
Instillation as drops on the ocular surface is the most 
common way of administering drugs to the eye. Unfortu-
nately, this topical route of administration produces poor 
drug bioavailability. This is because of rapid clearance of the 
instilled drug, along with blink-induced tear drainage. In fact, 
<1% typically penetrates the cornea and reaches intraocular 
structures [1]. In addition to entry into systemic circulation 
via nasal mucosa, a part of the instilled drug reaches systemic 
circulation by penetration into conjunctival blood vessels 
[2]. This limitation can be overcome by a nanoparticle-based 
drug delivery system that can provide sustained release and 
increased residence time on the ocular surface [3]. The latter 
can be achieved through the modification of their surface 
properties. In a previous study, we reported briefly on the 
potential of chitosan-dextran sulfate nanoparticles (CDNs) as 
a candidate system for ocular drug delivery [4].

Chitosan (CS) is an ideal polymeric carrier because it 
is biocompatible, biodegradable, non-toxic, and bioadhesive, 
and possesses a high positive charge density. Dextran sulfate 
(DS), on the other hand, has similar properties but is nega-
tively charged. The contrasting charges on CS and DS enable 

preparation of CDNs by polyelectrolyte complexation without 
involving harsh synthesis steps or toxic organic solvents [4,5]. 
However, in our previous studies, CDNs showed significant 
aggregation during storage [4]. Thus, in this study, the next 
generation of CDNs has been developed using PEG400 and 
EDC as stabilizing and co-crosslinking agents, respectively. 
The use of PEG400 is common in the formulation of lubri-
cating eye drops [6–8]. It is also known to increase mucoad-
hesiveness, leading to enhanced drug penetration [3,9–13]. 
Being a water-soluble carbodiimide, EDC is widely used as a 
crosslinking reagent [14–17]. Since it can be easily removed 
with an aqueous wash after crosslinking, the potential for 
ocular surface irritation is prevented.

Thus, we have further explored the benefits of CDNs as 
a topical ocular delivery system, with lutein as a model lipo-
philic drug. In the eye, lutein blocks blue light and is thought 
to function as an antioxidant. The efficacy of lutein as an anti-
oxidant stems from the fact that it can quench and scavenge 
light-induced intracellular reactive oxygen species (ROS) 
[18–20]. Since ROS accumulation in the lens and macular 
region of the retina leads to pathological consequences, it is 
believed that the consumption of lutein may reduce the risk 
of developing major causes of vision loss, including cataracts 
and/or age-related macular degeneration [21–23]. However, 
the use of lutein as an antioxidant is limited by its poor water 
solubility and susceptibility to instability when exposed to 
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light and heat [24]. Therefore, it is imperative to develop strat-
egies to enhance its chemical stability and penetration into 
intraocular structures. Nevertheless, nanoparticle-based drug 
delivery systems offer many advantages, including protection 
of incorporating substances from chemical degradation and 
enabling controlled release. Therefore, the main aim of this 
study was to investigate the effects of PEG400 and EDC on 
the properties of lutein-loaded CDNs (LCDNs), including the 
in vitro dissolution and mucoadhesiveness of LCDNs on the 
ocular surface. Additionally, lutein stability in the formula-
tion was investigated.

METHODS

Materials: Chitosan shrimp (MW 30 kDa with 95% degree 
of deacetylation) was obtained from Aquapremier Inc. 
(Bangkok, Thailand). Dextran sulfate (MW 500,000 Da), 
1-ethyl-3-(3- dimethylaminopropyl)-carbodiimide hydrochlo-
ride and type II mucin from porcine stomach were purchased 
from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 
Polyethylene glycol 400 was purchased from Namsiang 
Trading Co., Ltd. (Bangkok, Thailand). Lutein (95% lutein 
extracted from marigold flower extract) was purchased from 
KEB Biotechnology Co., Ltd. (Beijing, China). All other 
chemicals and reagents used were of high-performance 
liquid chromatography (HPLC) and analytical grade. Deion-
ized (DI) water was used in the preparation of solutions and 
dispersion of nanoparticles.

