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Abstract

A microdialysis sampling method has been developed to detect the in vitro presence of a proteolytic enzyme, porcine elastase, ex
nal to a microdialysis probe. Elastase converts the substrate, succinypAtitroanilide (suc(Ala-p-NA), to p-nitroaniline p-NA). The
substrate, suc(Ala)p-NA, was locally delivered through the microdialysis probe to external solutions containing different elastase activities
(0.025-0.5 units/mL). The produgt;NA, was recovered back into the probe. Dialysates containing both sug{AMNA and p-NA were quan-
tified using HPLC-UV. Different microdialysis suc(Alap-NA extraction efficiencies (EE) were observed among different elastase-containing
solutions (buffer and 0.3% agar solutions). THR®&IA concentrations recovered back into the microdialysis probe correlated with the elastase
activity external to the microdialysis probe. The greatest fractignA recovered as compared to substrate lost occurred with the highest flow
rate used (5.Q.L/min). However, the highest concentrationspeNA recovered occurred at the lowest flow rates. This method may allow for
microdialysis sampling to be used as a means to study localized enzyme activity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction not distinguish between the inactive pro-enzyme form and the
activated enzyme. Zymography is a common method to separate
The breakdown of tissue extracellular matrix (ECM) is anand quantify the concentrations between the pro-enzyme and the
important component related to normal biological functionsactive enzymdb]. Zymography is a time-intensive method to
(e.g., angiogenesis, embryonic development, and wound heajuantify MMPs. The presence of active MMP enzymes in tissue
ing) as well as pathological functions (e.g., arthritis, cancer, anéxtracts can be determined with fluorescence and colorimetric
cardiovascular disease). A group of proteolytic proteins callegssay$6—10]. Research is ongoing to develop colorimetric and
matrix metalloproteinases (MMPs) are believed to play vitalfluorescence assays for allthe MMR&]. Recently, in vivo opti-
roles in these processHs-3]. There are more than 20 different cal imaging methods have been described to determine MMP
human MMPs that have minor overlap with respect to their subactivity [12,13]. However, optical imaging methods can be con-
strate selectivity. Many analytical methods have been describestrained with respect to depth profiling.
for ex vivo assays of the clinically relevant MMPs from biopsies  Microdialysis sampling is a well-established in vivo sampling
[4]. Immunochemical methods give quantitative informationmethod for use in biologically complex matrices in many differ-
regarding total enzyme concentrations. However, MMPs arent tissue$14,15] Microdialysis sampling is a diffusion-based
released as pro-enzymes into the ECM and are converted in sifeparation method that uses a semi-permeable hollow-fiber dial-
into their active forms. Thus, immunochemical methods canysis membrane that is perfusedwdt/min flow rates. Analytes
that are smaller than the membrane pores diffuse into the inner
fiber lumen and are carried to the outlet by the perfusion fluid.

—_— Larger analytes will either be completely rejected by the mem-
* Corresponding author. Tel.: +1 518 276 2045; fax: +1 518 276 4887. brane pores or will diffuse so slowlv through these pores that
E-mail address: stenkj@rpi.edu (J.A. Stenken). P y 9 P

1 pPresent address: WP 75A-303, Clinical Drug Metabolism, Merck Researcl?iheir recovery iS_ negligil_)le. The analyte concentration Obtain_ed
Laboratories, West Point, PA 19486, USA. in the dialysate is a fraction of the external analyte concentration
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in which the probe is immersed. The fraction obtained is related Inside Probe Outside Probe
to probe properties such as flow rate, membrane length, mem
brane material and its molecular weight cutoff (MWCO). Ana- Substrate Substrate + Elastase
lyte concentrations obtained from the dialysate can be relatec o o Diffusion

. . . CH,
to the sample concentration by using the membrane extractiol o A HNASco,H > l
efficiency (EE): O"%CH';"YL%

on o o NH,
Coutlet — Cinlet : O
EE= W Succinyl-L-trialanine p-nitroanilide O;N
sample™ “inle
whereCoutiet aNd Cinet are the outlet and inlet analyte concen- oA Rusion p-Nitroaniline (p-NA}
trations of microdialysis probe, respectively, afighmpleis the
analyte concentration far away from the microdialysis probe in Io E;Lc
- nm

the sample matrix. I€inet €quals zero, EE is also called relative

recovery (RR). The recovery describes the overall mass trans-

port of a substance to and from the microdialysis probe and isig. 1. Schematic of microdialysis method for the indirect detection of elastase.

