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a b s t r a c t

Anti-cancer drug loaded-nanoparticles (NPs) or encapsulation of NPs in colon-targeted delivery systems
shows potential for increasing the local drug concentration in the colon leading to improved treatment of
colorectal cancer. To investigate the potential of the NP-based strategies for colon-specific delivery, two
formulations, free Eudragit� NPs and enteric-coated NP-loaded chitosan–hypromellose microcapsules
(MCs) were fluorescently-labelled and their tissue distribution in mice after oral administration was
monitored by multispectral small animal imaging. The free NPs showed a shorter transit time throughout
the mouse digestive tract than the MCs, with extensive excretion of NPs in faeces at 5 h. Conversely, the
MCs showed complete NP release in the lower region of the mouse small intestine at 8 h
post-administration. Overall, the encapsulation of NPs in MCs resulted in a higher colonic NP intensity
from 8 h to 24 h post-administration compared to the free NPs, due to a NP ‘guarding’ effect of MCs
during their transit along mouse gastrointestinal tract which decreased NP excretion in faeces. These
imaging data revealed that this widely-utilised colon-targeting MC formulation lacked site-precision
for releasing its NP load in the colon, but the increased residence time of the NPs in the lower gastroin-
testinal tract suggests that it is still useful for localised release of chemotherapeutics, compared to NP
administration alone. In addition, both formulations resided in the stomach of mice at considerable
concentrations over 24 h. Thus, adhesion of NP- or MC-based oral delivery systems to gastric mucosa
may be problematic for colon-specific delivery of the cargo to the colon and should be carefully investi-
gated for a full evaluation of particulate delivery systems.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Current chemotherapy for colorectal cancer usually involves
continuous intravenous infusion of potent anti-cancer drugs such
as 5-fluorouracil via an in-dwelling catheter that has unsatisfac-
tory efficacy and severe side effects [1,2]. Oral formulations deliv-
ering chemotherapeutics to the colon are promising to improve
treatment of colorectal cancer [3], driven by the principle that tar-
geted delivery of drugs to their intended cellular targets offers
opportunities for increasing treatment efficacy while minimising
the administered dose and associated side effects. Novel drug
delivery systems based on nanotechnology, such as nanoparticles
(NPs) [4] and nanoparticle-in-microcapsule systems [5], have
recently been developed for achieving colon-specific delivery of
therapeutic agents. Studies have shown that drug-loaded NPs can
exhibit higher anti-cancer activity than the corresponding drug
alone by enhancing the solubility of poorly water soluble drugs
and increasing drug uptake by cancer cells [6,7]. Moreover,
conjugation of targeting ligands to NPs could increase delivery of
drugs to tumour cells through greater specificity, thus minimising
the effect on surrounding tissue [8,9]. Encapsulation of NPs in
microcapsules has also been demonstrated to avoid premature
degradation or uptake of NPs during their passage through the
upper gastrointestinal tract, thus increasing the delivery of NPs
to the colon for enhanced therapeutic efficacy [10,11].
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To gain a full understanding of the effectiveness of NPs or
nanoparticle-in-microcapsule systems for colorectal cancer
chemotherapy, it is necessary to elucidate the in vivo fate of NPs
and/or microcapsules following oral administration, especially
the distribution and retention of the particles in the colorectal
region. For the nanoparticle-in-microcapsule system, the precision
of in vivo release of NPs from microcapsules would provide signif-
icant insight into the evaluation of the system for targeting cancer
cells in the colorectal region. However, the reported NP-based
delivery vehicles are usually evaluated by tissue distribution stud-
ies which look at concentration of encapsulated drugs in collected
tissues and/or therapeutic effects [4,5,10,11], and the in vivo fate of
the formulations has not been well understood.

Thus, the aim of the present study was to investigate the in vivo
distribution of NPs in mice in real-time following oral administra-
tion of the two typically reported NP-based formulations,
un-encapsulated NP suspension and NP-loaded microcapsules. The
model NPs were encapsulated in a conventional colon-targeting
microcapsule carrier to examine whether the microcapsules could
release the incorporated NPs specifically in the colon. We believe
that such a study would broaden the current understanding on the
development of oral delivery systems for treating colorectal cancer,
as well as other diseases in the gastrointestinal tract such as inflam-
matory bowel diseases.

An important experimental design criterion for colorectal
delivery systems is that the model NPs must be prepared from a
material that (1) prevents premature drug release in the upper gas-
trointestinal tract, (2) exhibits the required stability in the colon,
and (3) promotes drug uptake into tumour cells or local drug
release. The Eudragit� series of copolymers are esters of acrylic
and methacrylic acid and have pH-dependent solubility as deter-
mined by the monomer compositions and their functionalities.
Eudragit� RS PO is a cationic, water insoluble polymer that has
been exploited to prolong drug release while increasing the cellu-
lar uptake of nanoparticles due to its net positive charge [12].
Moreover, the concentration of Eudragit� RS in sustained release
dosage forms can be conveniently measured using UV–visible
spectrophotometry after forming an ion-pair complex with tropae-
olin OOO [13].

The microcapsule system investigated in this study was prepared
from chitosan and hypromellose (HPMC) and then coated by
Eudragit� S100, which for these materials have been well reported
for preparing colon-specific delivery systems [14–17]. Our previous
study [18] of alginate carriers for colon delivery of Eudragit� RS PO
NPs showed that electrostatic complexation between the positively
charged NPs and negatively charged alginate retarded NP release
from the alginate carrier. In order to prevent NP-carrier binding
and aggregation, chitosan and hypromellose were selected to pre-
pare the microcapsule carrier for this study, based on their positive
and neutral charge, respectively. Eudragit� S100 dissolves above pH
7 and provides a stable and insoluble shell in the low pH environ-
ment encountered in the stomach and upper regions of the small
intestine. It becomes soluble under the higher pH conditions
encountered in the lower regions of the small intestine and colon,
subsequently facilitating release of the NPs in this region.

