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Abstract
Nanofibrous electrospun chitosan membranes (ESCMs) have shown 
promise for enhanced guided bone regeneration (GBR) in alveolar defects 
when insufficient bone volume is present. Following GBR, a strategy that 
can be implemented to facilitate healing is the promotion of macrophage 
polarization from a pro-inflammatory phenotype (M1) to an anti-inflam-
matory phenotype (M2). Raspberry ketone (RK) is a natural compound 
that possesses anti-inflammatory properties. ESCMs were used to locally 
deliver RK to an in-vivo bone defect site using a rat calvarial model. ESCMs 
were loaded with 0 or 250 µg RK. Membranes from each treatment were 
implanted into rat calvarial defects (n=8). Membranes and surrounding 
tissues were extracted in serial sections and immunohistochemically stained 
at 1, 2, and 4 weeks using individual markers for M1(iNOS), M2 (CD206), 
and total macrophages (CD68). Percent-stained area was quantified using 
NIH ImageJ. Results indicated that ESCMs loaded with 250 µg RK facilitated 
M1 to M2 macrophage polarization.
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A barrier membrane is then used to create a partition between the new 
bone growth and the soft tissues. However, complications can arise when 
connective and epithelial tissues invade the defect site, resulting in inadequate 
bone tissue regeneration. For healing to occur after the barrier membrane 
has been implanted, the inflammatory phase of the wound healing process 
must transition to the proliferative phase. 

A type of cell that plays a prominent role in all phases of the wound 
healing process is the macrophage. Macrophages are specialized cells that 
originate from a type of immune cell called monocytes. Monocytes are 
attracted to tissues in response to injury, and these cells differentiate into 
macrophages. Macrophages are involved in the detection, phagocytosis, 
and destruction of bacteria (Rodriguez 2018). In relation to environmental 
signals, macrophages can differentiate into distinct populations. Specifically, 

Introduction
Alveolar bone loss can occur in patients due to periodontal disease or 
trauma. In the U.S. alone, more than 50% of adults suffer from periodontal 
disease (Eke 2012). This condition can become more prevalent as patient 
age increases. Furthermore, alveolar bone loss directly affects both patient 
health and patient quality of life. To combat these issues, a procedure called 
guided bone regeneration is often employed. Due to insufficient bone volume 
being present, Guided Bone Regeneration (GBR) is a surgical procedure that 
replaces missing bone with material from a patient’s own body or with an 
artificial, synthetic, or natural substitute (Kumar 2013). As shown in Figure 
1, when employing the procedure, a supporting material is placed into the 
socket where the bone is missing (Rodriguez 2018).

Figure 1. Guided Bone Regeneration procedure used to combat 
bone loss. (Rodriguez 2018)



99

macrophages undergo a polarization along a spectrum into their M1 and 
M2 phenotypes. M1 macrophages are pro-inflammatory and possess anti-
microbial properties while M2 macrophages are anti-inflammatory and aid 
in immune regulation (Fujiwara & Kobayashi 2005). As shown in Figure 2, 
M1 macrophages are introduced during the inflammatory phase of wound 
healing, and they polarize to their pro-healing M2 phenotype as tissue forma-
tion occurs in the proliferative phase. Moreover, M1 macrophages initiate 
the tissue repair process while M2 macrophages stabilize the repair process. 
Therefore, as the wound healing process progresses, M1 macrophages begin 
to polarize from their M1 phenotype to their M2 phenotype.

Figure 2. Diagram of macrophage polarization throughout the wound healing 
process. (Boniakowski et al., 2017)

This polarization was evaluated during an in-vitro study conducted in 
our lab that examined macrophage polarization from the M1 phenotype to 
the M2 phenotype in response to different concentrations of raspberry ketone 
(RK). RK is a natural phenolic compound of red raspberry that is known for 
its antioxidant and anti-inflammatory properties (Krzyszczyk 2018). Due 
to its anti-inflammatory properties, RK has shown potential in facilitating 
macrophage polarization. The in-vitro study found that raspberry ketone 
increased anti-inflammatory cytokines and decreased proinflammatory 
cytokines, which are signaling molecules that are specific to macrophage 
phenotypes and initiate healing properties. 

