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Abstract: Chitosan is a widely investigated biopolymer in drug and gene delivery, tissue engineering
and vaccine development. However, the immune response to chitosan is not clearly understood due to
contradicting results in literature regarding its immunoreactivity. Thus, in this study, we analyzed effects
of various biochemical properties, namely degree of deacetylation (DDA), viscosity/polymer length
and endotoxin levels, on immune responses by antigen presenting cells (APCs). Chitosan solutions
from various sources were treated with mouse and human APCs (macrophages and/or dendritic
cells) and the amount of tumor necrosis factor-α (TNF-α) released by the cells was used as an indicator
of immunoreactivity. Our results indicate that only endotoxin content and not DDA or viscosity
influenced chitosan-induced immune responses. Our data also indicate that low endotoxin chitosan
(<0.01 EU/mg) ranging from 20 to 600 cP and 80% to 97% DDA is essentially inert. This study
emphasizes the need for more complete characterization and purification of chitosan in preclinical
studies in order for this valuable biomaterial to achieve widespread clinical application.
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1. Introduction

Chitosan, or β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine, is widely explored for
use in numerous biomedical applications. A recent PubMed search indicated that, in 2015, more than
2000 biomedical-related publications cited chitosan as a keyword. To put this in perspective, there
are more studies investigating chitosan than the ubiquitous biomaterials poly (lactic-co-glycolic acid)
(PLGA), poly(L-lactic acid) (PLA) and polycaprolactone (PCL) combined.

Chitosan’s popularity is a result of its versatility, availability and biocompatibility. Chitosan is
frequently used in the development of novel drug delivery systems and controlled release platforms [1–7].
It is soluble in mildly acidic, aqueous solutions and thus, is easily formulated with variety of
biopharmaceuticals from small, organic cytotoxic drugs to large, labile proteins [8–11]. In addition,
due to its polycationic charge in solutions, chitosan interacts efficiently with polyanionic nucleic acids
to form effective non-viral gene delivery complexes [12–14]. Chitosan’s polycationic charge also allows
it to function in wound healing and anti-microbial applications as well [15–20]. Additionally, this
positive charge enables chitosan to loosen epithelial gap junctions, making it a promising candidate in
mucosal delivery applications [21–26]. Chitosan and chitosan derivatives in the form of hydrogels,
sponges and films are also under investigation for use as tissue engineering scaffolds [27–31].

Manipulation of chitosan’s biophysical properties by changing its chemical composition further
contributes to its versatility. For instance, both the molecular weight and degree of deacetylation (DDA)
of chitosan can be modified via simple chemical treatments [32,33]. Controlling these parameters
directly affects solubility, viscosity, charge and bioadhesion. In addition, chitosan’s accessible amine
and hydroxyl functional groups allow for facile conjugation of a variety of side chain moieties for
limitless customization [34].
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Despite the wealth of literature describing a plethora of potential biomedical uses, data are scarce
and often conflicting, with regard to the nature and strength of immune responses induced by chitosan
following parenteral injection or implantation. For example, in a study evaluating the biocompatibility
of chitosan in mice, chitosan scaffolds were found to induce a typical acute inflammatory response
marked by mild neutrophilic infiltration which dissipated over time [35]. By 12 weeks after
implantation, the number of neutrophils at the implantation site was significantly reduced [35].
Similarly, in another study, chitosan hydrogel injected subcutaneously and intraperitoneally in rats
induced a lower inflammatory response than the response against Vicryl® (Ethicon), a PLGA absorbable
surgical suture [36]. Tissue surrounding the chitosan hydrogel was found to result in a typical wound
healing response without the development of hemorrhage or necrosis. In contrast, a separate study
found that chitosan could activate macrophages to secrete nitric oxide, leading to long term damage of
surrounding tissues [37]. Transmission electron microscopy images of chitosan and the surrounding tissue
14 days after subcutaneous implantation in male Wistar rats, showed increased fibroblast proliferation
and accumulation of collagen fibrils potentially indicating chronic inflammation and fibrosis.

