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Anemia resulting from iron deficiency is one of the most prevalent diseases in the world. As iron has
important roles in several biological processes such as oxygen transport, DNA synthesis and cell growth,
there is a high need for iron therapies that result in high iron bioavailability with minimal toxic effects to
treat patients suffering from anemia. This study aims to develop a novel oral iron-complex formulation
based on hemin-loaded polymeric micelles composed of the biodegradable and thermosensitive polymer
methoxy-poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-dilactate], abbreviated as
mPEG-b-p(HPMAm-Lac2). Hemin-loaded micelles were prepared by addition of hemin dissolved in
DMSO:DMF (1:9, one volume) to an aqueous polymer solution (nine volumes) of mPEG-b-p(HPMAm-Lac2)
followed by rapidly heating the mixture at 50 �C to form hemin-loaded micelles that remain intact at
room and physiological temperature. The highest loading capacity for hemin in mPEG-b-p(HPMAm-Lac2)
micelles was 3.9%. The average particle diameter of the hemin-micelles ranged from 75 to 140 nm,
depending on the concentration of hemin solution that was used to prepare the micelles. The hemin-
loaded micelles were stable at pH 2 for at least 3 h which covers the residence time of the formulation
in the stomach after oral administration and up to 17 h at pH 7.4 which is sufficient time for uptake
of the micelles by the enterocytes. Importantly, incubation of Caco-2 cells with hemin-micelles for 24
h at 37 �C resulted in ferritin levels of 2500 ng/mg protein which is about 10-fold higher than levels
observed in cells incubated with iron sulfate under the same conditions. The hemin formulation also
demonstrated superior cell viability compared to iron sulfate with and without ascorbic acid. The study
presented here demonstrates the development of a promising novel iron complex for oral delivery.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Anemia is one of the most common health problems at present.
According to the World Health Organization the prevalence of ane-
mia is dependent on ethnic groups and geographic location, but it
is assumed that 50% of these cases are because of iron deficiency
[1]. This occurrence is similar for both developing and developed
nations and can arise due to various reasons such as pregnancy,
growth in children and diseases that cause low iron bioavailability
from the diet [2–4].

A healthy iron metabolism is important as iron is the main min-
eral involved in oxygen transport, DNA synthesis, cell growth and
survival [5,6]. The iron homeostasis is primarily regulated by
intestinal absorption as the uptake of iron takes place predomi-
nately in the duodenum and upper jejunum by enterocytes. This
absorption is regulated by the hormone hepcidin that is produced
in hepatocytes of the liver and binds to the iron transporter protein
ferroportin that carries iron from the duodenal enterocytes into the
circulation [7]. It is known that hepcidin binding to the iron trans-
porter leads to its degradation; therefore, augmented hepcidin pro-
duction results in less ferroportin and thus less iron transportation
(export). As a consequence a decrease in iron absorption and efflux
from the enterocytes occurs. This incidence results in a disturbed
iron homeostasis and ultimately could cause less iron in the circu-
lation [8–10]. Due to the importance of a balanced iron metabo-
lism, it is of interest to develop therapies that can remediate iron
deficiency. There are two forms of dietary iron, namely non-
heme iron that is present in vegetables and grains, and there is
heme iron that is predominately found in red meat in the form
of hemoglobin and myoglobin [11]. It is known that even though
the prevalence of non-heme iron is higher than the heme form,
the latter is being absorbed up to 30% more effectively [12].
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Nevertheless, because non-heme iron supplements are relatively
cheap and easy to produce, the pharmaceutical industry has devel-
oped several oral formulations based on iron salts such as iron sul-
fate. However, these formulations are associated with various side
effects such as gastrointestinal disturbances which are probably
caused by the redundant amount of iron in the preparations that
remain unabsorbed in the colon [13]. There is consequently an
urgent need for more advanced oral preparations with higher
bioavailability and less side effects. Many studies have explored
the possibilities of novel therapies based on non-heme iron, but
even though there are some heme-iron based oral iron medications
on the market such as Proferrin (heme iron polypeptide), far less
research has been done exploiting heme-iron for oral supplemen-
tation [6,14]. Unlike non-heme iron that is taken up by enterocytes
via the divalent metal transporter 1 (DMT1), the exact uptake
mechanism for heme remains elusive. It is, however, generally
accepted that heme binds to the brush border membrane of the
duodenum enterocytes and is subsequently transported by a dif-
ferent transporter as non-heme iron through the cell membrane
to the cytoplasm [15–17]. The assumption that heme is recognized
by a heme-transporter opens possibilities to investigate other
sources for iron supplementation containing structures similar to
heme such as ferric protoporphyrin IX chloride (hemin). Hemin
in contrast to heme contains a chloro ligand attached to the iron
center (structure is shown in Fig. 1). This compound is essentially
insoluble in water of neutral pH and soluble in solutions of sodium
hydroxide due to the substitution of the chloro ligand by a hydro-
xyl group resulting in the formation of hematin [18]. The promi-
nent factors for the development of a novel oral therapy would
be improving the stability, bioavailability and solubility of the iron
supplement [19]. Thus, in order to exploit hemin for oral iron ther-
apy, the first challenge to tackle is to solubilize it in aqueous med-
ium of physiological pH. Moreover a suitable formulation has to
resist the harsh environment of the gastrointestinal tract.