Preparation of nanoparticles: CDNs were prepared by a 
polyelectrolyte complexation technique as reported earlier 
[4]. A CS solution (1.25 ml; 1%, w/v; dissolved in 1.75% acetic 
acid) was mixed with DI water (total volume: 20 ml). The 
resulting solution was combined with an aqueous solution of 
DS (0.75 ml; 1%, w/v) and homogenized at ~8,000 rpm for 15 

min. This was then mixed with an aqueous solution of EDC 
(0.02 ml; 1%, w/v) and PEG400 (0.07 ml) for an additional 
30 min.

To prepare the lutein stock solution, lutein was dissolved 
in Tween-80 solution (1%, v/v; in dimethyl sulfoxide) to a 
concentration of 1%, w/v. Just before the start of the experi-
ment, the lutein stock solution was further diluted with 
ethanol to a final concentration of 0.5%, v/v. LCDNs were 
prepared similarly to CDNs, but by mixing 0.2 mL of lutein 
(L) aqueous solution with the CS solution before complexation 
with DS. In this study, we prepared four different formula-
tions with and without PEG400 and/or EDC: LCDN (L + CS 
+ DS), LCDN-P (L+ CS + DS + PEG400), LCDN-E (L + CS 
+ DS + EDC), and LCDN-PE (L + CS + DS + PEG400 + 
EDC). All procedures were performed in the dark, at room 
temperature, and produced in triplicate.

Physicochemical characteristics of nanoparticles: The 
morphology of the nanoparticles was characterized by scan-
ning electron microscopy (SEM; 1455VP, LEO Electron 
Microscopy Ltd., Cambridge, UK). LCDNs were dropped on 
studs with carbon tape, sputter-coated with gold, and then 
observed at a magnification of 10,000X.

The mean particle size and polydispersity index (PI) 
were measured by dynamic light scattering (DLS) using a 
ZetaPALS analyzer (Brookhaven Instruments Corporation, 
New York, NY) with an aliquot diluted in DI water. The 
particle size of each sample was measured at 25 °C, a detec-
tion angle of 90°, and a wavelength of 659 nm in a 10 mm 
diameter cell. Each data point was an average of 10 runs, 
and data were subjected to cumulative analysis to obtain an 
average hydrodynamic diameter [25].

Table 1. Mean parTicle size, polydispersiTy index, zeTa-poTenTial and enTrap-
MenT efficiency of luTein-loaded cdns and unloaded-cdns.

Formulation MS ± SD 
(nm) PI ± SD ZP ± SD 

(mV)
Lutein ± SD 
(μg/ml)

EE ± SD 
(%)

   CDN    296±5 0.28±0.01 52.8±1.2 - -
   LCDN    428±1 0.28±0.01 46.2±0.9 30.36±0.28 60.71±0.55
   CDN-P    292±10 0.27±0.02 36.4±1.6 - -
   LCDN-P    451±6 0.29±0.01 38.0±1.8 36.38±1.08 72.76±2.16
   CDN-E    296±4 0.24±0.01 33.7±0.5 - -
   LCDN-E    447±6 0.26±0.02 34.1±1.7 36.87±1.27 73.74±2.54
   CDN-PE    334±3 0.26±0.01 31.8±0.2 - -
   LCDN-PE    454±7 0.28±0.01 34.4±3.1 38.09±0.65 76.17±1.30

*MS: mean size; PI: polydispersity index; ZP: zeta potential; EE: entrapment efficiency; SD: standard 
deviation
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The zeta potential (ZP) was determined by phase analysis 
of light scattering to determine the electrophoretic mobility of 
charged particles using a ZetaPALS analyzer. Samples were 
prepared by re-dispersing the CDNs in DI water at 25 °C. The 
ZP was calculated from the electrophoretic mobility using the 
Smoluchowski approximation [26]. Each data point was an 
average of 10 runs.

The entrapment efficiency (EE) of LCDNs was deter-
mined as follows. One milliliter of LCDNs was centrifuged 
at 18,620 ×g for 30 min. The supernatant was discarded and 
lutein was extracted from the sedimented pellets by sonica-
tion with 1 mL of ethanol for 20 s. The lutein in the super-
natant, which was obtained after centrifugation at 18,620 ×g 
for 30 min, was analyzed using a UV-Vis spectrophotometer 
(446 nm). EE was calculated as [(Amount of lutein extracted) 
× 100/(Initial amount of lutein)]. Reported EE is based on the 
mean of three independent trials.

