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A B S T R A C T   

Efficient and selective targeting of inflamed tissues/organs is critical for diagnosis and therapy. Although 
nanomaterials themselves have an intrinsic advantage due to their size for targeting inflammation sites, addi
tional functionalization of the nanomaterials with proper targeting moieties is desired to enhance the targeting 
efficiency. In this study, we aimed to improve the inflammation targeting characteristics of a pluronic-based 
nanocarrier, which has advantages as a nanosized delivery cargo for diverse molecules, by conjugating with 
chitosan and ZnBPMP (two Zn(II) ions chelated 2,6-bis[(bis(2-pyridylmethyl)amino)-methyl]-4-methylphenol) 
moiety. Specific and significant cellular uptake and interaction between the nanocarrier functionalized with 
ZnBPMP ligand and chitosan to an apoptosis-induced immune cell line were observed in vitro. An inflammation 
model in the mouse ear caused by skin hypersensitivity was used to evaluate the effect of functionalization with 
chitosan and ZnBPMP moiety by comparing with various control groups. Functionalization of the nanocarrier 
with chitosan greatly enhanced the in vivo circulation time of the nanocarrier, so prolonged targeting ability of 
the nanocarrier to the inflamed ear was achieved. Additional ZnBPMP functionalization to chitosan- 
functionalized nanocarrier also resulted in significantly improved initial targeting and further enhancement in 
the targeting until 5 days to the inflamed ear and the decreased non-specific accumulation of the nanocarrier to 
the remaining body. Thus, developed nanocarrier has a high potential as a drug delivery carrier as well as a 
diagnostic agent to the inflammation sites.   

1. Introduction 

Inflammation, one of the important causes of many diseases, such as 
microbial infections, metabolic disorders, cardiovascular diseases, 
neurological diseases, and even cancers, can be fatal or intimate to our 
lives [1–3]. Diagnosis or detection of the inflammation in advance can 
prevent the diseases from becoming worse and severe. Accordingly, the 
development of sensitive and accurate systems for detecting inflamma
tion is important and practical in biomedical applications. Nano
materials have been extensively used for inflammation detective 
systems. For example, polymeric nanoparticles showed targeting and 
delivery of loaded drugs to the inflammation site [4,5]. Micelles [6], 
liposomes [7], and metal-based nanoparticles [8] have also been 
actively studied for the same purposes. These systems passively relied on 
their nanosize for targeting based on the angiogenesis at the inflam
mation site without active targeting characteristics. Various targeting 
strategies for active targeting to the inflammation site were also 

developed. Kim et al. utilized caspase families, which are activated by 
inflammation [2,9]. On the other hand, macrophages near the inflamed 
site have been utilized as a target of the nanoparticles [10]. The pH 
difference between normal and inflamed tissues [6] and the specific 
cytokine in the inflammatory environment [11] could be other strate
gies. However, nanosystems satisfying both characteristics of efficient 
and selective targeting for diagnosis of the inflamed site and long-term 
residence at the target site for the therapeutic effect of loaded drugs 
have not been well studied. 

Zinc(II)-dipicolylamine (ZnDPA) is known as a targeting ligand to 
phosphatidylserine (PS) on the external cell membrane, mimicking 
Annexin V protein [12,13]. PS is known to be abundant on the surface of 
the membrane of bacteria, apoptotic/necrotic cells, inflamed cells, and 
cancer cells [12–14]. Zn2+ ions coordinated in ZnDPA have an affinity to 
the head group of anionic phospholipids. In previous studies, ZnDPA 
was conjugated directly to small molecular weight active agents such as 
dyes [12–14] or drugs [15] and showed successful targeting to dead 
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cells, tumors, and arthritis sites as well as a therapeutic effect. 
Furthermore, ZnDPA modification to nanoparticle encapsulating iron 
oxide was used to separate bacteria magnetically [16], and ZnDPA 
conjugation to iron oxide nanoparticles could amplify magnetic reso
nance signal and photothermal therapy on tumor site [17]. A 2,6-bis 
[(bis(2-pyridylmethyl)amino)-methyl]-4-methylphenol (BPMP) is a 
ligand that contains two DPA moieties in one molecule and has the 
property of coordinating to dinuclear metal ions, such as Mn2+, Zn2+, 
and Ni2+ ion [18,19]. ZnBPMP, with two coordinated Zn2+ ions, showed 
selectively high binding affinity to various phosphate-containing bio
molecules such as ATP and phospholipids, applicable for sensor or im
aging tools targeting phosphate-containing biomolecules [20–24]. The 
binding affinity of di-ZnDPA-based ligands like ZnBPMP to phosphate 
ions is about 10 to 100 times higher than that of mono-ZnDPA based 
ligands [22,25–27]. ZnBPMP also has phenoxide between two ZnDPA 
moieties, so it holds a structure capable of binding to phosphate ions 
[28]. Thus, ZnBPMP has a high potential to act as a more selective ligand 
to inflammatory cells with sufficient PS on the outer surface. 