In particular nano-sized drug delivery systems have shown to
be able to encapsulate several hydrophobic substances while
increasing the uptake of the loaded drug and protecting it from
degradation while passing through the gastrointestinal tract
[20–22]. There is a wide range of nanoparticles based on liposomes
and on natural as well as synthetic polymers that have been inves-
tigated for the encapsulation of hydrophobic drugs [23–25]. Within
our department a novel class of thermosensitive biodegradable
block copolymers based on methoxy-poly(ethylene glycol)-b-poly
[N-(2-hydroxypropyl)methacrylamide-dilactate] (mPEG-b-p
(HPMAm-Lac2) has been developed, which under certain condi-
tions form micelles consisting of a hydrophobic core, in which
hydrophobic drugs can be solubilized and a hydrophilic corona,
making these particles water dispersible [26,27,30,31]. mPEG-b-
(HPMAm-Lac2) consists of the hydrophilic polymer mPEG and
poly(HPMAm-Lac2). The latter polymer is thermosensitive and,
when dissolved in water, exhibits a lower critical solution temper-
ature (LCST) [27], as has also been described for polymers such as
poly(N-isopropylacrylamide) and elastin-like peptides [28,29].
Below the LCST poly(HPMAm-Lac2) 13 �C, water molecules are
bound to the polymer chains and prevent intra- and inter polymer
interactions resulting in a water-soluble polymer. When the poly-
mer solution is heated above its LCST, water is expelled and the
polymer chains become hydrophobic resulting in precipitation
[27]. Therefore, in the present study we investigated whether these
micelles can also encapsulate the hydrophobic hemin and thus be
used as a potential oral iron formulation. To this end, hemin was
encapsulated in mPEG-b-p(HPMAm-Lac2) micelles via a rapid heat-
ing method. The formed micelles were characterized for encapsu-
lation efficiency, loading capacity and particle size. Furthermore,
the stability of the loaded micelles at different pH and also the
physical state of hemin within the micelles were investigated.
Finally, Caco-2 cells were incubated with the micelles to assess
iron uptake in comparison with the commonly used iron supple-
ment, iron sulfate.
2. Materials and methods

2.1. Materials

Hemin (molecular weight = 651.9 g/mol), ammonium acetate,
iron (II) sulfate heptahydrate; FeSO4�7H2O, sodium hydroxide,
sodium bicarbonate, ascorbic acid, saponin and tetrazolium salt
XTT (sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetra
zolium-5-carboxanilide) were all purchased from Sigma Aldrich
(Zwijndrecht, The Netherlands). Dimethylsulfoxide (DMSO) and
dimethylformamide (DMF) were obtained from Biosolve Ltd.
(Valkenswaard, The Netherlands). Phosphate buffered saline
(PBS) pH 7.4 containing per liter 8.2 g NaCl, 3.1 g Na2HPO4�12H2O
and 0.3 g NaH2PO4�2H2O was from Braun Melsungen AG (Melsun-
gen, Germany).

Methoxy-poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl)me
thacrylamide-dilactate] (abbreviated as mPEG-b-p(HPMAm-
Lac2); Molecular weight of mPEG = 5000 g/mol) was synthesized
as described by Soga et al. [26]. Regenerated cellulose syringe fil-
ters (0.45 lm) were purchased from Grace Davison Discovery
Science. Vivaspin centrifugal concentrator tubes with 50,000
MWCO filter were obtained from Sartorius AG (Goettingen, Ger-
many). The Caco-2 cell line was generously provided by M.A.M
Oosterveer-van der Doelen (Faculty of Veterinary Medicine,
Utrecht University). Dulbecco’s Modified Eagle’s Medium, Mini-
mum Essential Medium, antibiotic antimycotic cell culture solu-
tion consisting of amphotericin B and penicillin, non-essential
amino acids and RIPA buffer were obtained from Invitrogen (Breda,
The Netherlands). Micro BCATM protein assay and Ferritin Human
ELISA kit (ab 108837) were purchased from Pierce (Rockford,
USA) and Abcam (Cambridge, United Kingdom). Rabbit polyclonal
anti-LAMP1 IgG-Lysosome Marker (ab24170) and Goat polyclonal
anti-Rabbit IgG H&L (Alexa Fluor� 488) (ab150077) were pur-
chased from Abcam (Cambridge, United Kingdom). Methacry-
loxyethyl thiocarbamoyl rhodamine B was purchased from
Polysciences Europe. Leica Confocal microscopy with Leica applica-
tion suite advanced fluorescence (LAS AF) light software was used
to visualize cellular uptake of labeled micelles.
2.2. Preparation of hemin-loaded micelles