Fourier transform infrared spectroscopy (FTIR): FTIR 
spectra was obtained using a Spectrum GX series (Perkin-
Elmer, MA, USA) equipped with a mirtgs detector and an 
extkbr beamsplitter. The spectra were obtained in the 4000–
700 cm−1 range from the KBr disc at 4 cm−1 resolution under 

a dry air purge and reported as an average of 16 scans. The 
spectrum of the KBr disc was subtracted from each sample 
spectrum.

In vitro drug release studies: The shake-flask method was 
employed to assess the release profile of lutein from LCDNs. 
Since lutein possesses poor aqueous solubility, normal saline 
solution (NSS, pH 6.5) containing 1% (v/v) Tween-80, was 
used as a dissolution medium to provide a sink condition. A 
known amount of LCDNs, consisting of 25 μg/ml of lutein, 
was mixed into 10 ml of the dissolution medium and shaken 
(100 rpm) at 34 °C in the dark. At predetermined time inter-
vals of 5, 30, 60, 120, 180, 240, and 360 min, a 1 ml sample 
was taken and replaced by 1 mL fresh dissolution medium. 
The samples were then centrifuged at 18,620 ×g for 30 min 
and the supernatant was assayed for the amount of lutein 
released using the UV-VIS spectrophotometer (446 nm). All 
the dissolution experiments were performed in triplicate.

Stability of LCDNs: Four formulations of LCDNs (LCDN, 
LCDN-P, LCDN-E, and LCDN-PE) were stored in dark-
ness for four weeks at 4 °C and room temperature. A known 
amount of each formulation containing 70 μg/ml of lutein 
was mixed in Feldman ophthalmic buffer (10 ml; pH=6) 

Figure 1. Scanning electron micro-
graph of lutein-loaded chitosan–
dextran sulfate nanopar ticles 
(LCDNs) obtained by formula-
tion with PEG-400 and EDC 
(LCDN-PE). This was prepared 
by mixing chitosan (CS): dextran 
sulfate (DS) ratio of 1:1.67 (by 
weight), 0.001% w/v 1-ethyl-3-(3- 
dimethylaminopropyl)-carbodi-
imide hydrochloride (EDC), and 
0.35% v/v polyethylene glycol-400 
(PEG-400) with 0.005% v/v lutein 
aqueous solution. The particles 
show a spherical shape with 
uniform particle size distribution. 
Images for all other formulations 
showed similar morphology.
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and held in an amber glass bottle with headspace filled with 
nitrogen gas. At predetermined time intervals, particle size 
and surface charge were monitored by the ZetaPALS analyzer 
and the lutein content was examined by high-performance 
liquid chromatography (HPLC) [27].

An HPLC system (Model LD10A, Shimadzu, Kyoto, 
Japan) equipped with a carotenoid HPLC column (VertiSep™ 
BIO C30, 4.6×250 mm, 5 µm, Vertical® Thailand) was used. 
The mobile phase consisted of 2-propanol, dichloromethane, 

and methanol (20:10:70). The flow rate was at 1.0 mL/min, 
and the detection wavelength was 446 nm. All data were 
processed with the LC Solution® software (Shimadzu, Kyoto, 
Japan).

In vitro mucoadhesion study: In vitro mucoadhesion of 
LCDNs was assessed with newly formed mucous membranes. 
A hydrophilic cellulose nitrate membrane (0.22 μm pore size, 
12 mm diameter) was soaked in 0.1% of an aqueous mucin 
solution for 2 h. Then, 20 µl of LCDNs suspension was 

Figure 2. Characterization of CDN 
formulations by Fourier transform 
inf rared spect roscopy. FTIR 
spectra are shown for are EDC 
powder (A), CDN (B), CDN-P (C), 
CDN-E (D), and CDN-PE (E). A 
KBr disc was used for holding the 
samples.
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applied at the center of the membrane. The membrane was 
then irrigated continuously with NSS at 34 °C for 5 and 60 
min at a rate of 10 mL/min. The amount of lutein retained on 
the mucous membrane was extracted using 1 mL of ethanol, 
sonication for 20 s, and centrifugation at 18,620 × g for 30 
min. The supernatant was collected and assayed for lutein 
using a UV-VIS spectrophotometer (446 nm). The percentage 
of LCDNs retained on the membrane was calculated as 

[(Amount of lutein remaining on the mucous membrane) × 
100/(Initial amount lutein instilled)].

