Minimally Invasive Transdermal Delivery of Iron–Dextran
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ABSTRACT: Iron deficiency is one of the most prevalent and serious health issues among
people all over the world. Iron–dextran (ID) colloidal solution is one among the very few US
Food and Drug Administration (FDA)-approved iron sources for parenteral administration of
iron. Parenteral route does not allow frequent administration because of its invasiveness and
other associated complications. The main aim of this project was to investigate the plausibility of
transdermal delivery of ID facilitated by microneedles, as an alternative to parenteral iron therapy. In vitro permeation studies were carried out using freshly excised hairless rat abdominal
skin in a Franz diffusion apparatus. Iron repletion studies were carried out in hairless anemic rat model. The anemic rats were divided into intact skin (control), microneedle pretreated,
and intraperitoneal (i.p.) groups depending on the mode of delivery of iron. The hematological parameters were measured intermittently during treatment. There was no improvement
in the hematological parameters in case of control group, whereas, in case of microneedle
pretreated and i.p. group, there was significant improvement within 2–3 weeks. The results
suggest that microneedle-mediated delivery of ID could be developed as a potential treatment
method for iron-deficiency anemia. © 2012 Wiley Periodicals, Inc. and the American Pharmacists
Association J Pharm Sci 102:987–993, 2013
Keywords: Transdermal drug delivery; anemia; iron-dextran; macromolecular drug delivery;
microarrays; microscopy; skin

INTRODUCTION
Iron-deficiency anemia is one of the most prevalent
and serious health issues among people all over the
world. Iron is an essential element involved in the production of red blood cells (RBCs) and also plays a critical role in cellular metabolism, catalyzing many enzymatic reactions, mediating immune response, and
helps in the production of connective tissues and neurotransmitters in brain.1,2 Iron deficiency is known to
be more prevalent in infants, children, and women of
child-bearing age. Inadequate iron stores in the body
could lead to several serious health consequences and
even death.3–6
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Treating iron deficiency and its anemia is still a
challenge because of the limitations associated with
existing oral and parenteral formulations. Despite
the convenience and compliance associated with oral
therapy, it is often associated with severe side effects
such as gastric intolerance nausea and vomiting.7,8
Also, oral iron supplements have limited potential
in treating anemia associated with conditions such
as accidental blood loss, hemodialysis, malabsorption
syndrome, Crohn’s disease, inflammatory bowel disease, and chronic bowel obstruction; hence parenteral
iron therapy becomes inevitable. Iron–dextran
(ID) complex was one among the very few products
approved and extensively studied clinically for parenteral therapy to treat iron-deficiency anemia. ID
is commercially available as stable, clear, viscous,
and reddish-brown colloidal suspension containing
5% iron and 20% dextran.9
Parenteral ID administration is associated with
immediate adverse events such as dyspnea,
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abdominal or back pain, nausea and vomiting, fever,
and utricaria.10 Fatal anaphylactic reactions were
also reported with ID therapy.11–13 Generally, parenteral iron therapy is considered to be safe and efficacious, but repeated administration could potentially result in toxic amounts of free iron in the blood;
sometimes even could prove fatal. Slow and prolonged
delivery of iron has been suggested as the best suited
way to avoid supersaturation of iron-carrier protein,
transferrin, and to control iron stores in the systemic
circulation.14
Transdermal administration is generally intended
for delivery of drugs across the skin over long duration simulating slow intravenous infusion.15 However, transdermal delivery of therapeutic agents is
limited because of the high molecular weight (>600
Da) and high hydrophilicity.16 Chemical enhancers
are known to possess limited ability to enhance the
permeation of larger molecular weight therapeutic
molecules. Use of microneedles is of great interest in
recent days because of their unique ability to facilitate
the delivery of macromolecules and colloidal drugs
across the skin.17,18 Microneedles can create micro
conduits for transport of drug molecules across the
stratum corneum.19 In the current study, the feasibility of transdermal delivery of ID using microneedles
was investigated. Successful delivery of ID via transdermal route could be a potential option for treating
iron-deficiency anemia.