In order to investigate the tissue distribution of Eudragit� RS
NPs after oral administration of both formulations, determination
of the concentrations of the NPs in each section of the animal gas-
trointestinal tract is necessary. Optical fluorescence imaging pro-
vides a high signal-to-noise ratio in vivo and has been explored
as a direct and non-invasive tool for tracking NPs in live animals,
and providing qualitative and quantitative analysis of tissue distri-
bution [19–23]. In this study, Eudragit� RS PO lacks the functional-
ity for attachment of fluorescent dyes; therefore, we synthesised a
companion polymer with similar properties (poly(methyl
methacrylate), (PMMA)) that was pre-labelled with a fluorescent
dye (Cy5) and then blended with Eudragit� RS PO to produce a flu-
orescent NP model (Cy5 NPs).

As for the NP-in-microcapsule system, it was important to
determine the kinetics of the in vivo release of the NPs from
Eudragit� S100-coated chitosan–HPMC MCs as well as the concen-
tration of NPs released in the colon arising from specificity of the
delivery vehicle. Thus, a multi-spectral approach was employed
whereby the Cy5 NPs were loaded into MCs which had been
pre-labelled with a second fluorophore exhibiting different optical
properties. The MC carrier system was labelled with IR750 dye
through amidation of chitosan before prior to blending with
hypromellose to prepare MCs. This strategy enabled a quantitative
analysis of the biodistribution of each component of the carrier
system (NPs and MCs) along the full length of the mouse gastroin-
testinal tract following oral administration to monitor the in vivo
course of NP release from MCs.
2. Experimental section

2.1. Materials

Eudragit� RS PO and Eudragit� S100 were provided by Evonik
Industries (Darmstadt, Germany). Hypromellose E50 (HPMC) was
provided by Colorcon Asia Pacific Pty. Ltd. Medium molecular
weight chitosan (75–85% deacetylated, molecular weight
190,000–310,000 Da) and sodium phosphate tribasic dodecahy-
drate were purchased from Sigma Aldrich. Cyanine 5 amine
(Cy5-NH2) was purchased from Lumiprobe Corporation, USA and
IRDye� 750 NHS Ester from LI-COR Biosciences, USA. Phosphate
buffered saline (PBS) tablets were purchased from Amresco Inc.
(Solon, OH). Tropaeolin OOO (pH 11.0–13.0) was purchased from
British Drug Houses Ltd. Dimethyl sulfoxide (DMSO) and ethyl
acetate of analytical grade were purchased from Chem-supply
(SA, Australia). Pentafluorophenol was purchased from Matrix
Scientific (South Carolina, USA). Methacrylic acid and methyl
methacrylate (Sigma Aldrich) were passed through basic alumina
before use to remove inhibitor. All other chemicals were purchased
from Sigma Aldrich and used as received. Mouse embryonic fibrob-
last cells (NIH/3T3; ATCC� CRL-1658™) and human colon adeno-
carcinoma cells (HT-29; ATCC� HTB-38™) were cultured in
Dulbecco’s modified Eagle medium (DMEM) (Lonza, Australia)
and RPMI Medium 1640 (Gibco) respectively containing 10% foetal
bovine serum (Moregate BioTech, Australia), penicillin/strepto-
mycin and glutamine (Gibco) in an atmosphere of 5% CO2 in air.

2.2. Synthesis and characterisation of Cy5-labelled poly(methyl
methacrylate) polymer (PMMA)

PMMA was synthesised bearing fluorescent groups as a
surrogate drug molecule and incorporated into the nanoparticle
formulation for tracking in the digestion tract. Full synthetic proce-
dures are presented in Supporting Information.

2.3. Preparation and characterisation of Cy5-labelled PMMA-
Eudragit� RS PO nanoparticles (Cy5 NPs) (Scheme 1-1)

Cy5 NPs were prepared from a mixture of Cy5-labelled PMMA
and Eudragit� RS PO using a modified emulsification-diffusion
method reported by Nguyen et al. [24]. Cy5-labelled PMMA
(25 mg) and Eudragit� RS PO (225 mg) were dissolved in 5 mL
n-butanol and the solution was added to distilled water (20 mL)
using a 30G needle at a rate of 1.5 mL/min (Harvard Apparatus
PHD 2000 Syringe Pump) under magnetic stirring at 1500 rpm.
The resulting emulsion was stirred for 4 days at room temperature
to evaporate the n-butanol completely and then centrifuged at



Y. Ma et al. / European Journal of Pharmaceutics and Biopharmaceutics 94 (2015) 393–403 395
4000 rpm for 5 min to remove any polymer precipitate. The super-
natant was collected and the NP yield was obtained by freeze
drying aliquots of the Cy5 NP suspension. The labelling efficiency
in dried Cy5 NPs was determined by fluorescence spectrophotom-
etry (Horiba Fluoromax-4, Ex = 648 nm, Em = 670 nm) following
dissolution of a known weight of NPs in DMSO and expressed as
the weight ratio of Cy5 dye to NPs. A known set of concentrations
of Cy5 dye dissolved in DMSO in the linear range of 0.025–
0.25 lg/mL was used to produce the calibration curve.

The Z-average size (Z-ave), polydispersity index (PDI) and zeta
potential of Cy5 NPs were determined in triplicate at a final con-
centration of 1 mg/mL using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) at an angle of 173�. To examine the
morphology of Cy5 NPs, a drop of NP suspension (100 lg/mL)
was placed on a carbon coated copper grid (100 mesh). After
5 min, the excess fluid was blotted with a filter paper and the grid
was negatively stained with uranyl acetate (1%, w/v). Excess stain
was removed by further blotting. The grid was air-dried and exam-
ined by transmission electron microscopy (TEM, Jeol 1010, USA) at
100 kV.