Pluronic is a tri-block copolymer, which consists of poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO). 
Especially, pluronic F68 (PEO 76 PPO 29 PEO 76, MW 8400) has been 
widely used to prepare drug delivery carriers and hydrogels for 
biomedical applications due to its biocompatibility, thermosensitive 
gelation characteristic [29–31]. For example, we previously reported 
that pluronic-based nanocarrier, which has advantages for nanocarriers 
including nano size (~100 nm) in physiological condition, biocompat
ibility, and simple and very efficient loading of diverse molecules, such 
as proteins [32,33], small molecules [34], and metal nanoparticles 
[33,35], while maintaining the activity of loaded biomolecules. Chito
san functionalization to the nanocarrier further increased the cellular 
uptake, tumor-targeted accumulation, and skin permeability [36,37]. 
So, by attaching pH-sensitive fluorescence dye, chitosan-functionalized, 
pluronic-based nanocarrier could be used for selective imaging of the 
inflammation site [38]. We also demonstrated that the additional 
conjugation of selective ligand to chitosan-functionalized, pluronic- 
based nanocarrier showed the synergistically enhanced targeted de
livery to the brain [39] and oral delivery [40]. So, based on these pre
vious studies, we aimed to develop a nanosystem that has high 
selectivity and longevity to a target inflammation site in this study by 
functionalization with chitosan and conjugation of ZnBPMP moiety to 
the pluronic-based nanocarrier (Scheme 1). It was hypothesized that the 
synergistic effect of chitosan providing long blood circulation and 
ZnBPMP moiety would improve the targeting efficiency to the inflam
mation site. To the best of our knowledge, the conjugation of ZnBPMP 

(or ZnDPA) ligand to nanocarrier instead of direct conjugation to small 
molecular weight drugs or dyes for in vivo targeting has not been re
ported. By improving targeting properties of delivery carriers, various 
drugs can be delivered efficiently using the same vehicle, and loss of 
activity of drugs does not need to be considered. Apoptosis-induced 
Jurkat cell line and the skin hypersensitivity model were used to 
analyze and compare the targeting efficiency of pluronic-based nano
carriers with various modifications to the inflammation site. 

2. Materials and methods 

2.1. Materials 

Pluronic F68 (PF68) (PEO 76 PPO 29 PEO 76, MW 8400) was kindly 
donated from BASF Corporation (Seoul, Korea). Chitosan (7 kDa) was 
obtained from Amicogen (Jinju, Korea). Acryloyl chloride, triethyl
amine, zinc nitrate, ninhydrin reagent, acetone, and olive oil, fluores
cein isothiocyanate (FITC) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Irgacure 2959 and cyanine 5.5 (cy 5.5) NHS ester were 
bought from Ciba Specialty Chemicals (Basel, Switzerland) and Lumip
robe (Hunt Valley, MD, USA), respectively. Thionyl chloride, 3-(4- 
hydroxyphenyl)propanoic acid, di(2-picolyl)amine, methyl 3-(4- 
hydroxyphenyl)propanoate, lithium hydroxide, N-(3-dimethyl amino
propyl)-N′-ethyl carbodiimide hydrochloride, N-hydroxysuccinimide, 
zinc nitrate, paraformaldehyde, chloroform, methanol, tetrahydrofuran, 
and acetonitrile for BPMP conjugated chiNC were bought from Sigma- 
Aldrich, Tokyo Chemical Industry (Tokyo, Japan), and Alfa Aesar 
(Haverhill, MA, USA). Jurkat cell line was obtained from the Korean cell 
line bank (Seoul, Korea). Roswell Park Memorial Institute (RPMI) 1640 
media, fetal bovine serum (FBS), antibiotic-antimycotic (AA), and 
Annexin V (Alexa Fluor™ 488 conjugate) were purchased from Ther
moFisher (Waltham, MA, USA). Camptothecin (CPT) was bought from 
Tokyo Chemical Industry. Cell Counting Kit-8 (CCK-8) was purchased 
from Dojindo Laboratories (Kumamoto, Japan). C67BL/6 mice (5 weeks, 
male) were bought from G-bio (Gwangju, South Korea). 1-Fluoro-2,4- 
dinitrobenzene (DNFB) was obtained from Alfa Aesar. 

2.2. Synthesis of chitosan functionalized nanocarrier 

Bare PF68 nanocarrier (bareNC) and chitosan-functionalized PF68 
nanocarrier (chiNC) were synthesized as previously reported [29,36]. 
First, diacrylate PF68 and glycidyl methacrylated chitosan were pre
pared. For making diacrylated PF68, 5 g of PF68 was dissolved in 50 mL 
of toluene. Then, 0.83 mL of triethylamine and 0.49 mL of acryloyl 

Scheme 1. Selective targeting of a nanocarrier to the inflammation site by functionalization with chitosan moiety and ZnBPMP having an affinity to phosphati
dylserine, which is exposed to the surface of the inflamed cell membrane. 
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chloride were added to proceed overnight reaction. The reacted solution 
was precipitated using ethyl ether and dialyzed using an MWCO 3.5 kDa 
dialysis membrane for two days against deionized water (DIW) for 
further purification. The final solution was freeze-dried and kept at 
− 20 ◦C until further use. Glycidyl methacrylated chitosan was prepared 
by reacting 1 g of chitosan and 0.106 mL of glycidyl methacrylate in 
DIW. After overnight reaction in a dark condition, the solution was 
precipitated in acetone, dialyzed using an MWCO 3.5 kDa dialysis 
membrane against DIW for 2 days, and freeze-dried. 

Bare and chitosan-functionalized nanocarriers were prepared by 
photo-crosslinking using a 365 nm UV lamp (1.3 mW/cm2, VL-4.LC, 8 
W, Viber Lourmat, France). For the synthesis of bareNC, 10 mg of dia
crylated PF68 was dissolved in 2 mL of DIW, and Irgacure 2595 as photo- 
initiator was added as 0.09 wt% of the final volume. Then, UV irradia
tion was applied for 15 min. ChiNC was synthesized by the same method 
with the additional input of 2.8 mg of GMA-chitosan. Synthesized 
nanocarrier was dialyzed (MWCO 50 kDa) against DIW for 2 days and 
freeze-dried, and the chitosan content was measured by a ninhydrin 
assay. 

