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ABSTRACT: Human basic fibroblast growth factor (hbFGF;
174 kDa) has shown promise in the treatment of several
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dermatological conditions; symptomatic improvement was also 2 < 100
observed in patients with peripheral arterial disease after arterial &3
infusion. The objective of this study was to demonstrate the 22 5
feasibility of using transdermal iontophoresis to deliver biolo- §
gically active hbFGF noninvasively into and across the skin. The 0
protein was cloned, expressed and purified in-house. Porcine 0.15 03 05
skin was used to investigate transdermal iontophoretic transport I (mA/em?)

of hbFGF as a function of current density (0.15, 0.3, and 0.5
mA/cm’”); results were subsequently confirmed using human skin. Cumulative hbEGF permeation and skin deposition were
quantified by ELISA. The absence of proteolytic degradation during skin transit was confirmed by SDS—PAGE. Biological activity
postdelivery was determined using cell proliferation assays in human foreskin fibroblast (HFF) and NIH 3T3 cell lines. Confocal
laser scanning microscopy (CLSM) was used to visualize the distribution of rhodamine-tagged hbFGF in the skin. Cumulative
iontophoretic permeation at 0.3 mA/cm”® was statistically superior to that at 0.15 mA/cm? however, there was no further
improvement at 0.5 mA/ cm’. Significant skin deposition of hbFGF was observed, and this dominated transport; for example, after
iontophoresis for 8 h at 0.5 mA/cm?, skin deposition (77.74 & 37.36 ug/cm®) was 4.4-fold higher than cumulative permeation
(17.64 & 5.18 ug/cm”). The superior skin deposition may be advantageous for dermatological applications. The HFF and NTH 3T3
cell proliferation assays confirmed that biological activity of hbFGF was retained postdelivery. Coiontophoresis of acetaminophen
showed that the dominant transport mechanism switched from electroosmosis to electromigration upon increasing current density
from 0.15 to 0.3 mA/cm®. Experiments using human skin confirmed that iontophoretic permeation of hbFGF across porcine and
human membranes was statistically equivalent. CLSM images of rhodamine-tagged hbFGF postiontophoresis indicated that the
protein was evenly distributed throughout the epidermis and dermis. In conclusion, the results confirmed that transdermal
iontophoresis was indeed able to deliver structurally intact, functional hbFGF noninvasively into and across the skin. The amounts of
protein delivered were similar to those in reports from preclinical and clinical studies.

KEYWORDS: transdermal iontophoresis, human basic fibroblast growth factor (hbFGF), protein delivery, noninvasive,
formulation, wound healing, peripheral arterial disease

B INTRODUCTION wide variety of cell types. Structural properties including its
compact, globular structure and high surface charge distribution
suggested that hbFGF might be a good candidate for iontophoretic
delivery. Protein globularity is clearly depicted in Figure 1.° The
protein has an isoelectric point (pI) of 9.58, and it carries a net
charge of +10 at pH 7.4 (http://www.expasy.ch/tools/protparam.
html) by virtue of its 25 positively charged (Arg and Lys) and 15
negatively charged (Asp and Glu) amino acids.

In clinical studies, hbFGF has shown promise in the treatment

Iontophoresis is an established method for the transdermal
delivery of charged low molecular weight therapeutics and
peptides."” Our laboratory has been investigating whether it
can also be used for the noninvasive delivery of proteins across
the skin, and an earlier report confirmed that it was indeed
possible to deliver cytochrome ¢ across intact skin using trans-
dermal iontophoresis.> More recently, successful delivery of

enzymatically active ribonuclease A across porcine and human of various dermatological conditions includin% skin ulcers,®°
skin demonstrated that, in addition to structural integrity, burns in both adult and pediatric patients,'"*~"> and incisional
biological activity was also retained postiontophoresis.* Thus, wounds."** It has also been tested in phase I clinical trials for the
the challenge now is to determine the physicochemical and treatment of peripheral arterial disease; although the patients
structural properties that favor protein electrotransport and to
identify potential therapeutic candidates. Received: ~ March 14, 2011

Human basic fibroblast growth factor (hbFGF; 155 amino Accepted:  June 22,2011
acids) belongs to a large family of structurally related proteins Revised:  May 27, 2011
that affect growth, differentiation, migration and survival of a Published: June 22,2011
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Figure 1. Three-dimensional structure of hbFGF (pdb file: 2FGF).* (a) Protein fold: the globularity is clearly discernible. (b) Tertiary structure
showing the distribution of positively charged amino acid residues (Arg and Lys). The charged amino acids are predominantly located on the protein
surface. (c) Solvent accessible (Connolly) surface showing the electrostatic potential distribution across the molecular surface (red and blue colors
represent regions of high positive and negative charge density, respectively). (Structures drawn using SYBYL 8.0.)

showed improvement of szrmptoms, hbFGF had to be adminis-
tered by arterial infusion.'>'® Its short elimination half-life of 46
+ 21 min limits the administration options." Since hbFGF has
been reported to induce nephropathy with proteinuria*” and endo-
thelial growth factors can mediate intraocular neovascularization,'®"
targeted local therapy may be preferable to systemic parenteral
administration.

