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Orally Targeted Delivery of Tripeptide KPV
via Hyaluronic Acid-Functionalized Nanoparticles
Efficiently Alleviates Ulcerative Colitis
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Overcoming adverse effects and selectively delivering drug to
target cells are two major challenges in the treatment of ulcer-
ative colitis (UC). Lysine-proline-valine (KPV), a naturally
occurring tripeptide, has been shown to attenuate the inflam-
matory responses of colonic cells. Here, we loaded KPV into hy-
aluronic acid (HA)-functionalized polymeric nanoparticles
(NPs). The resultant HA-KPV-NPs had a desirable particle
size (�272.3 nm) and a slightly negative zeta potential
(��5.3 mV). These NPs successfully mediated the targeted de-
livery of KPV to key UC therapy-related cells (colonic epithelial
cells and macrophages). In addition, these KPV-loaded NPs
appear to be nontoxic and biocompatible with intestinal cells.
Intriguingly, we found that HA-KPV-NPs exert combined ef-
fects against UC by both accelerating mucosal healing and alle-
viating inflammation. Oral administration of HA-KPV-NPs
encapsulated in a hydrogel (chitosan/alginate) exhibited a
much stronger capacity to prevent mucosa damage and down-
regulate TNF-a, thus they showed amuch better therapeutic ef-
ficacy against UC in amouse model, compared with a KPV-NP/
hydrogel system. These results collectively demonstrate that
our HA-KPV-NP/hydrogel system has the capacity to release
HA-KPV-NPs in the colonic lumen and that these NPs subse-
quently penetrate into colitis tissues and enable KPV to be
internalized into target cells, thereby alleviating UC.
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INTRODUCTION
Ulcerative colitis (UC) is a chronic, relapsing inflammatory disease in
the colon.1 During the disease formation, inflammation impairs the
colonic mucosal barrier, increasing the permeability of epithelial bar-
rier and the chance of bacteria invasion into underlying tissues. This
triggers an excessive immune reaction that is believed to induce UC.2

Thus, the primary goals for clinical UC therapy are to accelerate
mucosal healing and alleviate inflammation.3,4 Current therapeutic
strategies are confined to anti-inflammatory agents and immunosup-
pressive drugs. Although some of these agents can control inflamma-
tion, their clinical applications are associated with serious adverse ef-
fects such as osteoporosis and increased susceptibility to infection.5,6

In addition, the currently available drug delivery systems (DDSs) are
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not very efficient for selective UC therapy.7 To overcome the risk of
drug-related adverse effect and enhance therapeutic efficacy, we ur-
gently need to develop novel therapeutic strategies.

a-Melanocyte-stimulating hormone (a-MSH), an endogenous tride-
capeptide, is a cleavage product of proopiomelanocortin that has pro-
tective and anti-inflammatory effects.8,9 Its anti-inflammatory activ-
ity has been shown to be mediated by three N-terminal amino
acids, lysine-proline-valine (KPV). Interestingly, the KPV peptide
was found to exert an even stronger anti-inflammatory effect than
a-MSH,9,10 and we recently demonstrated that KPV could attenuate
the inflammatory responses of colonic epithelial and immune cells
and reduce the incidence of colitis in vivo upon oral administra-
tion.11,12 We also showed that KPV exerts its anti-inflammatory
function inside cells, where it inactivates inflammatory pathways.12

Moreover, unlike the drugs currently used for UC therapy, KPV is
a naturally derived tripeptide without any notable side effects.

At present, nanoparticle (NP)-based DDSs have attracted extensive
attention in UC therapy. For example, studies have shown that NPs
after oral administration preferentially penetrate throughout the in-
testinal mucosa and accumulate in colitis tissues, thereby avoiding
rapid elimination by diarrhea.11,13–17 This enhanced accumulation,
which might be ascribed to the disordered nature of the mucosal bar-
rier under UC, the impairment of epithelial tight junctions, and/or
the immigration of immune cells,1 has been called the “epithelial
enhanced permeability and retention” (eEPR) effect.18 However,
although NPs appear to offer the ability to passively target drugs to
colitis tissue, thereby maximizing local drug concentrations, the ther-
apeutic efficacy of passive colitis-targeting NPs is still far from
satisfaction.
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Figure 1. Preparation and Characterization of KPV-

Loaded Polymeric NPs

(A) Schematic illustration of the fabrication process of HA-

KPV-NPs. (B and C) Particle size (B) and zeta potential (C)

of NPs. Data are presented as means ± SEM (n = 3).

(D and E) Representative TEM images and the corre-

sponding size distribution of KPV-NPs (D) and HA-KPV-

NPs (E). **p < 0.01.
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Researchers have sought to improve the cell specificity and cellular
uptake efficiency of NPs by modifying their surfaces with targeting li-
gands that can promote drug accumulation at colitis sites and support
efficient internalization of drug by target cells.19 Ligand-mediated
active colitis-targeting modalities have become an emerging approach
for efficient UC therapy. Colonic epithelial cells and macrophages,
which are closely involved in the inflammatory process of colitis,
are considered to be attractive target cells. CD44, a transmembrane
glycoprotein and specific receptor for hyaluronic acid (HA), is highly
overexpressed on the surface of colonic epithelial cells and macro-
phages in colitis tissues.20–22 Thus, it could be an attractive receptor
for targeted drug delivery in UC therapy. HA is a natural biocompat-
ible polysaccharide whose functionalization could significantly in-
M

crease the cellular uptake of NPs via HA recep-
tor-mediated endocytosis.23,24 Poly(lactic acid/
glycolic acid) (PLGA), an FDA-approved biode-
gradable polymer, can efficiently encapsulate
hydrophilic factors (e.g., plasmids, small inter-
fering RNAs [siRNAs], and proteins)25–27 and
thus have been recognized as an attractive mate-
rial for drug delivery.