2.4. Preparation and characterisation of Cy5 NP-loaded IR750
chitosan–hypromellose microcapsules coated with Eudragit� S100
(Eudragit� S100-coated Cy5 NP-in-IR750 MCs, Scheme 1-2; Scheme
1-3)

Cy5 NPs were encapsulated in chitosan–hypromellose micro-
capsules using the conventional ionotropic gelation technique
[25]. Nitrogen gas was used to aid the formation of MCs by modi-
fying the laboratory-scale spray equipment reported by Si et al.
[26]. Briefly, 1 mL of Cy5 NP suspension (30 mg/mL) was mixed
with 0.5 mL of HPMC (40 mg/ml) at 500 rpm and then added to
1.5 mL of IR750 chitosan solution (30 mg/mL – synthetic procedure
described in Supporting Information). The suspension was sprayed
through a 23G needle into a 1:4 mixture of ethanol in a 5% w/v
trisodium phosphate cross-linking solution (65 mL) at a flow rate
of 0.15 mL/min. The spray pressure generated by the nitrogen gas
was optimised beforehand to provide MC sizes smaller than
300 lm. The resulting suspension of MCs was stirred overnight
to ensure complete cross-linking of the MC shell. The Cy5
NP-in-IR750 MCs were collected by centrifugation at 3000 rpm
for 4 min and washed twice with distilled water to remove excess
trisodium phosphate on the MC surface. The concentration of the
MC suspension was determined by freeze drying aliquots of the
suspension and weighing lyophilised MCs. Cy5 NP loading of dried
IR750 MCs was measured by slightly modifying the Tropaeolin
OOO method reported by Melia et al. [13]. Briefly, Tropaeolin
OOO forms an ion-pair complex with the quaternary ammonium
groups in Eudragit� RS PO. When extracted into an organic phase,
the complex gives rise to an absorbance at 487 nm which is
linearly related to polymer concentration. Tropaeolin OOO was dis-
solved in 0.1 M NaCl solution at a concentration of 2.25 mg/mL. A
200 lL aliquot of the Cy5 NP-in-IR750 MC suspension was added
to 0.1 M hydrochloric acid (200 lL) in a centrifuge tube and vor-
texed for 3 min. This resulted in breakdown of the MC structure
and thus released the Cy5 NPs. Then chloroform (0.5 mL) was
added to extract the Eudragit� RS PO. After an additional 5 min
vortex, the sample was centrifuged at 4000 rpm for 10 min and
the supernatant was discarded. Tropaeolin OOO in NaCl solution
(150 lL) was added and vortexed for 10 min to obtain extraction
into the Eudragit solution in chloroform. After centrifugation at
4000 rpm for 10 min, the bottom chloroform layer was dried in a
vacuum oven overnight to remove chloroform. The resulting
Tropaeolin OOO-Eudragit� RS PO complex was dissolved in 10 lL
of DMSO and analysed using a UV–visible spectrophotometer
(NanoDrop 2000, Thermo Scientific, Australia) at a wavelength of
487 nm. Absorbance readings were compared with a calibration
curve produced using a series of known concentrations of
Eudragit� RS PO (12.5–62.5 lg/mL) in 0.1 M hydrochloric acid.
Samples were prepared in triplicate and the NP loading of MCs
was expressed as a weight percentage of Eudragit� RS PO in the
dried MCs.

Coating of Cy5 NP-in-IR750 MCs was carried out using
Eudragit� S100 at a weight ratio of 1.5:1 of MCs. 5 mL of MC
suspension in distilled water containing 100 mg MCs was added
to Eudragit� S100 in methanol solution (5 mL, 3% w/v) under gen-
tle magnetic stirring. After 1 h incubation, distilled water (20 mL)
was added to the suspension and the methanol was evaporated
overnight. Coated MCs were collected by centrifugation at
3000 rpm for 3 min and finally re-suspended in 4 mL of distilled
water.

The size distribution of Cy5 NP-in-IR750 MCs after Eudragit�

S100 coating was determined using dynamic light scattering
(Malvern Mastersizer 2000, Malvern, UK). The sample size was
measured three times at 25 �C. The Cy5 NP distribution in hydrated
Eudragit� S100-coated IR750 MCs was examined using confocal
microscopy (LSM 710, Carl Zeiss Inc., Germany).
2.5. In vitro Cy5 NP release from Eudragit� S100-coated Cy5 NP-in-
IR750 MCs

The in vitro NP release experiment was conducted using a
procedure described in a previous study [18]. Simulated gastric
and intestinal fluids and incubation times were used to mimic
the in vivo pH environments and transit times that MCs would
encounter as they travel along the human gastrointestinal tract
[27–31]. Briefly, 1 mL of the Eudragit� S100-coated Cy5
NP-in-IR750 MC suspension was centrifuged at 2500 rpm for
5 min after which the supernatant was removed to avoid its dilu-
tion effect on the release medium. Sedimented microcapsules were
incubated with 1.5 mL of simulated gastric fluid (SGF, 0.05 M HCl,
pH 1.2) for 2 h at 37 �C, then transferred to 1.5 mL simulated
intestinal fluid (SIF, pH 6.8, PBS) for 6 h, and finally to 1.5 mL of
simulated colonic fluid (SCF, pH 7.4 PBS) for 6 h. Samples were pre-
pared in triplicate and 1 mL of release medium was collected every
hour using a pipette tip wrapped with mesh cut from a Falcon™
cell strainer (mesh size: 40 lm) to avoid infiltration of MCs into
the collected release samples. Centrifugation was not utilised for
release sample collection since multiple centrifuge steps were pre-
viously shown to accelerate the disintegration of alginate MCs [18].
Results of NP characterisation showed that Eudragit� RS PO was
the major component of Cy5 NPs and quantification of released
NPs based on assay of Eudragit� RS PO had a lower limit of quan-
tification than Cy5-based assay (experimental data not shown).
Thus, Cy5 NP concentration in the release media was assayed by
the Tropaeolin OOO method and compared to calibration standards
of Eudragit� RS PO in each release medium. In the collected SIF and
SCF release samples, dissolved Eudragit� S100 from the MC coating
may bind with positive Eudragit� RS PO and hinder complex
formation between tropaeolin dye and Eudragit� RS PO during par-
tition between the aqueous and chloroform phases. Therefore,
400 lL of each release sample was acidified by adding 20 lL of
HCl (1 M) and precipitated Eudragit� S100 was removed by cen-
trifugation. The pH was re-adjusted to approximately 7 with
NaOH (1 M) before adding chloroform to extract the Eudragit� RS
PO NPs. The NP release rate was calculated as the ratio of released
Eudragit� RS PO NPs against the initial loading in IR750 MCs and
expressed as cumulative release (% w/w) versus time (h).
Representative release samples were examined by TEM to check
the presence of individual (separated) Cy5 NPs which showed
successful staining with uranyl acetate.
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2.6. In vitro cellular uptake of Cy5 NPs