The specific aims of this study were (i) to clone, express and
purify hbFGF, (ii) to develop a stable hbFGF formulation, (iii) to
demonstrate that transdermal iontophoresis could be used to de-
liver intact, biologically active hbFGF across skin, (iv) to inves-
tigate the effect of current density on electrotransport, (v) to
identify whether electromigration or electroosmosis was the
dominant transport mechanism and (vi) to study the distribution
of hbFGF in the skin.

B EXPERIMENTAL SECTION

Chemicals and Reagents. Acetaminophen (ACM), sodium
citrate, rhodamine isothiocyanate, silver wire, silver chloride, RPMi
1640 media and hbFGF (F9786) were purchased from Sigma-
Aldrich (Buchs, Switzerland). Sodium chloride, sodium bicarbo-
nate and sodium carbonate were purchased from Fluka (Buchs,
Switzerland). Citric acid and 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) were purchased from Acros
Organics (Chemie Brunschwig; Basel, Switzerland). pET100/
D-TOPO cloning kit, INTP mix, and chemocompetent BL21-
(DE3)-Star cells were obtained from Invitrogen (Carlsbad, CA).
Dulbecco’s modified Eagle medium (D-MEM), D-MEM Gluta-
MAX, fetal bovine serum (FBS) and PenStrep were purchased
from Gibco, Invitrogen (Carlsbad, CA). Primers were synthe-
sized by Microsynth (Balgach, Switzerland). Imidazole and XTT
sodium salt were purchased from Applichem (Darmstadt, Germany).
Yeast extract and tryptone were purchased from Becton
Dickinson and Company (Le Pont de Claix, France). The ELISA
kit (product number CKH123) used for the quantification of
hbFGF was purchased from Cell Sciences (Canton, MA). PVC
tubing (3 mm id, S mm o.d, 1 mm wall thickness) used to
prepare salt bridge assemblies was obtained from Fisher Bioblock
Scientific S.A. (Illkirch, France). All solutions were prepared
using deionized reverse osmosis filtered water (resistivity > 18
MQ-cm). All other chemicals were at least of analytical grade.

Skin Source. Porcine ears were obtained from a local abattoir
(CARRE; Rolle, Switzerland); the skin was excised (thickness
250 pm; thus, including the epidermis and the upper layers of the
dermis) with an air-dermatome (Zimmer; Etupes, France), wrapped
in Parafilm and stored at —20 °C for a maximum period of 2
months. Human skin was collected immediately after abdomi-
noplasty (Geneva University Hospital, Geneva), fatty tissue was
removed and the skin was wrapped in Parafilm before storage
at —20 °C for a maximum period of 3 days. Histological and
biophysical studies have demonstrated that porcine skin is an
excellent model for human skin;?° > investigations into the
effect of freezing on human skin have shown that it does not have
an impact on integrity.”*** The study was approved by the
Central Committee for Ethics in Research (CER: 08-150
(NACO08-051); Geneva University Hospital).

Protein Source. hbFGF used in this study was cloned, expressed,
purified and characterized in-house. Full details are provided in
the Supporting Information.

Protein Formulation. The protein was directly eluted from
the pre-equilibrated size exclusion columns in the desired buffer
to prepare the different hbFGF formulations (described in
Table 1). The final concentration of hbFGF was set at 0.5 mg/mL
for each formulation (FS 1—6), and the protein was diluted with
the respective elution buffer to achieve this concentration. The
first experiments were run to determine the stability of hbFGF in
solution after 8 h. Kinetic studies were performed with selected
formulations to determine the hbFGF concentration in solution
at 0, 2, 4, 6, and 8 h. Stability experiments were performed at
room temperature. The hbFGF concentration was quantified by
ELISA after incubation of the formulations for 2, 4, 6, and 8 h.
The initial concentration of hbFGF (0.5 mg/mL) was taken as
100%, and the concentration measured at each time point was
expressed as a percentage of the initial value.

lontophoretic Setup and Protocol. Customized two-com-
partment vertical diffusion cells with an additional sampling arm
in the receptor compartment were used for the transport studies.
Dermatomed skin (area 2.0 cm®) was clamped between the
donor and receptor compartments. The anode, containing
25 mM HEPES, 133 mM NaCl, pH 7.4 (henceforth referred
to as HS buffer), was connected to the donor compartment via a
salt bridge assembly (3% agarose in 0.1 M NaCl).”® After a
40 min equilibration period with HS buffer, 1 mL of protein
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Table 1. Formulation Compositions Used for hbFGF Solution Stability Studies

formulation [hbFGF] (mg/mL) composition pH ionic strength (mM)
FS1 0.5 water 7.0 0
ES2 0.5 HEPES 25 mM 52 9
ES3 0.5 HEPES 25 mM, NaCl 25 mM 7.4 34
ES 4 0.5 HEPES 25 mM, NaCl 133 mM 74 143
FSS 0.5 HEPES 25 mM, NaCl 133 mM, 0.01% BSA 74 143
ES 6 0.5 HEPES 25 mM, NaH,PO, 22.2 mM 74 64

solution (0.5 mg/mL hbFGF in HS buffer containing 15 mM
ACM) was placed in the donor compartment. Acetaminophen
(ACM) reported on the electroosmotic solvent flow and enabled
the calculation of the contributions of electromigration and
electroosmosis to hbFGF electrotransport. The receptor com-
partment was filled with 12 mL of HS buffer. Constant current
was applied using Ag/AgCl electrodes connected to a power
supply (Kepco APH 1000M; Flushing, NY). The receptor
compartment was stirred at room temperature throughout the
experiment; 0.6 mL of the receptor phase was withdrawn every
two hours up to 6 h and then hourly until 8 h; each aliquot was
replaced with fresh HS buffer. Upon completion of the permea-
tion experiment the diffusion cells were dismantled, and the
residual donor solution was removed from the skin surface by
washing in running water; hbFGF retained in the skin was ex-
tracted by cutting the skin samples into small pieces and stirring
them in 10 mL of HS buffer for 18 h. The resultant extract was
filtered through 0.45 ym membrane filters and the filtrate quan-
tified for hbFGF by ELISA (see below). The recovery data pro-
vided an estimate of the minimum amount of substance retained
within the membrane since it was not possible to determine
whether complete (i.e., 100%) extraction was achieved.