Here, we fabricated HA-functionalized KPV-
loaded PLGA NPs (HA-KPV-NPs; depicted in
Figure 1A), characterized their physicochemical
properties (e.g., hydrodynamic particle size,
zeta potential, drug loading, morphology), and
further examined their targeted drug delivery
profiles. Moreover, we investigated their abilities
to accelerate mucosal healing and alleviate
inflammation in vitro and in a dextran sulfate
sodium (DSS)-induced UC mouse model.

RESULTS
Fabrication of NPs

KPV-loaded NPs were fabricated using a water-
in-oil-in-water (W/O/W) double emulsion-sol-
vent evaporation method, which is a well-estab-
lished technique for preparing hydrophilic
agent-loaded polymeric NPs.28 Briefly, the inner
aqueous phase (KPV/BSA) was mixed with the
organic phase (PLGA) to form a firstW/O emul-
sion under sonication. This first emulsion was
sonicated with the second aqueous phase (poly
[vinyl alcohol] [PVA] and chitosan)We to form a W/O/W emulsion
based on the Gibbs-Marangoni effect.29 As the organic solvent (di-
chloromethane) evaporated, the inner aqueous phase (KPV/BSA)
was efficiently restricted into the hydrophobic PLGA core. PVA is a
common amphiphilic polymer that is widely used as an emulsifier
for the preparation of polyester NPs.30 The addition of PVA to the
second aqueous phase resulted in the partitioning of its hydrophobic
segments into the hydrophobic PLGA matrix and the outward
display of its hydrophilic segments, thereby stabilizing the NPs.31

We have often used amino group-bearing chitosan for the further
surface modification of PLGA NPs,23,32,33 whereby chitosan likely
entangles its molecular chains with PVA and/or adsorbs to the
negatively charged NP surface. Finally, HA was conjugated to the
olecular Therapy Vol. 25 No 7 July 2017 1629
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chitosan-modified NPs via the formation of an amide bond between
the amino group of chitosan and the carboxyl group of HA, using
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)/N-hydrox-
ysuccinimide (NHS) chemistry in 2-(N-morpholino) ethanesulfonic
acid sodium salt (MES) buffer. On the basis of this strategy, we ob-
tained the desired HA-functionalized NPs (Figure 1A).

Physicochemical Characterization of NPs

Particle size and zeta potential are important parameters that directly
impact the stability, bio-distribution, and cellular uptake profiles of
NPs.29 These parameters were measured in acidic solution, and the
pH value (6.2) was selected because it represented the physiological
pH condition in the colonic lumen. As shown in Figure 1B, dynamic
light scattering (DLS) measurements revealed that the average hydro-
dynamic diameter of KPV-NPs was about 235.2 nm, whereas that of
HA-KPV-NPs was 272.3 nm. As shown in Figure 1C, KPV-NPs were
found to be electropositive, whereas HA-KPV-NPs exhibited a
negative zeta potential at about �5.3 mV, reflecting the successful
conjugation of negatively charged HA to the NP surface. The NP
morphology was examined by transmission electron microscopy
(TEM). As seen in representative TEM images, KPV-NPs (Figure 1D)
and HA-KPV-NPs (Figure 1E) were spherical in shape with mean di-
ameters less than 160 nm and exhibited narrow size distributions. The
discrepancies in the diameters measured by DLS and TEM may be
attributed to the differences in the NP surface states under the test
conditions. As described in our previous study,33 NPs are in a swollen
state when examined by DLS, whereas they must be fully dehydrated
for TEM characterization. As reported, cells tend to internalize NPs
with diameters less than 400 nm;34,35 NPs with diameters less than
10 mm preferentially accumulate in colitis tissues based on the
eEPR effect; and inflamed mucosa exhibits accumulation of positively
charged proteins.36 Therefore, the properties of our HA-KPV-NPs
should favor their penetration into inflamed colon tissue, adhesion
to the positively charged inflamed mucosa, and further internaliza-
tion into target cells.

The hexadecyltrimethylammonium bromide turbidimetric method
(CTM) has been demonstrated as an accurate, sensitive and specific
method for HA quantification.37,38 Thus, it was applied to quantify
HA amount on the surface of HA-KPV-NPs in the present study.
We found that the HA amount on HA-KPV-NPs was 63.1 ± 1.4 mg/
mg of NPs. The KPV encapsulation rate of NPs was calculated as
described in our previous report.11 The encapsulation rates observed
for KPV-NPs and HA-KPV-NPs were 52.3 ± 4.2% and 39.7 ± 3.6%,
respectively. The ratios of the loaded KPV concentrations versus the
dry weights of NPs were 64.3 ± 1.4 and 45.7 ± 2.1 ng/mg, respectively.
It was found that the encapsulation rate and KPV loading amount of
HA-KPV-NPs were much lower than that of KPV-NPs, which might
be due to the release of KPV near the NP surface to the reaction solu-
tion during the process of HA conjugation.

Cytotoxicity of HA-KPV-NPs

To evaluate the cytotoxicity of the developed NPs, we performed
in vitro cytotoxicity tests of KPV-NPs and HA-KPV-NPs against Co-
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lon-26 cells and Raw 264.7 macrophages. The results from 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays
(Figure S1) revealed no obvious cytotoxicity in either cell line
following incubation with KPV-NPs or HA-KPV-NPs, even after
48 hr. This indicates that the generated NPs have excellent
biocompatibility.

