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ABSTRACT 

DEVELOPMENT OF CHEMOKINE-RELEASING MICROPARTICLES FOR THE 

MANIPULATION OF IMMUNE CELL RESPONSES 

Allison Teunis, Ph.D. 

George Mason University, 2017 

Dissertation Director: Dr. Serguei Popov 

 

A confounding obstacle faced by the medical field is the ability of many disease 

agents to suppress the body’s immune system which allows them to avoid elimination by 

the host. In this study, we have proposed a novel nanotechnology-based platform for 

achieving sustained delivery of immune-modulating chemokines (CKs) as a means for 

manipulating host immune responses. Functionalized hydrogel microparticles (MPs) 

were coupled with a variety of affinity baits and measured for their abilities to bind and 

release CKs. Favorable chemokine-loaded MP (CK-MP) pairs demonstrated affinities in 

the range of low micromolar to high nanomolar and maintained sustained CK release for 

more than 20 h in vivo. Upon injection in an established mouse model of subcutaneous 

hind footpad (FP) injection, a significant portion of the MPs accumulated in the regional 

draining lymph nodes (LNs). MP diffusion through the lymphatics and delivery by 

phagocytic cells to the LNs was advantageous as Bacillus anthracis, our model inducer of 
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immunosuppression, injected in this manner demonstrates the same distribution and 

localization in the host. Pre-treatment of spore-challenged animals with MPs loaded with 

neutrophil-attracting CKs (CK-MPs) provided significant protection against the 

infectious bacterium, even in the absence of any additional antibiotic intervention, 

although therapeutic (post-treatment) injection of the CK-MPs was not protective by 

itself. Both the bait-coupled MPs and their released CKs played important roles 

contributing to improved survival. The MPs induced endogenous expression of several 

pro-inflammatory cytokines and CKs to promote further stimulation of immune activity 

favorable for the host. Further mechanistic evidence for the protection conferred in vivo 

was that epidermal resident antigen-presenting cells (Langerhans cells) were activated 

and migrated to the local LN in response to CK-MP treatment. We propose further 

investigation into the potential clinical use of CK-MPs for achieving predictable, 

sustained modulation of immune activity.
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INTRODUCTION 

Innate immune response, key roles of chemokines 
 

The innate immunity plays a prominent role in the clearance of infectious agents 

and tumors. In immune-sensitive conditions, the presence of microbial antigens sends 

danger signals which stimulate rapid responses from the innate immunity. This 

stimulation represents the coordinated activity of multiple cell populations and signaling 

pathways1,2. One key mechanism for the induction of an immune response is signaling 

via cytokines. Cytokines are small signaling proteins secreted by stimulated cells which 

elicit a response to damage or antigen detection from other cells. Among the cytokines, 

an important role belongs to chemokines (CKs), or chemotactic cytokines, for directing 

leukocyte migration. Binding of CKs with their specific G protein-coupled receptors 

expressed on distinct populations of leukocytes allows for induction of an appropriate 

response3. Stimulation of differing types of leukocytes can play distinct but often 

multiple and/or redundant roles. Examples of these roles may include phagocytic activity 

to clear a variety of undesirable antigen sources, angiogenesis to regulate blood vessel 

formation or wound healing in damaged tissues, and regulation of inflammatory 

responses4,5. The interaction between CKs and their target cell types occurs when CKs 

are released from stimulated host tissues into the surrounding tissue and lymphatics, 

where they form concentration gradients. Immune cells expressing the cognate 
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receptor(s) migrate up the CK concentration gradient toward the damaged or infected 

tissue, where the CK signal is highest1,2.  

Disease agents frequently evolve ways to circumvent or disrupt the immune 

response. One common mechanism involves induction of immunosuppression. 

Immunosuppression can occur through dysregulation of CK production by cells near the 

infected region, or by reducing the responsiveness of migrating immune cell populations 

through dysregulation of cellular signaling6–8. In both scenarios, disruption of normal 

CK-signaling pathways leads to conditions favorable for the pathogen. Current 

investigations are searching for effective methods for preventing microorganisms or 

tumor cells from evading the host immunity9,10. While therapies involving manipulation 

of leukocyte activity with CKs are promising, approaches based on their direct 

administration have been met with limited success in part due to the pharmacokinetic 

properties of CKs displaying functional instability and their rapid dissipation throughout 

the lymphatics upon injection11–13.  

Promising techniques designed to solve the problem of immune evasion involve 

the use of nanotechnology. Nanotechnology is an emerging area of research with utility 

in many different fields including medicine, manufacturing, bioremediation, energy, and 

electronics. In the field of medicine, nanoparticles and microparticles (MPs) (with 

diameter 1-100 nm and <1000 nm, respectively) have become important tools for the 

discovery of disease biomarkers14, as vehicles for targeted-drug or other therapeutic 

molecule delivery13,15–17, and for in vivo-imaging purposes18.  



3 

 

MPs—what they are, how they are made. Current applications and 
favorable characteristics in support of our usage 
 

One promising class of MPs consists of the non-toxic polyacrylamide hydrogel 

MPs. Many characteristics of these MPs can be manipulated during or after synthesis, 

making them a very versatile tool for specific research needs. Synthesis begins with 

radical-induced polymerization of N-isopropylacrylamide (NIPAm) crosslinked with 

N,N-methylene bisacrylamide (BIS)14,19. The concentration ratio of NIPAm and BIS used 

in MP synthesis can be manipulated to modify the average pore size of the MP products. 

The resulting insoluble gel precipitating out of solution has a three-dimensional 

thermoresponsive structure with porosity dependent on temperature. The MPs can be 

functionalized by co-polymerization with either acrylic acid or allylamine. This allows 

for the incorporation of a variety of chemical substances such as affinity dyes which can 

act as ligands (baits) inside the MPs. 

The choice of organic dye baits can be tailored specifically for different biological 

applications and coupling chemistries14. Dyes that contain an amine group can be coupled 

to MPs functionalized with acrylic acid. A few of these dyes include Acid Blue 22, 

Remazol Brilliant Blue R, and Acid Black 1. Incorporation occurs via a condensation 

reaction in which the carboxylic group of the acrylic acid reacts with the amine group of 

the selected dye bait. For MPs functionalized with allylamine, reactive triazine dyes such 

as Reactive Blue 4 (RB) and Cibacron Blue F3GA (CB) can be incorporated into the MP 

by direct interaction with the amine group of allylamine. A chlorine atom located on a 

triazine ring of the dyes allows the dye to become substituted for the amine group of 

allylamine through a nucleophilic attack.  
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Once coupled with a dye bait, these MPs have multiple biological applications. 

One such application in the biomedical research field is for the discovery and 

identification of disease biomarkers14,20. Multiple studies have demonstrated that the 

hydrogel MPs with coupled dye baits can be added to biological samples, such as serum 

or urine, to concentrate and fractionate the low-abundance substances within their content 

for better sensitivity of detection14,20. Depending on the dye used, different types of 

proteins will become bound to the MPs through electrostatic, hydrophobic, or hydrogen-

bonding interactions21–23. The lattice-like matrix of the MPs effectively excludes through 

size-sieving proteins larger than the particle size exclusion limit which could otherwise 

interfere with the assay, such as serum albumin. Elution using a small volume of an 

appropriate elution buffer can then allow for the concentration of proteins by over 100-

fold to be within the range of detection of analytical techniques. 

Another benefit of using MPs for collection and/or concentration of proteins is for 

stabilization and protection of bound proteins against degradation or aggregation24. This 

helps overcome the obstacle of rapid sample loss which can occur during the extraction 

procedure in vivo or upon handling ex vivo. The stabilized functional proteins or other 

biomolecules can then be released from the MPs upon elution or re-equilibration.  

We have proposed that the hydrogel MPs with coupled affinity baits could be 

used as vehicles for the delivery of bound substances to different locations in the host 

followed by the release of these substances with controlled rate25. In this case, the MPs 

would function as a novel and potent nanotechnology-based research tool for multiple 

applications, including modulation of the host immune response. It is also likely that the 
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bait-functionalized MPs themselves (or in addition to the activity of the loaded cargo) 

may find utility as immune modulators due to their intrinsic adjuvant activity26. We 

anticipate that progress in this direction might result in the development of novel MP-

based therapeutics applicable for a broad range of adverse immune conditions and 

infectious diseases which have characteristic dysregulation of host cell signaling. 

Toward these goals, we focused on the modulation (remodeling) of the innate 

immune responses using MPs loaded with different CKs. We determined the behavior of 

the MPs in vivo, and analyzed the effects of MP-loaded CKs (CK-MPs) in animals 

challenged with a lethal infectious agent, Bacillus anthracis Sterne 34F2, as a model of 

an immunosuppressive disease known to impair immune cell migration27. 

Anthrax disease—infectious process, pathological features, current 
limitations to treatment, reasoning for selection as a model infectious 
agent 
 

B. anthracis, a microbe that can be found in soil, is the causative agent of anthrax 

disease in both humans and animals. More worrisome than this pathogen’s natural 

occurrence is its potential for use as a biological weapon. Infection with anthrax spores 

can occur via inhalational, gastrointestinal, and cutaneous exposure. The first stage of 

infection irrespective of the infection route is typically asymptomatic and involves rapid 

phagocytosis of the spores by macrophages and dendritic cells (DCs), resulting in their 

delivery from an infected tissue to the regional lymph nodes (LNs). Germination of the 

spores and proliferation of the vegetative bacteria at this site result in the severe 

hemorrhagic lymphadenitis and edema observed in patients during the second 

symptomatic stage28,29. Current therapies against anthrax are limited in efficacy against 
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late-stage infection, as inhalational anthrax has an 80% mortality rate when left 

untreated30 and a 45% mortality rate even after the administration of antibiotic therapy31. 

This is in part due to the fact that antibiotics poorly penetrate the LNs, as dormant spores 

have been found in these sites after antibiotic therapy completely removed the vegetative 

bacilli from the bloodstream32. Therefore, a successful immune response during early 

stages of infection in the LNs is predicted to be a critical point at which therapeutic 

intervention could promote host survival. We hypothesized that modulation of the host 

immune response by CK-MPs could be protective in animals challenged with B. 

anthracis spores. 

This bacterium possesses a multitude of virulence factors which contribute to its 

pathogenicity. Some of the major virulence factors recognized in this species are the 

edema toxin (ET) and the lethal toxin (LT). ET and LT are composed of a cell-binding 

pore-forming component, protective antigen (PA), associated with the edema and lethal 

factors, respectively. Toxins’ production by germinating spores within the LNs disrupts 

the functions of immune cells such as dendritic cells (DCs), including their ability to 

release inflammatory CKs for the recruitment monocytes and neutrophils27,33–36. Of the 

disrupted cell populations, the significance of neutrophil migration during anthrax 

infection is unclear. Several reports describe conflicting evidence on the necessity of 

targeting neutrophils for the establishment of infection37–40. Another major virulence 

factor is the poly-γ-D-glutamic acid capsule which further protects the proliferating 

bacteria against phagocytosis and shields against detection, allowing the bacteria to 

survive the host’s immune surveillance. 



7 

 

This species also contains several other virulence factors, including four 

hemolysins. One of these which is also a pore-forming toxin with cytolytic activity, 

anthrolysin O (ALO), has recently been discovered as an important contributor to B. 

anthracis toxicity41. ALO belongs to a family of cholesterol-dependent cytolysins, with 

highly homologous proteins encoded by several other species including Bacillus cereus, 

Listeria monocytogenes, Clostridium perfringens, and Streptococcus pyogenes. Although 

the precise mechanism by which it contributes to virulence is unclear, ALO has been 

implicated in playing a key role at the stage in which vegetative bacilli escape from the 

phagolysosome42. Current models suggest that the concerted action of ALO and three 

phospholipases expressed in the early anaerobic conditions within macrophages allows 

the bacteria to escape into the cytosol. It is additionally suggested that anaerobic 

fermentation products, including succinic acid produced during anaerobic bacterial 

growth, function synergistically with ALO to induce membrane permeabilization and 

cause release of free radicals from the mitochondrion, ultimately resulting in cell death43. 

Current study 
 

Overall, the combined activities of these virulence factors to allow escape from 

the initial innate immune response and to evade other responding immune cells spark 

interest for how B. anthracis infection might be impacted by immunomodulation 

favorable to the host. We demonstrate here that novel CK-MPs can be used to remodel 

the host immune response and that timely stimulation of beneficial immune cell 

populations by the CK-MPs can improve survival in anthrax spore-challenged mice. 
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RESEARCH AIMS 

Microorganisms frequently evolve the ability to avoid or overcome a host’s 

immune response, thereby causing pathogenesis. We hypothesized that a novel 

nanotechnology-based platform based on the controlled release of immune-modulating 

substances by bait-coupled hydrogel MPs could remodel the host immune response to 

promote the body’s ability to clear an infection.  

This hypothesis was tested in the experimental system consisting of the bait-

coupled hydrogel MPs loaded with different immune cell-attracting CKs for their 

controlled-rate release within regional LNs after subcutaneous challenge in mice. The 

effect of MPs on the immune status of LNs and their potency to eliminate the infectious 

agent (B. anthracis) was investigated. 

This dissertation research was conducted to investigate the following specific 

aims: 

Aim I. Characterize in vitro hydrogel MPs as a tool for controlled loading 
and sustained release of selected CKs 
 

(a) Demonstrate the abilities of MPs to bind and release CKs. (b) Examine the 

influences of the physical characteristics of the system (including buffer composition and 

temperature) on the capabilities of MPs to bind and release CKs. (c) Evaluate the specific 

affinities and kinetics for multiple CK-MP pairs. 
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Aim II. Characterize the behavior and activity of MPs injected 
subcutaneously in a mouse model 
 

(a) Determine the impact of MP-released CKs on directing immune cell 

trafficking to regional LNs in mice subcutaneously challenged with the MPs using 

immunohistochemical staining for the target cell populations. (b) Analyze the 

significance of CK-MPs vs. potential intrinsic adjuvant properties of MPs and vs. soluble 

injected CKs for sustained immune modulation to the regional LN. 