Transport Studies. a. Effect of Current Density. Three differ-
ent current densities (0.15, 0.3, and 0.5 mA/cm”) were applied
for 8 h using the above-mentioned formulation (0.5 mg/mL
hbFGF in HS buffer with 15 mM ACM). n = 4 in all experiments.

b. Comparing hbFGF lontophoresis across Porcine and
Human Skin. Tontophoretic delivery of hbFGF across porcine and
human skin samples was compared under the same experimental
conditions: 0.5 mg/mL hbFGF in HS buffer with 15 mM ACM
iontophoresed for 8 h at 0.5 mA/cm® 1 > 3 in all experiments.

¢. Determining the Relative Contributions of Electromigra-
tion and Electroosmosis to hbFGF Electrotransport and Its
Effect on Skin Permselectivity. The contribution of electromi-
gration (EM) to the total flux was calculated as described
previously.*?° Briefly, the following equations were used:

Jem = Jeot = Jro (1)
where Jgo = V,,Cipegr, and
Vv = Jacm/ Cacum (2)
Also,
IF = Qacwm control/ QacM.pbrGF (3)

In the above equations,

Jiot = total flux

Jem = flux due to electromigration

Jeo = flux due to electroosmotic flow

V., = linear velocity of solvent flow

ChpeGe = concentration of hbFGF

Jacwm = flux of the marker molecule (ACM)

Cacm = donor concentration of the marker molecule (ACM)
IF = inhibition factor

QacM,control = cumulative permeation of ACM in 8 h in the
absence of hbFGF

Qacmpbrcr = cumulative permeation of ACM in 8 h in the
presence of hbFGF

Analysis of hbFGF by ELISA. Cumulative permeation and
skin deposition of hbFGF were quantified by ELISA (human
fibroblast growth factor 2 ELISA kit (CKH123), Cell Sciences;
Canton, MA) according to the protocol provided by the supplier.
Briefly, after appropriate dilution, 100 #L samples were pipetted
into a 96-well ELISA plate that was coated with a capture anti-
body specific for hbFGF. After incubation for 2.5 h at room
temperature, the plate was washed and a biotinylated anti-hbFGF
detection antibody (100 uL) added. After incubation at room
temperature for 1 h, the plate was washed and HRP-conjugated
streptavidin (100 uL) added, followed by incubation for a further
45 min. TMB solution was added after washing the plate, and the
reaction was stopped after another 30 min by the addition of
50 uL of 2 M sulfuric acid. The absorbance was read at 450 nm
immediately after terminating the reaction. The LOD and LOQ
were 5.34 and 16.19 ng/mL, respectively.

Quantifying Biological Activity of hbFGF Using Cell Pro-
liferation Assays. The biological activity of hbFGF postdelivery
was determined by quantifying its ability to stimulate the pro-
liferation of (i) human foreskin fibroblast (HFF) cells and (ii)
NIH 3T3 cells. The effect of hbFGF that had permeated across
the skin or been deposited within the membrane during ionto-
phoresis on cell growth was compared to that of a commercially
available hbFGF (F9786, Sigma Aldrich; Buchs, Switzerland)
and the protein expressed in-house: these served as positive
controls.

a. Human Foreskin Fibroblasts (HFF). The assay was per-
formed using a slightly modified published method.”” Briefly,
cells were grown in D-MEM GlutaMAX media (supplemented
with 10% FBS and 1% PenStrep) with cell splitting every 4 days.
When the cells had reached 70—80% confluency, they were de-
tached using trypsin and counted using a hemocytometer. The
cells (750 in 180 uL) were then dispensed into the wells of a 96-
well plate. Sterile 25 mM HEPES 133 mM NaCl (20 uL) was
added to the media and cell controls (lanes 1 and 2, respectively).
After appropriate dilution, 20 uL aliquots of hbFGF from
permeation and skin deposition samples were pipetted into lanes
7 and 8. Lanes 3 to 6 contained the commercially available
hbFGF and the hbFGF expressed in-house, which were used as
positive controls. The hbFGF concentration was 1.25 ug/mL.
Cells were allowed to proliferate for 2, 4, and 6 days before their
viability was determined by XTT assay; 50 uL of sterile filtered
XTT reagent (1 mg/mL XTT, 17.2 ug/mL menadione, 25 mM
HEPES in RPMi media) was added to each well. After incubation
for 8 h, the spectrophotometric absorbance of the formazan dye
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was read by an ELISA plate reader at a wavelength of 450 nm with
a reference point at 750 nm.

b. NIH 373 Cell Lines. The assay with NIH 3T3 cells was
performed using the same protocol as described above except
that cells were grown on D-MEM basal media (again supple-
mented with 10% FBS and 1% PenStrep).”® Cells were allowed
to proliferate for 2 and 4 days, and the incubation time after
adding XTT reagent was 6 h.