Cellular Uptake of HA-Functionalized NPs

Because KPV functions inside cells,12 efficient cellular uptake is a ma-
jor requirement for the therapeutic efficacy of KPV-loaded NPs. To
track the HA-functionalized NPs in cells, we used coumarin-6
(CM) as a fluorescent probe. HA-CM-NPs were fabricated using an
oil-in-water (O/W) emulsion-solvent evaporation method, as
described in our previous report.33 The amount of CM in HA-CM-
NPs was examined by measuring its intrinsic fluorescence. To inves-
tigate the internalization profiles of the NPs in two cell types that are
believed to be key UC therapy-related cells, we co-incubated Colon-
26 cells and Raw 264.7 macrophages with HA-CM-NPs (CM,
50 mM) for 5 hr. As expected, clear drug accumulation was detected
in both cell lines after treatment with HA-CM-NPs (Figure 2A),
whereas untreated control cells showed no fluorescence (data not
shown).

We next evaluated the tissue uptake profile of HA-functionalized NPs
by colitis tissue. As shown in Figure 2B, tissue sections revealed abun-
dant internalization of HA-CM-NPs (green) into colonic epithelial
cells after 5 hr of co-incubation. Critically, many NPs penetrated
deeply into the inflamed tissue.

To quantitatively compare the cellular uptake efficiency of non-func-
tionalized NPs and HA-functionalized NPs, we treated Colon-26 cells
and Raw 264.7 macrophages with CM-NPs or HA-CM-NPs and used
flow cytometry (FCM) to investigate their cellular uptake profiles af-
ter 0, 1, 3, and 5 hr of co-incubation. As shown in Figure 3, the fluo-
rescence intensities were markedly higher in the HA-CM-NP-treated
cell lines compared with the corresponding CM-NP-treated cells.
This indicates that surface functionalization with HA can promote
the cellular uptake efficiency of NPs by target cells.

Promotion of Mucosal Healing by HA-KPV-NPs

Enhancement of mucosal healing is one of the two major aims in UC
treatment.18 Because KPV was shown to decrease the inflammatory
response of colonic epithelial cells to inflammatory stimulation,12 it
was reasonable to speculate that HA-KPV-NPs might be able to
improve the healing of an inflamed mucosal layer. Thus, we investi-
gated the effects of HA-KPV-NPs on wound healing using electrical
impedance sensing (ECIS) technology. Caco2-BBE monolayers
grown on ECIS 8W1E plates were wounded with a 30 s electrical pulse
(frequency 40 kHz, amplitude 4.5 V). As shown in Figure 4, wounded
epithelial layers treated with HA-KPV-NP suspensions showed sig-
nificant and dose-dependent increases in recovery, compared with
untreated control layers. These results clearly demonstrate that HA-
KPV-NPs can enhance the healing of a wounded colonic epithelial
layer.



Figure 2. Uptake Profiles of HA-CM-NPs by Colon-26 Cells, Raw 264.7 Macrophages, and Colitis Tissue

(A) Cellular uptake of HA-CM-NPs (green) by respective Colon-26 cells and Raw 264.7 macrophages. Cells were treated with NPs (CM, 50 mM) for 5 hr and processed for

fluorescence staining. Fixed cells were stained with DAPI for visualization of nuclei (purple). The scale bars represent 10 mm. (B) Colitis tissue uptake of NPs after 5 hr of co-

incubation. Colitis tissue were treated with NPs (CM, 100 mM), sectioned and processed for fluorescence staining. Fixed tissues were stained with DAPI for visualization of

nuclei (purple). The scale bars represent 50 mm.
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Reduced TNF-amRNAExpression Level In Vitro byHA-KPV-NPs

The in vitro anti-inflammatory properties of KPV-loaded NPs were
assessed using qRT-PCR. We treated Raw 264.7 macrophages with
NPs and assessed the TNF-a mRNA expression level, which is a
crucial factor that is mainly secreted by macrophages during the onset
and progression of UC.6 As shown in Figure 5, untreated Raw 264.7
macrophages treated with lipopolysaccharide (LPS, 1 mg/mL; to
stimulate an inflammatory response) exhibited marked increases of
TNF-amRNA expression level after 24 and 48 hr. In contrast, this ef-
fect was considerably reduced in cells pre-treated with KPV-loaded
NPs. We further found that LPS-treated Raw 264.7 macrophages
pre-treated with HA-KPV-NPs maintained their decreased levels of
TNF-a even at 72 and 96 hr post-treatment (Figure S2). Furthermore,
cells treated with HA-KPV-NPs had significantly lower TNF-a
mRNA expression levels compared with those treated with KPV-
NPs. These results, which were consistent with the results of FCM-
based in vitro cellular uptake studies (Figure 3), might reflect the
enhanced intracellular uptake of HA-KPV-NPs by rapid CD44 recep-
tor-mediated endocytosis.

Enhanced Tissue/Cellular Uptake of Orally Administered HA-

Functionalized NPs In Vivo

The DSS-induced UC mouse model is an easily generated and highly
reproducible model that resembles human UC.39,40 To enable NPs to
be delivered to the colonic lumen, we encapsulated them in a hydrogel
of alginate and chitosan (weight ratio 7:3). The double-gavage proto-
col can be found at the following link: http://www.nature.com/
protocolexchange/protocols/588. We previously reported that this
hydrogel collapsed at colonic pH,11,41 suggesting that NPs should
be primarily released to the colonic lumen rather than other sections
of gastrointestinal tract (GIT).

