.01) (Supplemental Figure S4).

The cytotoxicity of the fluorescently labeled and unlabeled disulfide nanoparticles was 

studied in the RAW 264.7 cell line. The dye exclusion assay36 was carried out by analyzing 

the uptake of trypan blue, virtually all cells remain viable after incubating with NGSS and 

NGPEGSS for 2 days as determined by lack of trypan blue uptake by the cells. The study 

demonstrated that addition of PEG or disulfide into the particles does not impact 

macrophage viability in vitro. CellTiter assays also showed that there were no significant 

differences in cell number after exposure to nanoparticles (Supplemental Figure S3).

Cytokine assay

It has previously been reported that the intracellular inhibition of MK2 by a single dose of 

40μM KAFAK results in suppression of pro-inflammatory cytokines TNF-α and IL-6 

secretion14, 37. As shown in Figure 8, studies of RAW 264.7 murine macrophage cell line 

confirmed that treatment with KAFAK free peptide is serum dependent and suggests that the 

peptide is susceptible to enzymatic degradation. This reduces the therapeutic effectiveness in 

the presence of serum in vitro. KAFAK peptides released from the disulfide nanoparticles 

were protected from proteases and remained active in vitro. The data in supplemental Figure 
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S3 and Figure 5 demonstrate that more KAFAK was released from degradable disulfide 

nanoparticle than non-degradable particles in a reducing environment. This is consistent 

with a low therapeutic availability seen with release from non-degradable (NGMBA and 

NGPEGMBA) nanoparticles as reported previously30, 37. The data in Figure 8 demonstrate 

that sufficient peptide could be released from the degradable particles to reduce IL-6 and 

TNF-α expression in vitro. In addition, the data also indicate that PEGylated nanoparticles 

yielded the greatest inhibition of IL-6 and TNF-α production after 24h. Levels of IL-6 were 

reduced by ~67% and TNF-α by ~64% for KAFAK loaded NGPEGSS, whereas ~40% and 

~44% reduction respectively was observed for the non-degradable (MBA) PEG-nanoparticle 

counterpart.

DISCUSSION

KAFAK-loaded pNIPAm nanoparticles have been reported to protect KAFAK from 

enzymatic degradation, thus increasing drug half-life in the presence of serum14, 27. We have 

reported27, 30 the ability to produce nanoparticles with sizes ranging between 100 and 400 

nm in solution. Nanoparticle size can be essential for cellular permeability during drug 

delivery. As reported previously,38, 39 particles in the size range of 160–400 nm show 

promise for intra-cellular delivery in inflamed tissue. With the ability to tune nanoparticles 

to a size range of 180–260 nm, we anticipate efficient cellular permeability of our 

nanoparticles. Observation by confocal microscopy showed that cellular uptake of 

fluorescent nanoparticles by RAW 264.7 cells occurred within 24 hours of particle exposure. 

Semi-quantitative fluorescence measurements of FITC nanoparticles and lysotracker red 

indicated that there is statistically less co-localization of PEGylated nanoparticles with 

endolysosomes compared to non-PEGylated particles. This suggests that the PEGylated 

nanoparticles may either be due to delayed endosomal trafficking, a separate mode of 

uptake, or increased endolysosomal escape. Further studies are needed to elucidate the 

mechanisms causing differences in cellular uptake of PEGylated and non-PEGylated 

nanoparticles.

Incorporating PEG into a nanoparticle can endow the particle with several advantages. PEG 

is known to be biocompatible can protect materials from unwanted adsorption and cell 

adhesion. Gulati et al28 reported that a longer blood circulation lifetime of PEGylated 

nanoparticles with higher molecular weight PEG chains (Mw >1000) as compared to those 

with lower molecular weight PEG. It was reported that by incorporation of 2 – 5 mol% PEG 

into pNIPAm nanoparticles, the non-specific plasma protein interactions were 

minimized28, 40. Thus, PEGylated pNIPAm nanoparticles represent a promising system that 

can be employed as a drug delivery carrier. To further support PEGylated pNIPAm 

nanoparticles for use in drug delivery, the data in Figure 2 demonstrated that NGSS and 

NGPEGSS nanoparticles were stable at physiological pH 7.4 for 48 hours in non-reducing 

conditions; however in a reductive environment, like the intracellular space, the 

nanoparticles were degraded.

Previous work by our group has found that the ‚ potential, measured in MilliQ water, of 

similar pNIPAm nanoparticles with varying AMPS% correlated with drug loading efficiency 

due to the contribution of electrostatic interactions with the peptide27, 30; specifically, the 
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more negative-charged particles increased loading of the positively charged KAFAK peptide. 