Statistical analysis: The results are expressed as mean ± stan-
dard deviation (SD). Differences between the groups were 
compared by one-way ANOVA followed by Tukey’s post hoc 
test. The results were considered to be statistically significant 
at p<0.05.

Figure 3. The in vitro dissolution 
profile of lutein from LCDNs. 
Normal saline solution (NSS) 
containing 1% (v/v) Tween-80 
were used as dissolution media. 
All formulations showed an initial 
burst release (~25%) in the first 30 
min, followed by a slow release for 
6 h (up to 70%). LCDN-P signifi-
cantly enhanced drug release rate 
compared to LCDN, LCDN-E, and 
LCDN-PE, which demonstrated 
similar release profiles. (One way 
ANOVA followed by Tukey’s post 
hoc test, p-value <0.05). Error bars 
show the standard deviation (n=3).

Table 2. Mean size, surface charge and luTein reMaining of lcdns 
afTer 4 week sTorage aT differenT TeMperaTures.

Formulations Temp.
MS ± SD (nm) ZP ± SD (mV) Lutein remaining 

± SD (%)
2 Weeks 4 Weeks 2 Weeks 4 Weeks 2 Weeks 4 Weeks

   LCDN
4 °C P P P P 87.4±3.1 76.9±22.4
RT P P P P 44.2±1.9 12.5±2.0

   LCDN-P
4 °C 434±10 395±25 39.2±0.9 34.6±0.9 88.4±5.1 87.4±3.5
RT 423±8 494±25 33.5±2.0 34.9±1.4 46.4±4.2 10.3±0.6

   LCDN-E
4 °C 436±10 412±15 37.8±3.5 36.4±1.6 88.2±7.8 86.9±6.6
RT 438±8 485±35 33.5±2.5 33.7±3.8 53.1±4.1 14.0±1.7

   LCDN-PE
4 °C 447±11 417±18 37.9±4.6 35.2±2.1 89.2±14.7 87.1±15.9
RT 432±12 487±22 35.3±2.6 32.4±1.3 47.4±8.8 11.3±1.2

    Lutein 
    solution

4 °C - - - - 21.3±5.2 15.1±3.6
RT - - - - 22.0±5.0 10.3±3.1

*MS: mean size; ZP: zeta potential; P: precipitation; RT: room temperature; Temp: Temperatures; SD: 
standard deviation
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RESULTS

Physicochemical characteristics of nanoparticles: DLS 
studies of LCDNs showed a mean particle size in the range of 
296 to 454 nm with PI <0.3, indicating a narrow size distribu-
tion (Table 1). When PEG400 or/and EDC were employed in 
the preparation of LCDNs, a decrease in zeta potential from 
+52 mV to +31 mV was observed (Table 1). The EE of lutein 
into CDNs showed a sharp increase in mean particle size 
by ~30%, but there was no effect on the zeta potential. The 
highest EE, up to 76%, was observed in LCDN-PE, followed 
by LCDN-E and LCDN-P, respectively, whereas a 60% EE 
was observed in LCDN (Table 1). Observations of nanopar-
ticles via SEM showed a spherical particle with a uniform 
distribution in all formulations. An example image is shown 
in Figure 1. The morphological properties were unaffected by 
the addition of PEG400 or EDC.

FTIR studies: The FTIR spectra of different CDNs (i.e., 
CDN, CDN-P, CDN-E, and CDN-PE) are shown in Figure 2. 
All particles showed the same characteristic peaks of FTIR 
spectra, except CDN-PE. The spectra of CDN, CDN-E, and 
CDN-P showed patterns similar to those in our previous 
study, such as spectral shifts in the amine and sulfate regions 
[4]. This confirms an involvement of electrostatic interac-
tions between cationic CS and anionic DS. Interestingly, the 
specific effects of PEG400 and EDC were apparent in the 
spectra of CDN-PE. It showed a broadening of the absorption 
peak of O-H stretching, as well as a shift to a lower wave-
number (3457 cm−1) and the novel peak of ether linkages 
(C-O-C) at 1095 cm−1. Figure 2A shows the EDC-dependent 

n=C=N vibration peak at 2134 cm−1. This was not detected in 
CDN-E and CDN-PE (Figure 2D,E).