Hemin-loaded mPEG-b-p(HPMAm-Lac2) micelles were pre-
pared via the ‘‘rapid heating method” essentially as described by
Neradovic et al. [32] and by Rijcken et al. [27] with some modifica-
tions. In short, the polymer was dissolved at a concentration of
2 mg/ml in 120 mM ammonium acetate pH 5 in a glass vial and
stirred on ice for 1 h. 120 mM ammonium acetate pH 5 was pre-
pared by dissolving 0.925 g of ammonium acetate in 100 ml puri-
fied water. The pH of this solution was subsequently adjusted
with 0.1 N HCl to pH 5. This solvent was used as at this pH the
hydrolysis of the lactate groups is limited, resulting in a high sta-
bility of the micelles [36]. Next the mixture was stored overnight
at 4 �C and subsequently stirred for 15 min on ice and kept on
ice until the micelles were made. This procedure was followed to
ensure that the polymer solution remained below the critical
micelle temperature (CMT) of 4 �C. Solutions of 0.4–2 mg/ml
hemin in a mixture of DMSO:DMF (1:9 v/v) were freshly made
and also kept on ice. Subsequently, 0.1 ml of hemin solution was
added to 0.9 ml of polymer solution, and vortexed for 4 s and the
hemin/polymer mixture was then transferred into a water bath
of 50 �C and hemin loaded micelles were formed under vigorous



Fig. 1. Molecular structure of (A) heme; (B) hemin and (C) hematin.
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shaking for 1 min. Finally, after cooling to room temperature, the
hemin-loaded micelles were filtered through a 0.45 lm filter to
remove precipitated, non-encapsulated, hemin.

2.3. Determination of hemin loading capacity and encapsulation
efficiency of the micelles

The concentration of hemin encapsulated in the micelles was
measured via UV-spectrophotometric analysis (Spectrostar BMG
Labtech). A sample of the micellar dispersion was diluted 10� in
DMSO to disintegrate the micelles and solubilize the encapsulated
hemin. A calibration curve of hemin standards was made in a con-
centration range of 0–50 lg/ml in DMSO. The samples and the
standards were measured at a wavelength of 388 nm and the con-
centration of encapsulated hemin was determined using the cali-
bration curve. The encapsulation efficiency (EE%) and the loading
capacity (LC%) were calculated as follows:

EE ¼ concentration hemin measured
concentration of the hemin added

� 100%

LC ¼ concentration hemin measured
concentration ðhemin measuredþ polymer addedÞ � 100%
2.4. Dynamic light scattering

The size and polydispersity index of the micelles were mea-
sured using dynamic light scattering (DLS) using a ALV/CGS-3
(ALV gmbh, Langen Germany) with a JDS Uniphase laser function-
ing at a wavelength of 632.8 nm, an optical fiber-based detector, a
digital ALV/LSE 5003 correlator and a temperature controller set at
25 �C. The refractive index and viscosity used for the data treat-
ment were respectively 1.333 and 0.89 cp. All measurements were
performed at a 90� angle. The Z-average mean particle size (Zave)
and the polydispersity were calculated using the ALV-60 0 V.3.X
software. The samples were made by diluting 10–20 ll micelle dis-
persion in 1 ml of 120 mM ammonium acetate pH 5.

2.5. Physical state of hemin in the micelles

Hemin-loaded micelles with the highest loading capacity and
encapsulation efficiency were made as described in Section 2.2.
In detail, 0.1 ml of 120 lg/ml hemin in DMSO:DMF (1:9) was
added to 0.9 ml of 1.8 mg/ml mPEG-b-p(HPMAm-Lac2) in
120 mM ammonium acetate pH 5. Hemin was also dissolved in
DMSO to obtain the same hemin concentration as the diluted
micelle sample. UV–vis spectra (k 200–700 nm) of the solutions
were recorded.

2.6. Stability of hemin-loaded micelles

The stability of hemin-loaded micelles at pH 2 and pH 7.4 at
37 �C was determined by measuring the particle size (Zave) and
polydispersity for 17 h. For the stability at pH 2, the hemin-
loaded micelles were formed in 120 mM ammonium acetate pH
5 as described in Section 2.2 followed by lowering to pH 2 by addi-
tion of 4 M HCl. To determine the stability of the hemin-loaded
micelles at pH 7.4, the polymer was dissolved in PBS pH 7.4 con-
taining 8.2 g NaCl, 3.1 g Na2HPO4�12H2O and 0.3 g NaH2PO4 2H2O
per liter.