Changes in the AMPS% variable in these previous studies resulted in a greater range of zeta 

potentials. In our study, we investigate different formulations that keep the AMPS% constant 

at 5%. As a result, the range of zeta potentials for our formulations was not as large and did 

not produce a statistically significant difference in drug loading efficiency. Previous 

studies27, 30 also show that incorporating AMPS monomer into the particles shifted the 

LCST to higher temperatures as the AMPS content of the polymer increased. The higher 

LCST values of the formulations make them suitable for targeting of drugs to inflammation 

in combination with hyperthermia. As reported by Meyer et al.,41 pNIPAm nanoparticles 

could be used for both passive and active targeting to cancer cells, where passive 

accumulation was achieved through enhanced permeability and retention (EPR) effect, and 

active accumulation was influenced via external temperature changes. When tumors were 

heated locally to 42°C, the accumulation of thermosensitive nanoparticle with a LCST of 

40°C was approximately two fold greater than the concentration of the same polymer in 

tumors that were not heated42, 43. While active targeting was not a goal of the current work, 

the work by Meyer et al.41 suggests that thermal targeting could be used with the 

thermosensitive particles described here.

KAFAK peptide treatment suppressed pro-inflammatory TNF-α and IL-6 production. 

However, in the presence of fetal bovine serum, the KAFAK peptide was less effective at 

inhibiting production of pro-inflammatory cytokines (Figure 8). The pNIPAm-AMPS carrier 

was shown previously to increase half-life of KAFAK in serum27, 37. It was also shown that 

the addition of negatively charged sulfate groups through incorporation of AMPS and the 

addition of cross-linking increased KAFAK loading efficiency and nanoparticle 

stability27, 30. However, in earlier studies27, 30 the high affinity of KAFAK to nanoparticles 

and lack of core degradation resulted in successful release of less than half of the loaded 

peptides. To attempt to overcome this limitation reducible disulfide cross-links were 

introduced into the nanoparticles. In the presence of intracellular glutathione and low pH in 

the late endosome/lysosome compartments, the disulfide bonds are reduced leading to 

nanoparticle degradation, thus enabling release of a higher percentage of KAFAK over time 

following cellular uptake. Ru Cheng et al.,44 reported highly efficient intracellular protein 

release in cancer cells when using pNIPAm nanoparticles with disulfide cross-links as 

opposed to a non-degradable cross-links. In order to capitalize on the physiological stability 

and release efficiency of KAFAK during cellular uptake, we explored the use of reducing 

disulfide cross-links in pNIPAm particles (Graphical abstract). As anticipated, the data in 

Figure 5A and 5B indicated that indeed a higher percentage of KAFAK released from 

disulfide nanoparticles than from the non-degradable (MBA) counterpart at low pH (Figure 

5C). The release of KAFAK from the degradable nanoparticles reaches a maximum of ~24% 

after 24 hours. Despite releasing a significantly greater proportion of drug compared to 

nanoparticles without degradable crosslinks, most of the loaded drug is likely tightly 

associated with the core of the nanoparticle, which does not degrade as rapidly as the rest of 

the particle. Lack of core degradation is perhaps due to a higher reactivity ratio of the 

crosslinker as compared to the other monomers which results in a densely crosslinked core. 

As shown in Figure 8, KAFAK delivered from disulfide degradable nanoparticles effectively 

reduced pro-inflammatory cytokine production during the 24-hour incubation, and was more 
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effective at reducing cytokine secretion than when KAFAK was delivered from non-

degradable particles, or as free peptide. It is likely that the increased efficacy seen with the 

encapsulated peptide is due to protection of the peptide from enzymatic degradation41, 45; 

however, it is also possible that the peptide is simply protected from becoming inactivated 

by binding to serum proteins27, 28. This protection from non-specific interactions with serum 

proteins may also contribute to the increased anti-inflammatory efficacy of PEGylated 

nanoparticles compared to their non-PEGylated counterparts, but future studies are needed 

to quantify these effects.

Finally, the advantage of retaining the cell-penetrating peptide region of the peptide drug is 

two fold. First, the cell-penetrating peptide sequence, KAFAKLAARLYR, contains two 

lysines and two arginines that facilitate binding to the sulfated nanoparticles. Second, some 

peptide releases from the particles prior to uptake by the macrophages, and while not 

completely protected from the extracellular environment, a portion of the released peptide is 

still able to enter cells and function as an anti-inflammatory peptide27, 30.

CONCLUSION

The data described herein demonstrated that pNIPAm-AMPS nanoparticles are an effective 

tool for delivery of anti-inflammatory cell-penetrating peptide in vitro. By functionalizing 

particles with both PEG and disulfide cross-links (SS), the nanoparticles were effective both 

peptide loading and subsequent release of KAFAK in physiological intracellular 

environments after being taken up into the endosomal/lysosomal compartment. Importantly, 

the particles improved the anti-inflammatory efficacy of the peptide presumably by 

protecting the peptide from enzymatic degradation in the presence of serum. Furthermore, 

pNIPAm nanoparticles did not elicit a significant cytotoxic response in RAW 264.7 

macrophage cells, indicating that these particles were biocompatible in nature.