2.3. Preparation of ZnBPMP-chiNC 

BPMP was synthesized in three steps according to the previous report 
[41]. Detailed experimental procedure and NMR data were provided in 
the supplementary material and Fig. S1. BPMP was conjugated to chiNC 
using EDC coupling. The mixture of BPMP having a carboxylic acid 
group (0.22 mmol, 0.13 g), N-(3-dimethylaminopropyl)-N′-ethyl
carbodiimide hydrochloride (EDCI; 1.12 mmol, 0.21 g), and N-hydrox
ysuccinimide (NHS; 1.12 mmol, 0.13 g) in 100 mL of acetonitrile was 
stirred for 2 h. ChiNC (0.51 g) in 250 mL of DIW was added dropwise to 
the above mixture, and then the mixture was stirred for 1 day. The 
mixture was dialyzed in acetonitrile: DIW = 1:4 for two days and in DIW 
for an additional one day. Dried BPMP-chiNC was obtained by freeze- 
drying. 

The final form of ZnBPMP-chiNC was prepared by incubating BPMP- 
chiNC with 2 equivalents of zinc nitrate for BPMP at room temperature 
for 15 min before use. 

2.4. Characterization of nanocarriers 

The size and zeta potential of nanocarriers were measured using 
dynamic light scattering (DLS, ELSZ-2000, Otsuka Electronics, Osaka, 
Japan). Each bareNC, chiNC, and BPMP-chiNC were dissolved in PBS for 
measurements. The sizes of bareNC, chiNC, and BPMP-chiNC were 
measured at 4, 25, and 37 ◦C to see their thermo-sensitivity. The final 
form ZnBPMP-chiNC used for the in vivo targeting was prepared by 
chelating BPMP-chiNC with Zn2+ and the size of it was measured at 
37 ◦C. The nanocarriers were dissolved in DIW and prepared in the same 
way for zeta potential measurement. The morphologies of newly 
developed BPMP-chiNC and ZnBPMP-chiNC incubated at 37 ◦C were 
observed by a transmission electron microscope (TEM, Tecnai G2 S- 
Twin, FEI, OR, USA). 

2.5. Colloidal stability of nanocarriers 

The colloidal stability of nanocarriers in the serum environment was 
observed by measuring the size change of the nanocarriers over time. 
Nanocarriers were dissolved in phosphate-buffered saline (PBS, pH 7.4) 
containing 10% of FBS and 0.05% of sodium azide. The nanocarrier 
solutions were sealed and incubated at 37 ◦C, and the sizes of nano
carriers were measured at pre-determined time points. 

2.6. In vitro experiments 

Jurkat cells were cultured in RPMI media with 10% of FBS and 1% of 
AA under 5% CO2 at 37 ◦C. 10,000 cells/well were seeded on a well plate 

and various concentrations of the nanocarriers were treated. After 24 h, 
CCK-8 reagent was added and incubated for 30 min. The absorbance of 
the reagent-added media was measured using a microplate reader 
(Varioskan Lux, ThermoFisher, Waltham, MA, USA) at 450 nm. 

For cellular uptake observation, the nanocarriers were conjugated 
with FITC and cy 5.5-NHS ester. 10 mg of the nanocarriers (bareNC, 
chiNC, and BPMP-chiNC) dissolved in 1 mL of 0.1 M sodium carbonate 
buffer (pH 9) and 0.1 M phosphate buffer (pH 8) for each reaction were 
mixed with 75 μg of FITC and 16.7 μg of cy 5.5-NHS ester dissolved in 
DMSO, respectively. The reaction proceeded under 200 rpm overnight. 
The reacted solution was dialyzed using a 50 kDa of dialysis membrane 
against DIW for 48 h and freeze-dried for further experiment. ZnBPMP- 
chiNC was prepared by chelation of Zn2+ with FITC/cy 5.5-conjugated 
BPMP-chiNC for 15 min before treatment (Scheme S1). 

100,000 cells/well were seeded on a well plate with/without 10 μM 
of CPT and incubated for 24 h at 37 ◦C. Various FITC-labeled nano
carriers were treated to the cells with a final 0.5 mg/mL concentration 
and incubated for 24 h. The cells were collected and centrifuged under 
1500 rpm for 3 min. The supernatant media was suctioned and the cells 
were washed with PBS. The washed cells were again collected by 
centrifugation and dispersed in RPMI for a confocal laser scanning mi
croscopy (CLSM, FV1000, Olympus, Tokyo, Japan) imaging. 

The binding interaction between the nanocarriers and the apoptosis- 
induced cells via phosphatidylserine was analyzed in vitro. The Jurkat 
cells were seeded in the same way as the cellular uptake experiment. 
After treating with CPT for 24 h, the cy5.5-labeled nanocarriers were 
added as the final concentration of 0.5 mg/mL. Then, the cells were 
incubated at 4 ◦C for 4 h to minimize the cellular uptake. Annexin V 
(Alexa 488 conjugate) was stained for 15 min. Then, the cells were 
washed with PBS and imaged by the CLSM. The quantification of the 
fluorescence intensity from the fluorescent images was analyzed using 
ImageJ software after subtracting the background signal from the spe
cific fluorescence signals. 