In vitro drug release: All formulations showed a biphasic 
drug release profile with an initial burst release (~25%) in 
the first 30 min, followed by a slow release for 6 h (Figure 
3). The mechanism of the slow release phase was analyzed 
by fitting with three kinetic models: zero-order, first-order, 
and the Higuchi square root model. Based on the correlation 
coefficient (R2), the release profiles of all LCDNs could be 
best fit to the Higuchi square root model (R2=0.98–0.99). 
This indicates that lutein released from CDNs in the second 
phase occurs by a diffusion-controlled mechanism from the 
polymer matrix. The use of EDC and PEG400 affected lutein 
release kinetics very slightly. LCDN-P showed the highest 
drug release rate compared to those of LCDN, LCDN-E, and 
LCDN-PE, which demonstrated similar release profiles.

Stability of LCDNs: After storage at 4 °C and room tempera-
ture for four weeks, the formulations LCDN-E, LCDN-P, and 
LCDN-PE showed similar mean particle sizes and surface 
charges (Table 2) without any evidence of aggregation or 
precipitation. However, the LCDN formulation showed 
precipitation. Furthermore, at room temperature, the lutein 
solution and lutein in LCDNs were found to degrade rapidly; 
only 15% was detected after four weeks of storage (Table 2). 
Conversely, after four weeks of storage at 4 °C, only 13% of 
lutein in LCDNs degraded. Nevertheless, lutein in the solu-
tion was degraded by 85% at 4 °C.

In vitro mucoadhesive study: The mucoadhesive properties 
of nanoparticles were examined in vitro using a membrane 

Figure 4. The percentage of 
lutein remaining on the mucous 
membrane after a steady f low of 
normal saline solution (NSS) at 5 
min (orange bar) and 60 min (green 
bar; *One way ANOVA followed 
by Tukey’s post hoc test, p-value 
<0.05). For all formulations, lutein 
retained on the membrane was 
>50% after 5 min and >40% after 
60 min under f luid f low, respec-
tively. Error bars show the standard 
deviation (n=3).
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coated with mucin to simulate the ocular surface. As shown 
in Figure 4, instillation of lutein solution onto the mucous 
membrane resulted in a significant loss of lutein within 5 
min of fluid flow. With instillation of LCDNs, however, more 
than 40% of lutein was retained even after 60 min of fluid 
flow. This shows a substantial increase in mucoadhesive-
ness with LCDNs. The addition of PEG400 and EDC into 
LCDNs further increased mucoadhesiveness. After 5 min 
of fluid flow, LCDN-E showed the greatest retention on the 
mucous membrane, followed by LCDN-PE, LCDN-P, and 
LCDN, respectively. There were no significant differences 
observed in the three formulations—LCDN-E, LCDN-P and 
LCDN-PE—when compared between 5 min and 60 min, 
while LCDN showed that the remaining lutein significantly 
decreased on the mucous membrane after 60 min.

DISCUSSION

As shown previously, CDNs can be produced by the poly-
electrolyte complexation technique [4]. However, such 
particles obtained by mere polyelectrolyte complexation 

show significant aggregation. Thus, PEG400 was added 
as a stabilizer to prevent aggregation of CDNs, while EDC 
was added as a co-crosslinker to enhance the density of the 
polymer matrix. The specific effects of PEG400 and EDC 
are evident in the FTIR spectra of CDN-PE. The broadening 
of the absorption peak of O-H stretching suggests the forma-
tion of a large number of inter- and intra-molecular hydrogen 
bonds between hydroxyl groups of CS, DS, and PEG400 [28]. 
The novel peak of ether linkage at 1095 cm−1 indicates cross-
linking within the polymer matrix secondary to intermediate-
carbodiimide for primary alcoholic groups (R-C-OH) of CS, 
DS, and PEG400 [29]. However, the ether linkage peak could 
not be detected in the FTIR spectra of CDN-E. This may be 
due to a smaller number of ether linkages, but this could not 
be confirmed. Moreover, the carbodiimide peak (n=C=N) of 
EDC could not be detected in CDN-E and CDN-PE. This 
indicates that EDC was washed off and not incorporated into 
CDN-E and CDN-PE [29]. Thus, EDC was an intermediate 
cross-linker in CDN-E and CDN-PE.