To promote soft tissue healing and bone regeneration in the GBR 
process through the stimulation of macrophage polarization, the current 
study uses electrospun chitosan membranes (ESCMs) to locally deliver RK 
to an in-vivo bone defect site using a rat calvarial model. This will then allow 
the following questions to be answered:

1- Does RK affect macrophage polarization?

2- Does RK increase the number of anti-inflammatory, M2, macrophages?
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Materials and Methods
Nanofibrous electrospun membranes composed of the natural polymer, chi-
tosan, were loaded with RK. Chitosan is a polymer that is synthesized from 
chitin, a polysaccharide widely distributed in nature (Dodane et al.,1998). 
Moreover, Chitosan is appropriate for use as a membrane material in guided 
bone regeneration due to its resorbable nature, biocompatibility, and con-
trolled degradation properties. Additionally, the nanofibrous structure of 
the membranes provides an increased surface area to volume ratio, allowing 
for local drug delivery to stimulate healing. This study utilized chitosan 
membranes that were loaded with a 250 µg dose of RK. These membranes 
were implanted into the calvarial defects of 8 rats (n=8) for 1, 2, and 4 weeks. 
Bilaterally separated by the sagittal suture, each rat received one chitosan 
membrane that was loaded with 250 µg RK and one membrane loaded with 
0 µg RK, serving as a control group as shown in Figure 3.

Figure 3. Rat cavlvarial defect model with RK loaded and non RK loaded 
chitosan membranes.

As rats were euthanized at each time point, three serial sections of tissue 
were extracted from each animal. The membranes and surrounding tissues 
were extracted in sagittal sections with a thickness of 5 microns, and an 
inflammatory score was given by a pathologist. As shown in Figure 4, these 
sections were immunohistochemically stained with CD68, CD206, and iNOS. 
These markers stained for the presence of all macrophages, M2 macrophages, 
or M1 macrophages, respectively. As shown in Figure 5, images of these 
immunohistochemically stained tissues were taken at 20X magnification 
using the image stitching function of an Olympus microscope.  Images were 
analyzed by a blind observer using NIH ImageJ.
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Figure 4. Immunohistochemical staining using CD68 (A), CD206 (B), 
and iNOS (C) for total, M1, and M2 macrophages, respectively.

Figure 5. Immunohistochemically stained sample including membrane 
and surrounding tissue. 

Using NIH ImageJ, the macrophages present in the inflammatory 
area of the membrane’s surrounding tissue were quantified autonomously. 
Specifically, the inflammatory and the membrane areas were identified and 
isolated. Then, each tissue image was separated into three color channels 
using color deconvolution. As shown in Figure 6, using the orange color 
channel, the threshold intensity was manually adjusted to adequately cover 
the macrophage staining area, which was shown in brown. The size of cell 
(100-infinity pixel2) and the circularity (0-2) were constant values for all 
tissue sections. However, the threshold intensity was different for each tissue 
sample due to differences in staining intensity. The program automatically 
counted and outlined all macrophages based upon the set parameters, 
producing a binary image as shown in Figure 7. 
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Percent area was used as opposed to macrophage cell count to combat 
diff erences between animals and tissue samples as well as to compare the 
data to previous studies. At the completion of data compilation, a two-
way ANOVA was performed for each of the three markers to identify any 
statistically signifi cant diff erences between treatment groups and time.

Results
Figures 8, 9, and 10 display graphs of the average percent area for each 
treatment group at week 1, week 2, and week 3. Because staining was done 
on separate serial sections of tissue, total macrophage staining does not 

Th e total area, membrane area, and stained area were also provided. All 
analysis utilized percent area as calculated in Equation 1.

(1)

Figure 7. Binary image with individually counted macrophages.

Figure 6. Membrane with isolated infl ammatory region and 
highlighted positive macrophage staining
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Figure 8. Total macrophage percent area data for 250 µg 
and 0 µg treatment group at 1, 2, and 4 weeks.