To investigate the in vivo bio-distribution of HA-functionalized NPs
in GIT, we orally administered DSS-treated mice (a model of UC)
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Figure 3. HA Functionalization Increases the

Cellular Uptake of NPs by Colon-26 Cells and Raw

264.7 Macrophages

(A and B) Quantification of CM fluorescent intensity in

Colon-26 cells (A) and Raw 267.4 macrophages (B) after

treatment with respective CM concentrations of 25 and

50 mM. Each point represents the mean ± SEM (n = 3).

Statistical significance was assessed using Student’s

t test (*p < 0.05 and **p < 0.01).
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with DiR-loaded NPs encapsulated in hydrogel, and examined the
time-dependent passage and in vivo targeting efficacy of the formula-
tions using near infrared fluorescence (NIRF) imaging. As shown in
Figure 6A, a strong NIRF signal was observed in the small intestine
at 4 hr after oral administration. Furthermore, we found that HA-
DiR-NP-treated mice exhibited significantly stronger fluorescence
intensity in colon than DiR-NP-treated mice after 4 hr of oral admin-
istration (Figure 6B). A similar trend was also observed after 18 hr. In
addition, the fluorescence in colon was hardly detected by 24 hr post-
administration (data not shown), and thus mice were gavaged daily
during the treatment.

To examine the percentage of macrophages in colitis tissue that inter-
nalized HA-functionalized NPs, we gavaged DSS-treated mice with
hydrogel containing HA-CM-NPs and carried out FCM analysis. A
5 mg/kg dose of CM was chosen for this experiment. It was reported
that macrophages were traditionally considered as part of a linear
mononuclear phagocytic system and exclusively derived from
blood monocytes.42 Previous reports showed that monocytes can
give rise to intestinal macrophages during inflammation in both hu-
mans and mice,43,44 and more recent research has indicated that
macrophages come from two sources: embryonic precursors (charac-
terized as CD11b+F4/80hi cells) and conventional hematopoiesis
(CD11b+F4/80lo cells).45 Figure S3 shows the analytic process of
both macrophage sources. As seen in Figure 6C, the percentages of
CD11b+F4/80lo colonic macrophages and CD11b+F4/80hi macro-
phages that had taken up HA-CM-NPs by 12 hr post-administration
were 74.7% and 10.4%, respectively. However, for CM-NP-treated
mice, these percentages decreased to 66.1% and 4.8%, respectively.
This confirmed the targeting capability of the surface-conjugated
HA groups in vivo and was consistent with the in vitro results
(Figure 2B).

Promoted Therapeutic Efficacy against UC with Orally

Administered HA-KPV-NPs

In the present study, we examined whether oral administration of
HA-KPV-NPs had a better therapeutic efficacy in relieving UC
than orally administrated KPV-NPs. Initially, we evaluated body
weight loss, which is a main indicator of the colitis phenotype, among
groups of mice subjected to oral administration of hydrogel loaded
with different NPs. As shown in Figure 7A, the body weight losses
peaked on days 14, 12, and 11 post-treatment for DSS control,
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KPV-NP-treated and HA-KPV-NP-treated mice, respectively. The
HA-KPV-NP-treated mice showed the smallest maximal loss of
body weight, and thereafter exhibited the best body weight recovery
among the three DSS-treated groups.

Myeloperoxidase (MPO) is an endogenous enzyme of mammalian
granulocytes that plays a vital role in the development of UC.13

Here, MPO activity was used as a direct indicator of the infiltration
of granulocytes into colonic mucosa. As shown in Figure 7B, the
colonic MPO activity of the DSS-treated control group was signifi-
cantly higher than that of the healthy control group. In contrast,
mice treated with KPV-NPs or HA-KPV-NPs did not show marked
differences in MPO activity compared with healthy control mice.
The MPO activity of HA-KPV-NP-treated mice was much lower
(though not to a significant degree) than that of KPV-NP-treated
mice.

In the context of other parameters, DSS-treated control and KPV-
NP-treated mice had significantly higher spleen weights compared
with the healthy control group, whereas that of the HA-KPV-NP-
treated group did not significantly differ versus the healthy control
group (Figure 7C). The colon lengths of different groups exhibited
a pattern similar to that of spleen weight (Figure 7D). In terms of
TNF-a mRNA expression level (Figure 7E), the DSS-treated control
group showed the highest expression level; the KPV-NP-treated
group showed a lower expression level that was still significantly
higher than that of the healthy control group; and there was no
marked difference between HA-KPV-NP-treated and healthy control
mice.

Colon tissue histology, which is important when investigating the
therapeutic efficacy of various treatments, was assessed by H&E stain-
ing of colon tissue sections. As shown in Figure 7F, colon tissues from
the healthy control group showed no sign of inflammation or disrup-
tion of the healthy tissue morphology. In contrast, colon tissues from
the DSS-treated control group exhibited clear signs of inflammation,
including epithelial disruption, goblet cell depletion, and significant
infiltration of inflammatory cells into the mucosa. Interestingly, tis-
sues from the treatment groups showed much less inflammation.
Indeed, colon tissues fromHA-KPV-NP-treated group weremorpho-
logically very similar to those of the healthy control group, especially
with respect to the integration of the colonic epithelial layer and the



Figure 4. Wound Healing Assay of Caco2-BBE Cells with the Treatment of

HA-KPV-NPs on the Basis of the ECIS Technique

The variation of the impedance before and after wounding is shown. One hundred

thousand cells per well were seeded into ECIS 8W1E arrays.
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infiltration of inflammatory cells. Collectively, our in vitro and in vivo
data clearly demonstrate that HA-KPV-NPs show much better ther-
apeutic efficacy than KPV-NPs and can efficiently promote recovery
from UC.