commonly used as a means to calibrate the device. Suc(Alaj-p-NA is perfused through the probe and diffuses into the surrounding
The inherent non-selectivity towards molecules that can béolution. Elastase external to the probe converts the substratiiAothat dif-

§es into the probe and is collected in the dialysate. The dialysate is protein-free

recovered across the Seml_permeable dlalySIS membrane mal{d%e to the MWCO associated with the microdialysis membrane. The substrate

mlcrOQ|aIyS|s §amp|mg highly useful for a wide vanety.of bl?- and productin the dialysate are separated and quantified by HPLC—UV (350 nm).
chemical applications. A largely unexplored area of microdial-

ysis sa_mplin_g is that in Which_ analytes could be i_ncluded i_n theSUC(A|a);-p-NA solutions were prepared daily. All other
perfusion fluid and Ioca!ly dehyered tq the probe |r_nplar_1tS|te 4% hemicals were reagent grade or better. All solutions were
ameans _to study Iocall_zed b|ochgm|stl)6—1$} Microdialy- Rrepared with nanopure water (Barnstead, Dubuque, 1A, USA).
sis sampling coupled with appropriate analytical methods suc

as separations techniques for small molecules or multiplexed ) o )

flow cytometric immunoassays for larger molecules allows for &2 Microdialysis sampling

nearly universal “biosensof19]. Thus, localized biochemistry

and physiology could potentially be studied within an intact tis- , X ,
sue using microdialysis sampling techniques. ton non-metallic syringe (Hamilton Company, Reno, NV, USA)

Here we describe well-characterized studies using an in vitrgnd @ CMA-102 syringe pump (CMA/Microdialysis, North
model system of microdialysis sampling as a means to determin%helmsmrd' MA, USA). CMA 2(,)/04 microdialysis probes with
the presence of an important serine protease, elastase, extgrdmm 20 kDa molecular weight cutoff (MWC,O) polycar—
nal to the microdialysis probe. While microdialysis samplingPonate/polyether (PC) membrane (CMA/Microdialysis, North
has been used to assess enzymatic activity in an in vivo Corghelmsford,MA, USA)were used. The perfusion fluid consisted

text similar to the in vivo imaging methods, there have been n&f 9-1 M sodium phosphate buffer, pH 7.0, supplemented with
well-controlled studies to determine the needed enzyme conceRQ0K-M Of the elastase substrate, suc(Akg}NA. The micro-
trations necessary to obtain a measurable signal of the product‘ijﬁaIySIS probes were perfused at flow rates that ranged between

the dialysate. The work presented here is to describe some of tile® @nd 5-QuL/min. Elastase was prepared between00.025 and
challenges unique to using microdialysis sampling for attempt®-2 Units/mL in either sodium phosphate buffer or 0.3% agar, pH

ing to make quantitative determination of enzymatic activity /-0 In @ total volume of 50GL. Experiments were performed
external to the probe. Porcine pancreatic elastase was chos@h€ither room temperature or 3¢ maintained by a dry bath
as a model enzyme system for MMP-12 (neutrophil eIastaself'wbator (Fisher Scientific, USA).

because of its wide availability and ability to cleave the same

substrate, suc(Alg)p-NA [8]. The elastase substrate, suc(Ala) 2.3. Product concentration as a function of EE

p-NA, was included in the microdialysis perfusion fluid as shown

in Fig. 1 The suc(Ala-p-NA diffuses out of the microdialysis A 0.5 units/mL elastase solution in 0.1 M sodium phosphate
probe into the surrounding medium and reacts with elastase #ffer, pH 7.0, was prepared and heated t6G7n a 750uL
form the producp-nitroaniline p-NA). The microdialysis probe ~ centrifuge vial. The substrate (5M) was perfused through

then collects the-NA produced after the enzymatic reaction. the quiescent elastase solution at varying flow rates. A fresh
elastase solution was used for each flow rate. Samples were