2.7. Synthesis of mPEG-b-p((HPMAm-Lac2)-co-RhodMA)

Rhodamine labeled mPEG-b-p(HPMAm-Lac2) was synthesized
according to a previously reported polymerization procedure
[33,34]. In short, methacryloxyethyl thiocarbamoyl rhodamine B
and HMPA-Lac2 (molar ratio 1:99) together with (mPEG)2 –ABCPA
macroinitiator in a molar ratio of initiator to monomer of 1:150
were dissolved in 3 ml acetonitrile (ACN) at a scale of 700 mg
monomer. The mixture was flushed for 15 min with nitrogen at
room temperature and subsequently stirred overnight at 70 �C.
Next, the formed polymer was precipitated in diethyl ether and
then dissolved in water. Dialysis was done for two days against
ACN:H2O (1:1), three days against THF:H2O (1:1) and 4 days
against H2O in order to purify the polymer and remove low molec-
ular weight impurities. The dialysis medium was refreshed 3 times
a day. After dialysis, the rhodamine labeled polymer was recovered
by lyophilization and characterized via 1H NMR and GPC as
described by Soga et al. [26] and Rijcken et al. [27].

2.8. In vitro cell studies

2.8.1. Caco-2 cell culture
The Caco-2 cells were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM) containing 3.7 g/L sodium bicarbonate, 4.5 g/L
glucose completed with 10% fetal bovine serum (FBS), 1% antibi-
otics/antimycotics (100 IU penicillin G sodium/ml, 100 lg/ml
streptomycin sulfate and 0.25 lg/ml amphotericin B) and 1%
non-essential amino acids. The cells were seeded at a density of
100,000 cells per cm2 on polystyrene well plates at 37 �C in a
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humidified atmosphere containing 5% CO2 and were allowed to dif-
ferentiate for 14 days prior to the experiments. Medium was
replaced every 2–3 days.

2.8.2. Sample preparation for cellular uptake studies
Hemin-loaded micelles with the highest loading capacity and

encapsulation efficiency were made as described in Sections 2.2
and 2.3. Multiple dispersions of 1 ml were pooled and concentrated
using viva spin centrifugal concentrator tubes (cutoff 50,000 kDa,
Sartorius Stedim, Germany) for 40 min at 4000g, resulting in micel-
lar dispersions concentrated around 70 times.

The concentration of hemin in the micellar concentrate was
determined by diluting the micellar dispersion 40� in PBS and then
further diluting 10� in DMSO. Next, UV-spectroscopy at 388 nm
was used to determine the hemin concentration. This hemin-
loaded micellar dispersion was used to perform dose response
and time dependent cellular uptake as well as cytotoxicity studies.
The volume of the micellar dispersion needed for the dose response
and time dependent uptake studies was adjusted to 150 ll with PBS
and mixed with 1350 ll cell culture medium to obtain 1.5 ml
sample mixtures with concentrations of 10–200 lM hemin. The
hemin micellar formulations were added to the Caco-2 cells and
incubated for 24 h, unless otherwise stated, at 37 �C humidified
atmosphere containing 5% CO2. For the iron sulfate samples or iron
sulfate combined with ascorbic acid in a molar ratio of (1:5), the
necessary amount was dissolved in 150 ll PBS and mixed with
1350 ll cell culture medium to obtain iron sulfate solutions with
concentration ranging from 10 to 200 lM.

2.8.3. Cellular uptake studies
After incubation of the Caco-2 cells with hemin-loaded micelles

and iron sulfate formulations for 24 h, the medium was removed
and the cells were washed with PBS. The cells were then lysed with
350 ll RIPA buffer supplemented with a 1% proteinase inhibitor
cocktail. The lysed cells were stored at �20 �C until analyzed. Prior
to analysis, the cells were thawed and spun down at 20,000 rpm
for 15 min. Next, the protein concentration of the samples was
measured using a Micro BCA protein assay kit (Pierce, Rockford
USA). A dilution range of 1–200 lg/ml bovine serum albumin
was used for calibration. In order to assess the iron uptake, the
total ferritin content of the cell lysates was measured using a dou-
ble sandwiched ELISA against human ferritin kit (ab 108837
Abcam, Cambridge United Kingdom). Both the protein and ferritin
assays were performed according to the manufacturer’s protocol.

2.8.4. Cell viability
The viability of the Caco-2 cells after incubation with the differ-

ent formulations was assessed using a yellow tetrazolium salt XTT
colorimetric assay that measures the metabolic activity of cells as
first described by Scudiero et al. [35]. In short, Caco-2 cells were
seeded at a density of 20,000 cells/well in a 96 well plate and incu-
bated at 37 �C. After 24 h, the cell culture medium was removed
and replaced by an iron sample mixture of 150 ll, consisting of
100 ll medium and 50 ll made up of a volume of the different iron
samples needed to obtain different concentrations adjusted with
PBS. The cells were incubated for 24 h and then washed with
PBS. Next, 50 ll of fresh medium and 50 ll of XTT solution were
added to the cells, which were subsequently incubated for 1 h at
37 �C. Finally, the plates were measured using UV-spectroscopy
at a wavelength of 490 nm and the relative cell survival after
24 h treatment was compared to non-treated Caco-2 cells.

