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Abstract
The purpose of this project was to assess the validity of a novel “Electroporation and
transcutaneous sampling (ETS)” technique for sampling cephalexin from the dermal extracellular
fluid (ECF). This work also investigated the plausibility of using cephalexin levels in the dermal
ECF as a surrogate for the drug level in the synovial fluid. In vitro and in vivo studies were carried
out using hair less rats to assess the workability of ETS. Cephalexin (20mg/kg) was administered
i.v. through tail vein and the time course of drug concentration in the plasma was determined. In
the same rats, cephalexin concentration in the dermal ECF was determined by ETS and
microdialysis techniques. In a separate set of rats, only intraarticular microdialysis was carried out
determine the time course of cephalexin concentration in synovial fluid. The drug concentration in
the dermal ECF determined by ETS and microdialysis did not differ significantly from each other
and so as were the pharmacokinetic parameters. The results provide validity to the ETS technique.
Further, there was a good correlation (~0.9) between synovial fluid and dermal ECF levels of
cephalexin indicating that dermal ECF levels could be used as a potential surrogate for cephalexin
concentration in the synovial fluid.
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INTRODUCTION
The most commonly occurring infections in people are skin infections. Particularly, children
and elderly people are mostly affected with skin infections due to lack of potent immune
system. Cephalosporins, are the most widely used for treatment of skin infections because of
their safety profiles.1–3 Cephalexin, a first generation cephalosporin antibiotic is mostly
used because of its activity against both the gram-positive and gram negative
microorganisms.4 In addition to treatment of skin infections, cephalexin is also commonly
used to treat the articular infections.5, 6 Achieving therapeutically active drug levels at the
site of infection is vital for any antibiotic therapy. In general, when the infection is situated
in the central pharmacokinetic compartment, the activity of the drug is determined by the
unbound drug concentration in the plasma. However, in case of infections in the peripheral
tissues such as skin and articular region, it is the time course of concentration of unbound
antibiotic in the respective tissue fluids which is crucial for successful treatment. In such
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cases monitoring the drug levels in the plasma may not reflect the actual levels in the
affected tissue. Therefore, the time course of antibiotics in the affected tissue needs to be
monitored for determining the frequency and dose of drug administration from the safety
and efficacy perspectives of the antibiotic therapy.7–11 In case of treatment of skin
infections, the cutaneous drug levels could be known by conventional methods of sampling
such as skin blister fluid and skin biopsy sampling techniques.12, 13 These techniques are
invasive and also the number of samples that could be obtained by these techniques is
limited. Microdialysis is a widely used method for sampling drug from tissues, as it is
capable of sampling unbound drug from the tissue extracellular fluid (ECF). Microdialysis
has been used to sample drugs from skin and synovial fluid as well.14–20 However it is also
an invasive technique and has limitations with implementation in routine therapeutic drug
monitoring. In this regard, a novel noninvasive technique called electroporation and
transcutaneous sampling (ETS) was developed for sampling drugs from the dermal ECF.
ETS is a method of reversible permeabilization of stratum corneum and sampling of drugs
from the dermal ECF by facilitating reverse diffusion of drug in the direction of dermis to
stratum corneum.10, 21, 22 In the current study, using the model antibiotic cephalexin, we
seek answer to two questions. First, could ETS be utilized for sampling of cephalexin from
dermal ECF? Second, whether the dermal ECF levels can serve as a surrogate for synovial
fluid levels of cephalexin?

MATERIALS AND METHODS
Chemicals

Cephalexin hydrate was purchased from Sigma-Aldrich Inc (St.Louis, MO), Phosphate
buffered saline (PBS, pH 7.4) premixed powder was obtained from EMD Chemicals
(Gibbstown, NJ), and all other chemicals were obtained from Fischer Scientific (Fairway,
NJ).