Aim III. Evaluate the protective effectiveness of CK-MPs in animals 
challenged with an immunosuppressive agent 
 

(a) Demonstrate the effect of CK-MPs on the bactericidal activity of immune cells 

in regional LNs and survival of B. anthracis-challenged mice as a proof-of-principal 

prophylactic treatment approach against infectious disease. (b) Identify major variables 

contributing to the mechanism(s) of immune remodeling and associated protection seen 

in anthrax spore-challenged mice. 
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RESEARCH DESIGN 

Materials 
 

N-Isopropylacrylamide (NIPAm), N-N′-methylenebisacrylamide (BIS), potassium 

persulfate (KPS) and allylamine (AA), were purchased from Sigma-Aldrich, Cibacron 

Blue F3GA was purchased from Polysciences, Inc. Unless specified otherwise, all other 

reagents were from Sigma-Aldrich, and were used as received. Water for all reactions, 

solution preparation, and polymer washing was distilled/purified using a Millipore Milli-

Q water purification system to a resistance of 18 MΩ and passed through a 0.2 μm nylon 

filter. Recombinant mouse CCL3 (MIP-1α), CCL2 (MCP-1), CXCL2 (MIP-2), and 

human CXCL8 (IL-8) were carrier-free from BioLegend. Cell culture media and reagents 

were purchased from Mediatech, Inc. The CyQUANT NF Cell Proliferation Assay Kit 

was from ThermoFisher Scientific. Endotoxin-free water was from Life Technologies. B. 

anthracis Sterne strain 34F2 was from Colorado Serum Co. α-B. anthracis serum 

recognizing the vegetative bacterium was raised in rabbits after a subcutaneous spore 

challenge. 

Synthesis of MPs 
 

MP synthesis was carried out essentially as described by Longo et al24. pNIPAm 

particles with ~7% molar content of acrylic acid (AAc) relative to the total monomer 

were prepared via precipitation polymerization. NIPAm (9.0 g) and BIS (0.28 g) were 
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dissolved in 250 mL of water, and the solution was then partially degassed by vacuum 

filtration through a 0.45 μm nylon filter. The filtered solution was purged with nitrogen at 

room temperature and a medium rate of stirring for 15 min, before AAc (0.5 g) was 

added to the reaction. Following the addition of AAc, the solution was purged with 

nitrogen for another 15 min and then heated to 75°C. Once the reaction mixture had 

attained a stable temperature of 75°C, polymerization was initiated with the addition of 

KPS (0.1 g) in 1.0 ml of water. The reaction was maintained at a constant temperature of 

75°C with stirring under nitrogen for 3 h. After this time, the reaction was allowed to 

cool to room temperature overnight with stirring under nitrogen. For preparation of 

NIPAm functionalized with allylamine, the AAc was replaced with allylamine (676 µl, 

12 µmoles). The particles were then harvested and washed by centrifugation for 20 min at 

23°C and 16,000 g, with the supernatant subsequently discarded. The pelleted particles 

were then re-suspended in 300 ml of water, and the suspended particles pelleted by 

centrifugation. This centrifugation-dispersion process was repeated for a total of 5 times. 

Particles were stored as a suspension in water with a few drops of chloroform as an 

antimicrobial.  

Cibacron Blue F3GA (CB) and Reactive Blue 4 (RB), reactive triazine dyes, were 

immobilized via direct reaction with the amine group of the allylamine units within the 

particles, displacing the lone chlorine on the disubstituted triazine ring of the dye22. 

Reactive Blue MPs were a kind gift from Ceres Nanoscience, Inc. Trypan Blue was 

coupled to the MPs by condensation of the amino group of the dye to the carboxylic 

group of acrylic acid present in the pNIPAm-co-AAc MPs using activation with N-(3-
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dimethylaminopropyl)-N′-ethyl carbodiimide as described by Castro-Sesquen et al44. 

After the incorporation of the dyes, the particles were harvested and washed in water by 5 

cycles of centrifugation-dispersion for 20 min at 23°C and 16,000 g, with the 

supernatants discarded. Finally, MPs were re-suspended in water with a few drops of 

chloroform as before. To demonstrate the absence of bacterial contamination, 100 μl of 

particle suspension were plated on the Luria broth agar and incubated for up to 48 h at 

37°C. The N4 Plus PCS Submicron Particle Analyzer (Beckman Coulter) was used to 

determine the particle size (400-700 nm) and polydispersity index in water, which was in 

the interval of 0.2 to 0.5.  

Additional CB MPs were prepared under sterile, endotoxin-free conditions. The 

MPs were re-suspended in tissue culture-grade endotoxin-free water and incubated with 

the dye (2 g CB dye per 325 ml of total solution) for 24 h or 48 h at room temperature. 

After dye incorporation, the MPs were washed six times using tissue culture-grade PBS 

diluted 1:3 with endotoxin-free water. The absence of bacterial contaminants was 

demonstrated as described above by plating onto Luria Broth agar plates. Similarly, a few 

drops of chloroform as a bactericidal agent were added to the final batch of MPs stored at 

4°C.  

Determination of MP endotoxin contamination 
 

The endotoxin content of MPs was measured with the Pierce Limulus 

Amoebocyte Lysate (LAL) Chromogenic Quantitation Kit (ThermoFisher) according to 

the manufacturer’s protocols. The E. coli endotoxin standard provided in the kit was 

serially diluted with the endotoxin-free water. The supernatant from MP suspensions 
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prepared under the endotoxin-free was collected for analysis. Supernatant and diluted 

standards were incubated with the kit’s synthetic substrates at 37°C for 6 min, and the 

endotoxin-dependent proteolysis of the substrate was measured at 405 nm as the amount 

of released p-nitroaniline after quenching of reaction with acetic acid. MPs prepared 

using the endotoxin-free conditions contained 0.14 EU/ml of endotoxin. 

Analysis of CK binding using ELISA and Western blot 
 

The sandwich ELISA Ready-SET-Go! IL-8 and MCP-1 kits (eBioscience) were 

used according to the manufacturer’s protocols to measure the IL-8 and MCP-1 binding 

to the Cibacron and Reactive Blue MPs. The CKs supplied with the kits were diluted with 

PBS to concentrations of 0.25 to 1.0 ng/ml and mixed with equal volumes of MPs 

washed 3x with PBS by pelleting the MPs at 16,000 g for 5 to 10 min and re-suspending 

the pellet in a fresh portion of PBS. Different dilutions of the stock suspension (5% wet 

pellet v/v) were used. The mixtures of MPs with CKs were incubated for indicated 

periods of time at 4°C, the MPs were pelleted at 16,000 g for 5-10 min at room 

temperature, and the supernatants were withdrawn for analyses. Triplicate wells in 96-

well plates were used for supernatants and control dilutions of the standard CKs.  

For western blot analysis, the samples of the supernatants and pelleted MPs were 

mixed with standard 2x SDS-PAGE loading buffer (Invitrogen) supplemented with DTT, 

boiled for 5 min and loaded on 4-20% polyacrylamide gel. Protein bands from the gel 

were transferred onto a nitrocellulose membrane using iBlot Gel Transfer Device 

(Invitrogen) and probed with the CK-specific polyclonal antibodies (from Biolegend for 

MIP-2 and LifeTechnologies for IL-8) followed by the appropriate secondary antibodies 



14 

 

conjugated with horseradish peroxidase. SuperSignal West Femto Maximum Sensitivity 

Substrate (Pierce) was used to generate chemo-luminescence of the protein bands, which 

was measured with a Molecular Imager ChemiDoc XRS System (Bio-Rad). The relative 

intensities of bands were calculated after densitometry using the QuantityOne 4.6.5 

software (Bio-Rad). As determined using control measurements with different amounts 

of CKs tested in triplicates within the same experiment, the standard deviations (SD) of 

relative band intensities were in the range of 7 to 17% (n=3). 

Labeling of pNIPAm-co-AA MPs with Alexa Fluor 555 
 

Alexa Fluor 555 (Invitrogen) is a bright orange dye widely used in fluorescent 

imaging. It is water-soluble and pH-insensitive from pH 4 to 10. The succinimidyl ester 

of Alexa Fluor 555 was used for conjugating the dye to primary amines on pNIPAm-co-

AA MPs. For this purpose, 100 μl of MPs were washed 2x with 1 ml of 50 mM 

bicarbonate buffer, pH 8.3, re-suspended in 500 μl of the buffer, and mixed with 50 μl of 

the dye solution (1 mg in 100 μl of DMF). After 1 h at room temperature, the particles 

were washed 3x with 1 ml of PBS (pH 7.4) and finally re-suspended in 500 μl of PBS. 

The particles were observed at 555/570 nm using Olympus BX51 microscope with a 

TRITC filter set. The number of labeled MPs was counted after appropriate dilution and 

was found to be about 7 × 105 per 1 μl of original suspension. The particles suspended in 

water had an average size of 520±54 nm with a dispersion index of 1.0±0.3 indicating a 

slight tendency to aggregate.  

Overall, the fluorescent particles were well dispersed and migrated readily 

through the lymphatics when injected as described in the “Administration of MPs into 
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Animals” section below. For injection into the hind leg footpads (FPs) of mice, the MP 

suspension was mixed with equal volume of 2% tracer dye Evans Blue in PBS. This dye 

allowed us to locate the LNs during surgery and did not quench the fluorescence of Alexa 

Fluor 555. The LNs were collected and prepared as described below and the particles 

were observed as described here. 

Loading of MPs with CKs 
 

Loading of the MPs with CKs for in vitro assays was accomplished by incubating 

CB MPs (10% wet v/v) with 1 μg/ml of indicated CK in 1/3 PBS at 4°C overnight. The 

buffer was supplemented with 100 U/ml of penicillin and 100 µg/ml streptomycin 

(pen/strep) to prevent bacterial contamination. The MPs were pelleted, supernatants 

removed, and the MP pellets were re-suspended in the culture medium for chemotactic 

assays as described below. Suspensions of CK-MPs used for animal injections were 

prepared by incubating CB MPs (10% wet v/v) in PBS with a mixture of IL-8 and MIP-

1α (1 μg/ml each) at 4°C overnight. The suspensions were brought up to room 

temperature and injected into FPs of mice as described for animal challenge experiments 

below. 

In vitro chemotactic assays for immune cell migration analysis 
 

In vitro chemotactic assays were conducted in a 96-well format. The transwell 

inserts incorporating tissue culture-treated polycarbonate membrane filters (8.0 μm pores) 

from Neuro Probe, Inc. were used. Cell migration of monocytic human THP-1 cells from 

ATCC was measured. The bottom chambers of the transwell plates contained 300 μl of 
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complete serum-free medium (CSFM) from Mediatech with or without MIP-1α or IL-8. 

The CK solutions were assayed at several concentrations up to 100 ng/ml. The CB MP-

bound CKs were assayed after their release from the MPs. For this purpose, the MPs 

loaded with MIP-1α or IL-8 were incubated in CSFM at 37°C for 3 h. The MPs were 

removed by centrifugation and the supernatants containing released CK were transferred 

into bottom wells of the transwell plate. Dilutions of supernatants were prepared in the 

transwell plate immediately prior to assay performance. To increase the chemotactic 

responsiveness of migrating cells, the cells were starved in CSFM at 37°C, 5% CO2 for 1 

h prior to assay. The serum-starved cells (50 μl of 1.28x107 cells/ml) were added to the 

top chambers. Cell migration after 4 h at 37°C, 5% CO2 was enumerated by the DNA-

binding fluorescent dye using the CyQUANT NF Cell Proliferation Assay Kit (Thermo 

Fisher Scientific) according to the manufacturer’s protocols. Briefly, cells from the 

bottom chambers were pelleted by centrifugation, incubation medium was removed, and 

the cells were permeabilized using the kit’s dye delivery reagent to allow the dye to 

associate with nuclear DNA. After 10-min incubation at room temperature in the dark, 

the stable fluorescence of DNA-dye association was measured using a fluorimeter at 

485/538 nm. Fluorescence intensity was converted to the fraction of migrated cells using 

calibration curves obtained from known numbers of cells. 

The number of cells trapped on the membrane that were unable to fully migrate to 

the bottom chamber was estimated after staining with Crystal Violet. For staining, the 

membranes were rinsed 3x with PBS and fixed with methanol for 15 min, incubated with 

3% Crystal Violet stain (Becton Dickinson) at room temperature for 15 min, washed 3x 
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with water, and air-dried. The cells were counted under a microscope. Less than 0.1% of 

the total cell number were retained on the membranes, and were therefore not considered 

for calculations. 

Viability analysis of Raw 264.7 cells exposed to MPs 
 

To test the effect of MPs on Raw 264.7 cell viability, the cells were grown to 60-

70% confluency in a 96-well plate in DMEM/F12 containing 10% FBS. Cells were 

starved for 1 h in 100 µl/well of serum-free DMEM/F12. Medium was then removed and 

replaced with 100 µl samples. Samples included control serum-free medium, CB MPs 

diluted to give 10%, 3.3%, or 1.1% of pellet volume, and the hydrolyzed CB dye diluted 

to give 10-fold, 3.3-fold, or 1.1-fold molar excess over its concentration in the MPs. The 

MPs were pre-washed three 3x in PBS, 1x in serum-free DMEM/F12, and re-suspended 

in fresh serum-free DMEM/F12. To account for a possible effect of LPS contamination, 

LPS from E. coli L3012 serotype O111:B4 was used at 10 µg/ml. After cell exposure for 

24 h the samples were removed, cells were washed 3x with 100 µl of warm PBS, and 200 

µl of Alamar Blue in CSFM (Corning) were added. Fluorescence was measured after 2 h 

with excitation at 530 nm and emission at 590 nm. 

Administration of MPs into animals 
 

All animal procedures were performed under the approval of George Mason 

University’s Institutional Animal Care and Use Committee. Female 6- to 8-week-old 

DBA/2 mice (Jackson Labs) received food and water ad libitum and were subcutaneously 

challenged in both hind FPs with 50 μl Reactive Blue MP suspensions or control CK 
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solutions, 3 animals per challenge group. The MPs (5% wet v/v) suspension contained 

either 0.1 ng/μl or 1 ng/μl of each IL-8 and MIP-1α. Control solutions contained the same 

amounts of CKs without MPs, or the MPs without CKs. The mixtures were incubated 

overnight at 4°C and then used for animal inoculations. Groups of mice were euthanized 

at 30 min, 4 h, and 24 h post inoculation. Thirty min before euthanasia, the animals were 

anesthetized via isoflurane inhalation and 20 μl of 1% tracer dye Evans Blue in PBS were 

injected into the hind FPs. In some experiments the dye solution contained fluorescent 

nanoparticles. The LNs were surgically removed into 10% neutral buffered formalin 

solution for histological evaluation. After fixing in formalin, the tissues were embedded 

in paraffin, the paraffin blocks were sliced into 8 µm sections, and mounted onto glass 

slides for standard hematoxylin/eosin (H&E) staining and further microscopic evaluation. 