Mouse fibroblast NIH/3T3 cells and human colon adenocarci-
noma HT29 cells (respectively) were cultured in DMEM and
RPMI medium supplemented with 1% penicillin/streptomycin,
4 mM L-Glutamine and 10% foetal bovine serum at 37 �C in a
humidified atmosphere of 5% CO2 in air. For flow cytometric
analysis, both cell lines were seeded in 6-well plates at a density
of 2 � 105 cells/well in 2 mL of complete medium. NIH/3T3 cells
were incubated for 24 h and HT29 cells overnight to allow cell
attachment. Cells were washed with PBS and incubated with Cy5
NPs suspended in 1 mL culture medium for 1, 2 or 4 h. Cy5 NP
concentrations were 50, 100 and 300 lg/mL and samples were pre-
pared in triplicate. Afterwards, cells were washed with PBS to
remove unbound Cy5 NPs, trypsinised and then fixed in 1%
paraformaldehyde for 15 min prior to analysis using flow cytome-
try (BD Accuri™ C6, BD Biosciences, Australia). The Student’s
unpaired t test was used to compare the uptake of Cy5 NPs
between the two cell types at each incubation condition. All p
values resulted from the use of two-sided tests and p < 0.05 was
considered significantly different.

For confocal microscopy examination, cells were seeded on cov-
erslips in a 24-well plate at a density of 5 � 104 cells/well in 0.5 mL
of culture medium and incubated for 16 h (HT29 cells) or 24 h
(NIH/3T3 cells) to allow attachment. Cy5 NP suspension (1 mL,
1.5 mg/mL) was added to each plate. After 4 h incubation, cells
were washed with PBS and fixed with 4% paraformaldehyde and
nuclei were stained with Hoechst 33342 before observation under
a confocal microscope (Zeiss 710 Confocal LSM).

2.7. In vivo biodistribution of Cy5 NPs and Eudragit� S100-coated Cy5
NP-in-IR750 MCs Cy5 NP examined by small animal optical imaging

A total of 20 BALB/c female mice (17–22 g, eight weeks) were
used in this study. Animal ethics clearance was approved by the
University of Queensland ethical committee (AEC Approval
Number: AIBN/288/13/ARC). All animals were fed with a suspen-
sion of DietGel�Boost (Clear H2O�) overnight prior to administra-
tion of the MCs to avoid any possible food fibre effects on gastric
emptying. The abdomen of each animal was carefully shaved to
improve acquisition of the fluorescence signals emitted by Cy5
NPs and the IR750 MC carriers during their transit through the
mouse gastrointestinal tract.

The Cy5 NP group was dosed with a suspension of NPs in dis-
tilled water (0.3 mL, 1.5 mg Cy5 NPs) via oral gavage. Prior to imag-
ing, animals were anaesthetised (3% isoflurane in oxygen,
1.5 L/min) and placed in an imaging cradle. To elucidate the transit
timeline of un-encapsulated Cy5 NPs in mice, five mice were
imaged at 0.5, 2, 5, 8 and 24 h after oral administration, with 1
mouse being euthanased at each time point for further ex vivo
analysis. It was shown that at 0.5 and 2 h post-administration,
NPs were mostly located within the stomach and the small intes-
tine. Therefore, no more animals were culled at 0.5 or 2 h for the
further ex vivo analysis in order to save the animal number to be
used. Two additional mice were euthanased at each of 5, 8 and
24 h, respectively (n = 3) to improve fluorescence quantitation at
these timepoints. For all animals, the gastrointestinal tracts and
major organs (liver, kidney, lung, heart, spleen) were removed
and imaged. Images were acquired using a Carestream MS FX
PRO (Bruker/CareStream, Rochester, NY) in conjunction with
Carestream Imaging Software MI. Fluorescence images were col-
lected with excitation/emission at 620 ± 10/700 ± 17.5 nm (Cy5
NP signal), 4 � 4 binning, f-stop 2.80, FOV 190 mm and 60 s acqui-
sition time. X-ray images were also recorded using the following
instrument settings: f-stop 2.80, X-ray filter 0.2 mm, FOV
190 mm and 10 s acquisition time. All images were batch exported
as 16-bit TIFF images and image processing was completed using
Image-J (National Institutes of Health). Fluorescence images were
false coloured and overlaid onto X-ray images.

The remaining 9 mice were used for the MC group and dosed via
oral gavage with Eudragit� S100 coated Cy5 NP-in-IR750 MCs sus-
pended in distilled water (0.3 mL, equivalent to 0.75 mg Cy5 NPs).
3 animals were imaged at 0.5, 2, 5, 8 and 24 h after oral administra-
tion and then euthanased. To gain further insight into the pattern of
biodistribution of MCs, two additional sub-groups of 3 animals each
were euthanased at 5 and 8 h, respectively (n = 3). The gastrointesti-
nal tracts and major organs of all animals were removed following
euthanasia and imaged immediately. Fluorescence images were col-
lected with excitation/emission at 620 ± 10/700 ± 17.5 nm (Cy5 NP
signal) and 720 ± 10/790 ± 17.5 nm (IR750-labelled chitosan signal),
4 � 4 binning, f-stop 2.80, FOV 190 mm and 60 s acquisition time.
X-ray images were also recorded and all images were processed as
described above.

The NP doses administered in the both groups were different
due to experimental considerations as described below. Our trial
experiment showed that un-encapsulated Cy5 NPs were widely
distributed and thus diluted within the mouse gastrointestinal
tract, leading to problems in detection and measurement of Cy5
intensity due to animal auto-fluorescence. In order to achieve an
acceptable signal/noise ratio in the fluorescence images of the NP
group, a higher NP dose was administered (double the concentra-
tion compared to the MC group). For the MC group, it was difficult
to increase the amount of encapsulated Cy5 NPs to the same as the
free Cy5 NPs because of the loading of Cy5 NPs in MCs and the sug-
gested maximum oral dosage volume for mice (20 mL/kg body
weight [32]). To address this dose-imaging sensitivity issue in
future studies, NPs should be prepared with a higher Cy5 labelling
efficiency and MCs with an improved NP loading to produce desir-
able imaging sensitivity. Nonetheless, using these dosing strategies
we were able to effectively track the NPs and MC carrier following
oral administration.
3. Results and discussion