2.8.5. Intracellular localization of hemin-loaded micelles
A rhodamine labeled polymer was synthesized as described in

Section 2.7 and the hemin loaded mPEG-b-p((HPMAm-Lac2)-co-
RhodMA) micelles were prepared as described in Section 2.2
except that the rhodamine labeled polymer was dissolved in PBS
pH 7.4 instead of 120 mM ammonium acetate. The Caco-2 cells
were seeded at a density of 50,000 cells/well in a 16-well glass
chamber slide system (Lab-Tek; chamber slideTM system 178599)
and grown for 5 days in an incubator at 37 �C to reach 80% conflu-
ency. The rhodamine micelles dispersion was then diluted 4� with
phenol red free DMEM culture medium. Next, the cells were incu-
bated with the diluted dispersion for 3 h and subsequently the
medium was replaced and the cells were washed twice with PBS.
The Caco-2 cells were subsequently fixed with 4% paraformalde-
hyde for 30 min, the fixative was then discarded and the cells were
washed again twice with PBS. Binding buffer was made by prepar-
ing a stock solution of 50 mg Saponin from Sigma Aldrich and
100 mg BSA in 50 ml PBS. After the Caco-2 cells were fixed they
were quenched for 10 min with 50 nM NH4Cl dissolved in water
and washed twice with PBS. The binding buffer was then added
to the cells and incubated for 30 min at room temperature. Next
the primary antibody LAMP-1 to stain lysosomes, was dissolved
in binding buffer (1 lg/ml). This antibody solution was then pipet-
ted onto the cells and incubated for 60 min at room temperature.
Subsequently, the secondary antibody Alexa-488 was used to
detect the binding of the primary antibody and was dissolved in
binding buffer (10 lg/ml). After 60 min of incubation with the pri-
mary antibody at room temperature, the Caco-2 cells were washed
4� with PBS and the secondary antibody conjugated to Alexa-488
was added and incubated for 60 min. Finally, the cells were washed
3 times with PBS and once with Milli-Q ultrapure water and then
mounted on the glass chamber slide system using FluorSave from
Calbiochem, San Diego. Confocal microscopy was used to visualize
the uptake of the rhodamine labeled micelles by measuring the red
color within the cells and also to visualize lysosomes as the
LAMP-1 antibody staining produced a green color.
3. Results and discussion

3.1. Characterization of mPEG-b-p(HPMAm-Lac2) block copolymer

Synthesis and characterization of mPEG(5000)-b-p(HPMAm-
Lac2) block copolymer were performed and characterized as
described by Soga et al. [26,36]. The polymer was obtained in a
yield of 73% and the number average molecular weight as deter-
mined by NMR analysis was 17,400 g/mol. GPC analysis of the
polymer (using PEG calibration) gave a number average molecular
weight of 18,500 g/mol, the weight average molecular weight was
37,200 g/mol and the dispersity (Ð) was 2.0 which is close to ear-
lier reported data [36].
3.2. Preparation and characterization of hemin loaded micelles

Hemin-loaded micelles with different loadings of hemin were
prepared as described in Section 2.2 by addition of a small volume
of hemin in DMSO to a cold aqueous polymer solution (1.8 mg/ml,
which is far above the critical micelle concentration (CMC) of
0.015 mg/ml as reported for this polymer [36]), followed by rapidly
heating the solution to 50 �C. After filtration to remove non-
encapsulated hemin, the obtained particles were characterized for
hemin loading, size and size distribution. When no polymer was
present, the addition of the DMSO/hemin solution to water resulted
in the formation of large aggregates as shown in Fig. 2C. In contrast,
when adding the hemin solution to the polymer solution the encap-
sulation capacity of the micelles was obvious since a brownish2

micellar dispersion free of aggregates was obtained (Fig. 2D).
f



Fig. 3. Loading of hemin in mPEG-p(HPMAm-Lac2) micelles; (A) encapsulation
efficiency on the left axis and loading capacity on the right axis and (B) Z-average
diameter and polydispersity of hemin loaded micelles. Results represent
mean ± standard deviation of three independently prepared samples.