A separate experiment was conducted in which animals (n= 2-3) were 

administered AA MPs with/without the coupled CB dye with/without loaded CKs (1 

µg/ml each of MIP-1α and IL-8). MPs suspensions (10% wet v/v) delivered as a 50 µl 

volume in PBS were subcutaneously into both hind FPs of mice. Animals were injected 

with Evans Blue in PBS 30 min prior to euthanasia after 24 h. LNs and FPs were 

removed for immunohistochemical staining. 

Administration of MPs into animals with B. anthracis spore challenge 
 

Groups of female 6- to 8-week-old DBA/2 mice were challenged with B. 

anthracis Sterne 34F2 spores in PBS into each hind FP. At certain times before and/or 

after the spore challenge, mice received 50 μl subcutaneous FP injections of MPs (10% 

wet v/v) with or without loaded CKs, as well as the CKs only, by the same route as 
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spores. The number of mice per group (from 5 to 10) and the spore doses (from 1.6x104 

to 4x106 spores delivered in 20 or 50 μl of PBS into each hind FP) are indicated in the 

corresponding figure legends. The animals were monitored once or twice daily and were 

euthanized by carbon dioxide asphyxiation if one or more of the following criteria were 

met: (1) Rough hair coat, hunched posture, distended abdomen, or lethargy if debilitating, 

(2) Respiratory distress (dyspnea) or cyanosis, (3) Central nervous system signs such as 

head tilt, tremors, spasticity, seizures, circling, or paresis, (4) Persistent lateral 

recumbency, (5) Impaired mobility interfering with eating, drinking, or ambulation. 

Analgesics were not administered due their potential interference with the infectious and 

inflammatory processes. All injections were performed under anesthesia using isoflurane 

inhalation for chemical restraint and reduction of stress.  

Thirty minutes before euthanasia, the animals were injected with 20 μl of 1% 

Evans Blue dye in PBS into both hind FPs for visualization of LNs. One popliteal LN and 

both hind FPs from each animal were placed in 10% neutral buffered formalin solution 

for immunohistological analysis. The formalin-incubated tissues were embedded in 

paraffin blocks, sliced into 5 μm sections, and mounted onto glass slides for staining. For 

enumeration of bacterial titers, the other popliteal LN from each infected animal was 

homogenized using frosted glass slides and suspended in PBS. Volumes of 10 μl and 100 

μl of homogenized tissue suspensions were plated onto Luria Broth agar plates and 

incubated at 37°C overnight.  

Semi-quantitative scores of FP inflammation and edema were assigned 

immediately prior to Evans Blue dye injection as: 0= no visible signs, 1= initial signs of 
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swelling and light redness in the FP, 2= prominent swelling and redness partially 

extending from the FP to the ankle, 3= strong swelling and redness extending to the 

whole ankle, 4= extensive swelling and redness beyond the ankle. The statistical 

significance of inflammation scores was determined using a two-tailed Mann-Whitney U 

test. Mortality curves were compared using the Log Rank Test. 

Immunohistochemical analysis 
 

Slides used in immune cell staining were subjected to antigen retrieval in sodium 

citrate buffer (pH 6) for 40 min at 95°C followed by incubation for 20 min at room 

temperature. For slides stained with the anti-bacterial serum, the incubations at 95°C and 

room temperature were 20 min each. All slides were stained with antibodies using a Dako 

autostainer and counter-stained with Mayer’s hematoxylin.  

For staining using the non-biotinylated antibodies (α-myeloperoxidase to detect 

neutrophils, CD11b for monocytes/macrophages, TNF-α, MHCII, and pERK1/2) or 

immune serum against B. anthracis, sections after antigen retrieval were incubated in 3% 

hydrogen peroxide in methanol for 5 min to inhibit peroxidase activity, blocked with 

Dako Protein block for 5 min, and then incubated with a primary antibody 

(myeloperoxidase Ab9535 from Abcam, dilution 1:50; CD11b Ab133357 from Abcam, 

dilution 1:4000; TNF-α Ab9739 from Abcam, dilution 1:200; MHCII antibody PA5-

22113 from Invitrogen, dilution 1:200; pERK1/2 antibody 9101 from Cell Signaling, 

dilution 1:200; α-B. anthracis serum, dilution 1:100) for 30 min, followed by anti-rabbit 

EnVision+ HRP-Labeled Polymer (Dako). Colorimetric detection was completed with 

diaminobenzidine for 5 min, and slides were counterstained with Mayer’s hematoxylin. 
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As an exception, colorimetric detection of MHCII and pERK1/2 in consecutive tissue 

slices involved the use of diaminobenzidine (brown) or Emerald green (green), 

respectively, where notated. 

To detect the presence of Ly-6G+ neutrophils in other experiments (as notated), 

tissue sections after antigen retrieval were incubated with the primary biotin-labeled Ly-

6G antibody (Biolegend; rat anti-mouse clone 1A8, dilution 1:200) followed by the Dako 

CSA streptavidin-biotin-peroxidase complex. Antibody staining was completed with a 5-

minute incubation with 3,3’-diaminobenzidine tetrahydrochloride and followed with 

counter-staining using Mayer’s hematoxylin.  

Effect of the MPs on B. anthracis spores and vegetative bacteria 
 

The MPs and the CB dye contained in the particles were tested for their effect on 

the B. anthracis spore germination and vegetative bacterial growth. MPs or CB dye were 

incubated in a 2-ml total volume with B. anthracis Sterne 34F2 spores per well in a 12-

well plate. Wells without spores were included as controls for each sample. The final 

concentrations in the appropriate wells were: 800 spores/ml, 5% pellet volume of MPs, or 

the CB dye diluted to concentration corresponding to its expected content in the MPs 

after coupling (concentration of allylamine used during MP synthesis; 40 µM). The 

reactive chlorine of the dye was hydrolyzed during its incubation in a carbonate buffer to 

account for its removal in the coupling reaction. MPs or dye were incubated with spores 

for 24 h or for 0 h (spores added to medium immediately before collecting samples) at 

37°C. After incubation, 1 ml of each sample was collected and pelleted at 8,600 g for 10 

min. Supernatants were removed and replaced with 1 ml of Alamar Blue in CSFM. 
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Samples were incubated at 37°C with Alamar Blue for 1 h, centrifuged again, and 200 µl 

from each sup was plated 3x in a 96-well plate. Fluorescence of the dye was read at 

530/590 nm using a plate fluorimeter. 

MP stimulation of endogenous immune mediators by Raw 264.7 cells 
 

Raw 264.7 cells were grown as 2-ml cultures per well in 12-well plates until 80-

90% confluency using DMEM/F12 medium supplemented with 10% fetal bovine serum 

(FBS). Cells were serum starved in 1 ml serum-free DMEM/F12 for 1 h and then exposed 

to 1 ml of samples which included the MPs (at 10% pellet volume with or without a 

coupled CB dye with free allylamine amino groups), control serum-free DMEM/F12, 10 

µg/ml LPS from E. coli L3129 serotype O127:B8, and the hydrolyzed CB dye diluted to 

concentrations corresponding to 10-fold, 3.3-fold, and 1.1-fold molar excess over its 

content in MPs. At the indicated times, sups were collected and centrifuged to pellet the 

MPs. All supernatant samples were supplemented with 0.5% BSA for protein 

stabilization, frozen at -20°C, and then analyzed using ELISA or the Bio-Plex Pro™ 

Mouse Cytokine 23-plex Assay (Bio-Rad) according to the manufacturer’s protocol. The 

Bio-Plex kit’s standards were reconstituted and diluted in serum-free DMEM/F12 

containing 0.5% BSA. Samples and standards were loaded onto the kit’s magnetic beads 

for 30 min, washed, and incubated with the secondary detection antibody for 30 min, 

followed by streptavidin-peroxidase conjugate for 10 min. After washing and final re-

suspension in the kit’s assay buffer, the magnetic beads were analyzed using the Bio-Plex 

machine at low photomultiplier settings (RP1).  
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To be within the detection range for ELISA, sups for detection of MCP-1 after 4-

h and 24-h cell exposure to the MPs were diluted from 5- and 10-fold, respectively, with 

a serum-free DMEM/F12 with 0.5% BSA. MP- and dye-treated samples for detection of 

TNF-α were diluted 10- and 50-fold, respectively. Only the treated 24-h supernatants 

were analyzed for MIP-1α and KC. The treated supernatants for MIP-1α analysis were 

diluted 5-fold and undiluted for KC analysis. The supernatants of controls (cells only) 

were undiluted for detection of TNF-α, MCP-1, and KC, whereas those for MIP-1α 

analysis were diluted 5-fold. 
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AIM I 

MPs containing different chemical baits can be loaded with CKs 
 

We investigated hydrogel MPs composed of NIPAm and crosslinked with BIS, 

which were functionalized with either acrylic acid (AAc) or allylamine (AA). Multiple 

batches of MPs were characterized by their light scattering properties and the average 

particle diameter in PBS at 25°C was between 400-700 nm with a standard deviation of 3 

to 17 nm, and with pore sizes sufficient to allow diffusion of proteins smaller than 20 kD. 

The polydispersity index was low (between 0.2 and 0.4), indicating a low level of 

aggregation. 

Different baits can be coupled to functionalized MPs to generate MPs potentially 

capable of maintaining a sustained release of CKs with a range of different affinities. An 

important molecular property for the interaction of CKs with bait molecules is the 

relatively small size (8-10 kD) of CKs to allow for unimpeded diffusion into and within 

the MP gel. The CK polypeptide chains also possess a high positive charge favorable for 

electrostatic interaction with the anionic baits at physiological pH. Therefore, to capture 

CKs by MPs we chose baits capable of electrostatic and hydrophobic interactions through 

sulfonic groups and substituted aromatic rings in their structures.  
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MPs containing different types of anionic dye baits were tested for their ability to 

capture the neutrophil-attracting CK, IL-8 (Figure 1). The baits included AAc without an 

associated dye, AAc coupled with Trypan Blue, and AA coupled with Reactive Blue 4 

(RB) or Cibacron Blue F3GA (CB). PBS at pH 7.4 was used as a buffer to mimic the 

physiological characteristics of blood and lymph. The amount of CK binding was 

determined by analyzing the concentration of remaining unbound CK in supernatant after 

a brief 30-min incubation of IL-8 with the MP suspensions. CB was the best for binding 

IL-8 as it successfully removed 84% of IL-8 from solution, followed by RB, Trypan 

Blue, and AAc which respectively bound 76%, 68%, and 66% of the CK.  
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Figure 1. ELISA of IL-8 binding achieved by MPs containing a variety of chemical baits. 
The concentration of IL-8 (from 250 pg/ml) unbound in solution after incubation with MPs (5% wet v/v) for 30 min at 

room temperature is shown. Concentrations of IL-8 in the supernatant after incubation with CB, RB, Trypan Blue, or 

AAc uncoupled MPs were calculated according to the standard curve represented by blue diamonds. 
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Decreased ionic strength of buffer increases binding of CKs to MPs 
 

To demonstrate the contribution of electrostatic interactions, MPs coupled with 

the RB bait were incubated with the neutrophil-attracting chemokine MIP-2 (200 ng/ml) 

in PBS and in PBS diluted 1:3 at 4°C overnight. In the latter case, almost no detectable 

unbound CK was found in the supernatant when analyzed using Western blotting, 

whereas in the undiluted PBS a faint band remained (Figure 2). The MPs were also eluted 

by boiling with SDS-PAGE loading buffer and the eluted material was examined.  

 

 

Figure 2. Binding of MIP-2 (200 ng/ml) with RB MPs (10% wet v/v) in PBS and three-fold diluted PBS at 4°C 

overnight.  
The graph shows the relative intensities of the above Western blot band intensities of the control CK (C), CK eluted 

from the MPs (P), and CK unbound in the supernatant (S). 
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The band intensities of the eluted CK relative to the total amount initially loaded 

were approximately 80% in diluted PBS, and 70% in 1x PBS, confirming that the 

disappearance of CK from the supernatant was due to capture by the MPs. In both buffer 

conditions the total signal intensity of the particle eluate and the supernatant fractions did 

not equal that of the control. It is likely that some aggregation of the CK in these 

solutions, which lacked a carrier protein, may have occurred and the resulting dimers or 

multimers were not detected. Additionally, some of the CK may have remained strongly 

bound to the MPs and this interaction was not broken during elution.  

MP interactions with CKs are driven by mass law equilibrium binding 
 

To determine the affinities of MPs for CKs, we measured the ability of different 

concentrations of MPs to capture CK. Dilutions of CB and RB MPs were incubated with 

either IL-8 (250 pg/ml) or MCP-1 (1 ng/ml). The unbound CK in the supernatant was 

measured by ELISA after overnight incubation. Expectedly, solutions containing higher 

concentrations of MPs bound more CK. The calculations of dissociation equilibrium 

constants (Kd) were made with a few assumptions: (1) the fraction of CK bound to MPs 

was linear across all MP dilutions and (2) the CKs were able to independently bind to 

equal numbers of binding sites on each type of MP. The basis for these assumptions is 

that the amount of AA in MPs for dye coupling was calculated to be approximately 40 

µM, while the greatest amount of CK used in these experiments was 0.1 µM. Therefore, 

the CK binding sites within the dye-coupled MPs were not saturated and did not interfere 

with each other within the range of CK concentrations tested here. To calculate the Kd, 

the standard equilibrium equation was used:  
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Equation 1: Standard Equilibrium Equation 

Kd = [F][P]/[B] 

 

where [F] and [B] represent the concentrations of free and MP-bound CKs, respectively, 

and [P] represents the concentration of available CK binding sites on the MPs. By 

rearranging this equation and plotting [B]/[F] vs. the MP dilution, Kd is easily calculated 

from the slope of the resulting line of best fit (Figure 3). These Kd values were calculated 

to be in the range of low micromolar to high nanomolar. This supports the hypothesis that 

these MPs could be used to achieve sustained release of CK. Our MP-CK affinities are 

similar to those seen in other nanoparticle-mediated delivery systems45,46. 

 

 

 

 

Figure 3. Binding isotherms depicting dissociation equilibrium constants (Kd values) for multiple CK-MP pairs. 