HPLC Analysis of Acetaminophen. ACM was analyzed using
a P680A LPG-4 pump equipped with an ASI-100 autosampler
and a UV/vis detector (UVD 170/340-U) (Dionex; Voisins
LeBretonneux, France) and a LiChrospher column packed with
S um C18 silica reversed-phase particles. The mobile phase com-
prised 80% citrate buffer (40 mM; pH 3.0) and 20% methanol.
The flow rate was 1 mL/min, column temperature was 30 °C and
the injection volume was 25 uL. ACM was detected using its
absorbance at 243 nm. The LOD and LOQ were 0.16 and
0.49 ug/mL, respectively.

Preparation of Rhodamine-Tagged hbFGF and Confocal
Laser Scanning Microscopy Studies. a. Experimental Protocol
To Label hbFGF. Purified hbFGF (~10 mg) was dialyzed over-
night through a membrane with a molecular weight cutoff of
6—8 kDa into a carbonate—bicarbonate buffer system (100 mM;
pH 8.5). The protein concentration was measured after dialysis,
and rhodamine isothiocyanate (dissolved in methanol) was added
such that the molar ratio of protein:rhodamine remained at 1:28.
The tagging reaction was carried out with constant stirring for 2 h
in the dark.”® After completion, the reaction mixture was again
dialyzed overnight, this time into HS buffer, through a membrane
with a 6—8 kDa cutoff in order to remove unreacted rhodamine
isothiocyanate and to change the buffer. Finally, the protein
solution was filtered through a centrifugal filtration membrane
with a molecular weight cutoft of 5 kDa.

b. Visualizing Rhodamine-Tagged hbFGF in the Skin as a
Function of Penetration Depth. Stability of the rhodamine-
tagged protein in the presence of skin was first confirmed prior
to the permeation experiments; no hydrolysis of the conjugate
was observed. Rhodamine-tagged hbFGF was then iontophor-
esed using the experimental setup described above (see Ionto-
phoretic Setup and Protocol) and using dermatomed porcine
skin (250 #m). Control experiments were performed using the
same conditions but without applying current. Upon completion
of the permeation experiments, the skin samples were removed
from the diffusion cells and their epidermal and dermal surfaces
cleaned under running water. This was followed by gentle drying
and storage overnight at —20 °C. The following day, the skin
samples were thawed at room temperature for 45 min and then
analyzed in the XZ-plane using single photon excitation at
543 nm with 4% laser power (Zeiss 710 2P microscope); the
emission filter was fixed at 553—639 nm with a pinhole of 35 um
and a master gain of 650. Images were first recorded at the
epidermal and dermal surfaces, the latter detecting the presence
of rhodamine-labeled hbFGF at the interface in contact with the
receiver phase. In order to visualize penetration of the tagged
protein into the skin interior, the samples were then gently tape-
stripped starting from the epidermal surface.’® Three series of
1S strips were removed using book tape (TESA; Hamburg,
Germany). Measurements showed that removal of 15, 30, and
45 strips reduced membrane thickness from 250 ym to approxi-
mately 200, 150, and 100 um, respectively. The microscope
conditions were kept constant in order to compare the images,
which were analyzed by Image] software.
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Figure 2. (a) Solution stability of different hbFGF formulations after
incubation at room temperature for 8 h (formulation compositions are
given in Table 1). (b) Variation of hbFGF in solution as a function of
time in formulations FS 1, FS 3 and FS 4 observed during 8 h. Although
hbFGF in FS 4 was stable for 8 h, the protein precipitated almost
completely within the first 2 h when dissolved in FS 1. Precipitation was
slower at higher ionic strength, and hbFGF solubility was ~20% in FS 3
after 6 h and remained so until the end of the study. (Mean + SD.)

Statistical Analysis. Data were expressed as the mean & SD.
Outliers determined using the Grubbs test were discarded.
Results were evaluated statistically using either one-way analysis
of variance (ANOVA followed by Student—Newman—Keuls
test) or a two-tailed Student f test. The level of significance was
fixed at &t = 0.05.

B RESULTS

Protein Formulation. Different formulation buffers were
prepared (Table 1), and purified hbFGF was directly exchanged
into the corresponding formulation buffer using gel filtration
chromatography. As a first step, five different formulations were
studied with respect to hbFGF stability in solution after 8 h
(Figure 2a). Formulations FS 1 and FS 2, which did not contain
NaCl, showed the lowest stability (only 5.15 %+ 0.88% for FS 1
and 8.73 2.91% for FS 2 of the initial h(bFGF concentration was
measured in solution after 8 h). For FS 3, which contained
25 mM NaCl buffered at pH 7.4, recovery improved to 19.97 &
0.17%. Increasing the NaCl concentration to 133 mM at pH 7.4
(FS 4) resulted in maximum stability after incubation for 8 h
(98.61 + 0.08%), which was unchanged when FS 4 was
supplemented with 0.01% BSA (FS S; 98.07 £ 0.16%). For-
mulation FS 6 was made at an intermediate ionic strength
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Figure 3. Cumulative hbFGF permeation (Q) as a function of time
during 8 h of iontophoresis at 0.5 mA/cm”. (Mean + SD, n = 11.)
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Figure 4. SDS—PAGE (15%) results showing: lane 1, hbFGF standard
(control); lane 2, molecular weight markers; lane 3, permeation sample;
and lane 4, skin extraction sample. The bands due to hbFGF from
samples taken from the receiver compartment and the skin samples
postiontophoresis have the same molecular weight as the control giving
a qualitative indication that the protein was intact.