Given that APCs, such as dendritic cells (DCs) and macrophages, are key regulators of immunity,
understanding the effects of chitosan on these cells may shed some light on chitosan’s immunoreactivity.
Unfortunately, there is no consensus regarding chitosan’s impact on APC function. For instance, it was
determined that chitosan activates macrophages to produce monokines, such as colony stimulating
factor and IL-1 [38,39]. In another study, chitosan-based microspheres increased the cytolytic activity
of peritoneal macrophages following intraperitoneal injection [40]. Similarly, other studies showed
that chitosan oligosaccharides induced the robust production of pro-inflammatory cytokines, such as
TNF-α and IL-1β, by macrophages [41,42]. A contrasting study found no significant increase in the
production of these cytokines when DCs were treated with chitosan [43].

Even if one assumes that chitosan is capable of activating macrophages and DCs, the mechanism
of activation is not well understood. In a particular study, it was determined that oligochitosan with
a polymerization degree (PD) of 7–16 upregulated the expression of major histocompatibility complex
class II (MHCII) and CD86 on murine splenic CD11c+ DCs, increased the production of tumor necrosis
factor-α (TNF-α) and resulted in the proliferation of CD4+ T cells. Toll-like receptor 4 (TLR4) on splenic
DCs were found to play an important role since silencing the receptor reduced the expression of MHCII,
CD86 and TNF-α. Additionally, these effects were observed only upon treatment with oligochitosan of
PD 7–16 and not with PD of 3–7 [44]. In contrast, another study found that oligochitosan of PD 3–10
increased the production of TNF-α by mouse macrophages. Unlike the TLR4 study, mannose receptors
were found to play a key role in chitosan-induced activation [45]. Another type of receptor, NOD-like
receptor family pyrin domain containing 3 (NLRP3), was found to be activated by chitosan and induce
the release of IL-1β [46].

Thus, it is evident from the literature that there are a number of discrepancies related to chitosan’s
immunoreactivity. Chitosan is viewed by some as an inert biomaterial that induces no more than
a mild, transient foreign body reaction. To others, chitosan induces a specific, inflammatory response
initiated by direct molecular recognition. It is possible that both sides are correct. Chitosan is
a diverse class of molecules manufactured from a variety of raw materials. Different chitosans
may induce different immune responses. Moreover, some researchers also suspect most, if not all,
chitosans to be contaminated with varying levels of endotoxin which would impact immune responses
significantly [47]. Thus, there is a compelling need for a systematic study to resolve large, contradictory
discrepancies and to gain a better understanding of the immunoreactivity of chitosan. In particular,
the issue of endotoxin contamination must be addressed for chitosan to achieve widespread clinical
application. For now, chitosan’s clinical use is limited to topical applications, e.g., hemostatic bandages,
despite its considerable potential in other arenas.

The goal of this study was to assess the effect of chitosan’s modifiable parameters, i.e., molecular
weight and DDA, as well as endotoxin contamination on the function of critical APC populations
in vitro. Findings from this study should be of interest to any investigator developing chitosan-based
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implants and injectables. This study also makes the case for more detailed testing and reporting of
biochemical parameters when using chitosan in biomedical applications.

2. Results

2.1. Chitosan Induced Cytokine Production

Mouse macrophages treated with chitosan from different sources secreted an enormous range
of TNF-α (Figure 1). Among the six chitosan sources, the concentration of TNF-α was highest in
supernatant collected from cells treated with chitosan from MP Biomedicals (5553.1 ˘ 373.7 pg/mL)
and lowest with chitosan from Acros Organics (397.0 ˘ 27.1 pg/mL). Chitosan from MP Biomedicals
induced a similar response as pure LPS (6606.3 ˘ 416.6 pg/mL). Untreated cells produced less than
200 pg/mL TNF-α. All chitosan treatments induced TNF-α levels that were significantly different
from one another and higher than the untreated control group (p < 0.05 via ANOVA and Dunnett’s
post test).
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Figure 1. Immune response to commercially available chitosan. TNF-α released by Raw 264.7 macrophages
upon 24-h incubation with 0.1 µg/mL LPS, 0.1 mg/mL of chitosan solutions from six different
manufacturers; Sigma-Aldrich (SA), Primex, AK Scientific (AKS), MP Biomedicals (MP), Acros Organics
(AO) and Spectrum (SPEC) or the cell medium alone as negative control. Data presented are mean
with SEM from three independent measurements.