MATERIALS AND METHODS
Materials
Iron–dextran (50 mg/mL) with molecular weight in
between 80 and 100 kDa was purchased from Sigma–
Aldrich (St. Louis, Missouri). AdminPen 600 device
was purchased from nanoBio Sciences LLC, Alameda,
California. Phosphate buffered saline (PBS, pH 7.4)
premixed powder was obtained from EMD ChemiR
iron reagent
cals (Gibbstown, New Jersey). Ferrover
was obtained from Hach Company (Loveland, Ohio).
Serum iron (SI) and total iron binding capacity (TIBC)
kit were obtained from Cliniqa Corporation (San Marcos, California), and all other chemicals were obtained
from Fischer Scientific (Fairway, New Jersey).
Methods

Preparation of Rat Skin
Male hairless rats were used in both in vitro and
in vivo studies, obtained from Charles River, Wilmington, Massachusetts. The use of hairless rat skin
has been reported to be a good model for infants and
children’s skin. All the animals were 8 weeks old and
weighing between 250 and 300 g. For the preparation
of rat skin, the animals were asphyxiated with CO2 ,
and the abdominal skin was excised, subcutaneous fat
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 3, MARCH 2013

was removed, and the skin pieces were cleaned carefully with normal saline. The rat skin was used on
the same day for all in vitro experiments. All animal
studies were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University
of Mississippi (protocol #10-013).

Measurement of Hydrodynamic Radius of ID
Particle size (hydrodynamic radius) of the ID colloid was measured by dynamic light scattering (DLS)
or photon correlation spectroscopy technique using Zetasizer 3000HSA (Malvern Instruments Ltd.,
Westborough, Massachusetts).

Skin Pretreatment with Microneedles
Freshly obtained rat skin was treated with AdminPen 600 stainless steel microneedles, having an area
of 1 cm2 containing 187 microneedles with height
of 500 :m, for 2 min and embodied in optimum
R
,
cutting temperature (OCT) medium (Tissue-Tek
Sakura Finetek Inc, Torrance, CA, USA). Microneedles are designed as central hollow bore that are similar in shape to conventional hypodermic needles but
much smaller.20 The OCT medium with skin was subjected to freeze in dry ice bath and 30 :m thickness
sections were prepared using a Leica 1800 cyrostat
(Leica Biosystems, Buffalo Grove, IL). Skin specimens
were allowed to dry and stained with hematoxylin
and eosin. The developed stained specimens were observed under a high-resolution microscope (Axiolab
A1; Carl Zeiss, Thornwood, NY, USA) with 10× magnification to evaluate the depth of penetration of microneedles. Images were captured with camera (Axio
ICc 1; Carl Zeiss) attached to the microscope.

General In vitro Experimental Setup
In vitro studies were carried out in vertical Franz
diffusion cell (FDC) apparatus (Logan Instruments,
Boston, Massachusetts). The rat skin was sandwiched
between the donor and receiver compartments of
FDC, with stratum corneum facing the donor compartment of the cell. The active diffusion area was
0.64 cm2 . The AC electrical resistance of skin was
measured with the help of an electric circuit consisting of a digital multimeter and waveform generator
(Agilent Technologies, Santa Clara, California) having a load resistor RL (100 k) in series with the skin.
The voltage drop across the whole circuit (V0 ) and
across the skin (Vs) was measured, and skin resistance was determined by applying a voltage of 100 mV
at 10 Hz in the circuit. Skin pieces with a resistance
of at least 20 kcm2 were considered for permeation
studies.21

In vitro Transdermal Permeation Studies
Permeation of ID. After measuring electrical resistance of the skin, the donor compartment was filled
DOI 10.1002/jps
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with 200 :L of 50 mg/mL ID solution, and the receiver compartment was filled with 5 mL of freshly
prepared PBS (pH 7.4). During all in vitro permeation studies, the temperature of receiver compartment was maintained at 37 ± 1 C by water circulation. Permeation studies were carried out for
6 h, and 1 mL samples were collected from the receiver compartment at predetermined time points (0,
1, 2, 3, 4, 5, and 6 h). Amount of iron permeated
into the receiver compartment across skin was determined with the help of EZ201 UV spectrophotometer (PerkinElmer, Waltham, Massachusetts) using
R
iron reagent (Hach Company) at 510 nm.14
FerroVer
To study the effect of microneedle pretreatment on
the permeation of ID, freshly excised hairless rat skin
was pretreated with microneedles for 2 min before
mounting on the FDC apparatus.
ID Retained in the Skin. After in vitro permeation
study, the active diffusion area (0.64 cm2 ) was excised
with biopsy punch, and the surface was washed thoroughly with normal saline to ensure complete removal
of any ID adhering to the skin surface. The biopsied
skin was then cut into small pieces and homogenized
in a vial containing 5 mL of 1 N sodium hydroxide and
incubated at 37◦ C for 24 h with intermittent shaking.
The solutions were centrifuged to remove any interfering substance, and supernatant was collected and
analyzed for iron content.