Dilutions of CB or RB MPs from a 5% wet v/v suspension were incubated with IL-8 (0.25 ng/ml) or MCP-1 (1 ng/ml) 

in PBS at 4°C overnight. [F] and [B] represent the concentrations of free and MP-bound CKs, respectively. 
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MPs provide sustained release of their CK cargo in a temperature-
dependent, BSA-independent manner 
 

After determining the Kd values for a few MP-CK pairs, we wanted to further 

assess the kinetics of CK release. Suspensions of RB or CB MPs loaded with MIP-2 or 

IL-8 CKs in 1/3 PBS (high-binding conditions) were assessed for their CK release rates at 

22°C and at 37°C (Figure 4A-B). After overnight incubation at 4°C to load the MPs with 

CK, the MPs were then briefly washed and re-suspended in a much larger volume of 

buffer to promote CK dissociation. Aliquots of these suspensions were taken at the 

several times following resuspension, centrifuged, MP pellets were boiled with SDS and 

DTT for elution, and then the eluted material was used for Western blot analysis, and the 

intensity of the bands were quantified. In all cases, there was expectedly little detectable 

CK remaining in the supernatant after overnight incubation. Additionally, the gradual 

decrease in band intensity of the eluates indicated successful CK release, as the amount 

of CK bound to the MPs decreased over time. Dissociation of CK occurred more rapidly 

at 37°C than at 22°C. Interestingly, this contradicts other studies on drug or biomolecule 

release from thermoresponsive hydrogel delivery vehicles, which have reported longer 

times required for release at higher temperatures as the structural shrinkage was 

suggested to entrap the cargo inside the hydrogel47. In our study, it appears that the 

diffusion of dissociated CK from MPs was not impeded by higher temperatures. 

The amount of CK detected immediately after a brief wash and resuspension 

appeared less in all cases than the expected amount in the control wells. The initial loss of 

band intensity likely represents a fraction of CK which was loosely associated with the 

MPs during the binding step, and subsequently lost during the wash. This resembles the 
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phenomenon of “burst release” which has been observed frequently in controlled release 

studies from other types of delivery vehicles, where a rapid initial small bolus release 

occurs before achieving first-order kinetics48,49. Sustained topical antibiotic therapies 

have utilized this as an advantage for the prevention of systemic spread of bacteria from a 

wound site50, so this should not be immediately considered as an indication against the 

potential utility of our MP technique. The remaining CK from our MPs demonstrated a 

pattern of sustained release with rates dependent on temperature and the particular CK-

MP pair tested.  

We additionally examined the role of bovine serum albumin (BSA) on CK 

binding and release, predicting that it could interfere with both steps. BSA is a globular 

carrier protein that is frequently used as an additive in solutions at concentrations up to 

10 mg/ml for protein stabilization and preventing aggregation. As such, BSA is known to 

bind many proteins51 and dyes including CB with high affinity52, and is estimated to have 

a strong positive charge of 10 at physiological pH53. We measured the amount of CK 

loaded and released from CB MPs in 1/3 PBS containing BSA at concentrations of 0, 1, 

or 10 mg/ml (Figure 4C) and found that BSA did not significantly influence the loading 

step, as the BSA protein is larger than the exclusion size of our MPs. Similarly, the 

presence of BSA in the resuspension buffer did not significantly influence the amount of 

MIP-2 released from MPs. 
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Figure 4. Quantification of the CK band intensities from the Western blots (shown on top of respective graphs) 

relative to corresponding controls.  
CKs (2 µg/ml) were loaded onto 10% wet v/v MP suspensions in 100 µl total volume of 1/3 PBS at 4°C overnight. 

After overnight incubation, the MPs were pelleted, supernatants were removed, and the MP pellets were washed 

briefly and re-suspended in 1 ml of the indicated buffers. (A) CK release at 22°C for RB loaded with IL-8 (top band; 

6 h not done) and CB loaded with MIP-2 (bottom band); (B) CK release at 37°C into buffer containing 1 mg/ml BSA 

for CB loaded separately with IL-8 (top band) and MIP-2 (bottom band); (C) MIP-2 binding and release from CB in 

1/3 PBS containing 0, 1, or 10 mg/ml BSA. Error bars indicate 95% confidence intervals. 
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The relative band intensities from the Western blots quantitated by Figure 4A-B 

of remaining bound CK content after resuspension were used to calculate the kinetic 

dissociation constants (kd) and the half-lives (t1/2) of the CK-MP complexes (Table 1). 

The rate equation for first-order kinetics is:  

Equation 2: Rate equation for first-order kinetics  

[B] = [B0]e
-kt 

 

in which B is the amount of reactant (CK-MP complex) present initially and at time t. 

Rearranging this equation yields:  

kd = ln([B0]/[B])/t 

 

to determine the kinetic dissociation constant. The half-life of first-order rate equations 

can then be calculated as:  

Equation 3: Half-life of first-order rate equations  

t1/2 = ln2/kd 

 

giving an approximation for the time required for half of the bound CK to be released by 

the MPs. Pharmacological studies typically assume that the amount of activity or release 

after five half-lives (3.125% from initial amount) is considered negligible. Therefore, 

according to Table 1, sustained CK release from MPs in physiological conditions (37°C) 

would expectedly occur for more than 20 h, which seems to be sufficient for the sustained 

immune cell chemotaxis. Additionally, the activation energies of dissociation for both 

CKs were found to be similar using the Arrhenius Law given by the equation: 
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Equation 4: Arrhenius Law Equation  

lnk = lnA - Ea/RT 

 

  The activation energy (Ea) was calculated from the slope of the line (m = -Ea/R) 

on a graph of lnk vs. 1/T using the kd values from Table 1, where T is the temperature and 

R is the universal gas constant. Assuming slight variations in ambient room temperature 

ranging between 18-24°C, the activation energies of CK release from CB MPs were 

estimated to be between 70-104 and 68-102 kJ/mol respectively for IL-8 and MIP-2, 

similar to biologically-relevant reactions. Our results indicate that the structural changes 

in the MPs caused by the temperature shift did not impose considerable constraints on the 

dissociation of CKs. 

 

 

Table 1. Kinetic dissociation constants (kd) and half-life times in PBS for release of IL-8 and MIP-2 from CB and 

RB MPs.  

 
 * Standard deviations of kd calculated from linear approximations of the kinetic curves; ** Not determined; *** BSA 

was included in the dissociation buffer. 

 

 

 

 

 

 

Bait 

22oC 37°C 

IL-8 MIP-2 IL-8 MIP-2 

CB kd 0.016±0.005* h-1 

t1/2 43.5 h 

 

kd 0.030±0.002* h-1 

t1/2 23.7 h 

 

kd 0.094±0.017* h-1 

t1/2 7.44 h 

(BSA 1 mg/mL)*** 

kd 0.17±0.05* h-1 

t1/2 4.1 h 

(BSA 1 mg/mL)*** 

R

RB 

kd 0.022±0.004* h-1 

t1/2 31.3 h 

ND** ND** ND** 
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CKs released from MPs retain their chemotactic activity in in vitro cell 
migration assays 
 

 Our kinetic studies demonstrated that the MPs are successfully able to release 

CKs after binding with half-lives of several hours upon re-equilibriation. Here we tested 

if the functionality of the released CKs was retained by measuring their chemoattractant 

activity in a Boyden-type transwell assay. MPs were pelleted after being loaded with CKs 

at 4°C overnight, re-suspended in a fresh volume of CSFM, and incubated at 37°C for 3 h 

to allow CK dissociation. The MPs were pelleted again after incubation and the 

supernatant containing the released CK was transferred into the bottom chambers of 

transwell plates loaded with serum-starved monocytic THP-1 or U937 cells in the top 

chambers. The plates were incubated for 4 h to allow cell migration.  

THP-1 cells were highly responsive to the MIP-1α released from MPs (Figure 5). 

Similar activity was seen with U937 cells (but not THP-1 cells) in response to IL-8 (not 

shown). A freshly prepared MIP-1α calibration curve displayed typical dose-dependent 

response with the highest activity occurring in response to 10-30 ng/ml CK. Given the 

off-rate for MPs paired with IL-8 is roughly 7.4 h, incubation for 3 h is estimated to 

dissociate approximately 25% of the bound CK. Thus as expected, the CK loaded onto 

MPs and partially released before the assay demonstrated only a fraction of the total 

chemotactic activity which would be present in the case of complete CK release. When 

plotted against the estimated amount released, the chemotactic activity of MIP-1α 

overlapped with the standard curve, indicating no substantial loss of the CK activity due 

to the MP binding and release. In comparison, MIP-1α incubated without MPs in the 
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conditions of CK loading lost a substantial part of its activity, likely due to its instability 

and aggregation in a diluted solution54. 

 

 

 

Figure 5. Chemotactic activity of MIP-1α after release from MPs with THP-1 cells in a transwell format.  
MP-bound MIP-1α was assayed after its release from MPs in CSFM at 37°C for 3 h. The MPs were removed by 

centrifugation and the supernatants containing released CK were transferred into bottom wells of the transwell plate. 

Serum-starved cells in CSFM were added to the top chambers. Cell migration to the bottom chamber was enumerated 

after incubation for 4 h at 37°C, 5% CO2. Values on the x-axis correspond to the concentrations calculated from the 

total amount of MIP-1α used to prepare solutions (solid lines with open and closed squares) or the estimated amount of 

MIP-1α released from the MPs during 3-h incubation (solid line with open circles). Dashed line represents the 

chemotactic activity of supernatants after the control incubations of MPs without MIP-1α in the amounts used for the 

standard curve. Dotted line corresponds to the chemotactic activity left in solution after MPs were loaded with the 

indicated concentrations of MIP-1α. Error bars indicate 95% confidence intervals. 
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AIM II 

MPs are not directly toxic to cultured Raw 264.7 cells 
 

 As a preliminary assessment of safety prior to administration in animals, the 

cytotoxicity of MPs on host cells was measured in vitro. Mouse Raw 264.7 cells were 

chosen because the MPs are likely to become engulfed by phagocytic cells, and because 

these macrophages are a model cell line used frequently in MP toxicity analyses55–57. The 

cultured cells were exposed to MPs and cell viability was measured as the ability of cells 

to reduce Alamar Blue dye (resazurin). Since the MPs contain coupled CB dye, 

additional control cultures included the soluble CB dye at concentration corresponding to 

its content in the MPs (diluted to the concentration of allylamine used in the MP 

polymerization procedure for introducing primary amino groups into their content for CB 

coupling). The active chlorine of the reactive dye was preliminarily hydrolyzed during 

incubation in the 0.1 M carbonate buffer, similar to its removal in the particle-coupling 

process. There was no measurable toxicity observed after 24-h exposure to any of the 

MPs at concentrations up to 10% pellet volume or to the soluble CB dye of similar 

concentration (Figure 6). Higher CB dye concentrations however showed partial 

cytotoxicity which occurred in a dose-dependent manner. 
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Figure 6. Viability of Raw 264.7 macrophages upon exposure to MPs and soluble CB dye. 

Raw 264.7 cells were grown to 60-70% confluency in a 96-well plate, then serum-starved for 1 h and exposed to CB or 

Reactive Blue (RB) MPs or soluble CB dye diluted in serum-free DMEM/F12 medium for 24 h. The CB MPs included 

were coupled with the dye for either 48 h or 24 h, as indicated. The ability of cells to reduce Alamar Blue dye was used 

as a measure of cell viability after the 24-h incubation. Error bare indicate 95% confidence intervals. 

 

 

Subcutaneous injection quickly delivers MPs to regional LNs 
 

We next characterized the behavior of MPs in vivo through visualization of their 

sites of accumulation after injection and their ability to manipulate immune cell 

trafficking. First, MPs functionalized with allylamine were labelled through the coupling 

of a fluorescent dye, Alexa Fluor 555 so they could be visualized in excised tissue. This 

model of injection was chosen because the patterns of lymphatic drainage were 

previously characterized58. The labelled MPs were subcutaneously injected into the hind 

footpads (FPs) of mice, where they were expected to enter the lymphatics and be carried 

to the popliteal and inguinal LNs. Lymph drainage from the hind legs in mice enters the 

popliteal and inguinal LNs approximately evenly so these were chosen for histological 

examination. 
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Within the LN, lymph flow first enters on the convex side through afferent 

lymphatic vessels into the subcapsular sinuses, then through the trabecular sinuses, and 

finally through the medullary sinuses. The medullary sinuses have a smaller diameter 

than earlier sinuses, allowing large cells like macrophages to be retained here. Passage 

through the medullary sinuses leads to exit from the LN via efferent vessels at the hilum 

on the concave side59,60. 

Figure 7. Fluorescently-labelled MPs are quickly carried to the popliteal (shown) and inguinal (not shown) LNs 

when injected into the hind FPs of mice.  
Alexa Fluor 555-labelled MPs suspended in PBS (20 µL) were injected into the mouse hind FPs, and the regional 

popliteal and inguinal LNs were removed after 30 min for histological examination. Arrows indicate the bright yellow 

MPs accumulated in the subcapsular and medullary regions. 
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As expected, the MPs were detected as bright yellow dots in the popliteal and 

inguinal LNs, primarily in the subcapsular and medullary regions as early as 30 min after 

injection (Figure 7). The popliteal LN shown is representative of results seen in both 

types of LN. Within the LN, the localization of MPs in the subcapsular and medullary 

sinuses is favorable for their interaction with macrophages and DCs. A portion of MPs 

was also found un-migrated in the FP visible as a blue smear under the skin. Previous 

studies have suggested that MPs larger than 500 nm migrate poorly through the 

lymphatics, but can become phagocytosed by tissue-resident macrophages and DCs 

which migrate to the draining LN61. It is likely that the difference between the numbers of 

MPs in the FPs vs. the LNs would become less during the following time, as more MPs 

would be gradually phagocytosed by resident phagocytes and carried to the LN. 

