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Abstract

The natural wound healing process consists of four 
basic phases: homeostasis, inflammation, proliferation, 
and remodelling. Macrophages play an important role in 
the body’s response to biomaterials, as they are modula-
tors of the wound healing process and can polarize into 
different phenotypes capable of inducing both deleterious 
and beneficial effects on tissue repair. Curcumin (CU) is 
known for its anti-inflammatory properties and has the 
potential to treat diabetic foot ulcers, but it should be 
delivered to wounds in a controlled manner. In this study, 
the encapsulation of curcumin in polymeric microparticles 
based on poly(sebacic anhydride) (PSA) was developed 
using an emulsification method. PSA-based microparticles 
containing different concentrations of CU were obtained: 
0% weight (wt). CU (unloaded microparticles), 5, 10, and 
20 wt% CU. CU encapsulation efficiency and loading were 
determined using a fluorescence-based calibration curve 
method and semi-quantitative Fourier-transform infrared 
spectroscopy (FTIR) analysis. The potential cytotoxicity of 
the obtained biomaterials in contact with primary human 
macrophages and their susceptibility to polarization from 
the M1 (pro-inflammatory) phenotype to the M2 (anti-
inflammatory) phenotype were evaluated. The morphology 
of cells cultured in contact with polymeric microparticles 
was evaluated using phalloidin red and 4′,6-diamidino-
2-phenylindole (DAPI) staining. Macrophage phenotype was 
assessed using flow cytometry. The obtained biomaterials 
showed no cytotoxic effect on primary human macrophages.  

Flow cytometry studies showed enhanced polarization of 
macrophages into anti-inflammatory M2 phenotype when 
exposed to microparticles loaded with CU and CU powder 
as compared to unloaded microparticles.

Keywords: curcumin, immunomodulation, inflammation, 
macrophage polarization, polymeric microparticles, wound 
healing

Introduction

Diabetes mellitus is a chronic disease characterized by 
hyperglycemia that can lead to various complications, such 
as diabetic wounds and ulcers. These complications require 
long-term treatment and negatively affect the patient’s qual-
ity of life [1]. High and persistent glucose levels can cause 
vascular damage, which can affect and harm nerves, leading 
to neuropathy that may cause severe damage, resulting in 
serious infections and ulcers [2].

According to epidemiological studies by the International 
Diabetes Federation (IDF), around 463 million people suf-
fered from diabetes in 2019, and this number is estimated 
to increase to 578 million in 2030 and 700 million in 2045, 
with 20% of the patients developing diabetic wounds [3]. 
Another study showed that 3.1-11.8% of patients with dia-
betes have foot ulcers and are 10-20 times more likely to 
suffer a lower limb amputation [4]. In addition, diabetic foot 
ulcers are known to affect patients economically, as their 
healthcare costs are 5 times higher than those of diabetic 
patients without foot ulcers [5]. Diabetes complicates and 
prolongs the natural wound-healing process, as it stops it in 
the inflammatory phase [6]. Impaired function and decreased 
neutrophil infiltration lead to oxidative stress and the release 
of pro-inflammatory cytokines. Prolonged exposure to reac-
tive oxygen species (ROS) causes cellular dysfunction and 
destructive oxidation of intracellular lipids, nucleic acids, 
and proteins. Peroxisome proliferator-activated receptor 
(PPARγ) expression is dysregulated in normal wound 
healing facilitating the transition of macrophages from an 
M1 (pro-inflammatory) to an M2 (anti-inflammatory) like 
phenotype, critical for normal wound healing [7]. 

Macrophages are key modulators of the wound healing 
process as they play a unique role in ensuring proper heal-
ing. Initially, pro-inflammatory macrophages (M1) infiltrate 
after injury to clear the wound of bacteria, foreign debris, 
and dead cells. In acute wounds, as the tissue begins to 
repair, the overall macrophage population transitions to the 
M2 phenotype that promotes anti-inflammatory effects and 
the migration and proliferation of fibroblasts, keratinocytes, 
and endothelial cells to restore the dermis, epidermis, and 
vasculature [8]. Moreover, macrophages express growth fac-
tors and cytokines essential for angiogenesis, cell prolifera-
tion, and extracellular matrix deposition [9]. Eventually, the 
wound closes and a scar forms. Early in the final phase of 
the remodeling phase, macrophages release matrix metal-
loproteinases (MMPs) to degrade the provisional extracel-
lular matrix, and then apoptose so that the skin can mature 
to its original intact state [8]. The macrophage phenotype 
gradually changes throughout the healing process from an 
initial pro-inflammatory M1 phenotype characteristic of the 
acute response to a pro-regenerative M2 phenotype that 
allows accurate tissue repair [9]. In chronic wounds, pro-
inflammatory macrophages persist without transitioning to 
anti-inflammatory phenotypes; which is thought to contribute 
to the impairment in tissue repair [8].
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DL =
encapsulated CU