Iron Repletion Studies in Anemic Rats
Induction of Iron-Deficiency Anemia in Rats. In vivo
studies were performed in hairless rats. The animals were housed in conventional cages with 12:12 h
day–light cycles maintained in the facility during the
entire study period. Rats (n = 18) were on normal
diet and were allowed to adapt to the study environment for a week’s time. Initially, 200 :L of blood
samples were collected in ethylenediaminetetraacetic
R
tubes (Sarstedt, Newton,
acid-coated Microvette
North Carolina), and 0.5 mL of blood was collected
into 1.5 mL centrifuge tubes (Eppendorf, Hauppauge,
New York) from all animals by retro-orbital bleeding
method. Blood samples collected were analyzed for
hematological parameters such as hemoglobin (Hb),
hematocrit (HCT), RBC, mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC)
using VetScan HM2 hematology system (Abaxis,
Union city, California). Serum was separated from
blood sample collected in centrifuge tubes and analyzed for biochemical parameters such as SI, TIBC,
and percent transferring saturation (%TS) (basal values in healthy normal rats). Following initial screening, rats were kept on diet with low iron content
(∼2–6 ppm; Harlan Laboratories, Madison, Wisconsin) till the end of the study. Iron deficiency was inDOI 10.1002/jps
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duced in rats in 5 weeks since the inception of the
custom-made low-iron diet, which was further confirmed by measuring the blood Hb and HCT. Later,
rats were divided into three groups (n = 6), namely
control group, microneedle-pretreated group, and intraperitoneal (i.p.) treatment group.
Delivery of ID, In vivo. Animals in the control and
microneedle pretreatment group were anesthetized
using ketamine + xylazine (80 + 10 mg/kg) via i.p.
route. In case of intact skin (control) group animals,
a transdermal patch loaded with 200 :L of 50 mg/
mL ID was placed on the dorsal side of the rat for
6 h. For microneedle-pretreated group, rats were pretreated with microneedles (10 cm2 ) on dorsal surface
for 2 min followed by the application of a transdermal
patch, loaded with 200 :L of 50 mg/mL ID solution
for a period of 6 h. The treatment was continued for
a period of 3 weeks on alternate days. The i.p. group
received 100 :L of ID solution (10 mg/mL) in saline
on alternate days for 2 weeks.

RBC Morphology
Blood samples were withdrawn from rats in healthy,
anemic, and posttreatment conditions from all the
three groups, and the RBCs were visualized under
high-resolution optical microscopy to study their cell
morphology. In brief, a drop of venous blood was
collected and smears were prepared by wedge slide
method and stained using Wright–Giemsa stain. The
RBCs were visualized using oil immersion microscopy
and high-resolution light microscope (Axiolab A1;
Carl Zeiss) at 100× magnification. Images of RBCs
were captured using Carl Zeiss camera attached to
the microscope.
Statistical Analysis
GraphPad InStat 3 software was used for statistical
analysis. One-way analysis of variance was used to
determine the level of significance for correlation between parameters, and a P value of less than 0.05 was
considered as the significant difference.

RESULTS AND DISCUSSION
Skin is known to be a formidable barrier to the penetration of large molecular size therapeutic agents.13
However, certain studies have demonstrated permeation of macromolecular substrates across the
skin.22 Some reports even demonstrated the penetration of particulate drug delivery systems, ranging
from nanometer to micrometer size23,24 into the skin.
Recently, Sonavane et al.25 have demonstrated the
in vitro delivery of gold nanoparticles (NPs) of various sizes across rat abdominal skin. The authors
reported that NPs with average size of 15 nm
permeated across rat abdominal skin in significantly
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 3, MARCH 2013
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higher amounts than those of 102 and 198 nm at the
end of 12 h. The X-ray spectroscopy studies revealed
deeper localization of 15 nm size particles than the
larger particles.25
The hydrodynamic diameter of ID was measured
using DLS technique and was found to be approximately 14 nm. In the present study, even at the end of
12 h (data shown up to 6 h), there was no ID detected
in the receiver compartment, indicating practically
no permeation across the rat skin. Moreover, there
was no ID detected in the skin either. Despite all the
in vitro experimental conditions being similar, at this
stage, the reasons for conflicting observation between
our studies and the studies by Sonavane et al.25 are
still unknown.
So far, many research groups have studied the effect of microneedles on transdermal delivery of wide
range of molecules with different physicochemical
properties.26–29 Microneedles are micron-sized needles and have the potential to deliver molecules and
macromolecules across the skin without causing significant pain.30 Several research groups have studied
the effect of microneedles on delivering both small
and large molecules including proteins, peptides, and
genes into the skin.31 Several reports exist on the
delivery of particulate systems utilizing microneedles via transdermal route. Kohli and Alpar32 demonstrated that NPs of 50 nm or less in size can penetrate
into the skin layers. Therefore, the effect of microneedle pretreatment of skin on the permeation of ID was
investigated in this study.