CK-MPs enhance mobilization of immune cells to the LNs upon 
administration in mice 
 

Knowing that a portion of the injected MPs accumulate in the regional LNs, we 

next examined the immune response to MPs injected by this mode. Animals were 

sacrificed shortly after receiving hind FP injections of control “empty” RB MPs which 

did not contain loaded CK. The popliteal LNs were immunohistochemically stained for 

neutrophils and counterstained with hematoxylin. Infiltrated neutrophils were detected 

using an antibody against myeloperoxidase, a potent antimicrobial enzyme produced in 

their cytoplasmic granules. Empty MPs induced low levels of neutrophil infiltration 

which was slightly more detectable at 4 h than at 30 min (Figure 8), and subsided at 24 h 

(not shown). The detected neutrophils were primarily located in the subcapsular and 
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medullary regions, in agreement with the fluorescently-labelled MPs which were shown 

to accumulate there. Therefore, it is likely that the empty MPs induced a slight response 

by neutrophils, and that those responding were present from nearby circulation. The LPS 

endotoxin content within the MPs was not taken into consideration for this experiment, 

but was measured and adjusted in later experiments involving prolonged survival 

analysis. Of note, the MPs injected here contained approximately 2.5 EU/ml endotoxin, 

but did not induce a large or prolonged immune response. The numbers of neutrophils 

present were quantified and are included in Figure 10. The highest detection of 

neutrophils in response to empty MPs was at 4 h, and was averaged to be 5.9±2.4 per 

field of view under 100x magnification in the subcapsular region, and 10.9±4.6 in the 

medullary region. The levels of infiltrated neutrophils counted at 24 h were less than 2 

and 5 per field of view in the subcapsular and medullary regions, respectively, at both 30 

min and 24 h. 

Empty MPs appeared to induce minimal neutrophil response, so the contributions 

of CKs were measured. For this purpose, mice received 50 µl injections in each hind FP 

of either soluble or MP-bound CK. A mixture of the neutrophil-attracting CKs IL-8 and 

MIP-1α (doses of each were 1 µg/ml or 0.1 µg/ml) were injected in PBS or in PBS 

containing 5% suspension of RB MPs after overnight loading. LNs stained for neutrophil 

myeloperoxidase activity in response to soluble CK or MP-bound CK are shown in 

Figure 9, and the neutrophil counts per field of view are quantified in Figure 10. 
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Figure 8. Representative images of the subcapsular and medullary regions of popliteal LNs after FP injection 

with empty RB MPs. 
Mice were injected with RB MPs (5% wet v/v, 50 µl) without loaded CK. At multiple times post-injection, animals 

were sacrificed and LNs were taken for immunohistochemical staining. Tissues were stained with myeloperoxidase 

and counterstained with hematoxylin to detect neutrophils. The squared regions in the left panel are shown at higher 

magnification on the right. 
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4 h 
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Injection with soluble CKs induced dose-dependent neutrophil migration which 

was generally intermediate between the empty MPs and the CK-MPs, visualized at both 4 

h and 24 h (Figures 9, 10). Soluble CKs induced the highest neutrophil response at 4 h in 

both subcapsular and medullary regions, which dropped significantly at 24 h. This drop 

predictably occurred because the bolus of CK concentration dissipated over the 24-h 

period, so the immune response that was present at 4 h subsided. Comparatively, 

injection with CK-MPs induced the highest neutrophil response, and was generally 

greater at 24 h rather than 4 h. This agrees with the calculated release rates for multiple 

CK-MP pairs, which were expected to maintain biologically significant CK release for 

over 20 h. The sustained release from the MPs allowed the CK concentration gradient to 

be maintained for longer, which induced continued neutrophil migration into the tissue.  

Due to the size characteristics of the subcapsular and medullary regions, a strict 

comparison between the number of neutrophils in each region is not possible. Under 100x 

magnification, the medullary region for most LN slices encompasses most of the field of 

view. The subcapsular region at the same magnification only spans a thin layer below the 

periphery of the tissue. Therefore, the subcapsular region was generally less responsive to 

changes in neutrophil numbers when comparing those from mice injected with the same 

concentration of soluble or MP-bound CK. The larger medullary region displayed greater 

sensitivity to the influence of CK dose and the nature of the CK injected (soluble or MP-

bound). The subcapsular region is also limited in where it can receive migrating immune 

cells from. Lymph flow through the LN is unidirectional, so immune cells present in the 

subcapsular region can only arrive there through the afferent lymphatic vessels. In 
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contrast, the medullary region is capable of receiving cells from the bloodstream, which 

enter into the LN through migration via high endothelial venules (HEVs)62. The higher 

counts in the medullary region in response to CK-MPs therefore likely reflect neutrophils 

entering the LN from HEVs and flowing through to this site of MP accumulation.  

 

 

Figure 9. Representative images of the subcapsular and medullary regions of popliteal LNs after FP injection 

soluble or MP-bound CKs. 

CKs were loaded onto RB MPs (5% wet v/v suspension) overnight at 4°C. Mice were subcutaneously administered 50 

µl of soluble or MP-bound CKs (1 µg/ml or 0.1 µg/ml of each MIP-1α and IL-8) in PBS. Tissues were taken at 4 h or 

24 h post-injection, stained with myeloperoxidase, and counterstained with hematoxylin to measure neutrophil 

infiltration. 

 

MP-bound CKs 
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Figure 10. Enumeration of neutrophil counts in the subcapsular (A) and medullary (B) regions of popliteal LNs 

from the experiments shown in Figures 8 and 9.  
Mice received injections of soluble or RB MP-loaded IL-8 and MIP-1α into both hind FPs. The number of cells 

stained positive for myeloperoxidase activity were counted from five randomly selected fields of view (0.002 mm2 

each) from each region at 100x magnification. Error bars correspond to 95% confidence intervals. * and # indicate p ≤ 

0.05 between the corresponding counts with and without MPs. 
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AIM III 

MPs influence the inflammatory response at the site of B. anthracis 
infection and improve the survival of spore-challenged mice 
 

After characterizing the behavior of our CK-MPs in vivo, we further hypothesized 

that their administration could be protective in animals challenged with an infectious 

agent. We chose B. anthracis Sterne 34F2 spores as our infectious agent, which was 

subcutaneously injected into the FPs similarly to MPs. In this model the injected spores 

may proliferate at this site or enter the lymphatics where they are quickly phagocytosed 

by macrophages and DCs and delivered to the regional LNs63. The anthrax infectious 

process involves characteristic immunosuppression, so we hypothesized that the co-

localization of CK-MPs and spores along the same route would promote host survival. 

Our MPs would predictably stimulate neutrophil recruitment to the site of infection and 

regional LNs prior to bacterial accumulation and germination, and thereby overcome the 

suppression of chemotactic migration normally induced by the bacterium.  

Six groups of mice (n= 8-9 each) were challenged in both hind FPs with 2.6x106 

B. anthracis Sterne 34F2 spores in a 50 µl volume, with or without treatment with MPs 

and/or CKs. This experiment was carried out with a batch of CB MPs virtually free from 

LPS contamination (0.14 EU/ml of MP suspension). Group 1 served as the infection-only 

control group. Group 2 was injected with empty MPs 24 h prior to infection, and twice 

post-infection at 4 h and 24 h. Group 3 was similarly injected three times, but instead 
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Figure 11. Administration of MPs and/or CK influences (A) total inflammation seen in both hind FPs and (B) 

survival in anthrax spore-challenged mice.  
Six groups of mice (n= 8-9 mice per group) were challenged with 2.6x106 spores in a 50 µl dose into each hind FP. 

Group 1 was the untreated, infection only control. Groups 2 and 3 each received one prophylactic dose and two post-

infection doses (at 4 h and 24 h) of either empty MPs (10% wet v/v) or soluble CKs (1 µg/ml each of IL-8 and MIP-

1α). Groups 4, 5, and 6 received doses of CK-MPs administered either prophylactically only, both prophylactically and 

post-infection, or post-infection only, respectively. All injections were subcutaneously administered as 50 µl into both 

hind FPs.  
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with soluble CK (1 µg/ml each of IL-8 and MIP-1α). Groups 4, 5, and 6 received 

injections of CK-MPs either prophylactically only, both prophylactically and twice post-

infection, or twice post-infection only, respectively. The mice were inspected daily for 

two weeks and were assigned semi-quantitative scores for the inflammation seen in each 

hind FP as defined in the “Research Design” section. This system of inflammation 

scoring is similar to others which have been used to characterize mice challenged with an 

infectious agent64. The statistical significance (α= 0.05) of the total inflammation scores 

per mouse was determined using a two-tailed Mann-Whitney U test. Mortality curves 

were compared using the Log Rank Test. 

All mice in Group 1 developed high levels of inflammation and died within five 

days (Figure 11). Groups 3 and 6 were statistically similar to Group 1 for both 

inflammation and survival. All mice in these groups (except one mouse in Group 6) 

displayed high levels of inflammation, which correlated with rapid death by day 6. In 

contrast, Groups 2, 4, and 5 demonstrated significantly reduced levels of inflammation (p 

values in the range from 0.001 to 0.008) and survival (p<0.0007, Log-Rank test). Up to 

35% of the mice from these groups were surviving at the end of the two-week infection 

period. Group 4 appeared to have the greatest improvements in reduced inflammation and 

increased survival, but was not statistically different from Groups 2 and 5. These three 

groups also appeared to develop inflammation which occurred in two phases in which the 

initial inflammatory response became reduced to reach minimal levels, then increased, 

and then reduced again. Both peaks and regressions were only significant in Group 4 (p< 

0.01) and in Group 5 for the second phase only (p< 0.03). Surprisingly, the mice in 
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Group 6 which received CK-MPs injected twice after infection were not statistically 

different from the untreated mice in Group 1. It appears that administration of therapy 

prior to or immediately after is critical in cases of anthrax infection, as the rapid uptake of 

spores by macrophages and subsequent germination is sufficient to turn the odds of 

survival in favor of the bacteria instead of the host. Treatment with CK-MPs after 

infection was likely unable to overcome the suppression of neutrophil migration induced 

by the bacteria. 

In all the groups described in Figure 11, the deaths which occurred took place 

predominantly in mice with high inflammatory scores (Figure 12). Death in any group 

only occurred in animals which demonstrated total inflammation per mouse ≥3, but not 

all animals with high inflammation succumbed to infection.  

An independent replicate experiment was performed to evaluate the importance of 

pre-treatment duration before infection. Group 1 (B. anthracis) and Group 4 (24-h pre-

treatment plus B. anthracis) from the experiment shown in Figure 11 were replicated and 

challenged with 8x106 spores/mouse. We also included an additional group which 

received CK-MP pre-treatment merely 4 h prior to infection. At day 13 p.i., 50% and 

70% of animals survived in the 4-h and 24-h pre-treated groups, respectively (not 

shown). Both pre-treated groups demonstrated significantly (α=0.01) decreased levels of 

inflammation compared to the control group at days 1 and 2 which presented in a bi-

phasic manner as before. The Log-Rank test showed that all three groups which received 

only pre-treatment (at 4-h or 24-h) did not statistically differ from each other (p<0.21) 

with an average survival of 53±16% (SD). 
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Figure 12. Mice that succumbed to infection (from the experiment shown in Figure 11) displayed elevated levels 

of footpad inflammation.  
Each data point indicates the total inflammation score for one or several mice with the same score at the indicated 

observation time. Higher inflammation scores were not a direct predictor of mortality as some mice demonstrated 

greater inflammation and survived or died at a later time, but all mice which died in any group demonstrated increased 

inflammation. 
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Both the MPs and CK-MPs contribute to the protection of mice against 
anthrax 
 

 To address the unexpected result of empty MPs appearing statistically as 

protective as CK-loaded ones, we estimated the LD50 of B. anthracis spores injected in 

this model. This was determined to be 4.3x104 spores per mouse. It can thus be assumed 

that the injection of at least 5.2x106 spores per mouse (more than 100 LD50s) in our 

previous experiments masked the individual contributions of each the MP and the loaded 

CK. Therefore, we repeated the experiment in which some animals received pre-

treatment injections of MPs or CK-MPs prior to infection, but this time using multiple 

reduced spore challenge doses. A clear discrimination between the groups treated with 

MPs and CK-MPs became apparent (Figure 13).  

 Animals received 50 µl of high, middle, or low challenge doses containing 

2.9x106, 9.7x105, or 3.2x105 spores/ml, respectively, into each hind FP. The low dose 

(equivalent to 0.7 LD50s per mouse) resulted in only a minor decrease in survival in all 

groups, including the control group which was not pre-treated, by the end of the two-

week period and therefore could not be used to discern the contribution of loaded CKs. 

Control groups receiving the high (7 LD50s) and middle (2 LD50s) doses in comparison 

resulted in either the death of all mice or all but one mouse, respectively, within the first 

week. Groups receiving MPs or CK-MPs prior to challenge with the middle and high 

doses of spores demonstrated statistically improved survival (p values<0.0001). The 

overall survival at the end of the two-week period was statistically similar between these 

pre-treated groups, but the onset of mortality was delayed in animals pre-treated with 

CK-MPs. Animals challenged with the high dose of spores reached 25% mortality by day   
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Figure 13. Both MPs and CK-MPs contribute to protection against B. anthracis spore challenge. 

Animals (n=10/group) were challenged with spores with or without a 20-h pre-treatment injection of MPs or CK-MPs. 

Spores were administered in a 50 µl volume per FP containing 2.9x106 spores/ml (high dose; 7 LD50s), 9.7x105 

spores/ml (middle dose; 2 LD50s), or 3.2x105 spores/ml (low dose; 0.7 LD50s). * and & indicate statistical difference of 

the MPs or CK-MPs from the control (α=0.05), respectively. Statistical significance of survival (left panels) was 

determined by the Log Rank Test, and for inflammation (right panels) was determined by the Mann-Whitney U Test. 
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Figure 14. CB MPs and soluble CB dye are not directly toxic to B. anthracis spores nor vegetative bacteria. 

B. anthracis spores (800 spores/ml) were incubated with 5% pellet volume of CB MPs or the comparable concentration 

of soluble CB dye diluted in culture medium. After incubation for up to 24 h, the incubation medium was removed and 

replaced with Alamar Blue diluted in CSFM and incubated for 1 h. Bacteria and MPs were then removed via 

centrifugation and the fluorescence of the supernatant was measured with excitation at 530 nm and emission at 590 nm. 

Error bars indicate 95% confidence intervals. 

 

7 p.i. when pre-treated with empty MPs. Comparatively, animals pre-treated with CK-

MPs did not reach this level until day 16 p.i. 