2.2. Characterization of Commercially Available Chitosan

Viscosity, DDA and endotoxin content in each of the six chitosan samples were measured
and tabulated. As seen in Table 1, each chitosan was found to have different levels of endotoxin
contamination and also greatly varied with respect to viscosity and DDA. Chitosan from Spectrum
chemicals was found to be highly contaminated with endotoxin levels averaging 3.45 ˘ 0.04 EU/mg,
whereas chitosan from Primex contained only 0.22 ˘ 0.06 EU/mg. The DDA ranged from 74% to 98%
while viscosities of 1% chitosan solutions varied from 13 to 265 cP among the six different chitosan
samples respectively.
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Table 1. Comparison of properties of commercially available chitosan. The amount of endotoxin
contamination, degree of deacetylation (DDA) and viscosity for each of the six different commercially
available chitosan considered in this study were measured as described. Data presented are
mean ˘ standard deviation from three independent measurements.

Chitosan Molecular Weight Provided
by Manufacturer (kDa)

Amount of
Endotoxin (EU/mg) DDA (%) Viscosity (cP)

Sigma-Aldrich 50–190 1.48 ˘ 0.05 74 ˘ 0.1 265 ˘ 5
Primex Not provided 0.22 ˘ 0.06 80 ˘ 0.3 95 ˘ 25

AK Scientific Not provided 1.44 ˘ 0.03 96 ˘ 0.4 65 ˘ 20
MP Biomedicals Not provided 2.27 ˘ 0.03 88 ˘ 0.9 19 ˘ 6
Acros Organics 100–300 1.09 ˘ 0.05 98 ˘ 0.4 58 ˘ 16

Spectrum chemicals Not provided 3.45 ˘ 0.04 92 ˘ 0.4 13 ˘ 5

2.3. Effect of DDA on Cytokine Release

Based on the data shown in Table 1, it was not possible to correlate the effects of any of the three
properties measured with TNF-α production (Figure 1). Therefore, in order to isolate the effect of
DDA on cytokine release, custom purified chitosan of two different DDAs, 80% and 97%, but of same
viscosity (95 ˘ 25 cP) were obtained from UABC. This purified chitosan contained undetectable
(<0.01 EU/mg) levels of endotoxin. Upon incubation with mouse macrophages, no significant
difference was found in the TNF-α released between the two chitosan samples (Figure 2). The amount
of TNF-α released in both cases was similar to media alone control group, 193.7 ˘ 67.5 pg/mL (p > 0.05
via ANOVA and Dunnett’s post test).
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Figure 2. Effect of DDA on mouse macrophages. TNF-α released by mouse macrophages upon 24-h
incubation with low endotoxin (<0.01 EU/mg) chitosan of 80% (Low) and 97% (High) DDA from UABC.
LPS (0.1 µg/mL) and media alone served as positive and negative controls, respectively. Data presented
are mean plus SEM from three independent measurements. Amount of TNF-α released upon treatment
with LPS was significantly different with p < 0.05 and is represented with (*).

2.4. Effect of Viscosity on Cytokine Release

To isolate the effect of viscosity or polymer chain length, RAW 264.7 macrophages were treated
with chitosans from both Primex and UABC with three different viscosity ranges, <20 cP, 20–200 cP
and 200–600 cP, at a single DDA of 80%. Significant differences in TNF-α production between the
different viscosity samples from the Primex chitosan was observed (Figure 3). However, when purified
chitosan from UABC was used, no significant difference was found in the TNF-α release between
samples of different viscosities (p > 0.05 via ANOVA). Additionally, for UABC chitosans, the amount
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of TNF-α release was indistinguishable from the untreated control group, 128 ˘ 17.5 pg/mL (p > 0.05
via ANOVA and Dunnett’s post test).
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Figure 3. Effect of endotoxin and viscosity on immune response of chitosan. TNF-α released by
RAW 264.7 macrophages upon 24 h incubation with chitosans with viscosities of <20 cP, 20–200 cP
and 200–600 cP from Primex and UABC. Data presented are mean plus SEM from three independent
measurements. * p < 0.05 for Primex chitosan of viscosities <20 cP, 20–200 cP and 200–600 cP. ** p < 0.05
for Primex vs. UABC.