DISCUSSION
In the development of novel drug formulations, the goal is to maxi-
mize the therapeutic efficacy of the drug while minimizing undesir-
able adverse effects.46 To achieve this goal, targeted drug delivery is
considered a promising strategy. In the context of delivering UC ther-
apeutics via oral administration, drug delivery can be targeted at the
level of the colon (organism level), the inflamed colon sites (tissue
level), and the target cells (cell level).18 Currently, most oral DDSs,
such as pellets, capsules, and tablets, are based on pH-, pressure-,
time-, or bacteria-responsive mechanisms47 and can target only the
colon. In contrast, NP-based DDSs have the capacity to accumulate
in colitis tissues because of the eEPR effect. Lamprecht et al.48 demon-
strated that orally administered NPs tended to accumulate in the in-
flamed mucosa of rats with colitis. Recently, inflamed colon-targeting
DDSs, which rely on the specific features of the inflamed colon, have
been developed. As large amounts of positively charged proteins are
known to accumulate in inflamed mucosa, Zhang et al.36 developed
a negatively charged hydrogel and demonstrated that the drug-loaded
hydrogel preferentially adhered to the inflamed colonic mucosa of
mice with UC and human UC patients. In addition, a previous study
confirmed that anionic liposomes prefer to attach to the inflamed in-
testine.49 It is generally accepted that disintegration of the colonic
epithelial layer is strongly linked to mucosal inflammation during
the pathogenesis of UC.18 Therefore, both colonic epithelial cells
and macrophages are potential target cells in UC therapy. However,
very few target cell-oriented DDSs have been developed to date.
We previously reported that non-functionalized KPV-NPs yielded a
therapeutic efficacy similar to that of free KPV solution at a 12,000-
fold lower concentration of KPV.11 Thus, we speculated that the effi-
ciency of this DDS might be increased by endowing with the function
of cell specificity. Accordingly, we herein functionalized these NPs
with HA, in an effort to enhance the selective delivery of KPV to target
cells. To prevent the degradation during transit through the gastroin-
testinal transit, we encapsulated the NPs into a chitosan/alginate hy-
drogel. This hydrogel collapses at colonic pH and was used as colon-
targeting (organism level) DDS in our previous reports.11,13–15 Once
the negatively charged HA-KPV-NPs are released from the hydrogel,
they should accumulate in the positively charged inflamed colonic
mucosa and then penetrate through the disrupted epithelial layer
into the underlying lamina propria because of the eEPR effect (tissue
level; Figure 2B).19 Finally, the HA-KPV-NPs should be internalized
into CD44-overexpressing colonic epithelial cells and macrophages at
the inflamed colonic sites (cell level).

Indeed, the results obtained from the in vitro cellular uptake study
(Figure 3) supported our hypothesis that compared with KPV-NPs,
HA-KPV-NPs allowed increased uptake by colonic epithelial cells
and macrophages. HA-KPV-NPs were also found to accelerate
mucosal healing and alleviate inflammation (Figures 4 and 5), and
their HA functionalization and subsequent increased uptake by target
cells were associated with a much higher efficiency in alleviating UC
compared to non-functionalized KPV-NPs (Figure 6). In addition,
the tested parameters (body weight, MPO activity, colon length,
spleen weight, and histologic appearance) were very similar between
HA-KPV-NP-treated mice and healthy controls (Figure 7).

Compared with other oral DDSs reported for UC therapy, our HA-
KPV-NP-embedded hydrogel system has a number of unique benefi-
cial features. First, it has excellent biocompatibility. KPV is a naturally
derived tripeptide without notable toxicity, and all of the carrier ma-
terials used are nontoxic and generally recognized as safe (GRAS)
polymers, which should facilitate their rapid translation to clinical
application. Second, the system has excellent stability. The solid phase
of PLGA NPs allows long-term storage and convenient use in the
clinic. In addition, they are stable following the release from the hy-
drogel to the colonic lumen and thus can protect KPV from degrada-
tion. Third, it has cell specificity. This oral HA-functionalized NP-hy-
drogel system appears to target at the colon and inflamed colonic sites
and actively target the delivery of KPV to key UC therapy-related cells
(colonic epithelial cell and macrophages), as summarized in our pro-
posed model (Figure 8). Fourth, fabrication is easy. The process for
preparing this NP-hydrogel system is relatively simple and easy to
scale up. Finally, the cost is low. The drug and polymers used in
this DDS are relatively inexpensive and available in large quantities.

In conclusion, we report a new strategy that uses a HA-functionalized
NP-hydrogel system prepared from GRAS reagents for the targeted
delivery of KPV to both epithelial cells and macrophages in colitis
tissues. Through its ability to release HA-KPV-NPs to the colonic
lumen, attach to inflamed mucosa, and accumulate in target cells,
Molecular Therapy Vol. 25 No 7 July 2017 1633
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Figure 5. In Vitro TNF-a Gene Downregulation

Capacities of KPV-NPs and HA-KPV-NPs against

Raw 267.4 Macrophages

In vitro TNF-a gene downregulation capacities of KPV-

NPs and HA-KPV-NPs against Raw 267.4 macrophages

for 24 hr (A) and 48 hr (B). After treatment by NPs, cells

were treated with LPS (1 mg/mL) for 3 hr. Each point

represents themean ±SEM (n = 3). Statistical significance

was assessed using the Student’s t test (*p < 0.05,

**p < 0.01).
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this system has the capacity to promote mucosal healing and decrease
inflammation. Thus, HA-KPV-NP-embedded hydrogel may be an
attractive therapeutic strategy against UC.