In vitro Permeation of ID
In vitro permeation studies of ID were carried out for
6 h after pretreating the rat skin with microneedles.
The cumulative amount of ID permeated at the end
of 6 h was found to be 10.28 ± 0.45 :g/cm2 (Fig. 1).
After 6 h of in vitro permeation studies, 2.48 :g/mg
of ID was found to have retained in the skin. In vitro
permeation studies concluded that microneedle pretreatment could lead to the delivery of substantial
amount of ID across the skin. The studies also clearly
demonstrated that the colloidal ID neither penetrates
nor permeates across the intact skin in detectable
amounts.
Iron Repletion Studies in Anemic Rats
Initially, healthy animals were checked for all hematological and biochemical parameters and recorded
as basal values. Iron-deficiency anemia was induced
in all animals (n = 18) by feeding with low-iron diet
for 5 weeks. There was a significant change in the
hematological parameters, indicating successful induction of anemia. The first step in the typical diagnosis of iron-deficiency anemia includes measuring
the Hb levels in the blood. Along with Hb levels, measurement of MCV, HCT, and other RBC indices are
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 3, MARCH 2013

Figure 1. In vitro permeation studies of iron–dextran
across the () intact hairless rat skin (Control) and () skin
pretreated with microneedles.

critical in assessing the status of iron-deficiency anemia. HCT measures the percent volume of RBCs in
unit volume of whole blood. MCV gives the average
volume and size of RBC, and in case of iron-deficiency
condition, microcytic and hypochromic erythrocytes
are usually observed. The RBC morphology in irondeficient rat clearly shows the presence of microcytic
RBC (Fig. 4b). MCH is the average mass of Hb in RBC,
and MCHC is the measure of concentration of Hb in a
given volume of packed RBCs. The RBC distribution
width is a measure of the variation of RBC width and
is used in combination with the MCV in differential
diagnosis of various other anemic conditions. In this
study, the mean Hb and RBC values at healthy condition were 14.43 ± 0.81 g/dL and 8.59 ± 0.44 × 1012 /L,
respectively, and were found to decrease to 10.06 ±
1.05 g/dL and 6.32 ± 0.59 × 1012 /L when the rats
were induced to anemic condition.
Serum samples were analyzed for biochemical parameters. The average values of SI before and after
inducing anemia were found to be 187.96 ± 3.04 and
91.20 ± 10.58 :g/dL, respectively. The TIBC values
increased from 351.60 ± 16.64 to 556.90 ± 58.39 :g/
dL. There was a decrease in mean %TS from 42.43 ±
3.12 to 16.01 ± 0.76 after inducing anemia compared
with healthy state. SI and %TS decreased significantly, whereas the TIBC values increased after inducing anemia. SI measures the transferrin bound
iron in blood, and TIBC measures the amount of
transferrin that is still available to bind and transport iron. %TS gives the ratio of SI to TIBC, which is
an accurate measurement compared with individual
measurements of SI and TIBC. Mean values of other
hematological parameter of healthy and anemic condition of all the rats (n = 18) are shown in Table 1.

Transdermal Delivery of ID, In vivo
The anemic rats were divided into three groups
and were treated with ID using different modes of
delivery. Polyolefin foam patch of area 10 cm2 was
DOI 10.1002/jps
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Table 1. The Mean Values of Hematological Parameters, Prior to Inducing Anemia (Healthy), After Inducing Anemia, After Treating
with ID in Case of Microneedle Pretreatment, and After Treating with ID via Intraperitoneal Route
Hematological Parameter

Healthy Rats

Anemic Condition

After Microneedle Pretreatment

Intraperitoneal Group

Hemoglobin (g/dL)
RBC (×1012 /L)
Hematocrit (%)
Mean corpuscular volume (fL)
Mean corpuscular hemoglobin (pg)
Mean corpuscular hemoglobin
concentration (g/dL)
Red blood cell distribution width (%)