This study aimed to compare the site-specificity of free NPs and
NP-in-MC systems for the colorectal region via the oral route. For
the NP-in-MC system, production of a multi-labelled system
allowed us to unambiguously ascertain whether the MCs were able
to protect their cargo (in this case Cy5 NPs) during passage through
the upper gastrointestinal tract, with subsequent release in the
colon. Formulation of the multispectral system is described in
Scheme 1.
3.1. Characterisation of Cy5-labelled PMMA and IR750-labelled
chitosan

In order to effectively quantify the biodistribution and corre-
sponding concentration of NPs and MCs in the mouse gastrointesti-
nal tract, precise analysis of NP and MC labelling efficiency is
essential. The molar mass of the Cy5-labelled PMMA was deter-
mined using 1H NMR and UV–visible spectrophotometry. The for-
mer analysis was performed by comparing the proton signals in
the NMR spectrum resulting from the CTA end-groups to the proton
signals originating from PMMA repeat units (Mn = 18 kDa).
Similarly, the molar mass was calculated using UV–visible spec-
trophotometry of the CTA end-groups (molar absorptivity:
13,200 M�1 cm�1 in acetonitrile) to give a Mn of 17.8 kDa. The molar
ratio of Cy5 dye to PMMA polymer was determined by both fluores-
cence and UV–visible spectrophotometry (molar absorptivity:
177,200 M�1 cm�1). It was determined that the PMMA contained
approximately one Cy5 dye molecule per 20 polymer chains



Scheme 1. Design and preparation of the NP-in-MC systems that can be tracked by multispectral optical imaging. For each step, microscopy is used to show morphology of
the components within the system. (1a) TEM image of nanoparticles (scale bar 200 nm); (2a) optical micrograph of microcapsules with no coating (scale bar 200 lm); (3a)
optical micrograph of microcapsules after coating with Eudragit S100 (scale bar 200 lm). (4) Schematic of the digestive tract showing the various pH regions and residence
times that must be considered in the design of carrier systems.
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(1.67 ± 0.28 lg of Cy5 dye per mg of PMMA measured by fluores-
cence spectrophotometry). The IR750-labelled chitosan had a conju-
gation loading of approximately 2.97 ± 0.15 lg of IR750 dye per mg
of chitosan as measured by fluorescence spectroscopy.

3.2. Preparation of Cy5 NPs and Eudragit� S100-coated Cy5 NP-in-
IR750 MCs

Cy5 NPs were used in our study as model NPs and a major chal-
lenge in NP preparation was the need to obtain a high NP yield
with sufficiently high fluorescence intensity to allow detection
and quantitative analysis along the gastrointestinal tract of test
animals. Thus, unlabelled Eudragit� RS PO was used alone in pre-
liminary studies to optimise NP formulation before incorporation
of Cy5-labelled PMMA. Most published nanoprecipitation or emul-
sion methods [33–35] for Eudragit� RS PO NP preparation involve
polymer dissolution in solvents such as acetone and dichloro-
methane and use of surfactants to stabilise the polymer-organic
solution droplets in the aqueous phase to prevent NP aggregation
after solvent evaporation. However, application of this conven-
tional approach typically produced a low yield of Eudragit� RS
NPs (3–12%, w/w, unpublished data) due to the difficulty in recov-
ering NPs from the viscous, surfactant-containing aqueous phase
by ultracentrifugation. In the present study we overcame this issue
by using n-butanol as the organic phase. Owing to the low interfa-
cial tension between n-butanol and water, NPs could be prepared
without using surfactants [24].

Eudragit� RS PO NPs were recovered with a high yield of around
70% (w/w) simply by evaporating n-butanol completely and subse-
quently removing polymer flakes by low speed centrifugation.
Cy5-labelled NPs prepared in the same way using the mixture of
Cy5-labelled PMMA and Eudragit� RS PO had a satisfactory yield
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of around 76% (w/w). Laser light scattering revealed a Z-ave diam-
eter of 198.7 nm, a PDI of 0.201 and a Zeta potential of
50.0 ± 6.24 mV for Cy5-labelled NPs. The TEM image (Scheme 1)
reveals a NP size range of 30–200 nm without significant aggrega-
tion. The weight ratio of Cy5 dye to total polymer in the final dried
NPs was (0.0043 ± 0.0005)%.

The Cy5 NPs were loaded into IR750-labelled chitosan–HPMC
MCs using spray-aided ionotropic gelation. Ethanol was added to
the Na3PO4 cross-linking solution (20% v/v) to enhance the forma-
tion of spherical MCs and decrease inter-particle interaction [25].
The loading of Cy5 NPs in the lyophilised IR750 MCs was calculated
by UV–Vis and found to be fairly high, 10.5 ± 0.4% (w/w) with an
encapsulation efficiency of 17.4 ± 0.7%. The yield of IR750 MCs
was 58 ± 1.0% (w/w). The spray technique was found to be the
main factor leading to the relatively low yield of microcapsules
and NP encapsulation efficiency, whereby the high spray pressures
employed decreased the efficiency of mixing between the droplets
of Cy5 NPs-HPMC-chitosan suspension and the cross-linking solu-
tion. NP encapsulation is expected to be improved by modifying
process parameters such as the type of chitosan used, solvent,
cross-linking solution, and spray pressure.

Optical microscopy (Scheme 1) revealed that the majority of
the uncoated Cy5 NP-in-IR750 MCs were less than 100 lm in
size while dynamic light scattering measurements revealed that
70% of the particles were within the size range of 50–410 lm
in diameter with a (surface weighted) mean diameter of around
100 lm, respectively. The MC diameter slightly increased follow-
ing coating with Eudragit� S100: 70% of the particles were in the
range of 50–430 lm with a surface weighted mean diameter of
around 110 lm. Some agglomerates and irregular shaped MCs
were evident under the microscope (Scheme 1) which explains
the broad particle size range measured by laser light scattering.
Confocal microscopy (Fig. 1) revealed an even distribution of Cy5
fluorescence throughout the MCs following coating with
Eudragit� S100, suggesting successful incorporation of the model
NPs into the MCs. We concluded that the size of the coated Cy5
NP-in-IR 750 MCs obtained here would be suitable for oral gav-
age in mice. The mouse pylorus diameter was estimated to be
250 lm [36], and a recent report by Jang et al. [37] showed that
PMMA MCs (80–300 lm in diameter) were emptied from the
stomach of male ICR mice with most of the particles reaching
the intestine in less than 4 h.
Fig. 1. Confocal microscopic image of the Eudragit� S100-coated Cy5 NP-in-IR750
MCs. Cy5 NP signal is shown in red. The fluorescence of the IR750-MCs could not be
observed because its excitation wavelength (760 nm) is out of the wavelength
range of the lasers used for confocal acquisition, but homogeneous distribution of
the NPs throughout the MC carrier is evident. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
3.3. In vitro Cy5 NP release from Eudragit� S100-coated IR750 MCs