Figure 5. A proposed structural model for LCDNs. CS is indicated by green lines. DS is shown by blue lines. Lutein is shown by orange 
lines. PEG-400 is in pink lines. LCDN contains CS, DS, and lutein. LCDN-P consists of CS, DS, lutein, and PEG400. LCDN-E is composed 
of CS, DS, and lutein. (EDC is not shown, as it is removed upon washing of the nanoparticles.) LCDN-PE is composed of CS, DS, PEG400, 
and lutein. Lutein is incorporated into the polymer matrix and entrapped in CDNs via hydrophobic interactions and/or hydrogen bonding. 
PEG400 is located around the particle surface and is postulated to interact with lutein.
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LCDNs are intended for the ocular surface, and so their 
size and surface charges are important. In general, the particle 
size should not exceed 10 μm; larger-sized particles can 
scratch the highly innervated ocular surface during blinking 
and lead to irritation and patient discomfort [30,31]. All 
developed LCDNs showed a mean size <400 nm with narrow 
size distribution and hence are suitable for topical administra-
tion to the eye. The addition of EDC and/or PEG400 did not 
significantly affect the particle size, but the decrease in zeta 
potential was observed. This could be due to the formation of 
hydrogen bonding between PEG400 and free amine groups of 
CS [32,33]. EDC, as an intermediate crosslinker, could induce 
polymer chains to come closer to each other by formation of 
ether linkages between the primary alcoholic groups [29]. 
This could increase the probability for free amine groups on 
the CS to form inter- and intramolecular bonding.

The entrapment efficiency of lutein was also affected 
by the addition of PEG400 and EDC. LCDNs prepared 
with EDC and/or PEG400 showed high drug EE of ~76% 
compared to LCDN, 60%, indicating that the EDC and 
PEG400 could enhance drug incorporation efficiency. This 
could be due to the increased density of the polymer matrix 
because of EDC that might increase the diffusional resistance 
of drug molecules from the polymer matrix to the medium, 
while PEG400 was believed to interact with hydroxyl group 
of unentrapped lutein via hydrogen bonding and then inserted 
inside the polymer matrix or located on the particle surface.

Interestingly, the release profile of LCDNs was found to 
be dependent on the position of lutein with nanoparticles that 
could be attributed to two potential mechanisms. The first, 
initial fast release or burst release phase could be attributed 
to the release of lutein bound to the particle surface [34,35]. 
The second, slower release phase might be attributed to pore 
formation of the polymer matrix by a diffusion-controlled 
mechanism. As expected, LCDN-P, the formulation with 
PEG400, significantly enhanced the release rate of the drug 
(p<0.05) compared to LCDN, LCDN-E, and LCDN-PE, 
which demonstrated similar release profiles. This finding 
could be postulated by two mechanisms. First, lutein could 
be bound to PEG400 localized at the particle surface. Second, 
water-soluble PEG400 might be incorporated into the polymer 
matrix, and it could be easily leached out into the dissolution 
medium, leading to pore formation in the polymer matrix. 
Similarly, several reports suggest that PEG could accelerate 
and modulate the release of several compounds, such as oval-
bumin, immunoglobulin, and dextran [3,36,37]. The release 
profiles of LCDN, LCDN-E, and LCDN-PE showed similar 
release rates in 6 h. However, after 30 min, the LCDN-PE 
and LCDN-E showed a lutein release rate slightly lower than 

that of LCDN, which conforms to statements above that EDC 
might act as an intermediary in the cross-linking reaction 
leading to the dense polymer matrix.