MATERIALS AND METHODS
Materials

PLGA (molecular weight [MW] = 38–54 kg/mol), PVA (86%–89% hy-
drolyzed, low molecular weight), chitosan, sodium nitrite, CM, EDC,
NHS, MES, cetyltrimethylammonium bromide, and LPS from Salmo-
nella enteric serotype typhimurium were purchased from Sigma-Al-
drich. KPV was purchased from KareBay Biochem. The molecular
weight of chitosan was tailored by depolymerization using sodium ni-
trite followinga reportedmethod.50Viscosity-averagemolecularweight
of the resulting chitosan was determined as 1.8� 104 using a reported
method.51 The depolymerized chitosan was used in the NP fabrication
process. HA (MW = 20 kDa) was obtained from Lifecore Biomedical.
Paraformaldehyde stock solution (16%) was from ElectronMicroscopy
Science. MTT was supplied from Invitrogen. DSS (36–50 kDa) was ob-
tained from MP Biomedicals. Buffered formalin (10%) was supplied
from EMD Millipore. H&E were from Richard-Allan Scientific. All
commercial products were used without further purification.

Fabrication of HA-KPV-NPs

NPs were prepared by a double emulsion solvent evaporation
technique. Briefly, a primary aqueous phase containing BSA
(50 mg/mL) and KPV (6 mg/mL) was prepared in water. PLGA
(100 mg) was dissolved in 2 mL of dichloromethane. The aqueous
solution was then added dropwise to the oil phase to form the first
emulsion. Addition of this emulsion to 4 mL PVA solutions (5%)
with depolymerized chitosan (0.5%) and subsequent sonication (six
times, 10 s each time) of the whole mixture formed a double emulsion.
This double emulsion was immediately poured into 100 mL of
aqueous solution containing 0.3% PVA with 0.03% depolymerized
chitosan. After that, the organic solventwas evaporated under low vac-
uum conditions (Rotary evaporator, Yamato RE200). TheNPs formed
by this method were collected by centrifugation at 12,000 � g for
20 min and washed three times with deionized water.

As to the fabrication of HA-functionalized NPs, the CS-KPV-NPs
obtained above were dispersed in MES buffer (pH 5.5). The carboxyl
1634 Molecular Therapy Vol. 25 No 7 July 2017
group of HA was activated for 2 hr by NHS/EDC. The HA solution
was added to CS-KPV-NPs suspension, and resultant mixture was al-
lowed to react at ambient temperature with stirring for 4 hr. The final
NPs were collected by centrifugation at 12,000� g for 20 min, washed
three times with deionized water, dried in a lyophilizer, and stored
at –20�C in an airtight container.

Characterization of NPs

Particle sizes (nanometers) and zeta potential (millivolts) of NPs were
measured by DLS using 90 Plus/BI-MAS (multi-angle particle sizing)
or DLS after applying an electric field using a ZetaPlus (zeta potential
analyzer, Brookhaven Instruments). The averages and SDs of the
diameters (nanometers) or zeta potential (millivolts) were calculated
using three runs. Each run was an average of 10 measurements. The
average values were based on the measurement on repeated NPs. The
morphology of NPs was observed with a TEM (LEO 906E, Zeiss).
A drop of diluted NP suspension was mounted onto 400-mesh car-
bon-coated copper grids and dried before analysis.

The amount of HA on the surface of HA-KPV-NPs was quantified us-
ing the CTM as reported previously.52,53 Briefly, NPs (5 mg) were dis-
solved in dichloromethane at room temperature for 15 min. The free
HA or HA conjugates were extracted from the organic phase using
0.8 mL sodium acetate solution (0.2 M). Sodium acetate solution
was added to the organic solution, and the resultant mixture was vor-
texed vigorously for 5 min and then centrifuged at 12,000 rpm for
5min at 4�C. TheHA content in the supernatant was further analyzed.
Fiftymicroliters ofHA standard solution (0.05–2mg/mL) orHA sam-
ple was added to a 96-well plate. The solutions were incubated with
50 mL of sodium acetate solution (0.2 M) for 10 min at 37�C. Then,
100 mL of 10 mM cetyltrimethylammonium bromide solution was
added to the mixture, and the absorbance of the precipitated complex
was read after 10min of co-incubation against the blank at 570 nm us-
ing amicroplate reader. The amount of HA toHA-KPV-NPswas then
calculated by previously drawn standard curve of native HA.

The loading amount of KPV in NPs was determined using our previ-
ous method.11 NPs (3 mg) were vortexed in 0.5 mL of dichlorome-
thane. The released BSA/KPV was extracted from the organic phase
using 0.8 mL PBS. PBS was added to the organic solution, and the



Figure 6. HA Functionalization Increases the Tissue/Cellular Uptake of NPs after Oral Administration in Mice with Colitis

(A) Typical images of GIT imaging showing accumulation of orally NPs embedded in hydrogel in colon at different time points (4 and 18 hr). (B) Quantification of the fluo-

rescence intensity in colon tissue. (C) Representative FCM analysis of CM fluorescence-positive macrophages in mice receiving DSS and treated with hydrogel with CM-NPs

or HA-CM-NPs. Data are expressed as mean ± SEM (n = 3). *p < 0.05.
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resultant mixture was vortexed vigorously for 5 min and then centri-
fuged at 12,000 rpm for 5 min at 4�C. The BSA content in the super-
natant was analyzed by the Bio-Rad protein assay. The encapsulation
rate was applied to determine the KPV loading, assuming that BSA
andKPVare loaded in the sameway in a homogeneous aqueous phase.
Biocompatibility of NPs

For MTT assay, Colon-26 cells and Raw 264.7 macrophages were
seeded at densities of 2 � 104 and 8 � 103 cells/well, respectively, in
96-well plates and incubated overnight. After 24 or 48 hr of exposure
to NP suspensions, the cells were then incubated with MTT reagent
Molecular Therapy Vol. 25 No 7 July 2017 1635
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Figure 7. Oral Administration of KPV-NP- or HA-KPV-NP-Embedded Hydrogel Relieve DSS-Induced UC in Mice