The in vitro release behaviour of Cy5 NPs from Eudragit�

S100-coated IR750 MCs is shown in Fig. 2. The cumulative NP
release was typically confined to less than 4% during 2 h incubation
in simulated gastric fluid and subsequent 6 h in simulated intesti-
nal fluid. Over the following 6 h in simulated colonic fluid, a further
9% of the Cy5 NP load was released from the MCs, corresponding to
a total cumulative release of approximately 13%. The low release
rate may result from slow dissolution of the Eudragit� S100
coating in simulated colonic fluid (pH 7.4) and this impeded NP dif-
fusion through the chitosan–HPMC matrix network. TEM analysis
of simulated colonic release medium at 4 h revealed discrete
spherical regions on the size scale expected for nanoparticles
(50–200 nm) suggesting that the released NPs existed predomi-
nantly in an individual (non-aggregated) state (Supporting
Information, Fig. S1), while the MC polymeric material is likely
the large, diffuse stained regions of soluble polymer in the image.
In our study, dynamic laser light scattering could not provide
reliable data for the examination of aggregation status of nanopar-
ticles in release samples. The presence of dissolved Eudragit� S100
and chitosan in release samples gave peaks in micro-size range,
making data interpretation difficult. Nonetheless, TEM provided a
useful method of nanoparticle analysis following release from
microcapsules, simulating the release conditions in the colon.
The in vitro release study predicted that the chitosan–HPMC MC
carriers would release approximately 9% of NPs in the colon corre-
sponding to early transit times, indicating that the total release of
NPs would take much longer time. Watts et al. [38] reported a
mean residence time of 11.0 ± 4.0 h in the human ascending colon
for 0.2 mm ion-exchange Amberlite� IR120 resin particles follow-
ing oral administration and around 80% of dosed particles resided
in the colon after 24 h post-administration. Thus the MCs
described here are potentially suitable for in vivo delivery of
non-aggregated NPs to the colon for uptake by cancer cells or local
delivery of anti-cancer drugs.

3.4. Cellular uptake of Cy5 NPs by colon cancer HT29 cells and
fibroblast NIH/3T3 cells

Following successful demonstration that Cy5 NPs could be
released from chitosan–HPMC microcapsules in SCF, it was neces-
sary to confirm their uptake by human colon adenocarcinoma
(HT29) cells. We also tested mouse embryonic fibroblast
(NIH/3T3) cells in a comparative experiment since these are widely
used for in vitro cytotoxicity evaluation of biomaterials and NPs
[39–41]. Flow cytometric analysis showed that Cy5 NP uptake by
HT29 cells and NIH/3T3 cells increased with NP concentration
Fig. 2. Cumulative Cy5 NP release from Eudragit� S100-coated IR750 MCs in
simulated gastric fluid (SGF), intestinal fluid (SIF) and colonic fluid (SCF)
(mean ± SD, n = 3).
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and incubation time (Fig. 3a). HT29 cells exhibited slightly higher
uptake of Cy5 NPs than NIH/3T3 cells under all incubation condi-
tions examined and significant difference between these two cell
types was shown when the Cy5 NP concentration or incubation
time (alone or both) was used at sufficiently high levels (Cy5 NP
concentration 50 lg/mL for 4 h, 100 lg/mL for 2 or 4 h, and
300 lg/mL for all three incubation times) (Fig. 3a). This behaviour
was attributed to the higher proliferation rate of cancerous HT29
cells compared with normal NIH/3T3 cells observed during cell cul-
ture. The uptake of Cy5 NPs in both cell lines was confirmed by
Fig. 3. (a) Flow cytometry analysis of Cy5 NP uptake following incubation with HT29 hu
fibroblasts for 1 h (black), 2 h (light grey) or 4 h (diagonal lines). Cells were incubated
unpaired t-test was used to assess statistical difference between the two cell types under
(top) and NIH/3T3 cells (bottom) after 4 h incubation with Cy5 NPs (1.5 mg/ml). Left:
merged images showing nuclei and Cy5 NPs. (For interpretation of the references to col
confocal microscopy (Fig. 3b). The high cellular uptake of the NPs
shown in the present study may be attributed not only to their
small size, but also to their hydrophobicity. Cellular uptake of
hydrophobic, polymeric NPs has been widely reported [42,43].
Our in vitro data add to the existing body of knowledge that con-
firms the efficient yet non-specific uptake of NPs by cancerous
and normal cells. Conjugating targeting ligands (folate, hyaluronic
acid, humanised A33 monoclonal antibody) to NPs has been widely
reported in the literature to enhance NP uptake by cancer cells and
avoid side effects due to uptake by healthy cells [7,44]. The present
man colon cancer cells for 1 h (blue), 2 h (orange) or 4 h (pink) and NIH/3T3 mouse
at 50, 100 or 300 lg/mL in complete medium (mean ± SD, n = 3/group). Student’s

each incubation condition (⁄p value < 0.05). (b) Confocal microscopic images of HT29
cell nuclei stained with Hoechst 33342 (blue); middle: Cy5 NP signal (red); right:
our in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. Fluorescence intensity ratio (Cy5 to IR750) in mouse stomach, small
intestine, caecum, colon and faecal pellets at 5, 8 and 24 h after oral administration
of Eudragit� S100-coated Cy5 NP-in-IR750 MCs. The dotted orange line shows the
relative ratio prior to administration (1.86 ± 0.19 (mean ± SD; n = 3)). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

400 Y. Ma et al. / European Journal of Pharmaceutics and Biopharmaceutics 94 (2015) 393–403
study of tissue distribution of NPs and the NP-in-MC system paves
the way for in vivo trials of these promising nanotechnologies for
improved treatment and diagnosis of colorectal cancer.