2.7. Skin hypersensitivity model 

A skin hypersensitivity model was established to analyze the tar
geting ability of nanocarriers to the inflammation site using C67BL/6 
mice. The animal experiment in this study was approved by the Animal 
Care and Use Committee of Gwangju Institute of Science and Technol
ogy (GIST-2020-114). DNFB (0.2%) was dissolved in acetone:olive oil =
4:1 co-solvent. The co-solvent without DNFB was also prepared for the 
control. The mice were anesthetized using isoflurane in the air-way, and 
20 μL of co-solvent with and without DNFB was painted on the dorsal 
part of the left and right ear, respectively. The ears were painted 3 times 
at the time points described in Fig. 3 (a). 

The thicknesses of the inflamed (left) ear and the control (right) ear 
were measured using a Vernier Caliper (Mitutoyo, Kanagawa, Japan) to 
analyze the occurrence of inflammation. The ear skin tissues at day 
0 and day 5 were extracted and fixed in 10% of formalin. The tissue was 
embedded in an optimal cutting temperature compound (OCT) and 
sectioned at 10 μm thickness using a cryotome (Leica, Wetzlar, Ger
many). Tissue slices were stained with hematoxylin and eosin Y (H&E) 
for histological analysis. The stained images were observed using an 
optical microscope (TE2000-U, Nikon Co., Tokyo, Japan). 

2.8. Inflammation targeting of nanocarriers 

Skin hypersensitivity-induced mice were randomly grouped for four 
types of nanocarriers: bareNC, chiNC, BPMP-chiNC, and ZnBPMP- 
chiNC. The cy5.5-labeled nanocarriers were used for the in vivo experi
ment. ZnBPMP-chiNC was prepared by chelation of Zn2+ with cy 5.5- 
conjugated BPMP-chiNC for 15 min before injection (Scheme S1). The 
nanocarriers and zinc nitrate solution were filtered with a 0.2 μm nylon 
syringe filter. 1 mg of nanocarrier in 200 μL of 0.9% saline was prepared 
and intravenously (i.v.) injected into a mouse tail vein. FOBI 
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(Fluorescence In Vivo Imaging System, NeoScience, Seoul, Korea) was 
used for in situ fluorescence imaging for biodistribution of the nano
carriers for 3 days after injection. The mice were sacrificed on day 5, and 
each left and right ear and major organs (liver, kidney, spleen, lung, and 
heart) were extracted for measurement of organ distribution of the 
nanocarriers. All data were plotted in total intensity. 

2.9. Statistical analysis 

All data were analyzed by Student's t-test or ANOVA (Analysis of 
variance). p-value under 0.05 was regarded to be significantly different. 
(#: p > 0.05 no significance difference, *: p < 0.05, **: p < 0.01, ***: p <
0.001). 

3. Results and discussion 

3.1. Preparation and characterizations of nanocarriers with various 
functionalizations 

The nanoparticle system for targeting the inflammation site was 
developed by conjugating ZnBPMP moiety to chitosan-functionalized 
pluronic-based nanocarrier. To demonstrate the synergetic effect of 
chitosan and ZnBPMP, various nanoparticles were synthesized for sys
temic comparison (Fig. 1 (a) and Fig. S2). BareNC without chitosan and 
ZnBPMP modification, chiNC with only chitosan functionalization (14.5 
± 1.6 wt% of chitosan content), BPMP-chiNC with BPMP conjugation to 
chiNC but without Zn2+ ion chelation, and ZnBPMP-chiNC with both 
chitosan and ZnBPMP (Zn2+ ion chelated BPMP) were prepared. Both 
bareNC and chiNC were previously reported by our group, showing 

~150 nm in size at 37 ◦C with very large thermal expansion at low 
temperatures [36]. Conjugation of BPMP moiety to chiNC by reacting 
carboxyl groups of BPMP with amine groups of chitosan of chiNC using 
EDC coupling was also reported by us [19]. However, nanocarriers made 
of a different kind of pluronic (PF 127 instead of PF 68) were used and 
Mn2+ ion was chelated instead of Zn2+ ion to utilize peroxidase- 
mimicking properties of MnBPMP in that report. The conjugation of 
BPMP to chiNC (BPMP-chiNC) was confirmed by 1H NMR spectrum, 
showing the aromatic ring of BPMP at around 7.0–8.5 ppm and propyl 
group of pluronic at around 1.0 ppm (Fig. 1 (b)). Based on NMR data, 
7.28 μM of BPMP was conjugated in 1 mg/mL of BPMP-chiNC, meaning 
that one BPMP molecule was conjugated per 1.5 chitosan chains. Zn2+

chelation to BPMP-chiNC to get ZnBPMP-chiNC was processed before 
use. We also prepared BPMP-bareNC (BPMP conjugated to bareNC) after 
amine functionalization of bareNC following the previous report [36] to 
observe the effect of ZnBPMP only. As a result, 7.67 μM of BPMP was 
conjugated to 1 mg/mL of BPMP-bareNC, which showed a similar 
conjugation ratio of BPMP to that of BPMP-chiNC (data not shown). 
However, BPMP-bareNC was not stable in an aqueous environment. It 
did not maintain the nanosize with a relatively narrow distribution, but 
induced aggregation among them, probably mediated by the hydro
phobicity of BPMP. Thus, we could systematically compare bareNC, 
chiNC, BPMP-chiNC, and ZnBPMP-chiNC excluding BPMP-bareNC for 
inflammation targeting ability. 