2.5. Effect of Endotoxin Contamination on Cytokine Release

To determine if endotoxin content is directly responsible for immunoreactivity, UABC chitosan
spiked in with varying levels of endotoxin (0.5 and 1 EU) were exposed to RAW 264.7 cells. Both spiked
samples elicited significantly higher levels of TNF-α when compared to the untreated control (Figure 4).
In fact, chitosan spiked with 1 EU released higher levels of TNF-α (376 ˘ 38 pg/mL) when compared
to chitosan with 0.5 EU (177 ˘ 5 pg/mL). Here, the amount of TNF released by the cells upon treatment
with media alone or LPS were 39 ˘ 5 pg/mL and 12,700 ˘ 251 pg/mL respectively.
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Figure 4. Effect of endotoxin content on immune response of chitosan. TNF-α released by mouse
macrophages upon 24-h incubation with Primex, UABC and UABC chitosan spiked with 0.5 or 1 EU
(UABC´0.5/UABC 1). Cells treated with media alone served as negative control. Data presented are
mean plus SEM from three independent measurements. * p < 0.05 vs. control via ANOVA and Tukey’s
post hoc test.
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2.6. Effect of Endotoxin Contamination on Mouse Dendritic Cells

To verify that differences in chitosan-induced immunoreactivity were not an artifact of RAW
264.7 macrophages, chitosans from both Primex and UABC were exposed to BMDCs isolated from
healthy mouse femurs. Chitosans from Primex and UABC were similar in viscosity, 20–200 cP, and
DDA, 80%, however, endotoxin levels were 0.22 ˘ 0.06 EU/mg and <0.01 EU/mg, respectively.
Chitosan from Primex induced significantly higher levels of TNF-α compared to purified chitosan from
UABC ´29.0 ˘ 6.7 pg/mL vs. 14.9 ˘ 1.8 pg/mL (Figure 5). Once again the response to UABC chitosan
was similar to untreated controls (p > 0.05 via Tukey’s post test). LPS-induced TNF-α secretion by
BMDCs was orders of magnitude higher at 2597.2 ˘ 76.2 pg/mL (data not shown on graph).
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2.7. Effect of Endotoxin Contamination on Human Macrophage Cell Line

To confirm that differences in chitosan-induced immunoreactivity were not restricted to murine
cells, human macrophages differentiated from THP1 cells were treated with chitosan (80% DDA and
20–200 cP viscosity) from Primex and UABC as above (Figure 6). The amount of TNF-α produced
by THP1 cells exposed to Primex chitosan, 101.1 ˘ 2.6 pg/mL, was significantly higher than TNF-α
following exposure to the UABC chitosan, 34.7 ˘ 2.8 pg/mL (p < 0.05 via Tukey’s post test). With media
alone and LPS, THP1 cells produced 4.3 ˘ 0.4 pg/mL and 4522.7 ˘ 149.9 pg/mL TNF-α, respectively.

Mar. Drugs 2016, 14, 91  6 of 12 

 

2.6. Effect of Endotoxin Contamination on Mouse Dendritic Cells 

To verify that differences in chitosan‐induced immunoreactivity were not an artifact of RAW 

264.7 macrophages, chitosans from both Primex and UABC were exposed to BMDCs isolated from 

healthy mouse femurs. Chitosans from Primex and UABC were similar in viscosity, 20–200 cP, and 

DDA,  80%,  however,  endotoxin  levels were  0.22  ±  0.06  EU/mg  and  <0.01  EU/mg,  respectively. 

Chitosan from Primex induced significantly higher levels of TNF‐α compared to purified chitosan 

from UABC −29.0 ± 6.7 pg/mL vs. 14.9 ± 1.8 pg/mL  (Figure 5). Once again  the response  to UABC 

chitosan was  similar  to  untreated  controls  (p  >  0.05  via  Tukey’s  post  test).  LPS‐induced  TNF‐α 

secretion by BMDCs was orders of magnitude higher at 2597.2 ± 76.2 pg/mL  (data not shown on 

graph). 