 · 100%
MP mass

EE =
encapsulated CU

 · 100%
initial CU addition

ME =
mass of sample after liophylization

 · 100%
mass of PSA in sample+mass of CU in sample

Nanotechnology-based therapies have emerged as  
a promising treatment for chronic diabetic foot ulcers, due to 
their unique properties and specific functional properties [1].  
It has been shown that curcumin (CU) as an active sub-
stance possesses significant anti-inflammatory, anti-oxidant, 
anti-carcinogenic, anti-mutagenic, anticoagulant, and anti-
infective properties [7]. CU promotes healing by acting on 
various stages of the natural wound healing process. It can 
enhance granulation, tissue formation, collagen deposition, 
tissue remodelling, and wound contraction [7].

The aim of this study was to develop curcumin delivery 
systems made of degradable polymer microparticles and 
to assess their anti-inflammatory properties in contact with 
human macrophages.

Materials and Methods

Manufacturing of microparticles
Polymeric microparticles were manufactured using  

a single oil-in-water (O/W) emulsification with the solvent 
evaporation method. The water phase (W) was a 2% 
poly(vinyl alcohol) solution (PVA, Mw = 31 kDa, Sigma-  
Aldrich, Mowiol 4-88, CAS: 9002-89-5) while the oil phase (O)  
consisted of poly(sebacic anhydride) (PSA, Silesian Univer-
sity of Technology [10]) dissolved in dichloromethane (DCM, 
99.8% pure P.A., POCH S.A, CAS: 75-09-2) (2% w/v) with 
CU (Sigma-Aldrich, C7727-500MG, CAS:458-37-7) as an 
active substance. The chemical formulas of CU and PSA 
are shown in FIG. 1 and 2, respectively.

Polymeric microparticles that contained different weight 
concentrations of CU were prepared according to a method 
described earlier [11]: PSA/DCM – unloaded sample and 
PSA/DCM+CU with different concentrations of CU: 5, 10, 
and 20 wt% CU.

The calculated masses of curcumin required to prepare 
samples with CU concentrations: 0, 5, 10, and 20 wt%, were 
respectively weighted. Then, a 2% w/v PSA solution in DCM 
was prepared as an oil phase. 3 mL of the oil phase was 
homogenized for 90 s, at an amplitude of 40%, and slowly 
dripped into the water phase (20 mL). Subsequently, beak-
ers placed in crystallizers with ice (to cool the PVA solution) 
were then placed on a magnetic stirrer to mix their contents. 

FIG. 1. Molecular structure of curcumin. 

FIG. 2. Poly(sebacic anhydride) structural formula.

The mixing process was carried out for 5 h (until the solvent 
evaporated), at a set stirring speed of 1200 rpm at room 
temperature. The resulting emulsions were then centrifuged 
using a centrifuge (3-30 K, Sigma). Centrifugation param-
eters were: v = 15,000 rpm, t = 20 min, T = 4oC. Next, UHQ 
water was added and the samples were centrifuged 3 times. 
Supernatants (1.5 mL for each sample) were collected to as-
sess encapsulation efficiency (EE). 10 µL of the suspension 
was placed on a microscope slide and 3 images per sample 
were taken for further characterization of the manufactured 
microparticles. The remaining microparticles were frozen at 
-80ºC for 24 h. Microparticles were freeze-dried for 48 h.

The diameters of the manufactured polymeric microparti-
cles were measured using ImageJ software. Histograms of 
the size distribution were prepared based on the obtained 
results using Python software.