Fig. 2. (A) mPEG-p(HPMAm-Lac2) dissolved in 120 mM ammonium acetate (2 mg/ml); (B) hemin dissolved in DMSO:DMF 1:9 (1.2 mg/ml); (C) hemin in DMSO:DMF 1:9
(1.2 mg/ml) of which 0.1 ml was added to 0.9 ml of 120 mM ammonium acetate buffer; (D) hemin-loaded micelles prepared by addition of 0.1 ml of 120 lg/ml of hemin in
DMSO:DMF 1:9–0.9 ml of 1.8 mg/ml mPEG-b-p(HPMAm-Lac2).
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Fig. 3 shows the loading of hemin in mPEG-b-p(HPMAm-Lac2)
micelles for three independently prepared micellar dispersions
per hemin concentration with corresponding standard deviations
in order to obtain insight into the batch-to-batch variability.
Fig. 3A demonstrates that the highest encapsulation was achieved
by adding 120 lg/ml of hemin in DMSO to 1.8 mg/ml polymer
solution in water. The loading capacity (LC) and encapsulation effi-
ciency (EE) for this formulation were 3.9% and 61.4%, respectively.
Fig. 3A also shows that a higher concentration of hemin resulted in
a decreasing EE. This is probably due to the fact that there is not
enough polymer present to encapsulate the hemin, therefore
resulting in saturation of the micelles with hemin and the forma-
tion of hemin aggregates with the excess hemin subsequently
being filtered away [37,38].

Fig. 3A further shows that the loading capacity increased from
2.5% at a hemin concentration of 40 lg/ml to 3.9% at a hemin con-
centration of 120 lg/ml and then leveled off, which is probably due
to saturation of the micelles with hemin. Fig. 3B demonstrates that
when increasing the hemin concentration, the average size of the
micelles also increased from 75 nm to 140 nm. The particle size
at the highest hemin encapsulation was 116 nm and the polydis-
persity index was 0.19.

3.3. Physical state of hemin in micelles

Hemin loaded-micelles were prepared as described in Sec-
tion 2.2 and subsequently diluted ten times with ammonium acet-
ate pH 5 to obtain a dispersion with a hemin concentration of
11.4 lM and a polymer concentration of 0.18 mg/ml. The polymer
concentration was above the CMC of 0.015 mg/ml [36], in order to
ensure that the micelles remain intact during measurement. As
control, hemin was dissolved in DMSO to obtain molecularly dis-
solved hemin at the same concentration as the diluted micelle
sample.

Fig. 4 shows for hemin dissolved in DMSO the so-called Soret-
or B band at a maximum of 404 nm, which is common for metallo-
porphyrins [39,40]. Fig. 4 further shows that the absorption for
hemin loaded micelles is significantly broadened as compared to
the absorption of hemin solubilized in DMSO. This can be ascribed
to the aggregation of hemin in the micelles as previously reported
for a silicon phthalocyanine photosensitizer loaded in mPEG-b-p
(HPMAm-Lac2) micelles [34]. Furthermore, the soret band for the
hemin loaded-micelles shifted to lower wavelengths of respec-
tively 385 nm compared to hemin dissolved in DMSO (404 nm).
This shift is also known as a hypsochromic shift and is indicative
for H-aggregation. Metalloporphyrins that form H-aggregates
which are caused by strong metal to porphyrin orbital interaction
are also called hypsoporphyrins. This interaction results in an
enhanced porphyrin p-p⁄ energy separation which subsequently
leads to the hypsochromic shift as observed in Fig. 4 [41,42]. The
results presented in Fig. 4 imply that hemin is most likely present
in an aggregate state within the micelles which can be beneficial as
premature release of hemin when transiting through the digestive
system is retarded.

3.4. Stability of hemin-loaded mPEG-b-p(HPMAm-Lac2) micelles

In order for the hemin micelles to be effective for therapy, they
should not disintegrate in the upper part of the digestive system
and therefore the stability of the particles was examined at both
pH 2 (stomach) and pH 7.4 (duodenum). Hemin loaded mPEG-b-
p(HPMAm-Lac2) micelles with the highest encapsulation and load-
ing capacity (Fig. 3A) were used for these studies.

Fig. 5A illustrates that at pH 2 the size of the micelles slightly
increases from 143 to 199 nm upon incubation for 17 h at 37 �C,
whereas at pH 7.4 (Fig. 5B) the size remained constant in time.



Fig. 4. UV–vis spectra of hemin; (—) hemin (11.4 lM) in DMSO, (--) hemin loaded
micelles (11.4 lM of hemin) in 120 mM ammonium acetate pH 5.