Physicochemical properties of prepared nanocarriers were analyzed. 
Sizes at different temperatures and zeta potentials of the nanocarriers 
were measured by DLS, as shown in Fig. 2 (a) and (b). The sizes of 
bareNC at 37, 25, and 4 ◦C were 153 ± 8, 258 ± 22, and 336 ± 14 nm, 
respectively, and chiNC also showed 168 ± 19, 246 ± 30, and 369 ± 20 

Fig. 1. (a) Synthesis of various nanocarriers (bareNC, chiNC, BPMP-chiNC, and ZnBPMP-chiNC). (b) 1H NMR spectrum of BPMP-chiNC.  
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nm in size at each temperature. The results well coincided with our 
previous report [36], showing a large thermal sensitivity with nano-sizes 
at the physiological condition. Even after conjugation of very hydro
phobic BPMP moiety to chiNC, the size of BPMP-chiNC did not change 
significantly, showing 176 ± 19, 270 ± 13, and 349 ± 49 nm at 37, 25, 
4 ◦C. This result suggests that various molecules can be loaded into the 
nanocarrier using this thermo-sensitivity for further therapeutic 
applications. 

In terms of surface charge, a neutral charge state of bareNC (2.6 ±
0.6 mV) became positive after chitosan conjugation due to the positively 
charged chitosan (11.8 ± 2.7 mV of chiNC), as previously reported [36]. 
However, BPMP conjugation did not cause any meaningful change to the 
surface charge (14.0 ± 2.9 mV of BPMP-chiNC). Notably, chelation with 
Zn2+ ion did not cause any change to the size (174.7 ± 23 nm at 37 ◦C) or 
surface charge (11.4 ± 1.1 mV) of the nanocarrier. The TEM images of 
BPMP-chiNC and ZnBPMP-chiNC showed their spherical nano-sized 
morphologies, similar to previously reported bareNC and chiNC [42], 
with similar sizes obtained from DLS analysis (Fig. S2). Thus, the main 
physicochemical properties (size and surface charge) of pluronic-based 
nanocarrier were preserved after BPMP functionalization and addi
tional chelation with Zn2+ ion, so the difference in targeting ability to 
the inflammation site must result from the difference in surface 
functionalities. 

After intravenous administration of nanocarriers in vivo, they need to 
maintain their nano-sizes without aggregation or precipitation for long 
circulation to have their targeting ability. So, the colloidal stability of 
BPMP-chiNC and ZnBPMP-chiNC was analyzed by incubating nano
carriers in a 10% serum-containing media at 37 ◦C (Fig. 2 (c)). The size 
changes of the nanocarriers were monitored at each time point using 
DLS. Good serum stability of bareNC and chiNC was already reported in 
our previous study [36]. BPMP-chiNC and ZnBPMP-chiNC were addi
tionally measured for two weeks, also revealing no aggregation forma
tion. Thus, it was verified that the nanocarriers with various surface 
functionalities would maintain colloidal stability in physiological 
conditions. 

3.2. Cellular uptake and binding affinity between the nanocarriers and 
the apoptosis-induced Jurkat cells in vitro 

Jurkat cell line is a human T lymphoblast, which has been commonly 
used for the Annexin V and apoptosis experiments, as well as the study 
showing the binding affinity between ZnDPA and phosphatidylserine 
[12,43]. CPT, an anticancer drug, was treated to the cells to induce 
apoptosis. The apoptosis-induced T lymphoblast has highly related to 
the inflammation since the inflammation environment recruits T 

lymphocytes and induces apoptosis [44]. So, the Jurkat cell was chosen 
for the in vitro experiments. First, the cytotoxicity of various nano
carriers to Jurkat cells was analyzed. All nanocarriers showed no sign of 
cytotoxicity even at the high concentration (1 mg/mL) of the nano
carriers, as shown in Fig. S3. 

Next, the cellular uptake of various nanocarriers into normal cells 
(CPT untreated) and apoptosis-induced cells by CPT was observed using 
the CLSM. The FITC-labeled nanocarriers were incubated with the cells 
for 24 h at 37 ◦C to be uptaken. The untreated group showed little 
fluorescence signal in all groups, revealing little cellular uptake with no 
significant differences among the nanocarriers. However, by CPT 
treatment, although increased cellular uptake was observed for all 
groups, ZnBPMP-chiNC showed distinctively and dramatically increased 
cellular uptake (Fig. 3 (a) and (c)). It is likely that the significantly high 
cellular uptake of ZnBPMP-chiNC resulted from the ZnBPMP ligand via a 
binding affinity with the phosphatidylserine present in the outer cell 
layer of cells under apoptosis. 

Furthermore, to see more directly the binding interactions between 
various nanocarriers and the apoptosis-induced cells, the cells were 
cultured with the nanocarriers under the condition of suppressed 
cellular uptake of the nanocarriers by incubating them at 4 ◦C for 4 h. 
Then, the cells were stained with Annexin V (Alexa 488 conjugate), 
which has a specific binding affinity with phosphatidylserine and is used 
as a biomarker of cell apoptosis. The same degree of apoptosis induction 
was confirmed from the similar green fluorescence (Annexin V) signals 
for all groups, as shown in Fig. S4. However, the red fluorescence signal 
from the cy5.5-labeled nanocarriers was distinctively and dramatically 
high only for ZnBPMP-chiNC, which was mostly co-localized with the 
green fluorescence signal of Annexin V (Fig. 3 (b) and (d)). So, it was 
elucidated that not only cellular uptake but binding affinity with 
apoptosis-induced cells, which have abundant phosphatidylserine, were 
also specifically augmented with ZnBPMP ligand. In contrast, the 
functionalization with chitosan alone showed only a moderate increase 
in cellular uptake and little improvement in binding to apoptosis- 
induced Jurkat cells. Also, BPMP itself without Zn2+ did not show any 
distinct effect, confirming the key role of Zn ion chelation for specificity 
and selectivity to the targeting effect. These in vitro results encouraged 
the promising in vivo targeting effect of the nanocarrier with ZnBPMP 
ligand and chitosan to the inflammation site. 