In Vitro studies
The in vitro diffusion studies were carried out in Franz diffusion cells (FDC) (Logan
Instruments Ltd, Somerset, NJ) using hairless rat skin excised from the abdomen region.
Hairless rat skin is known to be a good model for topical and transdermal drug delivery
studies due to the similarity between the rat and human skin with respect to lipid content and
water uptake properties.23 Moreover, a good correlation of permeation data between the
hairless rat model and human skin models has been reported by several research groups in
the past.24 The skin was mounted on the diffusion cell in such a way that the epidermis side
of the skin was in contact with upper sampling compartment and dermal side with the lower
reservoir compartment. The active diffusion area of FDC was 0.64 cm2. Ag/AgCl electrode
wires of 2mm diameter (In Vivo Metric, CA) made in form of circular rings were placed
2mm away from skin in both sampling and reservoir compartments. The sampling
compartment and the reservoir compartment were filled with 0.4 and 5ml PBS respectively
and the skin was allowed to equilibrate for an hour. The AC electrical resistance of the
epidermis was measured by placing a load resistor RL (100 kΩ) in series with the epidermis.
The voltage drop across the whole circuit (VO) and across the skin (VS) was measured using
an electrical set up consisting of a wave form generator and a digital multimeter (Agilent
Technologies, Santa Clara, CA). For measuring resistance, voltage of 100 mv was applied at
10 Hz and the skin resistance in kΩ was approximated from the formula:

(1)
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Where RS is the skin resistance and RL is the load resistor in kΩ. The piece of skin, which
had a resistance greater than 20 kΩ.cm2 was used for the experiment.

Later, the sampling compartment was replaced with fresh 0.4 ml of PBS (pH 7.4) and the
reservoir compartment was filled with 5ml of cephalexin solution prepared in PBS (5–40
µg/ml). Thirty square electrical pulses each of 10ms duration at 120V/cm2, 1Hz was applied
using ECM 830 Electro Square Porator (BTX Harvard apparatus, Holliston, USA). The
electrical resistance was measured immediately after application of electrical pulses to
ensure skin permeabilization. PBS from the sampling compartment was withdrawn 15 min
after application of electrical pulses and the amount of cephalexin sampled was analyzed by
HPLC.26

Ex Vivo plasma protein binding
The blood was collected by cardiac puncture in rats and the plasma was separated by
centrifugation at 2000g at 4°C. Rat plasma was spiked with drug to provide concentration
ranging from 1–20µg/ml. The spiked plasma samples were thoroughly mixed by vortexing
and allowed to equilibrate for 12 h at 4°C. After equilibration, protein free plasma was
obtained by using ultra filtration (Millipore Centrifree® filtration units) by centrifugation of
0.5 ml of plasma at 2000g for 20 min.10, 25 The amount of unbound drug present in the
filtrate was measured by HPLC after suitable dilution with PBS.

In Vivo studies
The in vivo experimental procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Mississippi (Protocol # 07-004). The in vivo
studies were carried out in hairless rats (Taconic, Hudson, Newyork) (250–300 g) under
ketamine (80mg/kg) and xylazine (10mg/kg) anesthesia administered intraperitoneally.

Plasma sampling, ETS and microdialysis sampling was carried out in the same group of rats
(n=6). The samples by all three procedures were obtained at the same time points in each rat
simultaneously. Cephalexin solution of 20 mg/kg prepared in sterile isotonic saline was
administered by i.v. into tail vein as a bolus injection.

For cutaneous microdialysis, a 20G needle was inserted intradermally through a distance of
1cm in and a linear microdialysis probe of 5mm membrane length and 30kDa cutoff
molecular weight (BASi, West Lafayette IN) was inserted through this needle and the needle
was withdrawn leaving the probe implanted in the dermal tissue. The inlet tube was
connected to an injection pump (BASi, West Lafayette, IN) and PBS was perfused at 2µl/
min flow rate for 30 minutes for equilibration. Two samples were collected before drug
administration. The drug was injected by i.v through the tail vein after equilibration of the
probe. Subsequently the microdialysis samples were collected continuously at every 15
minutes interval including at time points corresponding to ETS and plasma sampling at 30,
60, 120,180,240,300 and 360min.