Fig. 5. Z-average size (Zave) and polydispersity (PDI) of hemin micelles at 37 �C as a
function of time at pH 2 (figure A) and at pH 7.4 (figure B); A: micelles were
prepared at pH 5 as described in Section 2.2 and then adjusted to pH 2 with 4 M
HCl; B: micelles were prepared using a polymer solution in PBS pH 7.4 as described
in Section 2.6.
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The polydispersity remained constant in time at both pH’s, at an
average of 0.18 at pH 2 and 0.21 at pH 7.4. The scattered intensity
data provided as supporting information (Fig. S2) demonstrate that
at pH 2 the scattered intensity slowly decreases in time indicating
slow degradation of the micelles, while at pH 7.4 the scattered
intensity of the micelles remains constant throughout the mea-
surement. However, during the first three hours that cover the
common transit time in the stomach [43,44], the average size
and scattered intensity remained almost constant at pH 2. At pH
7.4 the micelles were stable up to 17 h which could be beneficial
for the uptake by the enterocytes after their oral administration.
3.5. Cellular in vitro uptake of hemin-loaded mPEG-b-p(HPMAm-Lac2)
micelles

To study the feasibility of hemin-loaded micelles as formulation
for oral iron delivery, several experiments were performed on
Caco-2 cell cultures. The Caco-2 cell line has been extensively used
to study nutrient and drug transport, as these cells upon differen-
tiation express a comparable microvilli brush border with func-
tionality similar to the enterocytes present in the small intestines
[45,46]. Ferritin is also a well-known marker for cellular iron
uptake as it is the protein that stores iron when not needed else-
where in the organism [47]. Once the Hemin loaded micelles are
internalized by cells and the hemin is released, it is degraded by
the enzyme heme oxygenase which is present on the endoplasmic
reticulum resulting in the formation of Fe2+, biliverdin and carbon
monoxide [48]. Subsequently the iron in the cytoplasm enters the
common iron pool and is then transported to the bloodstream via
the protein ferroportin. The excess iron that is not required to enter
in the circulatory system is stored in the cytosolic protein ferritin
[8,49]. The regulation of ferritin synthesis occurs via the translation
of ferritin H and L mRNA’s in the presence of accessible iron in the
labile iron pool which can be defined as a cell chelatable pool con-
sisting of mainly Fe2+ associated with various ligands with an affin-
ity for iron [50–52]. This results in an increase or decrease in
ferritin synthesis and thus ferritin expression when iron levels
are high or down regulated when iron levels are low [8,53]. In
the present study, Caco-2 cells were incubated with dispersions
of hemin-loaded micelles with different concentrations, as well
as with iron sulfate or iron sulfate in combination with ascorbic
acid. Also, a cytotoxicity assay was done to assess the cytocompat-
ibility of the formulations.

3.5.1. Uptake of hemin-loaded mPEG-b-p(HPMAm-Lac2) micelles by
Caco-2 cells

In order to study uptake of hemin-loaded micelles, mPEG-b-p
((HPMAm-Lac2)-co-RhodMA) was synthesized as described in
Section 2.7. GPC analysis (Fig. 6) equipped with both RI- and
UV-detectors was performed to determine the number average
molecular weight and the amount of free rhodamine in the sample.
The number average molecular weight (Mn) using PEG standards
for calibration was 23,500 g/mol; Mw/Mn = 2.0. Furthermore GPC
analysis showed that the amount of free label was less than 3%.

Rhodamine labeled mPEG-b-p(HPMAm-Lac2) micelles were
prepared as described in Section 2.8.5 to perform cellular uptake
studies.

In order to observe whether hemin-loaded micelles were taken
up by the Caco-2 cells, confocal microscopy was performed using
rhodamine labeled hemin-micelles and the commonly used lyso-
some marker LAMP-1 [54]. Fig. 7B depicts that after an incubation
time of 3 h, the cells take up the labeled micelles, but Fig. 7C shows
that most of the green fluorescence of the lysosomes does not over-
lap with the red rhodamine fluorescence. This indicates that the
rhodamine micelles were not present in lysosomal vesicles as
would be expected if the uptake mechanism was via endocytosis
[55]. Similar results were also obtained by Rijcken et al. [34] who
incubated murine melanoma B16F10 cells with mPEG-b-p
((HPMAm-Lac2)-co-RhodMA) micelles to investigate the cellular
uptake of these particles. Furthermore, the particles studied in this
paper had an average size of 116 nm as shown in Fig. 3B, which is
well above the optimal particle size of 25–30 nm for endocytosis
according to a study performed by Zhang et al. [56]. Nevertheless
uptake of hemin into the cells in its free form is not expected
because of its low aqueous solubility and therefore the high levels
of ferritin that are formed after incubation of the hemin-micelles
with the cells, as shown in Section 3.5.2, are probably due to the
internalized micelles. Talelli et al. [57], also demonstrated that



Fig. 6. GPC profile (1) mPEG-b-p((HPMAm-Lac2)-co-RhodMA); (2) traces of the
PEG-macroinitiator; (3) free PEG; (4) injection peak. The red line is the UV signal at
548 nm and black line is RI signal. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Formation of ferritin (in ng/mg cellular protein) by caco-2 cells upon
incubation with hemin loaded mPEG-b-p(HPMAm-Lac2) micelles or iron sulfate for
24 h at 37 �C. Results represent mean ± standard deviation of three experiments.
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similar rhodamine labeled micelles, both non-targeted and EGa1
nanobody targeted were indeed taken up by 14C cells. Sahay
et al. [58] discussed the various pathways that nanoparticles com-
posed of different materials use to enter cells, including nanomate-
rials that are able to bypass early endosomes and lysosomes.
However some of these mechanisms are not fully understood,
but up to date any of the endocytic pathways are considered the
main cellular uptake mechanism for micelles [59].