MPs are not directly toxic to B. anthracis spores nor vegetative bacteria 
 

Several hypotheses were considered to explain the effects of empty CB MPs on 

the outcome of anthrax in our experiments. It was reported that nanoparticles can interact 

with and penetrate bacterial cells with unique bacteriostatic and bactericidal 

mechanisms65. To test for the potential sporicidal, bactericidal, or bacteriostatic effect of 

CB MPs, the MPs were incubated with spores in static cultures at 5% CO2 and 37°C, 

mimicking the conditions of spore germination and growth within the infected tissues in 

vivo. The impact of MPs on the number of grown bacteria was determined based on the 

bacterial metabolic activity using Alamar Blue. In control cultures, the spores were 

incubated in the absence of MPs. As with the assays for cytotoxicity against Raw 264.7  
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Figure 15. Bacterial load in LNs of spore-challenged mice pre-treated with CK-MPs and control mice at day 1  

(A) and day 13 (B).  

Animals were injected with 4x106 spores in 20 µl PBS subcutaneously into each hind FP. Bars indicate arithmetic 

means in each group. Mann-Whitney U-test, *p = 0.02, # = 0.14, n = 4-6 per group. 

 

 

cells, soluble CB dye at a concentration comparable to what is contained within the MPs 

was included. No effect of the MPs nor the dye on bacterial growth was found after the 

24-h incubation indicating that they are neither bactericidal nor bacteriostatic (Figure 14).  

The activity of CK-MPs correlates with reduced bacterial burden and 
influx of neutrophils to the sites of infection and regional LNs 
 

 To determine if the protective effect of CK-MPs was correlated with reduced 

bacterial burden, FPs and popliteal LNs were collected from the surviving mice in these 

experiments. Both FPs and one popliteal LN from each mouse were taken for histology, 

while the other popliteal LN was used for estimating bacterial burden. Tissues were 

homogenized, re-suspended in PBS, and plated on Luria Broth agar plates. The number 

of colony-forming units (CFU) in pre-treated mice was significantly reduced by nearly 

100-fold (p = 0.02) relative to the control Group 1 day p.i and remained low until the end 

No CK/MPs 
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of the two-week period, but the animals were not able to completely clear the infection 

(Figure 15). Additionally, the duration of pre-treatment (4 h vs. 24 h) did not significantly 

influence the reduction of bacterial burden (p = 0.14). 

 The FP sections were then immunohistochemically analyzed using an antibody 

recognizing Ly-6G, a surface marker of neutrophils. The antibacterial effect was 

correlated with an influx of neutrophils to the site of infection and MP injection (Figure 

16). Immunostaining of the tissue sections using immunized serum from animals 

recognizing vegetative B. anthracis was also used to further confirm the results described 

above and to visualize bacterial distribution within the tissue. As expected, mice which 

did not receive pre-treatment with CK-MPs prior to spore challenge showed intense FP 

staining 24 h p.i., whereas the bacterial burden was greatly reduced in the pre-treated 

animals (Figures 17, 18). The FPs of animals which did not receive CK-MP pre-treatment 

displayed high levels of extracellular bacterial chains and intracellular bacterial antigen 

(Figure 18A; top panels). In contrast, the positive staining for bacterial antigen in the pre-

treated mice was only seen within the cytoplasmic content of phagocytic cells (Figure 

18B; top panels). 

Consecutive FP tissue slices from the infected animals were further analyzed 

through staining with antibodies recognizing Ly-6G and CD11b to identify neutrophils 

and monocytes/macrophages, respectively (Figure 18). These results showed that 

increased bacterial uptake and elimination of vegetative bacterial chains were correlated 

with increased phagocytic cell migration in the pre-treated mice. The bacterial-specific 
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intracellular staining in Figure 18B overlapped with a large area which stained strongly 

positive for neutrophils and less intensely for macrophages. 

 

 

Figure 16. Administration of CK-MPs and spore challenge induce migration of neutrophils to the inoculation 

site (FPs).  

Naïve mice (A) were injected into hind FPs with CK-MPs for 4 h (B) and 24 h (C) and then challenged with B. 

anthracis spores (0.4x106 per hind footpad) (D-F, correspondingly). At 24 h p.i., mice were euthanized, and the soft 

tissue from the FPs was removed for the preparation of slides. The presence of neutrophil marker Ly-6G was revealed 

immunohistochemically (as a brown color of diaminobenzidine stain) using primary antibodies against Ly-6G. 
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During infection, many of the spores become phagocytosed and are carried to the 

regional LNs where they proliferate and cause extensive pathological changes63,66. 

Immunohistochemical staining revealed that treatment with CK-MPs drastically changed 

the pattern of neutrophil staining within the LN (Figure 19). Naïve mice demonstrated 

occasional high-punctate staining of circulating Ly-6G+ neutrophils (Figure 19A, red 

arrows). CK-MP administration greatly increased the numbers of Ly-6G+ cells observed, 

but these cells stained with less intensity (red arrowheads). The lighter staining cells 

expressing lower levels of Ly-6G represent immature neutrophils which appear 

associated with HEVs and therefore likely arrived at the LN through the blood.  

 

 

 
 

Figure 17. Administration of CK-MPs results in the reduction of bacterial burden in spore-challenged FPs.  

Mice were challenged with B. anthracis spores (4x106 spores in 20 µl PBS per hind FP) without pre-treatment (C, D) 

or after pre-treatment with CK-MPs for 4 h (E, F) or 24 h (G, H). At 24 h p.i. the mice were euthanized and FPs 

immunohistochemically stained brown using α-B. anthracis serum. Two representative fields of view are shown for 

each condition. 
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Figure 18. Administration of CK-MPs results in the phagocytic elimination of bacterial burden in spore-

challenged FPs.  
The presence and distribution of B. anthracis spores 24 h p.i. without (A) and with (B) pre-treatment with CK-MPs. 

4x106 spores delivered in a 20 µl volume of PBS were injected into each hind FP. Extracellular bacterial chains and 

intracellular bacterial antigen (brown stain indicated by the black and white arrows, respectively) are present in the top 

panels of (A), while only intracellular bacterial antigen is present in (B). Red square in the left panel identifies a 

bacterial swarm (A) which is shown at higher magnification in the right panel next to phagocytes which stained 

positive for B. anthracis-specific antigens. Consecutive slices of tissue stained with α-Ly-6G and α-CD11b (bottom 

panels, (A) and (B)) demonstrate infiltration of phagocytes to the site of infection. 
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There were few high-intensity Ly-6G+ cells present 24 h p.i. in the LNs of mice 

challenged with the high spore dose (4x106 spores/ 20 µl; Figure 19B, panel 1). 

Germinating spores within the LNs induce immunosuppression through their disruption 

of immune cell function and recruitment27,33–36. It was therefore logical that the low spore 

dose (0.4x106 spores/ 20 µl) was less immunosuppressive than the higher dose (4x106 

spores/ 20 µl), allowing more immune cells to successfully migrate into the LN (Figure 

19B, panel 3). The immunosuppression induced at each challenge dose was overcome by 

the CK-MP pre-treatment, which led to the accumulation of neutrophils in the 

subcapsular space (Figure 19B, panels 2 and 4).  

The evidence of successful early neutrophil recruitment suggests that this 

contributed to the improved survival of the spore-challenged mice. Consecutive tissue 

slices from the LNs of the mice surviving at day 13 p.i. from the experiment comparing 

pre-treatment duration were immunohistochemically stained for B. anthracis antigen and 

Ly-6G+ cells (Figure 20). The overlapping staining for B. anthracis antigen and Ly-6G at 

the end of the two-week period further supports that the early mobilization of neutrophils 

to the site of bacterial accumulation in the LN was critical for survival. The Ly-6G+ 

staining is intensely localized within the LN germinal centers (Figure 20, top panels) 

which are critical sites for connecting the innate and humoral immune responses67. The 

distribution of B. anthracis antigen within the germinal centers (Figure 20, bottom 

panels) appears only intracellularly, suggesting that it is being utilized for antigen 

presentation to B cells. Other than enlargement relative to those of naïve mice, the LNs of 

the MP-treated, spore-challenged mice appeared clinically healthy and normal. 
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Figure 19. Administration of CK-MPs results in the increased appearance and altered distribution of the 

neutrophil-specific antigen Ly-6G in the popliteal LNs of naïve and B. anthracis infected mice. 

(A) Mice were injected into FPs with CK-MPs for 28 h and the presence of Ly-6G+ cells was revealed 

immunohistochemically (brown color) using a primary antibody against Ly-6G. The magnified squared regions in the 

right panels show the cells stained with high and low intensities (shown by arrows and arrowheads, respectively). (B) 

Mice pre-treated with CK-MPs for 4 h and then challenged with B. anthracis spores (low, 0.4x106 spores or high, 

4x106 spores in 20 µl of PBS) for 24 h. The neutrophils were stained as in (A). 
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Figure 20. LNs of surviving mice demonstrate size enlargement and the appearance of follicular zones which 

stain positive for Ly-6G and B. anthracis antigens.  

Mice were injected into hind footpads with CK-loaded MPs for 4 h and challenged with B. anthracis spores (2.6x106 

per hind footpad per 50 µl dose). Naïve mice were left untreated and unchallenged. After 13 days, mice were 

euthanized, LNs removed and used for the preparation of slides. The presence of neutrophil marker Ly-6G and B. 

anthracis antigens were revealed immunohistochemically (as brown color of diaminobenzidine stain) using the 

consecutive slices of tissue and primary antibodies against Ly-6G and immune serum against B. anthracis, 

correspondingly. Right panels magnify areas marked in the middle panels with red boxes. 

 

 

MPs stimulate Raw 264.7 macrophages to release immune response 
mediators 
 

For analysis of MP immune-stimulating potency, Raw 264.7 macrophages were 

exposed to MPs or control samples which included serum-free DMEM/F12, LPS from E. 

coli, and the CB dye (preliminarily hydrolyzed as described above). Supernatants were 

collected and analyzed using the Bio-Rad Bio-Plex Pro™ Mouse Cytokine 23-plex Assay 

for simultaneous determination of Eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, 
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IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 p40, IL-12 p70, IL-13, IL-17A, KC, MCP-1, 

MIP-1α, MIP-1β, RANTES, and TNF-α.  

Four cytokines (G-CSF, MCP-1, MIP-1α and TNF-α) were found to be strongly 

up-regulated in the supernatants of MP-treated cells. The fluorescent signals of these 

cytokines were detectable as early as 4 h and continued to increase in samples collected 

at 24 h (Table 2). The concentrations of IL-1α, IL-6, and KC calculated by the Bio-Plex 

analysis suggested upregulation of their expression, although these values were not 

statistically significant near the lower limit of detection (not shown). To confirm the Bio-

Plex results, quantitative ELISAs were run for the identified CKs (MIP-1α, MCP-1, TNF-

α, and KC) (Table 3). Robust responses were detected for MCP-1 and TNF-α. The 

release of MIP-1α was reliably increased as well, but was associated with a high level of 

background from unstimulated cells in control medium. KC demonstrated a low-level 

response to MPs, in agreement with previous reports on exposure of Raw 264.7 cell to a 

particulate matter68. 

To address the issue of the CB dye within the MPs influencing the magnitude and 

spectrum of cytokine stimulation, we examined the effect of soluble hydrolyzed CB dye. 

The dye was diluted to the concentration of allylamine within the MPs. The Bio-Plex 

assay detected no significant influence of the dye at 4 h for any of the cytokines. Longer 

incubation (24 h) strongly influenced expression of G-CSF; however, the level of 

stimulation was much below that of MPs. Higher concentrations (up to 10x) of dye 

significantly enhanced the levels of IL-12(p40), MIP-1α, MIP-1β, and TNF-α detected at 
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Table 2. Fluorescence results from the Bio-Plex Pro™ 23-plex Assay of cytokine production by Raw 264.7 cells.  

 

Cells in serum-free DMEM/F12 were exposed to CB MPs (at 10% or 2.5% bead volume) or hydrolyzed CB dye (at concentration equal to that in MPs) for 4 h or 24 h. 

Only cytokines with fluorescence signals which were substantially increased in at least one of the MP- or dye-treated samples relative to the control are shown. KC as an 

exception was included here as it was shown by ELISA and immunohistochemical staining to be increased in response to MP treatment. All values represent the average 

fluorescence signal after background subtraction of undiluted samples measured in triplicate. * indicates average fluorescence of samples which had been diluted 10-fold 

in serum-free medium measured in duplicate. & indicates the response to MPs at 2.5% bead volume. MIP-1α values exceeding the upper limit of quantification (ULOQ) 

of fluorescence intensity are shown. MIP-1α ULOQ is approximately 13,710 RFU. 

 

  

 CB MPs (10% pellet) CB dye  

4 h 24 h 4 h 24 h 

Cytokine 
Control 

medium 
CB MPs 

Control 

medium 
CB MPs 

1x 

Concentration 

1x 

concentration 

G-CSF 29 
190 

86 & 
138 

16,221 

3,420 & 
33 582 

MCP-1 469 
262 

2,576 & 
528 

19,473 

21,298 & 
325 816 

MIP-1α 12,205 * 
5,019 * 

13,414 * & 

15,685 * 

ULOQ 

16,694 * ULOQ 

18,586 * & ULOQ 
12,763 * 15,785 * ULOQ 

TNF-α 27 
4,553 

1,870 & 
25 

2,709 * 

8,318 & 
23 67 

KC 43 
32 

49 &  
63  

72 

74 &  
46  67  
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Table 3. Results of ELISAs of chemokine production by Raw 264.7 cells. 

 

ELISAs were performed using supernatants of cells exposed to CB MPs or hydrolyzed CB dye to more precisely confirm the concentrations of chemokines which had 

increased signal relative to untreated cells according to the Bio-Plex Pro™ 23-plex Assay. The concentrations in pg/ml ± CI (α= 0.05) shown here represent values 

calculated after accounting for sample dilution. The three values per cell in the CB MP columns represent MCP-1, MIP-1α, and TNF-α responses to 10%, 5%, and 2.5% 

bead volumes, notated from top to bottom. For KC, the three values represent responses to 10%, 3.3% and 1% bead volumes. ND = analysis not done. LLOQ = 

concentration below the lower limit of quantification

 4 h 24 h 

Cytokine Control medium CB MPs Control medium CB MPs 

MCP-1 69±7 

10%: 111±53 

5%: 77±43 

2.5%: 58±13 

221±22 

4,040±214 

1,648±125 

922±26 

MIP-1α ND ND 10,923±434 

17,873±334 

10,563±214 

11,938±122 

TNF-α 46±6 

1,445±98 

1,568±124 

1,976±61 

59±5 

9,880±383 

10,151±163 

8,802±532 

KC ND ND 
<16 

Below LLOQ 

10%: 76±24 

3.3%: 76±28 

1%: 26±11 
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24 h in a dose-dependent manner (not shown). However, these results can only be used to 

demonstrate the potency of the free dye because such high concentrations (10-fold greater 

than the concentration of allylamine groups) cannot be coupled to the MPs. Overall, the 

above data suggest a low stimulating activity of the coupled dye, considering that only a 

fraction of its concentration within the MPs is expected to be accessible to the cells. 