 

Figure  5. Effect of  endotoxin on BMDCs. TNF‐α  released by BMDCs upon  24 h  incubation with 

chitosan  from  Primex  and UABC. Data  presented  are mean  plus  SEM  from  three  independent 

measurements. Media alone served as negative control. * p < 0.05 vs. control and UABC via Tukey’s 

post hoc analysis. 

2.7. Effect of Endotoxin Contamination on Human Macrophage Cell Line 

To confirm that differences in chitosan‐induced immunoreactivity were not restricted to murine 

cells, human macrophages differentiated from THP1 cells were treated with chitosan (80% DDA and 

20–200 cP viscosity) from Primex and UABC as above (Figure 6). The amount of TNF‐α produced by 

THP1  cells  exposed  to Primex  chitosan,  101.1  ±  2.6 pg/mL, was  significantly higher  than TNF‐α 

following exposure  to  the UABC chitosan, 34.7 ± 2.8 pg/mL  (p < 0.05 via Tukey’s post  test). With 

media  alone  and  LPS,  THP1  cells  produced  4.3  ±  0.4  pg/mL  and  4522.7  ±  149.9  pg/mL  TNF‐α, 

respectively. 

 

Figure  6. Effect of  endotoxin  contamination of  chitosan on human macrophage  cell  line. Human 

macrophages were differentiated from THP1 cells and treated with chitosan from Primex and UABC 

or media alone (control). Data presented are mean plus SEM from three independent measurements. 

* p < 0.05 vs. control. 
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and UABC or media alone (control). Data presented are mean plus SEM from three independent
measurements. * p < 0.05 vs. control.



Mar. Drugs 2016, 14, 91 7 of 12

3. Discussion

Chitosan is a promising, versatile biopolymer with numerous potential clinical applications.
However, there is no clear consensus regarding the immunoreactivity of chitosan. This is partly due to
a lack of standardization in chitosan-based studies. In a recent review, it was correctly noted that most
studies involving chitosan fail to fully disclose important characteristics such as the molecular weight,
DDA, source and purity of chitosan [48]. As a result, it is difficult to compare results between groups
which use chitosan from different sources. Our characterization studies showed that there were indeed
large differences in chitosans from different manufacturers in terms of viscosity, DDA and endotoxin
contamination (Table 1).

Because chitosan is a natural biopolymer produced primarily via multiple cycles of alkaline and
acidic treatments of crustacean exoskeletons, some variation in physico-chemical properties can be
expected. Different treatment conditions inevitably lead to differences in molecular weights/viscosities
and DDAs. As a result, chitosan from a single source can vary from batch-to-batch.

To understand the effects of chitosan’s properties on immunoreactivity, our studies focused
on cellular immune responses to chitosan. By focusing on the cell level, we are able to isolate
chitosan-specific immunoreactivity from more complex processes, such as foreign body reactions
and inflammatory responses that occur following in vivo administrations. In particular, professional
APCs such as macrophages and dendritic cells are key mediators of immunity. Thus, understanding
how these APCs respond to different chitosans is essential for helping resolve discrepancies in the
literature and supporting clinical translation of chitosan-based applications.

TNF-α was used as an indicator of immunoreactivity since it is an important early signaling
protein and a highly sensitive indicator of immune responsiveness. Our preliminary studies which also
measured IL-1β and IL-6 levels in response to chitosan exposure, demonstrated that these cytokines
were not as sensitive as TNF-α (data not shown).

After the initial characterization (Table 1) and TNF-α release (Figure 1) studies, it was clear that
(1) immune responses were highly variable; and (2) it was not possible to isolate the specific effects
of viscosity, DDA and endotoxin contamination using commercially available chitosans. In addition,
despite endotoxins having a major effect on chitosan immunoreactivity, it was not possible to correlate
endotoxin levels in the different chitosans with TNF-α release. This is due to the fact that the activity
of endotoxins vary widely with the intrinsic activity of its lipid associated protein [49]. Because these
chitosans were derived from different sources, the types of endotoxin were likely to be different.
Nevertheless, in anticipation that endotoxin contamination would be a significant factor in driving the
immune response, we obtained, from the UABC, purified chitosan that contained undetectable levels
of endotoxin. This purified chitosan allowed us to uncouple the effects of molecular weight, DDA and
endotoxin contamination.