In case of ETS, prior to the drug administration, a custom made sampling cell was fixed
using an adhesive (Krazy glue, Elmers products Inc, Ohio) on the back of the rats (Figure 1).
The sampling cell was fitted with an Ag/AgCl electrode and the counter electrode was
secured just adjacent to the cell on the surface of the skin using a micropore surgical tape
(3M Healthcare, MN). The skin was hydrated with 100µl of saline for 5 minutes before each
sampling and was replaced with 100µl of PBS (sampling buffer). One blank sample was
collected before drug administration, and subsequent samples were collected at (30,
60,120,180,240,300 and 360min). For ETS procedure thirty electrical pulses each of 10ms
duration at 120V/cm2, 1Hz was applied and the sampling fluid remained in the chamber for
15 minutes after pulsing.
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For plasma pharmacokinetic studies, one hundred micro liters of blood was collected by
retro orbital bleeding before injection of drug and before each episode of transcutaneous
sampling and cutaneous microdialysis. The blood samples were diluted with 200µl of PBS
and plasma was separated followed by protein precipitation and the plasma drug content was
analyzed by HPLC.27, 28

In another set of rats (n=6), intraarticular microdialysis was carried out to determine the
amount of cephalexin present in the synovial fluid. After anaesthetizing the rats, the hind
limb was held in a fixed position and a 20G needle was passed through the knee joint
capsule lateral to the patellar ligament and a microdialysis linear probe of 5mm length and
30kDa cut off molecular weight (BASi, West Lafayette, IN) was inserted through the
neeedle.19, 20 The needle was withdrawn leaving the probe implanted in the synovial
cavity. PBS was perfused for 30 min prior to drug administration for equilibration at flow
rate of 2µl/min. Cephalexin solution (20mg/kg) was administered through the tail vein and
microdialysis perfusion was continued for 6 hours with samples collected for 15min interval
including at time points corresponding to time points of ETS and cutaneous microdialysis
sampling.

In case of both cutaneous and intraarticular microdialysis, the probe recovery was
determined in vivo by using retrodialysis method. 29–31 For this, the probe was first
equilibrated by perfusing PBS at 2µl/min for 30 min followed by drug solution of known
concentration for 30 min. After equilibration dialysate was collected for 15min interval at
15, 30 and 45min and the average recovery of three time points was considered. The in vivo
recovery rate was calculated using the formula:

(2)

Analytical method
The amounts of cephalexin present in plasma, ETS and microdialysis samples were analyzed
by HPLC using Symmetry® C18 column (4.6 × 150mm) with UV detection at 254nm.
Mobile phase consisted of a mixture of methanol and 2.5mM sodium phosphate buffer, pH
5.6 (20:80 v/v) and the flow rate was 1 ml/min.23 The sensitivity of the method was 10ng/
ml and linearity was between 10–1000ng/ml (R2= 0.99). To the plasma samples, equal
volume of acetonitrile was added to precipitate proteins and then centrifuged at 2000g for
10min at room temperature and the supernatant was analyzed for drug content.27, 28 ETS
and microdialysis samples were centrifuged and directly injected into HPLC system.

Data analysis
The plasma pharmacokinetic parameters were calculated based on two compartment model
represented by the equation:

(3)

where A, B are the pre-exponential constants, α is the distribution rate constant, β is the
elimination rate constant. The values of α, β, A and B are derived from curve fitting of
experimental data. The elimnation half life (t1/2) was calculated using the formula 0.693/β
and area under the curve (AUC0–6) was calculated using the trapezoid rule. The
pharmacokinetic parameters in case of dermal ECF and sinovial fluid were calculated using
non compartmental pharmacokinetic model.
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The statistical analysis was carried out using GraphPad Instat 3 software and. The unpaired
t-test was selected for comparing the parameters obtained from ETS and microdialysis
techniques. p < 0.05 was considered as level of significance. From Pearsons correlation, R2

and p value were calculated using Pearson Correlation (v1.0.3) in Free Statistics Software
(v1.1.23-r1).32 The data points shown in graphs are an average of 6 trials with error bars
representing standard deviation.