Figure 9. M1 macrophage percent area data for 250 µg 
and 0 µg treatment group at 1, 2, and 4 weeks.

equate the sum of M1 and M2 macrophage staining. As shown in Figure 
8, the 250 µg RK treatment group had fewer total macrophages at weeks 
2 and 4 and greater total macrophages at week 1. As shown in Figure 9, 
at the M1 macrophage week 2 timepoint, the control group had a greater 
number of M1 macrophages present. In Figure 10, at the M2 macrophage 
week 2 timepoint the 250 µg RK treatment group had a greater amount of 
M2 macrophages present.
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Outliers based on the 1.5 IQR were also determined using a series of boxplots 
for both treatment groups for each different macrophage marker as shown 
in Figures 11, 12, and 13. Outliers were present for the total macrophage 
and M1 markers.

Figure 11. Boxplots of %Area for CD68 for each treatment group and 
time point (n=8). Red crosses indicate outliers according to upper and 
lower limits of Q3 + 1.5 IQR and Q1 – 1.5 IQR, respectively.

PAN Marker

Figure 10. M2 macrophage percent area data for 250 µg and 
0 µg treatment group at 1, 2, and 4 weeks.
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Figure 12. Boxplots of the %Area for iNOS for each treatment group and 
time point (n=8). Red crosses indicate outliers according to upper and 
lower limits of Q3 + 1.5 IQR and Q1 – 1.5 IQR, respectively.

M1 Marker

Figure 13. Boxplots of the %Area for CD206 for each treatment group 
and time point (n=8). Red crosses indicate outliers according to upper 
and lower limits of Q3 + 1.5 IQR 

M2 Marker



106

As shown in the Table 1 two-way ANOVA results, for all three macrophage 
markers, p>0.05 for interactions, indicating that there were no statistically 
signifi cant interactions. In addition, p>0.05 for treatment groups for all 
three markers. However, p<0.05 for time points for CD68 and CD206, and 
p>0.05 for time points for iNOS.

Table 1. Results of two-way ANOVA

Discussion
Th e results of the two-way ANOVA show that there was no statistically 
signifi cant diff erence between the control group and the 250 µg RK treatment 
group. However, apart from the M1 marker, which could potentially be due 
to the presence of outliers, there was a statistically signifi cant diff erence 
between time points. Th e statistical diff erence between time points is an 
indicator of macrophage polarization taking place for both treatment groups. 
Th is indicates that the wound healing process was able to naturally occur, 
and the raspberry ketone did not inhibit macrophage polarization.  

Although no statistical differences between groups were noted, 
trends were present throughout the data, indicating that RK did infl uence 
macrophage polarization. For total macrophages, on average, the 250 µg 
RK treatment group had fewer overall macrophages at weeks 2 and 4 and 
greater overall macrophages at week 1. Early in the wound healing process, 
macrophage cell counts would be expected to increase as M1 macrophages 
are introduced, clearing out debris and pathogens. Th e cell count would then 
decrease aft er macrophages transition to their pro-healing M2 phenotype. 
Macrophages are no longer required as wound healing progresses and tissue 
formation occurs. Th erefore, this total macrophage trend is indicative of the 
250 µg RK treatment group being further ahead in the polarization process 
in comparison to the control group. Th e M1 macrophage week 2 timepoint 
shows that the control group had a greater amount of M1 macrophages 
present, and the M2 macrophage week 2 timepoint shows that the 250 µg 
RK treatment group had a greater amount of M2 macrophages present. Th is 
trend also indicates that the 250 µg RK treatment group had a quicker M1 to 
M2 polarization in comparison to the control group.
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The increased polarization toward the M2 phenotype that these trends 
exhibit is indicative of the progression of the wound healing process. As 
previously stated, M2 macrophages are pro-healing. Therefore, increased 
polarization toward the M2 phenotype indicates increased bone regeneration.

Conclusion
Graphically, it appears that raspberry ketone influences the polarization 
of macrophages from the M1 to the M2 phenotype in rat calvarial defects. 
Specifically, the graphed data indicates a lower amount of M1 macrophages 
and a higher amount of M2 macrophages in the RK treated group, indicating 
increased polarization and bone regeneration. For future studies, larger 
sample sizes could be used to increase the statistical significance and to 
further validate findings. Additionally, due to the presence of large standard 
deviations, the accuracy of individual markers could be explored. Further-
more, other doses of RK should be analyzed for dose dependent effects.
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