3.5.2. Ferritin expression after in vitro uptake of iron complex
Fig. 8 presents the ferritin expression after incubating the Caco-

2 cells for 24 h with dispersions of hemin-loaded micelles or iron
sulfate. After incubating the cells with medium containing iron sul-
fate in various concentrations, ferritin values reached a maximum
of 250 ng/mg protein at a concentration of 150 lM. It can also be
observed that at this iron sulfate concentration the expression of
intracellular ferritin reached a plateau.

Importantly, when the cells were incubated with medium con-
taining hemin-loaded micelles, ferritin values of 2500 ng/mg pro-
tein were observed, which are more than 10-fold higher than
those obtained when incubating the cells with iron sulfate. This
Fig. 7. Confocal microscopy of caco-2 cells incubated for 3 h at 37 �C with rhodamine labe
red; C: overlap of lysosome staining and rhodamine. (For interpretation of the references
observation is in accordance with a previous study in which it has
been reported that heme iron is probably being taken up more effi-
ciently by Caco-2 cells than non-heme iron such as iron salts [11].

Additional experiments were performed to study the effect of
combining ascorbic acid (vitamin C), a vitamin that beneficially
enhances iron uptake [60].

Fig. 9 shows that when ascorbic acid was added to the medium,
a substantial higher ferritin formation was observed, confirming
literature claims [60]. Furthermore, it can be observed that there
were no significant differences between ferritin expressed by cells
incubated with iron sulfate supplemented with ascorbic acid or
hemin loaded micelles. However, ascorbic acid is a strong reduc-
tant which in excess could lead to the formation of undesired high
Fe2+ amounts and result in possible pro-oxidative activity [61,62].
In addition, we investigated possible cytotoxic effects of the differ-
ent iron formulations using the XTT assay. The results shown in
Fig. 10 demonstrate that incubating Caco-2 cells with hemin-
loaded micelles with a concentration up to 150 lM, has no effect
on the cell viability whereas iron sulfate combined with ascorbic
acid was clearly cytotoxic, with an IC50 value of 50 lM.
led hemin-micelles. A: lysosome staining in green; B: rhodamine labeled micelles in
to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 9. Formation of ferritin (in ng/mg cellular protein) by caco-2 cells after 24 h of
incubation with 150 lM of hemin loaded mPEG-b-p(HPMAm-Lac2) micelles, iron
sulfate, iron sulfate plus ascorbic acid in a molar ratio of 1:5, and DMEM medium
only. Results represent mean ± standard deviation of three experiments.

Fig. 10. Viability of caco-2 cells upon incubation of different concentrations of
Hemin-loaded micelles; Iron sulfate; Iron sulfate:Ascorbic acid (1:5) and empty
micelles. Results represent mean ± standard deviation of three experiments.

Fig. 11. Formation of ferritin in ng/mg cellular protein as function of incubation
time of caco-2 cells with hemin-loaded micelles (150 lM) and iron sulfate
(150 lM). Results represent mean ± standard deviation of three experiments.
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3.5.3. Kinetics of ferritin formation in Caco-2 cells after incubation of
iron samples

The kinetics of ferritin formation was investigated by incubat-
ing the Caco-2 cells with iron sulfate and hemin-loaded micelles
with a concentration of 150 lM. The hemin-loaded micellar dis-
persion was made from 120 lg hemin/ml in 1.8 mg/ml polymer
as described in Section 2.8.2. Fig. 11 illustrates that the amount
of ferritin reached a maximum already after 3 h upon incubation
with both formulations at 37 �C. After this incubation time there
is no significant difference in formation of ferritin.

In many previous studies using Caco-2 cells as a model cell line
to investigate iron uptake, the cells were harvested after 24 h upon
incubation with iron supplements in order to allow ferritin forma-
tion [47,63]. However, here we demonstrate that 3 h is sufficient to
reach a maximum of ferritin formation upon incubation with both
hemin-loaded micelles and iron sulfate.

4. Conclusions

The present study shows that hemin can successfully be loaded
in mPEG-b-p(HPMAm-Lac2) micelles forming water dispersible
particles with an average size of around 100 nm. The hemin-
loaded micelles demonstrated to remain stable up to 3 h at pH 2
and 17 h at pH 7.4. Importantly, upon incubation in Caco-2 cells
the hemin-loaded micelles gave superior ferritin formation up to
10� times higher than when compared to the commonly used iron
supplement iron sulfate. The new hemin formulation presented in
this paper is therefore a promising formulation for iron oral
delivery.
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