RESULTS AND DISCUSSION
The electrical protocol and sampling time was determined based on our previous studies. 10,
33 Calibration of ETS was carried out in vitro using freshly excised hairless rat skin model.
Known concentrations of drug were placed in the receiver compartment and the drug was
sampled following electroporation. The amount of drug diffused in 15min following
application of electrical pulses was plotted against respective reservoir concentrations (5–
40µg/ml) as represented in Figure 2. The linear relationship (R2=0.96) between the amount
of drug sampled and the reservoir drug concentration implies that the ETS samples would
potentially represent the subdermal drug concentration. The percentage recovery by ETS can
be obtained by (slope X 100) from Figure 2 and was found to be 3.06 ± 0.2 %. In control
(across the untreated skin) the amount of drug sampled was less than detectable levels. In
case of electroporation trials, the resistance of skin dropped ~74±8% whereas in case of
control set of experiments, resistance of skin did not change significantly. The recovery of
electrical resistance of electroporated skin was insignificant within the sampling duration of
15 min, which is in agreement with our previous reports in case of ETS across the rat skin
and porcine epidermis.10, 22

The plasma protein binding of cephalexin revealed that the fraction of cephalexin bound to
plasma was 10.2 ± 2.6% at concentrations between 1–20 µg/ml. Low protein binding of
cephalexin is considered to be one of the major reasons for its extensive distribution into the
peripheral tissues. The protein binding values were in agreement with 12.4% that was
reported by Tsai et al.4

The concentration time profile of cephalexin in plasma and dermal extracellular fluid
(determined by ETS and cutaneous microdialysis) samples following i.v. administration of
cephalexin (20mg/kg) is shown in Figure 3. The plasma concentration versus time data of
cephalexin could be described by a two compartment model.34 The pharmacokinetic
parameters calculated for plasma drug concentration- time profile are given in Table 1. The
plasma drug concentrations reported in this project are comparable to that reported by Tsai
et al in rats considering the difference in dose between the two studies. The plasma
elimination half life of cephalexin in the current study was 104.59 ± 28.61 min (1.74 ± 0.47
h) which agrees well with the elimination half life (1.4 ± 0.81 h) reported by Padoin et al.34

The recovery of cephalexin by the microdialysis probe in the cutaneous tissue was found to
be 21.14 ± 5.26% whereas the recovery of cephalexin by ETS was only about 3.06 ± 0.2%
which is about 7 fold less than that of microdialysis. Although ETS has the advantage of
being noninvasive as opposed to microdilaysis, the later has the limitation with the amount
of drug that could be sampled from the dermal ECF. Nevertheless, recovery could likely be
improved by using more vigorous electrical protocol and/or by increasing the sampling
duration. In both microdilaysis as well as ETS techniques, the amount of cephalexin present
in the dermal ECF in rats was calculated using the amount sampled and the corresponding
recovery values as follows.

(4)
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In the current study, the point to point comparison of the drug concentration in the dermal
extracellular fluid and the pharmacokinetic parameters, i.e. Cmax, Tmax, AUC0–6 and t1/2,
determined by ETS and microdialysis techniques did not differ significantly (unpaired t-test,
p<0.05) (Table 2). This provides validity to the ETS technique of sampling cephalexin.
Further, the percent penetration of cephalexin into the cutaneous tissue (AUC0–6, ECF /
AUC0–6, plasma) was found to be 79.48 ± 10.01% and 78.25 ± 8.08% respectively with ETS
and cutaneous microdialysis. This is in agreement with the percentage protein binding
observed in this study (10.2±2.6%).

The amount of drug present in the synovial fluid is shown in Figure 4 and the
pharmacokinetic parameters are given in Table 3. In this case the in vivo microdialysis probe
recovery was found to be 10.64 ± 3.44%. The low recovery in synovial fluid compared to
cutaneous microdialysis could be due to slow turn over and limited volume of fluid available
in the articular region. The percent penetration of cephalexin into synovial fluid
(AUCsynovial fluid/ AUCplasma) was 20.69 ± 2.47% as compared to ~79% into cutaneous
tissue. The Cmax in case of synovial fluid (3.23±0.58 µg/ml) was four fold less than the
dermal ECF (~ 13.09µg/ml). This data suggests that relatively higher doses of cephalexin
would be required to achieve effective drug levels in the synovial fluid.

The drug levels from synovial fluid were plotted against drug levels in dermal ECF obtained
by ETS and microdialysis techniques. A good correlation of 0.922 (p=0.00029) and 0.905
(p=0.00047) was observed between the drug levels in synovial fluid and dermal ECF
obtained from ETS and microdialysis (Figure 5). From this relationship, it could be said that
in rats, the drug level in the skin represents ~3.7X of that in the synovial fluid. Establishing
such correlation between the dermal ECF and the concentration of drug in internal tissues
would help in monitoring the drug levels of peripheral tissues which are extremely difficult
to access. From the results of this experiment it appears that dermal ECF levels of
cephalexin could be used as potential surrogate for cephalexin levels in the synovial fluid.