Manufacturing efficiency (ME) was calculated using the 
formula (1):

(1)

Characterization of microparticles
The encapsulation efficiency of CU was determined in 

the supernatants after the centrifugation process using  
a fluorometric assay. The supernatant samples were treated 
with DMSO (POCH S.A.) at a volume ratio of 1:10 to dilute 
the residual CU. CU in known concentrations (0-100 µg/mL,  
step 10 µg/mL) was dissolved in the same mixture of 
water: DMSO (1:10) for the preparation of the calibration 
curve. The linear relationship was estimated in the range of  
0-20 µg/mL CU. Samples of both calibrators and super-
natants diluted in DMSO were placed in a black 96-well 
TCPS plate (100 µL/well, n = 3 for each sample). Excitation 
wavelengths of 485-412 nm and emission wavelengths of 
590–510 nm were used in a plate reader (FluoStar OMEGA, 
BMG LabTech) [11].

The encapsulation efficiency (EE) was determined as (2):

(2)

and drug loading (DL) was calculated as follows (3): 

(3)

FTIR analysis was performed using PerkinElmer FT-IR 
spectrometer to identify characteristic chemical groups and 
bonds present in the curcumin molecule, and to determine 
the encapsulation efficiency, a semi-quantification approach 
was used. The analysis was carried out at room temperature 
(21°C) and low humidity (approx. 68%). FTIR spectra were 
analyzed using PerkinElmer Spectrum IR software.

Primary human monocyte isolation and macrophage 
differentiation

Human monocytes were isolated from the peripheral 
blood of healthy blood donors by negative selection, us-
ing methods described in [12]. Briefly, buffy coats were 
centrifuged at room temperature for 20 min at 1200 g 
(Eppendorf Centrifuge 5810R, VWR International LLC, 
Radnor, PA, USA), with acceleration set at 5 and brake set 
to 0, for blood components separation. Peripheral blood 
mononuclear cells (PBMC) were collected and incubated 
with RosetteSepTM Human Monocyte Enrichment Cocktail 
(67 µL per 1 mL of RBC-PBMC, StemCell TechnologiesTM, 
Vancouver, Canada) at room temperature for 20 min under 
slow orbital agitation. The mixture was diluted at a 1:1 ratio 
with 2% heat in-activated FBS (Biowest, Riverside, MO, 
USA) in PBS, gently layered over Histopaque-1077 (Sigma-
Aldrich Co., St Louis, MO, USA) and centrifuged as former. 
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The enriched monocyte layer was collected and washed 
three times with PBS by centrifugation at 7 min, 1300 rpm, 
at room temperature (Eppendorf Centrifuge 5810R, VWR 
International LLC, Radnor, PA, USA) [13].

For macrophage differentiation, 0.5x106 cells/mL were 
seeded on glass coverslips in 24-well plates, and cultured 
for 7 days in complete RPMI media, supplemented with 10% 
FBS, in the presence of 50 ng/mL of rh M-CSF (ImmunoTools, 
Friesoythe, Germany). After 7 days of differentiation, the cell 
culture media was changed, and M-CSF was removed [12,13].

To polarize macrophages towards M1 phenotype (pro-
inflammatory), on day 7 of culture, media was replaced, and 
monocytes/macrophages were stimulated with 10 ng/mL  
lipopolysaccharide (LPS, Escherichia coli serotype O55:B5, 
Sigma-Aldrich Co., St Louis, MO, USA) and 50 ng/mL 
recombinant interferon-gamma (rhIFN-γ, ImmunoTools, 
Friesoythe, Germany) [12]. 

The manufactured PSA-based microparticles were 
added to the activated cells on day 8 to investigate their 
anti-inflammatory properties, interpreted as the ability of 
the cells to shift their phenotype from M1 (pro-inflammatory) 
towards M2 (anti-inflammatory). 

Evaluation of the cells morphology was performed by 
fluorescent staining with phalloidin red and DAPI. Briefly, 
cells were fixed with 4% paraformaldehyde solution (PFA: 
50-00-0; Sigma-Aldrich®) for 20 min and afterward washed 
with PBS (3x5 min, under agitation). The aldehydes were 
blocked with ammonium chloride (NH4Cl, 213330, Sigma-
Aldrich®, 50 mM) for 10 min. Cells were washed with PBS 
(3x5 min). The membrane was permeabilized with 0.2% 
Triton X-100: 648466 (VWR International, Material de 
Laboratório, Lda) for 5 min. Cells were washed with PBS 
(3x5 min, under agitation), blocked with 1% bovine serum 
albumin (BSA: A4919, Sigma-Aldrich®), for 1 h, followed 
by an incubation with phalloidin red (1:200, Alexa FluorTM 
594 phalloidin: A12381, ThermoFisher Scientific, Invitrogen) 
for 20 min. Cells were washed with PBS (3x5 min, under 
agitation). Nuclei were stained with DAPI (1:1000, D3571; 
Alfagene) for 5 min. PBS washing was repeated (3x5 min, 
under agitation). All steps were performed at room tem-
perature (RT, 21ºC). Images were taken under a motorized 
inverted epifluorescence microscope (Leica DMI6000 FFW, 
Leica Microsystems, Germany).