3.5. Biodistribution of free Cy5 NPs and Eudragit� S100-coated Cy5
NP-in-IR750 MCs following oral administration in mice

The biodistribution of Cy5 NPs and the carrier MCs along the
mouse gastrointestinal tract following oral administration was
analysed using multispectral optical imaging to investigate the
specificity of NP delivery to the colon. The progression of Cy5
NP-in-IR750 MCs along the mouse gastrointestinal tract was
recorded by whole-body imaging over 24 h (Fig. 4A and B). At
0.5 h, the fluorescence signal arising from both MCs and NPs was
predominantly in the stomach and both signals were detected in
the abdominal region over 24 h. Owing to the coiling of the large
and small intestine within the abdominal cavity, it was difficult
to distinguish between the different sections of the gastrointestinal
tract. Hence, in order to accurately assess particle biodistribution,
the mouse gastrointestinal tracts and major organs were removed
at different time points and imaged for quantitative ex vivo analy-
sis (Fig. 4C and D). It was found that the IR750 MC carriers were
cleared more rapidly from the mouse gastrointestinal tract com-
pared to the released Cy5 NPs, probably due to the MC size and
hydrophilicity of the chitosan polymer which would be exposed
after dissolution of the Eudragit� S100 coating in the intestinal
environment. This observation is significant since it confirms
release of NPs from the MC carrier in vivo. The other major organs
(liver, kidney, lung, heart, spleen) gave rise only to very weak
fluorescence signals at all timepoints, typically equivalent to the
levels of autofluorescence detected in control mice (Supporting
Information, Fig. S2). This indicates that there is minimal
absorption of NPs, MCs or ‘free’ dye molecules into the blood-
stream. In contrast, Lee et al. [22] reported some accumulation of
Cy5.5-conjugated ZnO nanoparticles around 20 nm and 100 nm
in rat kidneys and liver at 7 h following oral administration, illus-
trating the importance of NP material and size factors in determin-
ing the in vivo fate of NPs designed for oral drug delivery.

The relative fluorescence intensity ratio of Cy5 NPs to IR750
MCs was used as an indicator of NP residence or accumulation in
different regions of the mouse gastrointestinal tract. For example,
a higher Cy5-to-IR750 ratio indicates NP release from the MCs
and possibly interaction with mouse intestinal mucosa, resulting
in longer retention in gastrointestinal tract than if NPs remained
Fig. 4. Mouse whole body images (A and B) at 0.5, 2, 5, 8 and 24 h after oral administrat
signal. Fluorescence images of gastrointestinal tract (C and D) following excision from mi
MCs. (C) Cy5 NP signal (D) IR750 MC signal.
encapsulated by the MC carrier. The initial Cy5 NP-in-IR750 MCs
were imaged in an Eppendorf tube prior to oral administration
and the relative intensity of Cy5:IR750 was used as the zero time
point control where all NPs were encapsulated within the MCs
(1.86 ± 0.19, n = 3, orange dashed line shown in Fig. 5).

The ratio of the two different fluorophores in each section of the
mouse gastrointestinal tract and faecal pellets was measured at 5,
8 and 24 h. At all time points the stomach showed consistently low
fluorescence ratios (1.1–2.3), indicating restricted release of NPs
due to the Eudragit� S100-coating, remaining intact at gastric pH
and thus preventing MC disintegration and premature release of
NPs in the stomach. The average Cy5:IR750 ratios in the stomach,
small intestine, caecum, colon and faecal pellets at 5 h were similar
to the zero time point control, indicating that a fraction of the MCs
transited rapidly through the GI tract but was largely intact and NP
release was minimal. At 8 h, however, the small intestine, caecum
and colon exhibited marked increases in average fluorescence
intensity ratios to around 15, 10 and 8, respectively indicating sig-
nificant NP release from the MCs occurs in the small intestine and
lower gastrointestinal tract between 5 h and 8 h. These findings
parallel the in vitro release data presented in (Fig. 2). Compared
to the stomach and faecal pellets, the Cy5:IR750 ratio in small
intestine, caecum and colon had a relatively high standard devia-
tion, highlighting the complex influence and interplay of physico-
chemical and physiological factors on NP release. Such factors
include dissolution of the Eudragit� S100 coating on MCs, release
ion of Eudragit� S100-coated Cy5 NP-in-IR750 MCs. (A) Cy5 NP signal, (B) IR750 MC
ce at 5, 8 or 24 h after oral administration of Eudragit� S100-coated Cy5 NP-in-IR750



Fig. 6. Fluorescence intensity of Cy5 NPs at 5, 8 and 24 h following oral
administration of Cy5 NP suspension (a) and Eudragit� S100-coated Cy5 NP-in-
IR750 MCs (b). In each set, data from left to right represent signal arising from
stomach, small intestine, caecum, colon and faecal pellets (mean ± SD, n = 3/group).
Note that the Cy5 NP dose administered in the form of NP suspension was nearly
twice as high as that of the MCs in order to achieve significant signal to noise in the
imaging.
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of NPs from MCs and the intra-animal variation of transit time
within the gastrointestinal tract. Similarly, variation in transit
times of poly(epsilon-caprolactone) microspheres (diameter less
than 5 lm) through the gastrointestinal tract of Wistar rats has
been reported by Bhavsar and Amiji [11]. At 8 h in the present
study, the Cy5:IR750 ratio measured in faecal pellets was similar
to the zero time-point control and remained much lower than
ratios in the small and large intestine, indicating that a fraction
of the NP-loaded MCs was excreted intact. At 24 h, however, the
intensity ratios in faecal pellets increased to around 8.3 indicating
excretion of released NPs. The ratios in the small intestine, caecum
and colon at 24 h remained elevated and were similar to the 8 h
interval. Taken together, these results showed that the Eudragit�

S100-coated IR750 MCs failed to prevent the release of their NP
cargo in the small intestine and thus lacked colon-specificity for
delivering NPs to the colorectal region. This is despite many reports
of carrier systems, similar to the MCs described in this study,
exhibiting therapeutic benefits on diseases confined to the colorec-
tal region [45–47]. It is clear from this study that more in-depth
studies on the in vivo distribution and degradation of these
systems are required to gain a better understanding of their
colon-targeting ability. It should be noted, however, that release
within the lower small intestine as observed for the reported car-
rier system, still will likely lead to a higher accumulation of drug
within the colon compared to the NP system alone.