ETS is a noninvasive method of cutaneous drug sampling and is expected to be relatively
safer than microdialysis method. However, there are concerns about potential skin damage
due to the application of electrical pulses. Many research groups have evaluated the safety of
skin electroporation in animal models and human subjects. Vanbever et al have reported that
reversible mild skin reactions occurred following the application of 15 electrical pulses of
250V and 200ms in vivo in hairless rats. Wong et al have shown that electroporation can be
carried out in humans without causing pain at 150V, 1ms, 60 pulses by using microelectrode
array. The protocol that was applied in current experiments was 120V, 30 pulses each of
10ms duration which is rather mild than the protocols applied on human subjects in other
studies.35, 36 The extent of skin damage depends on the applied electrical protocol and the
electrode design. Therefore the optimum electrical protocols need to be evaluated in vivo for
tolerability, morphological, histological and biochemical changes in the skin before
implementation in clinical practice.

CONCLUSION
ETS is a potential noninvasive technique that could be developed for sampling of drugs
from the skin tissue. However, the major limitation of the technique is low recovery which
limits the application of the technique to drugs which are less protein bound and which are
present considerably in high amounts in the dermal ECF. One of the most interesting
outcome of the present work was that the dermal ECF concentration of cephalexin correlated
well with the concentration in synovial fluid.
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Figure 1.
Diagrammatic representation showing an eperimental setup of electroporation and
transcutaneous sampling in hairless rats.
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Figure 2.
Correlation between cephalexin concentration (5–40µg/ml) in the reservoir compartment
and cephalexin sampled by ETS across hairless rat skin in vitro. The data points represent an
average of n=6 ± sd.
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Figure 3.
Time course of cephalexin in rat plasma determined by blood sampling and dermal ECF
determined by microdialysis and ETS technique following administration of 20mg/kg
cephalexin i.v bolus.The data points represent an average of n=6 ± sd. Blood sampling, ETS
and microdialysis sampling were carried out simultaneously on each rat at the same time
points.
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Figure 4.
Concentration time profile of cephalexin in synovial fluid, obtained by intraarticular
microdialysis after administration of 20mg/kg drug by i.v bolus. The data points represent an
average of n=6 ± sd.
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Figure 5.
Correlation between cephalexin levels in dermal ECF (A-ETS and B-Microdialysis) with
that of synovial fluid drug levels. The data points represent an average of n=6 ± sd.
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Table 1

Pharmacokinetic parameters derived from the plasma concentration time data after i.v bolus administration of
20mg/kg of cephalexin in hairless rats (n=6 ± sd).

Parameter i.v. bolus

A (µg/ml) 52.35 ± 1.41

B (µg/ml) 11.89 ± 1.04

t1/2 (min) 104.59 ± 28.61

α (1/min) 0.03355 ± 0.004

β (1/min) 0.00688 ± 0.001

AUC0–6 (min*µg/ml) 3160.93 ± 250.35
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Table 2

Mean pharmacokinetic parameters of cephalexin determined by ETS, microdialysis techniques following
administration of 20mg/kg by i.v bolus in hairless rats (n=6 ± sd).

Parameter ETS Microdialysis P- value

Tmax (min) 120 120 --

Cmax (µg/ml) 13.09 ± 1.92 12.64 ± 1.90 0.39

AUC0–6(min*µg/ml) 2512.35 ± 250.14 2473.66 ± 202.43 0.42

t1/2 (min) 106.61 ± 17.81 96.37 ± 12.33 0.22
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Table 3

Mean pharmacokinetic parameters of cephalexin determined by intraarticular microdialysis in synovial fluid
following administration of 20mg/kg by i.v bolus in hairless rats (n=6 ± sd).

Parameter Sinovial fluid

Tmax (min) 120

Cmax (µg/ml) 3.233 ± 0.58

t1/2 (min) 96.215 ± 8.08

AUC0–6 (min*µg/ml) 654.10 ± 101.35
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