(A) Mouse body weight over time, normalized as a percentage of day 1 body weight and given as the mean of each treatment group. (B–E) Colonic MPO activity (B), spleen

weight (C), colon length (D), and TNF-amRNA expression levels (E) in different treatment mice groups. The MPO results are expressed as units of MPO activity per gram of

tissue. Each point represents the mean ± SEM (n = 5). Statistical significance was assessed using ANOVA followed by a Bonferroni post-test (*p < 0.05, **p < 0.01). (F)

Representative H&E-stained colon sections from DSS-treated mice administered with daily double gavages of hydrogel with different NPs for 6 days: (i) healthy control mice

group, (ii) DSS-treated mice group, (iii) KPV-treated mice group, and (iv) HA-KPV-NP-treated mice group. The scale bars represent 100 mm.

Molecular Therapy
(0.5 mg/mL in supplemented 100 mL of serum-free medium) at 37�C
for 4 hr. Thereafter, the media were discarded, and 50 mL DMSO was
added to each well prior to spectrophotometric measurements at
570 nm. Untreated cells were used as a negative reference, whereas
cells treated with 0.5% Triton X-100 were the positive control.
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Intracellular NP Uptake Visualization

To investigate the cellular uptake profiles of the HA-functionalized
NPs, CM was used as a fluorescence probe. CM-NPs and HA-CM-
NPs were prepared by an oil-in-water emulsion-solvent evaporation
technique as we reported previously.23,32,33 The amount of CM in



Figure 8. The Therapeutic Effects of HA-KPV-NPs

against UC

Oral administration of HA-KPV-NPs embedded in hy-

drogel (chitosan/alginate) confers combined therapeutic

effects against UC by accelerating mucosa healing and

alleviating inflammation.
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the NPs was examined by measuring its intrinsic fluorescence on a
PerkinElmer EnSpire multimode plate reader (PerkinElmer). Co-
lon-26 cells and Raw 264.7 macrophages were seeded in eight-cham-
ber tissue culture glass slide (BD Falcon) at densities of 5 � 104 and
2� 104 cells/well, respectively, and incubated overnight. After 5 hr of
exposure to HA-CM-NPs (CM, 50 mM), the cells were thoroughly
rinsed with PBS to eliminate excess of NPs and then fixed in 4%
paraformaldehyde for 20 min. To observe cellular uptake of NPs,
DAPI was diluted 10,000 times and added to the wells for staining
cells for 5 min. Images were acquired using the fluorescein isothio-
cyanate (FITC) channel and DAPI channel on an Olympus fluores-
cence microscopy equipped with a Hamamatsu Digital Camera
ORCA-03G.

Quantification of Cellular Uptake Using FCM

Colon-26 cells and Raw 264.7 macrophages were seeded in 12-well
plates at densities of 4 � 105 and 1 � 105 cells/well, respectively,
and incubated overnight. The medium was exchanged to serum-
free medium containing CS-CM-NPs or HA-CM-NPs (equal to
25 and 50 mM CM for Colon-26 cells and Raw 264.7 macrophages,
respectively). Cells treated with blank NPs were used as negative
controls. After incubation for different time periods (0, 1, 3, and
5 h), the cells were thoroughly rinsed with PBS to eliminate excess
NPs, which were not taken up by cells. Subsequently, the treated
cells were harvested using Accutase or trypsin, transferred to
centrifuge tubes, and centrifuged at 1,500 rpm for 5 min. Upon
removal of the supernatant, the cells were re-suspended in FCM
buffer, transferred to round-bottom polystyrene test tubes (12 �
75 mm, BD Falcon), and kept at 4�C until further analysis. Analyt-
ical FCM was performed using the FITC channel on the FCM
M

Canto (BD Biosciences). A total of 5,000 un-
gated cells were analyzed.

In Vitro Wound Healing Assay

Wound healing assays were performed using
ECIS technology (Applied BioPhysics). The
ECIS model 1600R was used for these experi-
ments. The measurement system consists of
an eight-well culture dish (ECIS 8W1E plate),
the surface of which is seeded with Caco2-
BBE cells at a density of 1� 106/well. Once cells
reached confluence, an elevated current pulse (3
mA, 40 kHz, 30 s) was used to wound the
confluent cell monolayer. The wounding pulse
was reflected by a sharp drop in resistance.
The system then switched back to its normal
operation to monitor the process of wound healing. After that, HA-
KPV-NPs with various KPV concentrations were added to the wells.

In Vitro Anti-inflammation Test

Raw 264.7 macrophages were seeded in six-well plates at a density of
1 � 105 cells/well and incubated overnight. After co-culture with
various NPs for 5 hr, cells were incubated in medium containing
10% FBS for 19, 43, 67, or 91 hr. Raw 264.7 macrophages were then
stimulated with LPS (1 mg/mL, Sigma) for 3 hr. Total RNA was ex-
tracted using RNeasy Plus Mini Kit (Qiagen). The cDNA was gener-
ated from the total RNAs isolated above using theMaxima first strand
cDNA synthesis kit (Fermentas) according to the manufacturer’s in-
struction. TNF-a mRNA expression levels were quantified by qRT-
PCR using Maxima SYBR Green/ROX qPCR Master Mix (Fermen-
tas). The data were normalized to the internal control: 36B4. Relative
gene expression levels were calculated using the 2-DDCt method. Se-
quences of all the primers used for qRT-PCR are given in Table S1.