The physical stability of chitosan nanoparticles is a top 
concern due to their instability in the liquid form [38,39]. 
In this study, all nanoparticles showed good stability of the 
colloidal suspension without evidence of aggregation or 
precipitation at both storage temperatures, except LCDN. 
Considering that all nanoparticles possessed a high zeta 
potential, the observation suggested that electrostatic repul-
sion forces were not enough to prevent particle aggregation. 
Interestingly, the addition of EDC and PEG400 could enhance 
the physical stability of the colloidal suspension. PEG400 was 
believed to prevent particle aggregation via a steric hindrance 
mechanism by acting as protective colloids [40,41], whereas 
EDC could act as a hardening agent by creating a high cross-
link density, leading to a reduction in the degree of swelling, 
thereby preventing particle aggregation [42].

Meanwhile, the chemical stability of lutein in nanopar-
ticles is also an important issue. Although the long polyene 
chain of lutein is advantageous for light absorption, it is 
notorious for its instability and could be easily degraded by 
oxidation, especially during high-temperature storage [24,43]. 
As expected, the results support the hypothesis that the 
incorporation of lutein into CDNs should protect the lutein 
from decomposition. Also conforming to expectation, LCDN 
suspension showed excellent lutein protection, more than the 
lutein solution form, especially the formulation with EDC 
and/or PEG400 (Table 2). This improvement of lutein stability 
was probably attributed to the high crosslinking density of 
the polymeric matrix that reduced the swelling degree in 
the polymeric matrix, making it difficult for the aqueous 
medium to diffuse into nanoparticles. These results indicate 
that CDNs could improve lutein stability.

Interestingly, LCDNs could not only improve the entrap-
ment efficacy and stability of lutein but also enhance the 
lutein accumulation on the ocular surface by mucoadhesive 
performance of nanoparticles. All LCDNs showed good 
adhesion to the mucous membrane compared to the lutein 
solution. The lutein solution was removed rapidly by fluid 
flow, indicating that lutein could not adhere to the mucous 
membrane by itself. The possibility of LCDN adhesion can 
be attributed to electrostatic interactions between a positively 
charged CS and a negatively charged mucin [4]. Additionally, 
the hydroxyl and amino groups of CS may also interact with 
mucin via hydrogen bonds [3,4]. Moreover, the mucoadhesive 
performance of LCDNs could be enhanced by the addition 
of PEG400 and/or EDC. PEG400 is believed to act as a 
mucoadhesion promoter by the interpenetration of polymer 
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chains into the mucus layer [3,44]. EDC could facilitate a high 
crosslink density, thus reducing the degree of swelling and 
contributing to the difficulty of removal from the mucous in 
the presence of high humidity [45]. In contrast, a less cross-
linked polymer matrix, like LCDN, could be more easily 
removed from the mucous membrane because of its hydro-
philic properties that increase the degree of swelling, leading 
to a slippery tractionless surface [46]. Based on these results, 
it can be concluded that LCDNs and the mucosal surface 
are closely bound by electrostatic attraction and hydrogen 
bonding. This could be useful to prolonging the contact time 
of a drug delivery system in the mucosa and improve the 
treatment efficacy of lutein or/and other drugs.

Based on our data, a structure of LCDNs is proposed in 
Figure 5. LCDNs are mainly composed of a CS-DS matrix. 
PEG400 could be located both in the CS-DS polymer matrix 
and coated on the particle surface through ether linkages 
or hydrogen bonds. Lutein is incorporated into the polymer 
matrix, while some is adsorbed on the particle surface. EDC 
increases the density of the polymer matrix and is easily 
removed from the particles by irrigation.

Conclusions: LCDNs were successfully developed to improve 
potential drug delivery to the ocular surface. The addition of 
PEG400 and EDC could improve physical stability, enhance 
ocular surface retention time, and provide sustained release 
characteristics. The chemical stability of lutein incorporated 
into CDNs was significantly improved compared to lutein in 
solution. In optimal conditions, the developed LCDNs showed 
a mean particle size of <500 nm, which is unlikely to cause 
any abrasive injury to the ocular surface. Overall, the muco-
adhesive LCDNs exhibit characteristics suitable for topical 
ocular drug delivery, including (1) ease of manufacturing and 
mild conditions during preparation, (2) avoidance of organic 
solvents, (3) controlled drug release, (4) high entrapment 
efficiency, and (5) mucoadhesiveness.

APPENDIX 1

To access the data, click or select the words “Appendix 1.” 
Regression linear equation and correlation coefficient (R2) 
of three different drug release kinetic models.
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