LDH assay (Promega) was performed to assess the 
cytotoxicity of the developed particles. The assay was 
conducted on the following types of samples: CU, unloaded 
microparticles (PSA-based), and microparticle samples with 
CU at the concentrations of 0.77 mg/mL, and 1.54 mg/mL. 
Briefly, a 50 μL medium of each sample was placed in the 
wells of a 96-well plate. Next, 50 μL of CytoTox96® Assay 
(Promega, Madison, WI, USA), was added to bind with 
LDH, and the plate was left to incubate for 30 min (protected 
from light). Next, 50 μL of stop solution was added to block 
the reaction. A blank control (only a culture medium) and  
a positive control were also included. Cytotoxicity was 
defined as the percentage of LDH activity in culture media, 
relative to LDH activity of the positive control [13]. The pres-
ence of LDH was measured in cell-free culture supernatants. 
The total LDH release was determined using LDH positive 
control provided by the CytoTox96® assay. Three replicates 
for each measurement were included for each condition. 
The average of the three measurements was determined. 

24 hours after incubation of macrophages with micro-
particles, macrophage polarization was evaluated by flow 
cytometry. Macrophages were identified using the following 
surface markers: CD14 (as a pan macrophage marker), 
CD86 (M1 phenotype), and CD163 (M2 phenotype).  
2 µL for CD14 and CD86 marker, and 5 µL for CD163 marker 
was added to the corresponding well.

The following samples were analyzed: control sample 
(primary human macrophages), CU powder, unloaded micro-
particles (PSA-based matrix, MPs), and polymeric micropar-
ticles loaded with curcumin at a concentration of 0.77 mg/mL  
(MPs_CU_0.77) and 1.54 mg/mL (MPs_CU_1.54).

The macrophages were washed, resuspended in FACS 
buffer (PBS, 2% FBS, 0.01% sodium azide) (Sigma-Aldrich Co., 
St Louis, MO, USA) and incubated with the following antibod-
ies: anti-human CD14-APC (clone MEM-18), CD86-FITC 
(clone BU63) (all from ImmunoTools, Friesoythe, Germany) 
and CD163-PE (clone GHI/61) (BD Biosciences, San Jose, 
CA, USA) for 30 min at RT. Isotype-matched antibodies 
were used as negative controls, to define background 
staining [12]. 

After additional washing, 10,000 cells, gated according to 
forward and side scatter parameters, were acquired using 
a BD FACSCanto IITM flow cytometer (Becton Dickinson) 
using FACSDivaTM software (both from BD Biosciences, 
San Jose, CA, USA). Data were analyzed using FlowJo 
software (BD Biosciences, San Jose, CA, USA, version 10),  
and the percentage of CD14, CD86, and CD163 positive 
cells was calculated by subtracting the corresponding iso-
type control [12].

Results and Discussion

Properties of microparticles
The preparation method of microparticles was emulsifica-

tion with solvent evaporation. The following sample types 
were analyzed: pure CU powder, unloaded PSA micropar-
ticles, and curcumin-loaded microparticles with concentra-
tions of 5, 10, and 20% by weight of CU. The highest manu-
facturing efficiency was obtained for a polymeric sample with 
a concentration of 10 wt% CU, and it was equal to 74%. 
The manufactured PSA-based microparticles were spheri-
cal with a median diameter from 5.2 to 8.4 µm (FIG. 3A-H). 
The CU-loaded microparticles were yellow (FIG. 4B-D) and 
because of the fact that CU is fluorescent, the microparticles 
glowed intensely green under the fluorescence microscope, 
and exhibited fluorescent properties (FIG. 4B-D). It indicated  
that CU was effectively and uniformly encapsulated within 
the PSA microparticles (only black background was visible 
in CU-free sample image, FIG. 4A). The fluorescence of 
curcumin allowed the encapsulation and loading efficiency 
to be tested with a fluorescence reader, so the fluorescence 
images obtained (FIG. 4) not only prove the presence of 
curcumin in the particles, but also confirm the fact that it 
is fluorescent and explain the basis for the choice of this 
particular research method.