(64 mM) and using a different salt (NaH,PO,) and had mod-
erate stability (46.5 & 3.7%).

Formulations FS 1, FS 3, and FS 4 were selected to investigate
the variation of hbFGF concentration in solution over 8 h with
hbFGF quantification every 2 h (Figure 2b). In the case of FS 1,
hbFGF levels decreased rapidly to 4.25 & 0.26% after only 2 h
and remained at this level for the duration of the experiment.
Visual inspection revealed that FS 1 was turbid, indicating that
the protein had precipitated. Although formulation FS 3 con-
tained 25 mM NaCl, hbFGF levels in solution also decreased
rapidly over time, falling to only 20% after 6 h. As indicated by the
first series of experiments, FS 4 was stable throughout the study.

Demonstrating the Noninvasive Transdermal lontophoretic
Delivery of hbFGF. Solution stability studies, conducted prior to
the iontophoretic transport experiments, confirmed the stability
of hbFGF under the experimental conditions to be used. The
hbFGF concentration measured in solution after 8 h in the
presence of dermis and epidermis and following current applica-
tion (0.5 mA/cmz) was 98.1 £ 0.2,98.6 = 0.1 and 97.3 £ 0.3%,
respectively, of the initial value, indicating that the protein was
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Figure S. Biological activity of hbFGF was quantified by its ability to
stimulate the proliferation of (a) human foreskin fibroblasts (HFF) cells
and (b) NIH 3T3 cells. A = commercially available hbFGF (F9786,
Sigma Aldrich; Buchs, Switzerland), B = hbFGF expressed in-house,
C = hbFGF after permeation across the skin, D = hbFGF deposited
within the skin during iontophoresis. Cell growth in the absence of
added hbFGF at each time point was taken as the reference (i.e, 100%).
(Mean + SD, n = S.)

stable. Cumulative hbFGF permeation and steady state flux
following iontophoresis at a current density of 0.5 mA/cm” using
a formulation containing 0.5 mg/mL hbFGF were 17.64 +
S.18 ll,tg/cm2 and 4.85 £ 2.57 /,tg/cm2 -h, respectively (Figure 3);
in addition, 77.74 + 37.36 ug/cm” of hbFGF was deposited in
the skin. Thus, permeation and deposition accounted for 18%
and 82% of total transport, respectively. SDS—PAGE of permea-
tion and skin extraction samples confirmed that hbFGF re-
mained intact postiontophoresis (Figure 4).%"

Confirming the Biological Activity of hbFGF Postdelivery.
Functional integrity of hbFGF after iontophoretic delivery was
demonstrated using HFF and NIH 3T3 cells.””** Figure Sa
shows the proliferation of HFF cells after 2, 4, and 6 days in the
presence of the commercially available protein (A), hbFGF pro-
duced in-house (B) and hbFGF permeated across (C) and de-
posited within (D) the skin during iontophoresis; cell growth in
the absence of additional hbFGF was determined on days 2, 4,
and 6 and taken as the reference and considered to be 100% for
each time point. No statistical superiority over control was seen
on day 2; however, the effect of adding hbFGF on cell prolifera-
tion was apparent by day 4 (Figure Sa, light gray bars). The
results confirmed that the protein expressed in-house (B) and
used in the transport studies possessed comparable activity to the
commercially available hbFGF (A). The data also demonstrated
that hbFGF from the permeated (C) and extracted (D) samples
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Figure 6. (a) Cumulative permeation (Q) and steady-state flux (Jo;) of
hbEGEF as a function of current density (at 0.15, 0.3, and 0.5 mA/cm’)
across porcine skin after 8 h of transdermal iontophoresis. (Mean = SD,
n = 4.) (b) Effect of current density on total hbFGF delivery: the sum of
the amounts permeated across and retained within the skin. (Mean =+
SD, n = 4.)

was biologically active postdelivery and enhanced cell prolifera-
tion (growth on day 4 in samples treated with samples C and D
was 122.5 £ 5.4% and 138.4 & 8.7%, respectively, cf. 100% for
the controls). The trend was maintained on day 6: cell prolifera-
tion for samples C and D was 114.2 £ 5.7% and 139.2 & 14.2%,
respectively, as compared to control (100%) (Figure Sa, dark
gray bars); the reason for the slightly decreased rate of prolifera-
tion observed on day 6 as compared to day 4 for cells treated with
permeation samples (C) remains unclear. The results obtained
with the HFF cells were confirmed using NIH 3T3 cells (Figure Sb).
Cell proliferation of NIH 3T3 cells on day 4 in the presence of
hbFGF from the permeation (C) and extraction (D) samples was
111.2 4= 4.3% and 130.8 = 7.0%, respectively.