By treating mouse macrophages with chitosans of different viscosities and DDAs but with the same
amount of endotoxin (<0.01 EU/mg), we found that neither DDA (Figure 2) nor viscosity/molecular
weight (Figure 3) had any effect on the immune response. Additionally, by spiking in known amounts
of endotoxin into UABC chitosan, we confirmed that the immunoreactivity is directly affected by
amount of endotoxin contamination in chitosan.

Regarding the effect of viscosity/molecular weight, it was previously shown that higher molecular
weight oligochitosans, PD 7–16, were more immunoreactive, in terms of upregulation of antigen
presenting and co-stimulatory molecules as well as TNF-α production, than lower molecular weight
oligochitosans, PD 3–7 [26]. We estimate that even our smallest chitosan had a PD of about 20–40
which is much higher than the oligochitosans of previous studies. As a result, it is possible that
viscosity/molecular weight does not impact immunoreactivity above a threshold chain length. It is
also possible that oligochitosans used in previous studies contained varying amounts of endotoxin
which, as we have shown above, can lead to significant differences in immunoreactivity. Endotoxin levels
were not reported in the oligochitosan study [26]. Nevertheless, planned studies will explore smaller,
purified oligochitosans to determine if we find the same effect of molecular weight with smaller chitosans.
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Regarding the effect of DDA, it was previously shown that chitosan scaffolds of 85% DDA led
to greater mononuclear cell infiltration as compared to 96% DDA [50]. Furthermore, the density of
infiltrates increased over a 2-week period for the lower DDA scaffold. While our study found no
effect of DDA, we looked at a simple system aimed at understanding cellular responses and not in vivo
foreign body response. It is possible that immune responses may change in vivo when more cells and
processes are involved. This is the subject of future studies.

It is important to reiterate that chitosan-induced responses were not restricted to a single cell line
or species. Similar results were obtained with RAW 264.7 murine macrophages and murine BMDCs.
Since mice are generally less sensitive to endotoxins than humans, it was also useful to observe
that human macrophages differentiated from THP1 similarly responded to endotoxin contamination
in chitosan by producing higher levels of TNF-α (Figure 4). While it is not surprising that higher
endotoxin levels lead to higher pro-inflammatory cytokine production, these data emphasize the need
for chitosan-based preclinical studies to provide a complete biochemical characterization, including
endotoxin levels, of any chitosans used.

4. Materials and Methods

4.1. Reagents

Chitosan was obtained from Sigma-Aldrich (St. Louis, MO, USA), Acros Organics (Bridgewater,
NJ, USA), AK Scientific (Union City, CA, USA), MP Biomedicals (Solon, Ohio, OH, USA), Spectrum
Chemical Mfg Corp. (New Brunswick, NJ, USA) and Primex (Siglufjordor, Iceland). Purified, low
endotoxin chitosan (<0.01 EU/mg) was obtained from the University of Arkansas Biologics Center
(UABC) (Fayetteville, AR, USA). Sodium hydroxide was purchased from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). Hydrochloric acid and acetic acid were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Unless otherwise specified, chitosan solutions were prepared by dissolving chitosan in
0.1 M HCl and adjusted to pH 6.0 using NaOH.

Cell culture media components including Dulbecco’s modified Eagle’s medium (DMEM),
Roswell Park Memorial Institute 1640 (RPMI-1640), fetal bovine serum (FBS), L-glutamine and
penicillin-streptomycin solution were purchased from Hyclone Laboratories (Logan, UT, USA).
Ammonium-chloride-potassium (ACK) buffer used in the process of isolating bone marrow derived
dendritic cells from mouse was purchased from Lonza (Allendale, NJ, USA). Recombinant murine
granulocyte-macrophage colony stimulating factor (rmGM-CSF) was purchased from Peprotech
(Rocky Hill, NJ, USA). Lipopolysaccharide (LPS) from Salmonella enterica serotype enteritidis was
purchased from Sigma-Aldrich.