An additional experiment was conducted with allylamine MPs not coupled with 

the CB dye. As determined by ELISA, the KC-stimulating activity of the allylamine MPs 

(178 pg/ml after 24 h; data not shown) was almost 6-fold higher than in the case of CB 

MPs, implicating factors other than the CB dye in the effect of MPs. It has been 

previously shown that Raw 264.7 cells do not greatly express KC, even when exposed to 

significant concentrations of LPS68. The slight increase in KC expression observed with 

this cell type is not predicted to be biologically significant, but suggests that other cell 

types which are more capable of producing KC may have significantly increased KC 

production in response to MP exposure. Indeed, immunohistochemical staining of FPs 

confirmed increased KC expression in response to MPs in vivo (data not shown).  

As described earlier, the MPs and their loaded CKs each contributed to the 

protection observed in spore-challenged mice (Figure 13). To support the hypothesis that 

in vivo induction of endogenous CKs played a protective role, FPs from animals treated 

with MPs were stained for neutrophils using Ly-6G as before. Figure 19 clearly 

demonstrates that CK-MPs induced migration of Ly-6G+ neutrophils to the LN. Here we 

stained FPs to see if the increased expression of KC, which is a neutrophil-attracting CK, 

was associated with the MPs and/or their CK content. Animals were treated with AA  
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Figure 21. FPs of animals treated with AA MPs demonstrated increased response of Ly-6G+ cells irrespective of 

the presence of coupled CB dye and/or loaded CKs. 
Mice (n=2-3) were treated with AA MPs (10% wet v/v) with/without the coupled CB dye with/without loaded CKs (1 

µg/ml each of IL-8 and MIP-1α) for 24 h. FPs were immunohistochemically stained with the neutrophil-marker Ly-6G, 

visualized as the dark brown stain. 

 

 

MPs coupled with CB dye with/without bound CK or with AA MPs which were not 

coupled with dye and sacrificed after 24 h. In all groups, the number of Ly-6G+ cells in 

the FPs increased (Figure 21). 

MPs stimulate migration of Langerhans cells via ERK1/2 activation 
 

As mentioned, the release of inflammatory CKs and TNF-α by RAW 264.7 cells 

in response to MPs suggested that MPs could stimulate the immune cell traffic in vivo. 

Both MCP-1 and MIP-1α can be produced by different cell types, including epithelia and 

Control Allylamine MPs 

CB MPs CK-loaded CB MPs 
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endothelial cells, macrophages, fibroblasts, etc. These CKs are known to induce 

chemotaxis of mononuclear phagocytes and lymphocytes, while neutrophils can respond 

to KC as well as MIP-1α both in vivo and in vitro69,70. It was reported that neutrophil 

migration in immunized mice depends on the release of MIP-1α, which acts via the 

sequential release of TNF-α and Leukotriene B471. CC chemokines such as MCP-1 and 

MIP-1α are critical for leukocyte recruitment during Th1-type cell-mediated immunity to 

pulmonary C. neoformans infection72. Neutralization of TNF-α in mice decreases the 

levels of both MCP-1 and MIP-1α73 and strongly ablates the migration of leukocytes 

(macrophages, neutrophils, and CD4+ T cells) demonstrating that TNF-α is a proximal 

mediator for chemokine induction.  

As described above, immunohistochemical staining of FP slices for Ly-6G 

showed that injection of MPs with the coupled CB dye (CB MPs) or uncoupled 

allylamine MPs induced a strong migration of neutrophils (Figure 21). A similar picture 

was found in the case of MPs loaded with CKs (IL-8 and MIP-1α). This prompted us to 

suggest that the endogenous neutrophil chemoattractants induced by MPs and the 

exogenous CKs loaded onto MPs might be working on the same or closely related 

(overlapping) pathways. One of the plausible mechanisms of MIP-1α and MCP-1 

upregulation by the subcutaneously injected MPs in our experiments can be the activation 

of ERK1/2 pathway of Langerhans cells74. Langerhans cells are resident antigen-

presenting immune cells of the skin and mucosa. Although classically identified as DCs, 

these myeloid-derived (macrophage) Langerhans cells uptake antigen from peripheral 

tissues and migrate inward toward the local LN upon activation. The population of skin 
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cells highly positive for the activated (phosphorylated) form of ERK1/2 was readily 

detectable in the epidermis of naïve mice as a layer above the stratum spinosum (Figure 

22). At 48 h p.i. using CK-MPs, the pERK1/2+ cells were found migrated through the 

stratum spinosum (which is directly above the epidermal basal layer) into a deeper, 

dermal location. A similar effect took place in the spore-challenged mice after the 4-h 

pre-treatment with CK-MPs. The migration was accelerated and could be detectable as 

soon as 24 h following spore challenge, while no migration took place at this time in 

infected mice without the MP pre-treatment. The infectious process resulted in the 

depletion of pERK1/2+ cells increasing with the challenge dose, and the MP pre-

treatment showed a protective effect.  

Langerhans cells encountering antigens are known to migrate to regional LNs and 

display the MHC-class II (MHCII) molecules. Consistent with this, the pERK1/2+ cells in 

the popliteal LNs increased after injection of MPs. Patterns of immunohistochemical LN 

staining probing consecutive tissue slices with antibodies against pERK1/2 and MHCII 

closely overlapped (Figure 23). Taken together- the characteristic morphology of the 

migrating cells in the skin (Figure 22), their positive staining for ERK1/2 and MHCII 

(Figure 23), their initial epidermal location, as well as the capacity to migrate into dermis 

and LNs upon exposure to antigens, identified these cells as Langerhans cells.  
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Figure 22. Administration of CK-MPs changes the distribution of pERK1/2+ cells at the site of injection (FPs). 
pERK1/2+ cells in naïve and spore-challenged animals which did not receive CK-MPs were present as a distinct 

epidermal layer (left panels). Positively-staining cells in animals treated with CK-MPs were found migrated from their 

epidermal location to deeper dermal layers. Challenged animals received 50 µl injections of B. anthracis spores and/or 

CB MPs loaded with 1 µg/ml of each MIP-1α and IL-8. Animals receiving CK-MPs were treated for either 4 h or 24 h 

prior to spore challenge and sacrificed 24 h after infection, notated as 28 h and 48 h, respectively.  
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Figure 23. Distribution of pERK1/2+ cells and MHCII+ cells in the LNs following CK-MP treatment.  
(A, B) Medullar region of popliteal LN in naïve mice (A) or after injection of CK-MPs for 28 h (B) under 40x 

magnification. Immunohistochemical staining with pERK1/2-specific antibody. (C, D) Overlapping patterns of 

immunohistochemical staining of LNs of mice injected into hind FPs with MPs for 28 h. Primary antibodies against 

MHC II (C) and pERK1/2 (D). For each pair of images in (C, D), consecutive slides of LN tissue were used and 

colorimetrically developed with diaminobenzidine (brown color, (C)) or Emerald Green (green color, (D)). 
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DISCUSSION 

For the development of a novel MP-based platform for sustainable 

immunomodulation, we have demonstrated the feasibility of using MPs for binding and 

releasing multiple CKs. The incorporation of different capture dyes into functionalized 

MPs allowed for different rates of CK binding and release, determined by the specific 

kinetics of each CK-MP pair. Diffusion of small, cationic CKs into MPs coupled with 

dyes containing anionic sulfate groups and substituted aromatic rings allowed for their 

retention and stabilization within the MPs. The CK-MP pairs tested demonstrated low 

micromolar to high nanomolar affinities (Figure 3), similar to other techniques aimed at 

achieving sustained delivery of a drug or biomolecule for therapeutic purposes45,46. This 

allows for the sustained release of CK from MPs for more than 20 h in vivo (Figure 4, 

Table 1).  

Although the best conditions identified for loading CK into MPs utilized PBS 

diluted 1:3 with water with overnight incubation at 4°C (Figure 2), most experiments 

were carried out with undiluted PBS as the CK-MP suspension would be injected into 

animals. Binding in full-strength PBS mimicked the physical characteristics of blood and 

lymph. Loading CK into MPs in mild physiological conditions eliminates complications 

associated with many previous MP-based approaches. Our in vitro results showed that 

injection of CK-MPs into animals leads to the rapid release of a loosely-bound fraction of 
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CK followed by sustained dissociation of the remaining CK into solution, in accordance 

with patterns of first-order kinetics.  

Physical characteristics of MPs and experimental conditions that were anticipated 

to be problematic did not appear to have any adverse influence on our results. In contrast 

to previous studies suggesting the collapse of thermoresponsive polymers at higher 

temperatures leading to entrapment of their cargo45, our MPs released CK more rapidly at 

37°C relative to room temperature (Figure 4A-B). Additionally, the presence of large 

proteins like albumin in the solutions used for CK binding and release did not 

significantly interfere with either of these steps (Figure 4C). The pore size of our MPs 

effectively excluded proteins larger than 20 kD. This importantly allows for binding even 

in solutions which contain BSA as an additive for preventing the aggregation or 

inactivation of CKs and other proteins. 

We have proposed using CK-MPs for controllably and sustainably delivering CK 

for directed immune modulation. As a preliminary assessment of safety, we confirmed 

that our MPs are not directly toxic to Raw 264.7 macrophages, a cell line commonly used 

for analyzing MP cytotoxicity (Figure 6)55–57. Subcutaneous injection of MP suspensions 

into the hind FPs of mice resulted in their localization to the regional popliteal and 

inguinal LNs. The MPs become distributed primarily in the subcutaneous and medullary 

regions of the LNs, likely reflecting their modes of arrival to these sites (Figure 7). 

Several characteristics of MPs have been shown to influence their diffusion and/or other 

transport modes through the lymphatics. Large MPs (>500 nm) have decreased ability to 

enter the lymphatics, so it is expected that passive diffusion through the lymphatics may 
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only partially explain the appearance and distribution of our MPs. It is more likely that 

tissue-resident macrophages or DCs in the FP gradually phagocytosed the MPs (which 

are comparable in size to bacterial cells) and carried them to the LN, which would 

explain their high abundance in the medullary region. 

Empty RB MPs (without CK) induced low levels of neutrophils responding 

shortly after injection but which dissipated within 24 h (Figures 8, 10). In contrast, the 

MPs loaded with IL-8 (CXCL8) and MIP-1α (CCL3) induced sustained neutrophil 

migration (Figures 9, 10). A combination of CXC- and CC-class CKs was chosen as they 

were expected to display a synergistic effect through their interactions with different 

families of receptors. Human IL-8 is analogous to mouse MIP-2 and KC, which are 

chemoattractant for neutrophils. It has well-established cross-species reactivity in mice 

for activation of the CXCR1 and CXCR2 receptors75–78. Murine MIP-1α is also 

chemoattractant for neutrophils and is a general activator of granulocytes79. It enhances 

the inflammatory response by inducing the synthesis and release of pro-inflammatory 

CKs including IL-1, IL-6, and TNF-α from fibroblasts and macrophages80. 

The induction of neutrophil migration in response to CK-MPs confirmed in vivo 

the results from the in vitro transwell migration assays (Figure 5). Not only did the MPs 

protect the loaded CK against aggregation and proteolytic degradation, but they were also 

successfully able to retain CK functionality in vivo. The release of functional CK from 

MPs induced significant neutrophil migration into the subcapsular and medullary regions 

of the LN, where the MPs had accumulated. Neutrophil accumulation in the subcapsular 
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region is indicative of arrival via the afferent lymphatics, whereas those in the medullary 

regions likely arrived through extravasation from the blood via HEVs62,81. 

The half-lives calculated for IL-8 and MIP-2 in vitro and the estimate that 

different MP-CK pairs would release biologically significant amounts of CK for more 

than 20 h were also supported. Mice injected with MPs containing IL-8 and MIP-1α 

demonstrated increasing levels of neutrophils in the LNs over a 24-h period in a dose-

dependent manner. In contrast, mice injected with soluble CK demonstrated the highest 

neutrophil response at 4 h which had decreased by 24 h. Thus, the MPs are a critical 

vehicle for maintaining sustained delivery of functional CK for the direction of immune 

cell migration to and within the LN. 

Induction of sustained immune migration is a desirable therapeutic technique 

which, if sufficient, may avoid treatments involving harsh chemotherapies. 

Immunosuppression is an important mechanism by which many disease agents avoid 

elimination so we next tested the ability of the CK-MPs to overcome immunosuppression 

induced by B. anthracis. We pursued neutrophil-attracting CKs for the superior 

elimination capabilities by neutrophils of many infectious agents. Neutrophils are one of 

the first responding immune cell types and can eliminate pathogens through the release of 

lytic enzymes, production of reactive oxygen intermediates, and neutrophil extracellular 

traps82–84. Neutrophils from humans and mice have been shown to kill B. anthracis spores 

and vegetative cells in vitro85–87. However, B. anthracis disrupts CK signaling and actin-

based neutrophil migration in vivo, preventing these cells from exerting their bactericidal 

effects36. 
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Our results repeatedly showed that timely stimulation of neutrophils (marked by 

Ly-6G) and monocytes/macrophages (marked by CD11b) by CK-MPs provided 

significant protection in animals challenged with B. anthracis (Figures 11, 16, 18, 19). 

Neutrophil migration was induced in both the LNs and FPs, where portions of the MPs 

accumulated. These are also the sites of bacterial accumulation and proliferation. 

Prophylactic administration of CK-MPs effectively reduced the bacterial burden through 

successful phagocytic elimination. Bacterial titers in the LNs were reduced in pre-treated 

animals and remained low through the duration of the two-week survival analysis (Figure 

15). Further evidence of this is that the bacterial antigen observed in the pre-treated 

animals was primarily located intracellularly in association with Ly-6G+ cells, likely in 

the form of digested bacterial antigen used for presentation to cells of the adaptive 

immunity (Figure 18). 

Improved survival in the pre-treated animals was correlated with an initial 

reduction of FP inflammation. This effect was most prominently observed in the group 

which only received one pre-treatment injection of CK-MPs (Group 4, Figure 11). 