3.3. Establishment of a skin inflammation model 

The skin hypersensitivity by treating DNFB induced allergic contact 
dermatitis on mouse ears [45,46]. DNFB was painted on the dorsal part 
of the left ear and co-solvent as control was also painted on the right ear 

Fig. 2. Physicochemical properties of the nanocarriers. (a) Size at various temperatures and (b) zeta potential of various nanocarriers. (c) In vitro colloidal stability of 
the nanocarriers under 10% serum condition for two weeks. (#: p > 0.05, ***: p < 0.001). 
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for comparison. Ears were sensitized by DNFB at day − 5, − 4 and − 1, 
following the schedule described in Fig. 4 (a). The ear treated with DNFB 
became reddish and swollen with wrinkles compared to the control ear, 
as shown in Fig. 4 (b). Also, the thickness of the DNFB treated ears 
increased over time, whereas the thickness of the control ears without 
DNFB showed no change (Fig. 4 (c)). The thickness of the ears showed a 
significant difference between the control and DNFB groups from day 
0 so that the nanocarrier sample was injected on day 0. The difference in 
thickness between the two groups was increased almost three times on 
day 5, representing the allergic inflammation was in progress. Further
more, H&E staining images in Fig. 4 (d) showed that the inflamed ears 
were thicker than the control ear on both day 0 and day 5. The ear tis
sues on day 5 became dramatically thicker than them on day 0, con
firming the inflammation. Macrophages were observed as small purple 
dots on the DNFB treated ear. Consequently, the inflammation in the ear 
by DNFB treatment was properly achieved. 

3.4. Targeting of nanocarriers to the inflammation site 

Cy5.5 was conjugated to various nanocarriers to observe the 

targeting to the inflammation site as well as biodistribution of the 
nanocarriers after intravenous administration via mouse tail vein. The 
fluorescent intensities of labeled nanocarriers were all same, meaning 
that the fluorescence intensity could be used for semi-quantitative 
analysis of the nanocarriers. Mice were anesthetized and the fluores
cence intensities of the ears were measured by a fluorescence imaging 
system. 

The fluorescent images of various nanocarriers were monitored at 
several time points (Fig. 5 (a)), and the total fluorescent intensities in the 
region of interest (ROI) (ear) were plotted in Fig. 5 (b) and Fig. S5. First, 
bareNC showed a higher signal than chiNC and BPMP-chiNC without 
ZnBPMP at an initial time point (1 h), not only for the DNFB group but 
also in the control group (without inflammation), implying a high blood 
circulation rate of the nanosized carrier. However, bareNC was rapidly 
removed from both ears over time, so the signal of bareNC became lower 
than that of chiNC from 4 h, and the signals of bareNC became the same 
for both the inflamed ear and the control ear from 24 h. Most of the 
bareNC seemed to be cleared in vivo in 24 h. Thus, even with a nanosize, 
bareNC itself without any surface modification was not effective for 
targeting the inflamed site. In contrast, chiNC showed a strong signal at 

Fig. 3. (a) Cellular uptake (37 ◦C, 24 h) of FITC-labeled nanocarriers to Jurkat cell with and without CPT treatment. (b) Co-localization of Annexin V (Alexa 488 
conjugate) and cy5.5-labeled nanocarriers on CPT-treated Jurkat cell under the condition of suppressed cellular uptake (4 ◦C, 4 h). Quantitative analysis of (c) the 
cellular uptake and (d) the interaction of the various nanocarriers with the cells. (scale bar = 50 mm) (#: p > 0.05, ***: p < 0.001). 
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the inflammation site from the beginning, and the signal even increased 
a little up to 12 h, meaning that chiNC was accumulated to the 
inflammation site slowly up to 12 h. After 12 h, the signal started to 
decrease, but not rapidly. So, compared to the total fluorescence in
tensity of ROI at 12 h, over 70% of that was observed at day 3, whereas a 
much lower and rapid decrease of the total fluorescence intensity was 
observed at the control ear, showing a very distinct target (inflamma
tion) selectivity. So, the effect of chitosan functionalization on the 
inflammation targeting was very clear and dramatic. The better and 
prolonged targeting of chiNC compared to bareNC was also observed 
when they were compared for tumor targeting in our previous study 
[36]. The homing effect of chitosan on the tumor site has been reported 
in several studies, and a little acidic local environment of the tumor site 
and pH-dependent solubility of chitosan as well as the prolonged cir
culation in the vascular system by chitosan functionalization were 
suggested as one of the plausible reasons [47,48]. The inflammation also 
develops a little acidic local environment [49], so the effect of chitosan 
functionalization on the inflammation site might be understood. In 
addition, using muco-adhesiveness, pH-dependent swelling, and drug 
release properties, chitosan has been widely used for inflammatory drug 
delivery [50]. 