Effect of Current Density on lontophoretic Delivery Ki-
netics. Electrotransport was found to be influenced by the
applied current density; an increase from 0.15 to 0.3 mA/cm”
resulted in a proportional increase in cumulative hbFGF permea-
tion (6.93 & 1.43 and 15.47 & 4.10 ug/cm”) and steady state flux
(1.71 £ 0.27 and 3.18 & 2.27 ug/cm* - h) (Figure 6a). However,
a further increase from 0.3 to 0.5 mA/cm” did not produce any
statistically significant difference in either cumulative permeation
or steady state flux (P < 0.05; ANOVA followed by Student—
Newman—Keuls test) (Figure 6a). Comparison of the amounts
permeated and recovered following skin extraction confirmed
that appreciable quantities of hbFGF were retained in the skin
during iontophoresis at each current density (Figure 6b); the
amounts recovered at 0.15, 0.3, and 0.5 mA/cm” were 34.14 +
11.65, 29.97 £ 15.86 and 77.74 & 37.36 ug/cm®, respectively.
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Figure 7. Cumulative acetaminophen (ACM) permeation across the
skin after 8 h of transdermal iontophoresis at 0.15, 0.3, and 0.5 mA/ cm?
in the presence and in the absence of hbFGF. The inhibition factors (IF)
were calculated using eq 3. (Mean £ SD, n > 4.)
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Figure 8. Comparison of cumulative permeation (Q) and steady state
flux (Jior) of hbFGF across porcine and human skin after iontophoresis
at 0.5 mA/cm” for 8 h. (Mean & SD, n = 3.)

Skin deposition at 0.5 mA/cm” was statistically superior to that at
the lower current densities (P < 0.05; ANOVA followed by
Student—Newman—Keuls test).

Effect of hbFGF Electrotransport on Skin Permselectivity.
Figure 7 compares the cumulative ACM permeation in the
presence and absence of hbFGF; the ratio gives the inhibition
factors (IF) at each current density (eq 3), which were 1.41 +
1.25,2.10 = 1.43 and 422 = 3.82 at 0.15, 0.3, and 0.5 mA/cm?,
respectively. The IF values were similar (in the range of 1 to $) to
those calculated previously for cytochrome ¢ and ribonuclease A
and indicated that the proteins exerted a modest effect on skin
permselectivity and then only at the highest current density.*
For comparison, vapreotide, which binds strongly to the skin,
displays an IF of ~50.> In addition to directly binding to and
hence neutralizing the fixed negative charges in the skin, as the
amount of hbFGF in the transport channel increases, it can also
screen the fixed negative charges more effectively, thus reducing
the double layer thickness and electroosmotic solvent flow,
resulting in the increase in the inhibition factor.

Equivalence of Delivery across Porcine and Human Skin.
Comparison of hbFGF delivery across human and porcine skin
under the same iontophoretic conditions (8 h current application
at 0.5 mA/cm?) showed that cumulative permeation (12.57 =+
1.26 and 17.64 £ 5.18 ug/cm®) as well as steady state flux
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Figure 9. Confocal laser scanning microscopy images of rhodamine-
tagged hbFGF from porcine skin following either passive diffusion for

8h(a, ¢ e gandi) or 8 h of constant current iontophoresis at 0.5 mA/ cm?

(b, d, f, h and j). The images are taken at the skin surface (a, b) and after
removing 15 (c, d), 30 (e, f) and 45 (g, h) tape-strips, respectively. The
final pair of images (iand j) was recorded after inverting the skin samples
and show the fluorescence intensity at the dermal surface (which was in
contact with the receiver solution). (Red scale bar = 50 um.)

(3.76 & 0.40 and 4.85 =+ 2.57 ,ug/cmz'h) across human and
porcine skin, respectively, were statistically equivalent ( (1.64) <
terie (2.18); Student t test) (Figure 8).

Confocal Laser Scanning Microscopy Images of Protein
Distribution in Skin. Figure 9 shows single photon CLSM
images in the XZ-plane comparing passive (panels 3, ¢, €, g, i)
and iontophoretic delivery (panels b, d, f, h, j) of rhodamine-
tagged hbFGF as a function of depth. Figure 9a (epidermal surface:
no tape-strips) shows fluorescence due to rhodamine-labeled
hbFGEF at the skin surface; no labeled hbFGF was observed in the
skin samples after removal of 15 (Figure 9¢), 30 (Figure 9e) or 45
(Figure 9g) tape-strips or at the dermal surface (Figure 9i). In
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Figure 10. Solution stability (%) of hbFGF plotted against ionic
strength of the formulation indicates a strong correlation (R* > 0.99).
Formulation FS 6 (filled square) at an intermediate ionic strength of
64 mM containing NaH,PO, had a predicted stability of ~45% which
corresponded well to the experimentally determined value of 46.5
+ 3.7%.

contrast, the images following iontophoresis (Figure 9: panel b,
skin surface; panel d, 1S tape-strips (~50 #4m); panel f, 30 tape-
strips (~100 um); panel h, 4S tape-strips (~150 um); panel j,
dermal surface) give striking visual evidence that iontophoretic
current application enabled deep permeation of the rhodamine-
tagged hbFGF. Covalently tagged rhodamine conjugate was
stable in the presence of skin as no fluorescence was observed
in the dialyzed sample. Semiquantitative data analysis showed
that postiontophoretic fluorescence intensity of tagged hbFGF at
the skin surface (243.4 4= 25.0 AU) was superior to that in the
absence of current (59.9 & 43.6 AU). After removal of 30 tape-
strips, in contrast to the control, strong fluorescence was still
clearly seen in the dermis after iontophoresis (241.6 &+ 25.7 AU).
Thus, following iontophoresis, the fluorescence intensity re-
mained effectively constant as a function of depth except in the
last image (Figure 9j), which might be due to a sink effect with
tagged protein migrating to the receptor solution.