Encapsulation efficiency and loading efficiency
Encapsulation efficiency (EE) of CU in microparticles 

was calculated using a calibration curve, separately for 
supernatants and particles alone (TABLE 1). Supernatant 
analysis may not provide accurate results of encapsula-
tion efficiency, hence, an analogous analysis was carried 
out with a calibration curve to determine encapsulation 
efficiency involving microparticles alone. The highest EE 
was observed for a concentration of 5 and 10 wt% CU.  
For 20 wt% CU EE was significantly lower presumably due 
to the oversaturation phenomenon. The calculated values of 
drug loading reached values very close to those assumed. 
The slight differences observed are due to unavoidable 
curcumin and polymer losses at the manufacturing stage.
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FIG. 3. Morphology (A, B, C, D) and size distribution (E, F, G, H) of PSA microparticles with different concentra-
tions: 0 wt% CU – unloaded (A, E), 5 wt% CU (B, F), 10 wt% CU (C, G), and 20 wt% CU (D, H).

FIG. 4. Pictures from the flu-
orescent microscope of MPs 
obtained with CU: PSA with 
different concentrations of CU: 
0 wt% CU – unloaded (A), 
5 wt% CU (B), 
10 wt% CU (C), 
20 wt% CU (D).
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FTIR analysis

The presence of CU was also determined by a semi-
quantitative analysis using FTIR. FTIR analysis was 
performed to identify characteristic functional groups and 
bonds present in the curcumin molecule, confirming their 
successful encapsulation in the polymer carrier. Curcumin 
shows a characteristic band at 1510 cm-1, which originates 
from the stretching vibrations of the C=C bonds of the aro-
matic ring (FIG. 5A). The spectra of the analyzed polymeric 
microparticle samples with encapsulated CU also show 
the presence of this characteristic peak at 1510 cm-1 (FIG. 
5C-E), indicating effective encapsulation of CU in the PSA-
based matrix. The intensity of this peak is highest for CU 
powder. For PSA samples with encapsulated CU (concen-
trations of 5, 10, and 20 wt% CU), the intensity of the peak 
changes in the same way as the encapsulation efficiency.  

Curcumin 
concentration
(Expected) [%]

Encapsulation 
efficiency 
EE [%]

Loading 
efficiency 

DL [%]
supernatant

analysis
microparticle 

analysis -

5 81.70 72.00 5.39

10 79.50 72.50 10.53

20 58.00 52.70 17.60

TABLE 1. Curcumin encapsulation efficiency and 
loading in PSA+CU microparticles.

FIG. 5. FTIR spectra of the analyzed samples: CU powder (A), unloaded microparticles (B), and microparticles 
loaded with 5 wt% CU (C), 10 wt% CU (D), and 20 wt% CU (E).
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It increases as the weight concentration of CU increases, 
with the peak intensity decreasing once the supersatu-
ration value (20 wt% CU) is reached. For the unloaded 
microparticles sample (FIG. 5B) no peak is observed at 
this wavelength, indicating that CU is not present in this 
sample. In addition, the band from phenolic O-H stretching 
is present in the CU molecule (FIG. 5A) and CU-loaded 
samples (FIG. 5C-E) and it is absent in the PSA molecule 
(FIG. 5B). The characteristic functional groups for the PSA 
molecule (C=O carbonyl group) present at 1816 cm-1 and 
2800 cm-1 (C-H stretching vibrations) were also identified 
and analyzed (FIG. 5B-E).

A semi-quantitative determination was carried out by 
analyzing the area under the curve (AUC) formed by the re-
spective bands corresponding to the characteristic functional 
groups of CU and PSA. Ratios of AUC of the characteristic 
CU to PSA (1816 cm-1 to 1510 cm-1) peaks may correspond 
to the encapsulation efficiency of CU. The ratio of PSA to 
PSA peaks may be an indication of the possible CU and PSA 
interactions. The ratio of AUC of two characteristic peaks for 
PSA (i.e. at 1816 cm-1 and 2800 cm-1) was similar for all the 
CU-encapsulated samples, and it was higher than that for 
unloaded PSA microparticles; it may suggest the formation 
of CU-PSA bonds, probably hydrogen bonds. The ratio of 
AUC for the characteristic bands for CU and PSA increased 
for all microparticles containing CU as compared to pure CU 
powder. It might be proof that encapsulation was effective, 
but there was no direct correlation between this ratio and 
the expected CU loading.