Induction of UC Mouse Model and Oral Administration of NPs

FVBmale mice (8 weeks of age, The Jackson Laboratory) were used in
the animal experiments. Mice were group housed (25�C), photope-
riod (12:12 h light-dark cycle), and allowed unrestricted access to po-
tables and standard mouse chow. All the animal experiments were
approved by Georgia State University Institutional Animal Care
and Use Committee.

To track the HA-functionalized NPs in GIT after oral administration,
the near infrared dye DiR was employed as a fluorescence probe. Co-
litis was induced in FVB male mice by replacing their drinking water
with a 3.5% (wt/vol) DSS (36–50 kDa). DiR-loaded NP-embedded
olecular Therapy Vol. 25 No 7 July 2017 1637
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hydrogel was orally administered to mice at an equivalent DiR con-
centration (0.5 mg DiR/kg per mouse) after 6 days of DSS treatment.
After oral administration for 4, 18, and 24 hr, respectively, the mice
were sacrificed to obtain GIT. The images were captured using the
IVIS spectrum imaging system (PerkinElmer/Caliper LifeSciences).

Colitis was induced in FVB male mice (8 weeks of age, The Jackson
Laboratory) by replacing their drinking water with a 3.5% (wt/vol)
DSS (36–50 kDa) for 6 days. To investigate the in vivo targeting
property of NPs, mice were orally administered with CM-loaded
NP-embedded hydrogel (5 mg CM/kg per mouse). After 12 hr, the
mice were euthanized. Then spleen and colon were removed. Isola-
tion of splenocytes and lamina propria immune cells was conducted
as described in previous reports.54,55 Antibodies used for analysis
were from eBioscience unless otherwise noted: anti-mouse CD11b
eFluor 450, anti-mouse F4/80 antigen PE-Cy7, anti-mouse CD4
eFluor 450 and anti-mouse CD4 PE-Cy7 (BD Pharmingen). Flow cy-
tometric analysis was performed on a BD LSRFortessa flow cytometer
(BD Biosciences), and data were analyzed using the FlowJo v10 pro-
cessing program.

UCwas induced by replacing the drinking water of the mice with a 3%
(wt/vol) DSS solution for 8 days. To deliver various NPs to mice
colonic lumen, we encapsulated them into a hydrogel comprised of
chitosan and alginate and double-gavaged the mice for 5 days. Mice
receiving NPs were treated with 16 mg/kg of KPV per day. Control
mice were given water only. Mice were observed daily and evaluated
for changes in body weight and development of clinical symptoms of
colitis. Mice were sacrificed by CO2 euthanasia. Spleen weight and co-
lon length were measured. A small piece (50 mg) of distal colon was
taken for MPO and RNA analysis, and the remaining of the colon was
used for histopathological analysis.

Ex Vivo Cellular Uptake of NPs

Colitis was induced in FVB male mice (8 weeks of age, The Jackson
Laboratory) by replacing their drinking water with a 3.5% (wt/vol)
DSS (36–50 kDa) for 6 days. Colitis tissues (6�8 mm) from DSS-
treated mice were placed in 24-well culture plates with the mucosal
surface facing upward. The wells were flooded in serum-free RPMI-
1640 medium, and then HA-CM-NPs suspensions (CM, 100 mM)
were added to each well. After 5 hr of co-incubation, tissues were
washed thoroughly with PBS for 3 times and then embedded in
OCT. Sections (5 mm) were fixed in 4% paraformaldehyde and further
stained with DAPI. Images were acquired using an Olympus micro-
scope equipped with a Hamamatsu Digital Camera ORCA-03G.

MPO Activity

Neutrophil infiltration into the colon was quantified bymeasuring the
MPO activity. Briefly, a portion of colon was homogenized in 1:20
(w/v) of 50mMphosphate buffer (pH 6.0) containing 0.5%hexadecyl-
trimethyl ammonium bromide (Sigma) on ice using a homogenizer
(Polytron). The homogenate was then sonicated for 10 s, freeze-
thawed three times, and centrifuged at 16,000� g for 15 min. The su-
pernatant was then added to 1 mg/mL O-dianisidine hydrochloride
1638 Molecular Therapy Vol. 25 No 7 July 2017
(Sigma) and 0.0005% hydrogen peroxide, and the change in absor-
bance at 460 nm was measured. MPO activity was expressed as units
per gram of colonic tissue, where one unit was defined as the amount
that degrades 1 mmol of hydrogen peroxide per min at 25�C.

H&E Staining

Tissue samples were evaluated for mucosal architecture change,
cellular infiltration, inflammation, goblet cell depletion, surface
epithelial cell hyperplasia, and signs of epithelial regeneration using
light microscopy of H&E staining. These values were used to assess
the degrees of mucosal damage and repair in various groups. Colon
tissues were fixed in 10% buffered formalin (Fisher) and embedded
in paraffin. Tissue sections with a thickness of 5 mm were stained
with H&E followed by imaging using bright-field microscopy.

In Vivo TNF-a mRNA Expression Level

Total RNA was extracted from the tissue samples using RNeasy
Plus Mini Kit (Qiagen). The cDNA was generated from the total
RNAs isolated above using the Maxima first strand cDNA
synthesis kit (Fermentas) according to the manufacturer’s instruc-
tion. The mRNA expression levels of TNF-a were quantified by
real-time RT-PCR using Maxima SYBR Green/ROX qPCR Master
Mix (Fermentas).

Statistical Analysis

Statistical analysis was performed using ANOVA followed by a Bon-
ferroni post hoc test (GraphPad Prism) or Student’s t test. Data are
expressed as mean ± SEM. Statistical significance is represented by
*p < 0.05 and **p < 0.01.
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