B DISCUSSION

Effect of lonic Strength on hbFGF Formulation Stability.
Development of a viable hbFGF delivery system will require a
formulation that ensures that the protein does not precipitate and
that it retains its structure and function. Moreover, from a
toxicological point of view, precipitated or aggregated protein
can lead to immunological reactions.>>>> Increasing NaCl con-
centration from 25 mM (FS 3) to 133 mM at pH 7.4 (FS 4)
resulted in improved stability of hbFGF in solution after incuba-
tion for 8 h, which was unchanged when FS 4 was supplemented
with 0.01% BSA (FS 5). These observations indicated that ionic
strength was an important factor in maintaining hbFGF in
solution. Indeed, a plot of percentage hbFGF stability against
ionic strength for the formulations yielded a strong correlation
(R* > 0.99) (Figure 10). The validity of the hypothesis was
challenged by comparing the predicted and experimentally deter-
mined solution stabilities at 8 h of a hbFGF formulation (ES 6) at
an intermediate ionic strength (64 mM) and using a different salt
(NaH,PO,). The predicted stability (~45%) calculated using
the regression equation derived from the data in Figure 10 showed
excellent agreement with the experimentally determined value of
46.5 £ 3.7%. Thus, it seems that the stability of hbFGF in
solution depends strongly on the ionic strength of the formulation
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Table 2. Iontophoretic Transport Parameters for hbFGF and the Relative Contributions of Electromigration (EM) and

Electroosmosis (EO) (n = 4)

I* (mA/cm?) Jeot” (1g/cm?*-h) EM (%) EO (%)
0.15 1714027 38 62
03 3.184227 61 39
0.5 4.85+2.57 75 25

“I: Current density. b]m: Total steady-state flux.

10°V,.°
hbFGF (cm/h) control (cm/h) IF¢
2.134+1.20 2.80+1.59 141+£1.25
245+ 1.63 6.48 + 2.20 2104143
245+ 1.10 6.154+3.10 422 +£3.82

“V,.: Linear velocity of solvent flow. * IF: Inhibition factor (calculated according to eq 3).
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Figure 11. A chronology of the studies into the transdermal ionto-
phoretic delivery of different peptides and proteins showing the evolu-
tion in the size of the molecules under investigation. (Nonexhaustive
comp'llation.)3’4’36745 To date, hbFGF (17.4 kDa; open circle) is the
largest (functional) protein delivered by iontophoresis across intact skin.

but not necessarily on the type of salt (at least with respect to
NaCland NaH,PO,), and that the protein shows greater stability
at physiological ionic strength. Iontophoretic delivery efficiency
is optimal in the so-called “single-ion case”, that is, in the absence
of competing charge carriers, such as NaCL.** However, as seen
for hbFGF, the solution stability of biomolecules frequently de-
pends on the presence of salts, including NaCl, or other sta-
bilizers and solutions having an optimal ionic strength. Since
formulation stability is the priority, iontophoretic delivery param-
eters need to be adapted to reach a satisfactory compromise.
lontophoretic Transport of Biologically Active hbFGF. The
iontophoretic transport data and subsequent cell proliferation
studies with the HFF and NIH 3T3 cells demonstrated that
intact, biologically active hbFGF was delivered noninvasively
into and across the skin. Not only is structural and functional
integrity obviously essential to elicit pharmacological effect, it
also reduces the risk of unwanted immunological reactions.

As mentioned above, hbFGF skin deposition was significantly
greater than permeation at each current density, accounting for
83.1, 65.9 and 81.5% of total hbFGF delivery at 0.15, 0.3, and
0.5 mA/cm’, respectively. Thus, it may be possible to target
hbFGF delivery preferentially to the epidermis and dermis, which
would be an advantage for the treatment of dermatological
conditions. Although there was a proportional increase in hbFGF
cumulative permeation on increasing current density from 0.15
to 0.3 mA/cm’, there was no statistically significant improvement
at 0.5 mA/cm” (Figure 6a). As current density is increased and
more hbFGF is driven into the skin, the transport pathways may
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become saturated with protein and concentration polarization
may prevent further increases in permeation in response to in-
creases in the applied current density. However, there was an
increase in skin deposition—the amount of hbFGF recovered at
0.5 mA/cm” was ~2.6-fold higher than that at 0.3 mA/cm®
(77.74 % 37.36 and 29.97 & 15.86 ug/cm’, respectively) —this
provides further support for the hypothesis that protein can enter
the skin but its diffusion in the transport pathway is limited. It
should be noted that the maximum current density used in these
experiments, 0.5 mA/ cm?, is considered as acceptable for human
use with the proviso that the application area is not too large.*®
Statistically equivalent delivery across porcine and freshly excised
human skin not only validated the use of the former as a good
model for human skin®*~** but also confirmed that constant
current iontophoresis was able to deliver hbFGF across intact
human skin.