4.2. Laboratory Animals

Female C57BL/6 J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
Mice were housed in microisolator cages and used at 8–12 weeks of age. All experimental procedures
were approved by the Institutional Animal Care and Use Committee at the University of Arkansas.
Animal care was in compliance with The Guide for Care and Use of Laboratory Animals (National
Research Council).

4.3. Cell Culture

RAW 264.7 murine macrophages and THP1 human monocyte leukemia cells were purchased
from American Type Culture Collection (Manassas, VA, USA). RAW 264.7 macrophages were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. THP1 cells were differentiated into macrophages and cultured in RPMI-1640
with 10% FBS as described previously [51]. Bone marrow derived dendritic cells were isolated from
C57BL/6 mice, as described elsewhere [52]. All cultures were maintained in a humidified CO2

incubator at 37 ˝C and 5% CO2.
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4.4. Determination of Relative Viscosity, DDA and Endotoxin Content

Relative viscosity was used as a surrogate for polymer chain length or molecular weight. A 1%
(w/v) solution of each chitosan was prepared in 1% (v/v) acetic acid (Sigma-Aldrich) and the viscosity
was measured using an LV DVIII rheometer from Brookfield Engineering Laboratories (Middleboro,
MA, USA). Readings were taken at 25 ˝C using a CP-40 spindle. The DDA of the chitosan solutions
were determined, as described previously [32]. Recombinant Factor C assay (rFC) assay from Lonza
was used to measure the level of endotoxin in chitosan solutions following the procedure described by
the manufacturer.

4.5. Measurement of Immune Responses

RAW 264.7 macrophages were exposed to 0.1 mg/mL of each chitosan solution for 24 h.
The amount of TNF-α in cell culture supernatants was quantified via enzyme linked immunosorbent
assay (ELISA) kits from eBiosciences (San Diego, CA, USA) following the protocol provided by the
manufacturer. Cells treated with 0.1 µg/mL LPS or media alone served as positive and negative
controls, respectively. Endotoxin standard (E.coli, O55:B5) provided in the rFC assay kit was spiked
into UABC chitosan to confirm its effect on immunoreactivity.

4.6. Statistical Analysis

All experiments were performed in triplicate. Data are reported as mean ˘ standard error of
the mean (SEM) or standard deviation. Student’s t-test was used to compare two groups of interest.
For more than two groups, analysis of variance (ANOVA) was performed followed by Tukey’s or
Dunnett’s post test analyses. Statistical differences were accepted at the p < 0.05 level.

5. Conclusions

Despite its remarkable potential for use in a range of medical applications, discrepancies in
chitosan’s immunoreactivity have limited its clinical use. By exploring the direct effects of chitosan
on immune responses at the cellular level, we are able to isolate chitosan-specific immunoreactivity
from more complex processes such as foreign body reactions and inflammatory responses that occur
following injections in vivo. Initial characterization studies demonstrated that commercially available
chitosans, in solution, induce varying degrees of immune responses. Using purified, low endotoxin
chitosan, it was determined that viscosity/molecular weight and DDA within the ranges 20–600 CP
and 80%–97%, respectively, have no impact on chitosan’s immunoreactivity. Similar results were found
using murine and human macrophages as well as murine dendritic cells. In retrospect, large differences
in immune responses, both in our initial characterization of commercially available chitosan as well as
results found in the literature, may be explained by highly variable endotoxin levels. It should be noted
that because immunoreactivity was assessed solely based on TNF-α production, to fully appreciate the
immunoreactivity of chitosan, in vitro studies characterizing other inflammatory cytokines, such as IL-1
and IL-6, as well as in vivo studies using purified chitosans must be performed. Ultimately, endotoxin
contamination is expected to remain as the chief factor influencing immunoreactivity. Therefore, we
suggest that endotoxin levels be explicitly reported in all future biomedical studies involving chitosan.
It should also be noted that chitosan solutions were evaluated in this study. While we expect to find
similar low reactivity to chitosan in solid forms, such as particles, scaffolds, films, etc., no conclusions
can be drawn without additional experimentation.
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