By further conjugating ZnBPMP to chiNC, ZnBPMP-chiNC showed 
significantly more enhanced targeting characteristics. It showed the 
highest total fluorescence intensity among all groups from the initial 
time point (1 h) at the inflamed ear (DNFB). Functionalization with 
ZnBPMP moiety resulted in ~1.7 times higher signal compared to chiNC 
and BPMP-chiNC at 1 h, and the enhanced effect was maintained. Even 
on day 3 (72 h), ZnBPMP showed ~1.4 times higher signal than chiNC. 
Thus, as hypothesized, the additional effect of ZnBPMP on the inflam
mation targeting, mediated by the affinity of ZnBPMP to PS, was also 
evident and significant, although the additional enhancement by 
ZnBPMP was not very dramatic compared to the enhancement by chi
tosan functionalization alone. To analyze better the relative importance 
and contribution of chitosan and ZnBPMP to the targeting ability of the 
nanocarrier, bareNC functionalized with ZnBPMP alone needed to be 

compared. Even though we could prepare ZnBPMP functionalized 
nanocarrier without chitosan functionalization, this nanocarrier did not 
possess sufficient colloidal stability in physiological conditions but 
became aggregated easily due to the hydrophobicity of BPMP. So, it was 
not possible to analyze the contribution of ZnBPMP alone and compare it 
with other nanocarriers to the inflammation targeting. On the other 
hand, no meaningful difference was observed between chiNC and BPMP- 
chiNC (without Zn2+ ion chelation) at all-time points, meaning that only 
BPMP moiety did not have any noticeable effect on the efficiency of 
targeting at all, but it could augment the efficiency of targeting to the 
inflammation site only after chelation with Zn2+ ion. This result sup
ported the role of specific affinity of ZnBPMP to PS for the inflammation 
targeting, not by a non-specific contribution of the BPMP moiety. 

In all cases, the nanocarriers with various functionalization did not 
show meaningful targeting at the control ears without inflammation. 
Thus, it was elucidated that functionalization with chitosan and 
ZnBPMP has sufficient selectivity toward the inflammation site. The 
selectivity of nanosystems to the inflammation site compared to the 
normal site was explained based on the presence of newly made, pre
mature, and sparse blood vessels at the inflammation site [51], similar to 
the enhanced permeability and retention (EPR) effect on the tumor site. 
However, the present result showed that the nanosize itself was not 
effective at all for the inflammation targeting, but additional functional 
moieties are necessary to induce the accumulation and residence of the 
nanocarrier at the inflammation site. 

3.5. Biodistribution of nanocarriers 

After 120 h (day 5) of injection of the nanocarriers, mice were 
sacrificed, and major organs were extracted. The fluorescence imaging 
of the extracted organs and ears ex vivo was taken to get the bio
distribution of various nanocarriers. Fig. 6 (a) displayed the fluorescent 
images of the ears with or without DNFB treatment and major organs 
(liver, kidney, spleen, lung, and heart), and the total intensities from 
tissues and organs were plotted in Fig. 6 (b). 

Fig. 4. (a) A schedule for establishing a mouse model with hypersensitivity ear disease using DNFB sensitization. (b) Representative ear images of the control and the 
DNFB group. (red circle: reddish and swollen area, *: swollen and wrinkled area). (c) Changes in ear thickness of the control and the DNFB group (n = 9). (d) 
Representative histological images of the control ear and the DNFB treated ear at day 0 and day 5 by H&E staining (scale bar = 200 μm). (#: p > 0.05, ***: p < 0.001). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

K. Min et al.                                                                                                                                                                                                                                     



Materials Science & Engineering C 131 (2021) 112521

8

First, the observed targeting effect of functionalization by chitosan 
and ZnBPMP to the inflammation site (DNFB treated ear) was main
tained at day 5, too. The highest signal was observed from ZnBPMP- 
chiNC, followed by both BPMP-chiNC and chiNC with no difference 
between them, and a much lower signal was observed from bareNC at 
the inflamed ear. 

Second, bareNC showed a very low signal not from the ears but also 
from all other organs compared to other chitosan functionalized nano
carriers, confirming a fast clearance rate of the nanocarrier itself without 
any surface modification in vivo, as expected from the time-course im
aging of the ears (Fig. 5). In contrast, chitosan functionalization of the 
nanocarrier greatly increased the bioavailability of the nanocarrier. 
Much higher signals were observed not only from the ear but also from 

all of the analyzed organs by chitosan functionalization. Greatly 
enhanced bioavailability (prolonged circulation) of the nanocarrier by 
chitosan functionalization would significantly contribute to the 
inflammation targeting effect of the nanocarrier. Although this pro
longed circulation of the nanocarrier by chitosan functionalization 
resulted in increased non-specific signals at the liver and spleen, the 
main clearance organ for nanosystems, as well as other organs, selec
tivity to inflammation at the same tissue (DNFB treated ear vs. control 
ear) was well maintained. No noticeable differences in the fluorescence 
signal were observed in the lung among chitosan functionalized nano
carriers, supporting the maintenance of similar colloidal stability in vivo. 
Interestingly, BPMP conjugation to chiNC led to substantially decreased 
signals at the liver and spleen in contrast to a slightly increased signal at 