14.43 ± 0.81
8.59 ± 0.44
42.65 ± 1.28
55.33 ± 4.12
19.30 ± 1.58
35.39 ± 0.87

10.06 ± 1.05
6.32 ± 0.59
33.24 ± 3.37
45.31 ± 3.07
14.93 ± 0.68
30.00 ± 1.83

13.96 ± 0.51
10.25 ± 0.95
41.87 ± 4.98
41.33 ± 2.25
14.86 ± 0.68
32.03 ± 2.21

14.5 ± 0.22
10.32 ± 0.25
41.48 ± 0.91
46.03 ± 2.02
18.30 ± 0.75
34.01 ± 0.73

16.47 ± 0.81

15.47 ± 3.87

16.73 ± 1.50

17.73 ± 0.73

Figure 2. Histological sections of skin stained with
hematoxylin and eosin stain (10× magnification) intact skin
(a) and microneedle-pretreated skin (b).

loaded with 200 :L of ID solution and placed on
the dorsal surface of the rats in case of intact skin
(control) group, whereas in case of microneedlepretreated group, the dorsal surface of the rat was
pretreated with microneedles and then the patch was
placed on the treated surface for 6 h. After removal
of the patch, the skin surface was washed with soap
and water to reduce the intensity of stain because of
the adhering ID. The remaining mild stain completely
disappeared eventually within a couple of days. This
cosmetic factor could be one of the limiting factors
for use of transdermal systems of ID. However, in
case of patients who are critically anemic, this would
be an insignificant issue. The microscopic pictures in
Figure 2 represents the microneedle-treated and untreated sections of skin. The objective of the microneedle technology is to render the skin permeable by penetrating the needles through the epidermis but not far
enough down to reach the deeper layers to minimize
the discomfort to the subject. In the present study, the
microneedles penetrated through a depth of 84.45 ±
10.32 :m. Figure 2b is a representative picture of the
micropore created by microneedles.
The treatment with ID was continued for 3 weeks
on alternate days. Blood samples were collected by
retro-orbital bleeding method and subjected to all
hematological and biochemical tests intermittently
and at the end of weeks 2 and 3. In the case of control group, the hematological or biochemical parameters turned out to be severely poor at the end of
week 2. This indicates that there is no feasibility of
delivery of ID via passive transdermal delivery withDOI 10.1002/jps

out microneedle pretreatment. Therefore, the passive
transdermal delivery (control group) treatment was
not continued to survive the rats. However, in the
case of microneedle-pretreated group, there was a
significant improvement in all the parameters at the
end of week 3. The mean biochemical parameter values, prior to inducing anemia, after inducing anemia,
and after treatment with ID, in case of microneedlepretreated group and i.p. injection group, are shown
in Figure 3.
The mean Hb value of 10.36 ± 0.57 g/dL at anemic condition increased to 13.96 ± 0.51 g/dL in
microneedle-pretreated group. An increase in the Hb
level of 1 g/dL for every 2–3 weeks is considered as
an effective iron replacement therapy.33,34 The mean
SI, TIBC, and %TS at the end of the study in case of
microneedle-treated group were found to be 137.63 ±
8.07 :g/dL, 334.23 ± 6.14 :g/dL, and 39.03 ± 4.75,
respectively (Fig. 3). Mean values of all hematological
parameters are shown in Table 1. There was a significant improvement in the morphology of RBCs in
microneedle treatment group of rats compared with
anemic condition (Fig. 4c).

Intraperitoneal Delivery of ID
Iron–dextran was administered via i.p. route on alternate days to one of the groups to serve as positive
control. There was statistically significant improvement in all the biochemical and hematological parameters in the positive control group. The mean SI,
TIBC, and %TS values at the end of the study was
found to be 147.30 ± 15.56 :g/dL, 366.90 ± 14.07 :g/
dL, and 40.29 ± 5.78 followed by i.p. injection of
ID (Fig. 3). All other hematological parameters are
shown in the Table 1.
Iron–dextran is known to undergo ready uptake by
the reticuloendothelial system from the intravascular fluid compartments and processed to make the
iron available to the body for different biochemical
and physiological needs.35 Treatment of iron deficiency with ID solution via intravenous route is well
established.36 In the present case, the levels of Hb
and other parameters were close to that of normal
condition (baseline values) at the end of week 2 in
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 3, MARCH 2013
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Figure 3. The mean values of all biochemical parameters, prior to inducing anemia (normal),
after inducing anemia (anemic), after treating with ID [microneedle pretreatment (ID-MN)]
and treatment with intraperitoneal injection of ID (ID-IP).

cal parameters in case of control group, whereas, in
case of i.p. and microneedle-pretreated group, there
was a significant improvement in all the hematological parameter at the end of weeks 2 and 3, respectively. ID delivered transdermally in the form of poke
and patch is likely to overcome the limitations of parenteral delivery of ID and is believed to be relatively
more patient compliant because of the minimal invasive nature of the mode of delivery.
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