Development of a second phase of FP inflammation later during the infectious process 

coincided with the end of CK release from the MPs (occurring after five half-lives) and 

likely the induction of an adaptive immune response. Alternatively, the second phase of 

inflammation which was correlated with a delayed onset of mortality in CK-MP pre-

treated mice may represent the delayed germination of dormant spores. Comparatively, 

all animals in the spore-challenged control group rapidly developed extensive FP 

inflammation which correlated with rapid onset of mortality. Animals which received two 
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post-infection injections of CK-MPs without pre-treatment (Group 6) were unexpectedly 

statistically similar to the control group for both survival and inflammation. This clearly 

supports that early induction of an immune response is critical for survival in spore-

challenged animals. Rapid dissemination of spores through the lymphatics to distant 

locations, including the spleen, has previously been observed within as little as 3 h88. 

Germination of the spores in the LNs and more distant sites followed by production of 

immunosuppressive virulence factors allows for unimpeded bacterial proliferation, 

tipping the odds of survival in favor of the bacterium. 

An additional survival analysis experiment was conducted to determine the 

importance of the duration of CK-MP pre-treatment (data not shown). Animals were 

prophylactically treated with CK-MPs for 4 h or 24 h prior to spore challenge. 

Prophylactic administration of CK-MPs at either time statistically improved protection, 

resulting in an average between all three pre-treated groups of 53% survival for up to two 

weeks. In comparison, death of all mice in the control groups occurred within either four 

or six days p.i. In both experiments, the bi-phasic development of inflammation occurred. 

The success of the brief 4-h pre-treatment and the predominant prevalence of Ly-6G+ 

cells compared to CD11b+ ones (Figure 18) likely suggests that the majority of the cells 

recruited by CK-MPs were resting neutrophils (CD11b-Ly-6G+) from nearby circulation, 

which can be activated by IL-8 to become CD11b+89,90. The quick, sustained mobilization 

of these circulating cells by CK-MPs greatly contributed to protection. 

The survival analyses first described (Figure 11 and from data not shown) 

involved injection of spore inocula which were at least 100-fold greater than the LD50 for 
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this model of injection. Spore challenge using lower inocula doses (from 0.7x- to 7x- 

LD50s) allowed us to discern the important individual contributions by the MPs and their 

loaded CKs toward survival outcome (Figure 13). Multiple hypotheses were investigated 

to determine what role the MPs alone played in improving survival in spore-challenged 

animals. Previous studies have shown that nanoparticles can be bacteriostatic or 

bactericidal through interaction with and penetration of bacterial cells65. In our study, 

neither the CB MPs nor the coupled CB dye were inherently toxic toward the spores nor 

the vegetative bacteria (Figure 14). Instead, we found that the MPs have immune-

stimulatory properties to induce endogenous production of multiple pro-inflammatory 

CKs by the host. In vitro analyses using Raw 264.7 macrophages demonstrated increased 

expression of G-CSF, TNF-α, MCP-1, and MIP-1α in response to MPs (Tables 2, 3). IL-

1α, IL-6, and KC were suggested by the Bio-Plex results to be elevated in response to MP 

exposure, but were not statistically reliable as the fluorescence was near the machine’s 

lower limit of detection. KC is only minimally expressed by Raw 264.7 cells even in 

response to significant concentrations of LPS68. The slight increase in KC production 

observed in this cell type would thus not be biologically relevant on an organismal level. 

However, immunohistochemical staining of FPs confirmed that KC expression is 

increased in response to MP treatment (data not shown). Possible upregulation of IL-1α 

and IL-6 in response to empty MPs would act in redundancy with delivered MIP-1α 

stimulation of these CKs80, further enhancing immune response. The absence of IL-1β 

response indicated that neither the MP scaffold nor the coupled dye activated the 

inflammasome in RAW 264.7 cells, in contrast with what was observed in the case of 
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several nanomaterials91,92, including the MPs loaded with LPS93,94. It also showed that the 

LPS commonly contaminating the MP preparations was unlikely to contribute to our 

results. 

Further support in favor of the MPs playing an important protective role comes 

from in vitro studies utilizing one batch of MPs which was portioned for coupling with 

the CB dye for different amounts of time. Large CB-coupled agarose beads have been 

previously shown to induce inflammation with predominant neutrophil and macrophage 

activity upon injection95. For our CB MPs, it appears that the incubation time for 

coupling with the dye influences the amount of dye within the MPs. This is evidenced by 

MPs coupled with CB dye for 48-h binding more CK from solution compared to those 

coupled for only 24-h (data not shown). Incomplete dye coupling suggests that the 

amines from more of the allylamine functional groups remain exposed. Exposed primary 

amines in vivo serve as immunogens and inducers of interferon production96. Interferons 

are important pro-inflammatory cytokines which activate innate immune cells and 

promote antigen presentation by increasing their MHC expression. Exposed primary 

amines have also been investigated as functional groups to enhance the phagocytosis of 

MPs and their subsequent clearance from circulation97. Although our CK-MPs conferred 

the highest protection against B. anthracis, incomplete dye coupling and correspondingly 

slightly lower levels of bound CK may not necessarily be considered as a negative factor. 

Factors capable of directly inducing leukocyte migration (the CK released from our MPs) 

and/or indirectly through induction of endogenous CK expression may each find utility 

for enhancing immune responses.  
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Our observations with RAW 264.7 macrophages parallel several reported 

examples of the responses of macrophages and DCs toward MPs. The activation of innate 

responses in macrophages by poly(lactide-co-glycolic acid) (PLGA) nanoparticles 

improves the outcome of infection with Leishmania braziliensis. The decreased parasite 

load in vitro is associated with the augmented production of nitric oxide, superoxide, and 

IL-6. An increased release of TNF-α, MCP-1 and KC also takes place, resulting in 

macrophage and neutrophil recruitment in vitro92.  

DC responses to MPs have also been reported. As with macrophages, MP 

stimulation can induce DCs to enhance inflammatory CK and cytokine production, as 

well as co-stimulatory molecules when the MPs are phagocytosed98. The 200 nm-sized 

biodegradable poly(gamma-glutamic acid) MPs are activators of human monocyte-

derived DCs producing IL-8, MIP-1α, MIP-1β, and MCP-1. In addition, TNF-α and IL-

1β were detected, albeit at a lower level.  

Carboxylated polystyrene MPs are shown to modulate DC homeostasis, thereby 

promoting a persistent enhanced state of immune readiness to a subsequent infectious 

challenge99. Intradermal administration of these MPs induced anti-inflammatory 

cytokines, CKs and growth factors, increased numbers and proportions of DCs in the 

draining LNs, and increased the capacity of bone marrow to generate DCs. Consistent 

with this observation, mice pre-injected with the MPs showed enhanced ability to 

generate anti-malarial immunity. Neutrophil recruitment in immunized mice was shown 

to depend on MIP-2 inducing the sequential release of MIP-1α, TNF-α and Leukotriene 

B471,100. MCP-1 and MIP-1α mediate firm adherence and subsequent transmigration of 
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neutrophils via protein synthesis and secondary generation of leukotrienes and Platelet-

Activating Factor, which in turn directly activate neutrophils101. The lifespan of the latter 

can be extended by G-CSF102. Taken together, the above features of the MP interaction 

with the immune system resulting in the release of CKs and recruitment of immune cells 

represent a likely explanation of our observations on the protective effect of MPs. 

Secretion of MIP-1α by neutrophils resulting in DC recruitment in the case of 

Leishmania major is shown to confer protection against intradermal inoculation of the 

parasite, as markedly decreased DC recruitment is observed in mice depleted of 

neutrophils or deprived of the capacity to produce MIP-1α103. The release of MIP-1α and 

IL-8 may be secondary to the induction of initial migration of DCs and monocytes as it 

was shown for acute-phase protein amyloid A produced during infection by hepatocytes, 

adipose tissue, endothelial cells, and macrophages. These CKs enhance DC migration and 

promote the recruitment of distant cells (such as neutrophils)104. Our data in vivo confirm 

recruitment of neutrophils and migration of epidermal cells with characteristic features of 

skin Langerhans cells from epidermis to dermis and subsequently to LNs in response to 

MPs (Figure 22). These effects are expected to be enhanced in the case of CK-loaded 

MPs delivering exogenous MIP-1α and IL-8, in agreement with the additional protection 

conferred by these CKs in spore-challenge experiments (Figures 11, 13, and data not 

shown). The migrating cells displayed activation (phosphorylation) of ERK1/2 indicative 

of their MAPK-induced maturation through up-regulation of co-stimulatory molecules74. 

The migration of pERK1/2+ cells was not detected without MPs. The infection process 

resulted in the elimination of ERK1/2 activation in control mice, in accordance with the 
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well-known capacity of anthrax toxins to target macrophages and DCs and downregulate 

the MAPK signaling105, while administration of MPs showed a protective effect.  

We showed that our MPs are actively trafficked to the regional LNs from the 

injected FPs. Here we found that the MPs strongly increased pERK1/2 expression by 

MHCII+ cells, indicating their Langerhans phenotype. The distribution of the 

pERK1/2+MHCII+ cells in the subcapsular and medullary regions within the LN (Figure 

23) is reminiscent of the fluorescent MPs distribution (Figure 7), providing further 

evidence that the tissue-resident Langerhans cells as well as circulating Ly-6G+ 

neutrophils were responding to MP administration. 

Prolonged exposure to the immune-stimulating MPs remains a concern prior to 

their potential clinical application. Persistent production of inflammatory CKs is 

associated with numerous pathologies which may occur locally or systemically. In the 

skin and muscle, this is associated with psoriasis106, arthritis107, fibrosis108, and numerous 

idiopathic inflammatory myopathies109. Chronic inflammation in the brain can contribute 

to progression of neurodegenerative disorders including Alzheimer’s disease, Parkinson’s 

disease, amyotrophic lateral sclerosis, and multiple sclerosis110,111. Chronic inflammation 

spreading beyond a local tissue or organ can result in the systemic cytokine storm112. 

As our MPs induced endogenous pro-inflammatory CK production and persisted 

in both the LNs and the FPs, it may be suggested that this could result in the development 

of pathologies associated with sustained inflammation. We did not observe any adverse 

effects of MP exposure by the end of a two-week exposure, but events occurring after 

longer exposure times were not measured. 
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It is well-established that MP physical properties such as size, shape, and surface 

modifications strongly influence their cellular uptake and tissue distribution in vivo61,113–

115. Modification of MP surface charges frequently involves the addition of carboxyl or 

amine groups116. Recent studies have shown that cationic MPs may induce adverse 

reactions through alteration of mitochondrial and endoplasmic reticulum function, 

induction of reactive oxygen species and pro-inflammatory CKs, and cell death117–119. 

Comparatively, anionic MPs have been associated with little to no toxicity113. MPs 

possessing a strong negative charge (with overall charge below -30 mV) have been 

identified as anti-inflammatory and can further induce antigen-specific immune tolerance 

when combined with antigen120–122.  

Our MPs were coupled with the anionic CB dye. Based on charge alone, our 

results of CB-coupled MPs inducing pro-inflammatory CK production (Tables 2, 3) 

conflict with literature evidence that these MPs should be anti-inflammatory. However, 

as described earlier, batches of MPs which were incubated for longer times during dye 

coupling likely bound more dye, as measured by their abilities to bind more CK (data not 

shown) and thus likely possessed a weaker negative charge due to the presence of 

uncoupled positively-charged AA amines. The strength of the charge and amount of CB 

dye coupled into the MPs was not measured. The influence of the CB concentration 

within our MPs on each the protective effect against B. anthracis-challenged animals and 

on potential toxicity or pathogenicity associated with long-term MP exposure remains to 

be experimentally tested. For this to proceed as a potential therapeutic option, it will be 

important to evaluate if making the MPs less immunogenic (through longer times for dye 
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coupling) would influence their immune-modulating abilities. CK-MPs demonstrated the 

best protection against anthrax, and it may be likely that loading the MPs with CKs 

containing higher CB dye levels could promote tolerance by the host to their persistence 

and protect against the development of chronic inflammation associated pathologies.  
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CONCLUSION 

The issue of disease-induced immunosuppression has gained much attention by 

modern researchers in the medical field. Disease agents which are capable of escaping the 

body’s immune defenses frequently cannot be sufficiently treated and can have fatal 

outcomes. Among bacteria, B. anthracis is a striking example of such a problematic 

infection. The ability of this bacterium to suppress the host immune response and reside 

dormant within the body enables it to withstand elimination by current therapeutic 

techniques. The mortality rate among those who acquire the bacterium through certain 

modes of exposure remains high even after administration of currently accepted 

treatments31. Antibiotic therapy is frequently ineffective at curing anthrax patients, as re-

emergence of and killing by the bacterium after its complete elimination from circulation 

has been observed32.  

We have investigated a nanotechnology-based approach to address these 

problems. We hypothesized that MP vehicles for delivering immune-modulating 

substances would sustainably promote leukocyte migration allowing the host to better 

clear an infectious agent. Current approaches for delivering CKs display poor results, in 

part due to the instability of CKs in dilute solutions and their rapid dissipation into the 

circulation. We show that our MPs represent a nontoxic vehicle with intrinsic immune-

stimulatory activity capable of sustainably delivering CKs for directing immune 

responses.  
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We tested the prophylactic administration of CK-MPs as a proof-of-principle 

concept for their ability to overcome the immunosuppression induced by the bacterium. 

In vivo subcutaneous administration of the CK-MPs in a FP model of injection results in 

their accumulation both at the site of injection and to/within the local draining popliteal 

and inguinal LNs. At these sites, the functionally-protected CK becomes released from 

the MPs for a sustained period of more than 20 h. Direction of immune migration to these 

sites was beneficial, as B. anthracis spores injected in this model display the same pattern 

of distribution. We demonstrated that pre-treatment with CK-MPs conferred significant 

protection in spore-challenged animals. We have implicated both the MPs and their 

loaded CKs in promoting survival through similar/redundant mechanisms. The delivered 

CKs and the intrinsic ones induced by the MPs were critical for survival. Subsequent key 

factors contributing to the observed protection were the recruitment of neutrophils to the 

LN and FP, and the activation of tissue-resident Langerhans cells from the site of 

injection. We propose further investigation into possible clinical applications of CK-MPs 

as tools for achieving predictable, sustained modulation of immune activity. 
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