Fig. 5. Targeting of the nanocarriers to the DNFB treated ear and the control ear over time up to 72 h. (a) Fluorescent images of the nanocarriers in the ears upon i.v. 
injection (b) Total signal intensity of the nanocarriers from the fluorescent images (n = 5). (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 
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the kidney compared to chiNC. The liver and spleen are the main two 
organs responsible for the clearance of nanoparticles [52]. Also, they 
have similar sinusoid structures in blood vessels unlike the kidney [53]. 
However, the reason for this tendency could not be elucidated. 
Furthermore, the chelation of Zn2+ ion did not affect significantly the 
biodistribution of the nanocarriers in the major organs in contrast to a 
distinct effect of the chelation Zn2+ ion on the inflammation targeting. 
So, the change in biodistribution among major organs by BPMP conju
gation was not related to the specific affinity of ZnBPMP to PS, but due to 
the non-specific contribution of BPMP itself. Nonetheless, considering 
the dominance of the accumulation of the nanocarriers in the liver, 
ZnBPMP conjugation to chiNC contributed to a meaningful decrease in 
overall non-specific accumulation to the remaining body. Little accu
mulation was observed from the heart for all the groups, so the heart was 
not an important organ for the nanocarriers in terms of biodistribution. 

Various inflammation-targeted drug delivery systems in vivo have 
been reported. However, in terms of targeting efficiency and longevity, 
previously reported ZnDPA systems using near-infrared (NIR) dye- 
conjugated ZnDPA itself for targeting acute muscular cell death and 
arthritis maintained their targeting signals less than 24 h [13,14]. Other 
polymer-based nanocarriers (PF68 and heparin-coated albumin) also 
remained at the inflamed colitis tissues for less than 24 h [54,55]. In the 
cases of other systems using specific targeting moiety for the inflam
mation, such as targeting macrophages or using leukocyte proteins, most 
of the systems were cleared out within 24 h [56,57], or less than 3 days 
[58]. In contrast, ZnBPMP-chiNC could maintain its targeting signal 
much higher than the control signal over 5 days. Considering the 
beneficial effect of the prolonged residence of a delivery carrier at the 
target site on therapeutic outcomes of delivered drugs, the present 
ZnBPMP-chiNC showed a significant advantage. 

Fig. 6. Biodistribution of the nanocarriers on the ears and major organs ex vivo at day 5 after i.v. injection. (a) Fluorescent images of the nanocarriers accumulated in 
the major organs. The top side from left: ear_DNFB, ear_control, liver, and kidney. The bottom side from left: spleen, lung, and heart. (b) Total signal intensity from 
the ears and the major organs (n = 5). (*: p < 0.05, **: p < 0.01, ***: p < 0.001, #: p > 0.05). 
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In summary, chitosan functionalization dramatically enhanced the in 
vivo circulation time of the nanocarriers for major organs, contributing 
to the continuous accumulation of them in the inflamed ear, so greatly 
enhanced the prolonged targeting ability of the nanocarrier to the 
inflamed ear was achieved. Additional ZnBPMP functionalization of the 
nanocarrier also resulted in significant improvement in the targeting of 
the inflamed ear in several aspects. First, ZnBPMP enhanced the initial 
targeting characteristic greatly; at 1 h, bareNC showed a higher signal 
than chiNC. However, ZnBPMP-chiNC showed much better initial tar
geting to the inflamed ear compared to bareNC or chiNC. Second, 
ZnBPMP further enhanced the targeting ability of chiNC to the inflamed 
ear up to 5 days, so the additional targeting effect of ZnBPMP was 
maintained. Third, BPMP conjugation decreased the overall non-specific 
accumulation of the nanocarrier to the remaining body. 

In vitro cell experiments in Fig. 3 seemed to highlight the importance 
of ZnBPMP ligand for targeting the inflammation site. However, in vivo 
experiments revealed that both chitosan and ZnBPMP ligand are 
necessary for efficient targeting and prolonged remaining at the 
inflammation site. We previously reported the advantages of pluronic- 
based nanocarriers as an excellent delivery system with simple and 
efficient loading of various molecules as a bioactive state [32–35]. Thus, 
ZnBPMP-chiNC has a high potential applicable not only for the instant 
diagnosis of the inflammation site but also for the remedy of inflamed 
tissues and organs by delivering therapeutic agents better and longer. 
The therapeutic effect of drug-loaded nanocarriers needs to be evaluated 
using animal inflammation-associated disease models for further 
studies. 

4. Conclusions 

A novel nanocarrier system for effectively targeting the inflamma
tion site was developed through the functionalization of chitosan and 
ZnBPMP moiety onto a pluronic-based nanocarrier. The system main
tained its thermosensitivity, enabling efficient loading of drugs in a 
simple way. The targeting efficiencies of the nanocarriers with various 
surface modifications upon intravenous injection were analyzed using 
apoptosis-induced immune cells and an inflammation model in the 
mouse ear caused by skin hypersensitivity with DNFB. ZnBPMP moiety 
dramatically increased the cellular uptake and binding interaction with 
apoptosis-induced cells in vitro. Furthermore, it augmented the targeting 
efficiency and selectivity of the chitosan-functionalized nanocarrier 
from the beginning, and reduced non-specific accumulation in other 
organs, especially the liver and spleen in vivo. Chitosan functionalization 
could greatly prolong the in vivo circulation as well as the residence of 
the nanocarriers at the inflammation site. The developed system could 
maintain its targeting characteristics at the inflamed site until day 5 
upon one-time injection. Thus, the present system in this study has the 
potential to be applied not only for targeting and imaging the disease 
site but also for delivering therapeutic drugs with high selectivity to the 
inflammation sites. 
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