Electrotransport Mechanism Governed by Current Den-
sity. Despite their molecular weight, the principal electrotran-
sport mechanism for both cytochrome ¢ and ribonuclease A was
found to be electromigration.”* The situation for hbFGF seems
more complex since the dominant mechanism was dependent
upon current density (Table 2). Using eqs 1 and 2, the contri-
bution of electromigration was calculated and it was the major
driving force at 0.3 and 0.5 mA/ cm’, accounting for 61 and 75%
of the total flux. However, electroosmosis was the dominant
mechanism (responsible for 62% of total transport) at the lowest
current density tested (0.15 mA/cm”).

Significance of hbFGF Delivery: Is There a Molecular Size
Limit for lontophoretic Protein Transport? The earliest in-
vestigations into the iontophoretic delivery of insulin (MW ~5.8 kDa)
were made approximately a quarter of a century ago.*® They
stimulated research into the delivery of other “biopharmaceuticals”,
mostly smaller peptide hormones (and their analogues)
(Figure 11).%377* It was generally considered that the ionto-
phoretic delivery of larger peptides or proteins across intact skin
was not feasible since electrotransport of higher molecular weight
species was dependent on electroosmosis and convective solvent
flow driven transport was insufficient to overcome the diffusional
resistance of the stratum corneum. However, in recent years, we
have reported the successful iontophoretic delivery of cyto-
chrome ¢ (12.4 kDa), RNase A (13.6 kDa) and RNase T1
(11.1kDa); the latter two were also shown to have retained their
biological activity postdelivery.”** The successful delivery of
17.4 kDa hbFGF now encourages us to investigate the transport
of larger proteins that were previously considered to be beyond
the scope of this delivery technology.

Is Therapeutic Delivery of hbFGF Possible Using lonto-
phoresis? Under the experimental conditions used in this study,
total hbFGF delivery ranged from 41 & 11 to 95 4 37 ug/cm” at
0.15 and 0.5 mA/cm? respectively. Based on earlier clinical trials,
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these amounts appear to be in the clinically useful window for the
treatment of a number of conditions. For example, topical appli-
cation of an hbFGF spray (30 ug over 6—30 cm®) for the
treatment of burns in adult and pediatric patients found an
improvement in scar quality and faster healing rates.'* ">
Although dose titration studies are scarce, experiments in York-
shire swine using hbFGF for the stimulation of epidermal wound
healing found that bFGF was equally effective at doses of 1 and
10 ug but not at 0.1 ug.* Thus, it would appear that microgram
amounts of hbFGF are sufficient for pharmacological effect.
Furthermore, intradermal injection of hbFGF at 0.1 and 1.0 #tg/cm
suture in patients with acute incisional scars produced a good or
excellent clinical response in 70% (21 out of 30) and 82% (82 out
of 100) of patients, respectively.'* In a recent phase 1 clinical trial,
arterial infusion of 100 ttg of hbFGF absorbed into 3 mg of acidic
gelatin hydrogel microspheres was used to treat peripheral
arterial disease; all patients (n = 8) showed an improvement
(albeit sometimes temporary) in symptoms.'® Although electri-
cally assisted delivery may not be essential to administer hbFGF
in wounds or other conditions where the stratum corneum is
absent and barrier function compromised, it does offer a patient-
friendly alternative to intradermal injection or intra-arterial
infusion. Recent fundamental studies have also suggested that
hbFGF is a potent inhibitor of terminal mesodermal differentia-
tion and the formation of myofibroblasts and thus may have a
role in the treatment of keloids; current therapeutic approaches
involve direct injection into these areas of hyperproliferative
growth which can be painful.*””** The specific iontophoretic
conditions, including the current density, duration and profile of
current application and the application area, which influence
hbFGF delivery must be optimized, but the results presented
here point to the feasibility of administering therapeutic amounts
of hbFGF. Although clinical studies involving continuous or
pulsatile iontophoresis of both low molecular weight therapeu-
tics and peptides for 24 h have been reported and shown that
iontophoretic patches were well-tolerated, local administration
of the protein would require shorter, perhaps intermittent,
application periods; this has been suggested as a means to reduce
the risk of local irritation.”** %!

Il CONCLUSION

The results demonstrate the feasibility of using transdermal
iontophoresis to deliver correctly folded, biologically active hu-
man basic fibroblast growth factor, a 17.4 kDa protein, into and
across the skin. They underline the potential of the technology to
enable noninvasive protein delivery via the patient-friendly
transdermal route. The electrotransport mechanism was found
to be current-dependent—electromigration at current densities
>0.3 mA/cm”—whereas at 0.15 mA/cm?, transport was princi-
pally due to electroosmosis. Use of the higher current densities
also appeared to favor skin deposition over permeation, perhaps
an advantage for dermatological applications. The amounts of
hbFGF delivered by iontophoresis were in the therapeutic range
and corresponded to those used in clinical trials and animal
studies for the treatment of burns, incisional wounds, recalcitrant
ulcers and peripheral arterial disease. As a next step, the ionto-
phoretic delivery of hbFGF will be evaluated in vivo in an animal
model. Future mechanistic studies will focus on elucidating the
role of protein structure and the three-dimensional distribution
of physicochemical properties on protein electrotransport.

B ASSOCIATED CONTENT

© Supporting Information. Additional experimental de-
tails, table of purification steps for the production of hbFGF,
and figures depicting purification of hbFGF and characterization
of partially purified protein by mass analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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