In order to achieve a greater understanding of the effect of the
MC carrier on NP biodistribution, the fluorescence intensity of
Cy5 NPs in each section of mouse gastrointestinal tract and faecal
pellets after oral administration of encapsulated NPs was
compared to that of free Cy5 NPs (Fig. 6). These data are extracted
from the ex vivo fluorescence images of mouse gastrointestinal
tract following oral administration of both formulations at various
time points. The distribution profile of free Cy5 NPs within the
mouse gastrointestinal tract is shown in Supporting Information,
Fig. S3. At 0.5 and 2 h post-administration, the free Cy5 NPs were
mostly located within the stomach and the small intestine. At
5 h, their distribution in the lower gastrointestinal tract (caecum,
colon) and faecal pellets was noticeably higher than NPs encapsu-
lated by the MCs, reflecting a shorter transit time of
un-encapsulated NPs throughout the lower gastrointestinal tract
and implying a reduced time period for drug delivery in the colon.
NP-loaded MCs showed a stable mean fluorescence intensity of
Cy5-labelled NPs in the colon over a 24 h time period and at 24 h
was higher than the un-encapsulated NPs. It should be noted that
these values are indicative only, since the amount of Cy5 NPs dosed
in un-encapsulated NP form was 2 times that of NPs loaded in
IR750 MCs (as described in experimental section), suggesting that
the NPs would have a limited distribution in the colon if adminis-
tered in un-encapsulated form. Thus, NP encapsulation in
Eudragit� S100-coated chitosan–HPMC MCs avoided rapid transit
along gastrointestinal tract and excretion of NPs in faeces, resulting
in an increased accumulation of NPs in the colon from 8 h to 24 h
post-administration. This behaviour may be expected to facilitate
NP interaction with the colorectal wall and localised release of
anti-cancer drugs at tumour sites.

Interestingly, both the free Cy5 NPs and Eudragit� S100-coated
Cy5 NP-in-IR750 MCs showed significant retention in the stomach
over 24 h. Gastric emptying of NPs in rodents typically occurs
within 6 h post-administration [48,49]. In the present study, the
prolonged retention of the free NPs and NP-in-MCs in the mouse
stomach may be attributed to their adhesion to the gastric mucosal
surface, which is a continuously secreted protective coating
containing proteins, carbohydrates, lipids, salts, antibodies, bacte-
ria, and cellular debris [50]. Particle interaction with gastric
mucosa is known to occur via electrostatic, hydrophobic, and van
der Waals interactions, polymer chain interpenetration or a
combination of these mechanisms [51]. The gastric mucosal
surface of many mammals has been shown to be hydrophobic
due to its mucin glycoproteins [52] and lipidic constituents, espe-
cially the presence of surface-active phospholipids [51].
Additionally, the extensive negatively charged sugar moieties on
mucins can bind to positively charged particles through electro-
static interactions [50]. Sakuma et al. [53] reported that polystyr-
ene NPs with cationic polymer chains on the surface exhibited a
slower gastric emptying rate in rats compared with their neutral
or anionic counterparts. In the present study, the considerable
amount of Cy5 NPs in the stomach at 24 h post-administration
could be explained by a combination of hydrophobic and electro-
static interaction with gastric mucus (Cy5 NPs are positively
charged with a zeta potential of around 50.0 mV). Chickering
et al. [54] reported the carboxyl groups of Eudragit� S100 coating
on MCs may form hydrogen bonds with mucus glycoproteins, a
mechanism that could lead to the observed prolonged retention
of the MCs in the stomach.

It is worthwhile making a final note that the simple in vitro
release study of colon-targeted drug delivery does not take particle
adhesion with stomach mucosa into account (which leads to pro-
longed particle retention within gastrointestinal tract) and is
therefore not the optimum predictor of a delivery system’s
in vivo performance. Also, the in vitro model showed a total NP
release of only 13% over the time frame investigated while during
the in vivo study, a complete release of NPs was observed in the
lower part of small intestine. These results indicated that the
in vitro model was not predictive of the in vivo NP release from
MCs. This was probably because the in vitro model did not incorpo-
rate all the physiological features of the gastrointestinal tract. Our
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study demonstrated that the fluorophore-based animal imaging
could be a useful tool for such an in vivo evaluation. One experi-
mental concern of this imaging model is that the fluorophore
may be widely distributed or metabolised to non-fluorescent moi-
eties following administration, causing difficulty in detection of
fluorescent signals in the intended target. Thus, the choice of
fluorescent dyes, labelling efficiency of the formulation and dose
for administration should be carefully considered when designing
the in vivo studies, to ensure sufficiently strong fluorescent signals
in collected organs of interest for analysis.
4. Conclusions

In the present study, we have compared the tissue distribu-
tion of model Eudragit� RS PO NPs in mice following oral admin-
istered of the free NP suspension and NP-in-MC formulations.
The un-encapsulated NPs exhibited a limited distribution in the
colon over 24 h following oral administration. In contrast, the
enteric-coated MCs enhanced delivery of NPs to the colon due
to prolonged NP residence in the mouse gastrointestinal tract
and reduced NP excretion in faeces, although the MCs exhibited
poor colon-specificity (i.e. the majority of NP release occurred in
the lower small intestine). In addition, this study provided a
means to compare in vitro and in vivo release models. Despite
Eudragit� S100-coated chitosan–hypromellose MCs showing
restricted release of encapsulated Eudragit� RS PO NPs in vitro,
a complete NP release from MCs was shown in the lower part
of the mouse small intestine following oral administration.
Moreover, the results revealed that particle adhesion with stom-
ach mucosa should be investigated during the evaluation of oral
delivery systems such as NPs or MCs – this was not predicted by
the in vitro model. All these results add significantly to our
understanding of these colon delivery systems and provide use-
ful design criteria for development of next generation,
colon-specific carriers for delivering ligand-conjugated therapeu-
tic or diagnostic NPs to colorectal tumours for improved
chemotherapy and detection. The multispectral animal imaging
approach utilised for tracking the MC carrier and released NPs
in the mouse gastrointestinal tract provided an effective means
of evaluating the colon delivery systems and can be equally
applied to investigating other oral delivery systems.
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