In vitro studies with primary human macrophages
24 hours after macrophage activation towards M1 phe-

notype, microparticles of defined concentrations, together 
with a sample of CU powder, were dissolved in the culture 
medium. As a control sample, primary human macrophages 
alone were used. The following suspension samples of 
microparticles in RPMI media (concentration of CU in cell 
media) were tested: pure CU powder (CU at a concentration 
equal to 16.7 mg/mL), unloaded PSA microparticles (MPs at 
a concentration equal to 7.3 mg/mL), microparticles loaded 
with CU and tested at the concentration of 0.77 mg/mL  
(MPs_CU_0.77) and the concentration of 1.54 mg/mL 
(MPs_CU_1.54).

LDH assay
The LDH assay was performed on primary human mac-

rophages. Cell death was assessed by the CytoTox96® 
assay which measures the activity of LDH released from 
apoptotic cells. Total LDH release was determined using 
LDH positive control. Cytotoxicity was defined as the per-
centage of LDH activity in the culture supernatants, relative 
to LDH activity of the positive control. The positive control 
was all living cells and the negative control was all dead 
cells. The level of control 100% (the ratio of positive to 
negative controls, multiplied by 100%) is equal to 54.22%. 
Control 100% refers to cell death. Above the line, an ana-
lyzed sample is considered cytotoxic. Three replicates for 
each measurement were included for each condition. The 
average of the three measurements was then determined. 
The percentage of LDH released into the culture medium 
was calculated as the ratio of the average to the negative 
control, multiplied by 100%. Based on the results, column 
graphs were prepared to show the % of LDH release (cell 
viability) for the analyzed concentrations (FIG. 6). The 100% 
control level was also highlighted, which marks the threshold 
above which the analyzed samples show a cytotoxic effect 
on primary human macrophages. 

The results of LDH assay (FIG. 6) showed no cytotoxicity 
of the tested samples when cultured with primary human 
macrophages. 

Fluorescent staining with phalloidin red and DAPI
Cell morphology was characterized using fluorescence 

microscopy images (Leica DMI6000 FFW, Leica Microsys-
tems, Germany). The images were obtained at x20 magni-
fication (FIG. 7). It was observed that when microparticles 
(both unloaded and curcumin-loaded) and pure CU powder 
were added, the cell morphology did not change. The cul-
tured cells in contact with the added microparticles were 
randomly dispersed, forming numerous cell agglomerates.

FIG. 6. Cytotoxicity assessed by the 
LDH assay in primary human macrop-
hages, in contact with pure CU powder 
(CU), unloaded PSA microparticles 
(MPs), microparticles loaded with CU 
and tested at concentration 0.77 mg/mL  
(MPs_CU_0.77) and at concentration 
1.54 mg/mL (MPs_CU_1.54). The 100% 
control represents the ratio between ne-
gative and positive controls, multiplied 
by 100%. n = 2.
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Flow cytometry
After 24 h, the macrophages cultured with the prepared 

microparticles samples were collected and analyzed by flow 
cytometry. Dot plots from a representative experiment are 
presented in FIG. 8. Within each representative dot plot,  
a corresponding gate was determined that plotted the range 
of cells analyzed (TABLE 2). Gate selection (FIG. 8a-e) deter-
mines the entire cell population, which is then analyzed and 
assigned to phenotype M0, M1, or M2 (TABLE 2), depend-
ing on the quadrant in which the cell is located (FIG. 8A-E). 
   The M2/M1 ratio (number of macrophages with anti-
inflammatory phenotype/number of macrophages with 
pro-inflammatory phenotype) is an important parameter in 
the context of evaluating anti-inflammatory properties. The 
flow cytometry analysis of macrophages was carried out 
for two different human donors. The results of calculating 
the average M2/M1 phenotypic ratio for the two donors 
studied (the microparticle samples analyzed were CU, MPs, 
MPs_CU_0.77, and MPs_CU_1.54) are shown in TABLE 2.  
The results obtained indicate that the presence of CU in-
creases the M2/M1 phenotypic ratio, promoting macrophage 
polarization towards the M2 (anti-inflammatory) phenotype.