This system has the potential to be an effective tool as a delivery vehicle for cationic 

peptides by taking full advantage of the increased loading efficiency, stealth characteristics 

and controlled release that is possible in this modified thermosensitive system. Future work 

will further optimize the system with respect to PEG and disulfide concentration to fine-tune 

the release of KAFAK and other enzymatically susceptible therapeutics.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NG pNIPAm-AMPS

SS disulfide cross-linker
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NGSS pNIPAm-AMPS-disulfide

NGPEGSS PEGylated-pNIPAm-AMPS-disulfide

NGPEGSS PEGylated-pNIPAm-AMPS-disulfide

NGSSF pNIPAm-AMPS-disulfide-fluorescein

NGPEGSSF PEGylated-pNIPAm-AMPS-disulfide-fluorescein

NGMBA nondegradable pNIPAm-AMPS-MBA

NGPEGMBA nondegradable PEGylated-pNIPAm-AMPS-MBA
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Figure 1. 
TEM micrographs of disulfide cross-linker nanoparticles containing 2 mol% BAC (SS) and 

5 mol% AMPS, pH 7.4 at 25°C, after 24 h (A) NGSS; (B) NGSS, presence of DTT; (C) 

NGPEGSS; (D) NGPEGSS, presence of DTT. Scale bar is 1 μm.
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Figure 2. 
NGPEGSS degradation after 24h A) Reduction of disulfide cross-linker in the presence of 

DTT; B) DLS Size distribution of NGPEGSS in Milli-Q water (Red) and NGPEGSS in the 

presence of DTT (Green)
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Figure 3. 
Degradation over time in different environments of PEG- and non-PEG-poly(NIPAM–

AMPS) nanoparticles with various cross-linker over time measurement: (A) Nanoparticle in 

pH 7.4; (B) Non-PEG nanoparticle in presence of DTT; (C)PEGylated nanoparticle in 

presence of DTT. Bars represent average ± SEM (n = 3).
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Figure 4. 
Dynamic light scattering hydrodynamic diameter temperature sweep from 20°C to 50°C A) 

NGSS; B) NGPEGSS. Bars represent average ± SEM (n = 3).
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Figure 5. 
Drug release profiles of KAFAK containing particles from NGSS and NGPEGSS in pH 4.0 

and pH 7.4 over a 96 h period from at 37 °C. Bars represent average ± SEM (n = 3)
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Figure 6. 
Fluorescence Imaging of disulfide nanoparticles: A) White light B) Fluorescence image; I) 

NGSS II) fluorescence NGSSF III) NGPEGSS IV) fluorescence NGPEGSSF.
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Figure 7. 
Confocal fluorescence microscopy of RAW 264.7 cells incubated @ 37°C with AI) Control, 

with non-fluorescent NGSS, AII) fluorescent NGSSF for 4 h C) AIII) fluorescent NGSSF 

for 24 h, BI) Control, incubated with non-fluorescent NGPEGSS, BII) fluorescent 

NGPEGSSF for 4 h C) AIII) fluorescent NGPEGSSF for 24 h. Cells were visualized with 

confocal fluorescence microscope (λex = 490nm, λem= 520nm).

Lysotracker DND-99 fluorescence indicating co-localization of fluorescent NGSSF (C III 

and IV) and NGPEGSSF (D III and IV) in endolysosomal compartments. (C I) NGSSF and 

(D I) NGPEGSSF uptake in RAW 264.7 cells. (C II) and (D II) are lysotracker labeled 

endolysosomes.
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Figure 8. 
TNF-α (Top) and IL-6 (Bottom) production (pg/ml) in RAW 264.7 murine macrophage 

model treated with free KAFAK peptide (40 μM), KAFAK (40 μM) containing degradable 

nanoparticle (NGSS + KAFAK, NGPEGSS+ KAFAK) and non-degradable (NGMBA

+KAFAK, NGPEGMBA + KAFAK) nanoparticle. Blank control was incubated in FBS 

containing media only. All other samples were treated with LPS, and FBS containing media. 

Bars represent average ± SD (n = 3). * denotes statistical significance (ρ < 0.05) between 

nanoparticle groups and free peptide treatment, between nanoparticle groups and LPS only 
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treatment, + between disulfide crosslinker nanoparticles and non-degradable MBA 

crosslinker nanoparticles, and ≠ between PEGylated nanoparticles and their non-PEGylated 

counterparts.
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Table 1

ζ Potential and Drug Loading

Nanoparticle Size (nm) ± stdev Drug loading (%) ± stdev Zeta potential (mV) ± stdev

NGSS 178 ± 10.1 24.1 ± 4.1 −4.56 ± 2.35

NGPEGSS 223 ± 9.7 34.6 ± 3.7 −3.81 ± 2.01

NGMBA 226 ± 9.5 34.1 ± 4.6 −5.57 ± 1.13

NGPEGMBA 246 ± 8.9 36.7 ± 4.3 −4.28 ± 1.56

NGDMHA 217 ± 7.8 31.4 ± 5.3 −7.49 ± 2.11

NGPEGDMHA 237 ± 8.2 34.7 ± 7.2 −6.05 ± 1.91
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