Based on the data collected in TABLE 2, the values of 
the M2/M1 phenotypic ratios for the two different donors 
are presented graphically in FIG. 9 as Average ± standard 
deviation of the sample (SD). The results show that the ad-
dition of CU or CU-loaded microparticles to the cell culture 
media results in an increased M2/M1 ratio. 

The M2/M1 ratio for the samples with CU and CU powder 
is significantly higher than for the samples unloaded with CU.  
At the same time, the flow cytometry results indicated the 
presence of only a few anti-inflammatory cells, which may 
suggest that PSA-based microparticles with encapsulated 
curcumin at the concentrations tested in this research do 
not exhibit sufficient anti-inflammatory properties to re-
duce inflammation at the wound site. Therefore, it would 
be interesting for future studies to test earlier time points  
(for example, less than 24 h). To obtain more reliable results, 
it would be necessary to increase the number of donors.

Ethics statement

Human primary monocytes were isolated from surplus 
buffy coats from healthy blood donors, kindly donated by 
Serviço de Imunohemoterapia, Centro Hospitalar Universi-
tário de São João (CHUSJ), Porto. All obtained human sam-
ples and procedures were performed in agreement with the 
principles of the Declaration of Helsinki and all experimental 
protocols were conducted following the approval and rec-
ommendations of the CHUSJ Ethics Committee for Health 
(references 90/19 and 260/11). Written informed consent 
was obtained from all subjects before sample collection. 
Buffy coat samples were provided anonymized and patient 
identification was not provided to researchers. 

FIG. 7. Fluorescence microscopy images, at x20 objective, of human primary macrophages, derived from Donor 1,  
cultured in contact, for 24 h, with the following samples: control (cell culture medium), CU (curcumin powder), 
MPs – unloaded microparticles (PSA), and microparticles loaded with CU and tested at concentration of  
0.77 mg/mL (MPs_CU_0.77) and at concentration of 1.54 mg/mL (MPs_CU_1.54).
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FIG. 8. Expression of cell surface markers on macrophages. Representative dot plots showing: a)-e) aspect 
ratio; A)-E) expression of CD14, CD86, and CD163 antigens. Gates were drawn from isotype control staining. 
Percentage of CD14 positive cells expressing CD163 (M2 marker) and/or CD86 (M1 marker) antigens  
(FSC: forward scatter; SSC: side scatter).
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Conclusions

In this study, PSA microparticles loaded with CU were 
developed as a component of dressing for the treatment of 
ulcers occurring in diabetic foot syndrome. The carriers were 
spherical and of the 5-8 µm median size, thus suitable to be 
suspended in topical formulations administered to wounded 
skin [14]. Encapsulation efficiency of 72% was achieved for 
the sample with 10 wt% CU microparticles. The presence 
of CU in microparticles was also confirmed by:
1) visual inspection (yellow colour contrarily to white colour 
for unloaded microparticles, FIG. 3); 
2) fluorescent properties (polymer matrix does not exhibit 
fluorescence but curcumin molecule does, FIG. 4); 
3) presence of bands in FTIR spectra characteristic for pure 
curcumin (FIG. 5).

CU carriers were tested for cytotoxicity in contact with 
primary human macrophages. Their phenotype (M1-pro-
inflammatory, M2-anti-inflammatory) and M2/M1 ratio were 
determined by flow cytometry analysis. The LDH tests 
showed that the obtained microparticles are not cytotoxic 
and that the phenotypic M2/M1 ratio for samples with CU 
and CU powder is higher than for samples without CU.  
This confirms that curcumin released from the microparticles 
is able to increase the polarization of macrophages toward 
an anti-inflammatory phenotype, what may be explored in 
the development of dressings for the treatment of diabetic 
foot ulcers.
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FIG. 9. Characterization of the averaged ratio M2 to 
M1 macrophages from two donors as studied by 
flow cytometry in contact with the following sam-
ples: CU, MPs, MPs_CU_0.77, and MPs_CU_1.54.

Sample CD14 CD86
(M1)

CD163
(M2)

Ratio M2/M1
Average ± SD 

CU 1659 17355 1424 0.082 ± 0.029

MPs 2017 4081 114 0.028 ± 0.082

MPs_CU_0.77 1955 10451 1064 0.102 ± 0.007

MPs_CU_1.54 1662 13106 1256 0.096 ± 0.018

Culture time = 24 h

TABLE 2. Flow cytometry analysis of studied 
macrophages (number of cells) from two different 
donors shown as average and SD.
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