2. Materials and methods collected at 15 min intervals.

Microdialysis sampling was performed with a 1 mL Hamil-

2.1. Chemicals 2.4. HPLC

Suc(Alax-p-NA, p-NA, porcine pancreatic elastase  Suc(Alak-p-NA andp-NA were separated and quantified by
(lyophilized powder and aqueous suspension), and agar wet¢éPLC—-UV. The system consisted of a P1000 pump with a vari-
obtained from Sigma (St. Louis, MO, USA). Elastase andable wavelength UV 1000 detector set to 350 nm controlled by
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PC 1000 software (ThermoSeparations Products, San Jose, CA). An important aspect to assessment of this microdialysis
A Hypersil 5 micron C18 column (250 mix 2 mm) with a Phe-  method for determining enzyme activity external to the probe
nomenex security guard cartridge was employed. The mobilevas the ability to have reproducibility during the run-to-run
phase consisted of water:acetonitrile:1.0 M sodium phosphatgreparation of the enzyme solutions. Initially a lyophilized pow-
buffer, pH 7.0 (65:25:10, v:v:v). The flow rate was 0.2 mL/min. der of porcine pancreatic elastase was used and prepared on a
daily basis. Despite care to ensure reproducible weighing and
2.5. Elastase activity determination solution transfer, the run-to-rymNA kinetics after inclusion
of a fixed amount of suc(Alg)p-NA was quite variable and

A Hitachi UV spectrometer was used to determine elashad an R.S.D. of 25.4% € 3, data not shown). This problem
tase activity. Elastase solutions (0.01-1 units/mL) were preparedith enzymatic activity variability was overcome by switching
in 0.1 M sodium phosphate buffer, pH 7.0. The elastase soluo a commercially available solution-based elastase preparation,
tions were mixed with isotonically matched suc(Al@NAto  which had a run-to-run kinetic activity R.S.D. of 4.5%=5,
achieve a total solution concentration of 30d. The change data not shown).
in absorbance for the productiongfNA upon mixing the elas-
tase and suc(Alg)p-NA solutions was measured at 400 nm. The 3.2. Microdialysis sampling
linear relationship between the change in absorbance versus the
calculated elastase concentration was used to confirm experi- Microdialysis sampling allows for the collection of a wide
mental elastase concentrations. variety of low molecular weight analytes. Thus, microdialysis

The elastase solution stability was determined over a 6-Bampling coupled with appropriate analytical separations meth-
period at room temperature and over a 2-h period alG4#80  ods to quantify targeted analytes allows it to be a versatile sensor
ensure stability in agar). Standard elastase solutions were prgrimic [19,22] HPLC was used to separate and quantify the
pared and aliquoted. The initial elastase activity was determineguc(Alak-p-NA from p-NA in the dialysate samples. TpeNA
by spectrophotometry and the aliquot activity was measured opbtained in the dialysate could be easily quantified via a colori-
an hourly basis. Measurements were recorded at room tempefetric assay because of its high molar absorbtivity at 400 nm.

ature. The low dialysate volumes obtained coupled with the need to
determine the percentage of the substrate lost necessitates the
2.6. Michaelis—Menten kinetics use of the HPLC method for the analystg. 2shows the chro-

matogram for the isocratic separation of the suc(#faNA
Different substrate concentrations (0.5-1mM) were com-and p-NA demonstrating that these two analytes can be eas-
bined with elastase to an enzyme activity of 0.05units/mLijly separated and quantified. For the prodpé¥lA, the LOD
in 0.1M sodium phosphate buffer, pH 7.0. The change irfor this method was 1.14 0.05uM (1 =5) and the LOQ was
absorbance at 400 nm was measured for the productj@iN&f 4,004 0.36uM (n=5).
to determine the initial rat&m andVmaxWere determined from An important consideration during microdialysis sampling
a direct linear plot of the data. Measurements were conducte the microdialysis probe extraction efficiency (EE) at differ-
in triplicate at room temperature. ent flow rates. This is important for this work since the product
concentrations that are collected in the microdialysis probe are
2.7. Limit of detection and quantitation

The signal for seven standargu p-NA samples was mea-
sured and the standard deviation calculated. The average signal
for seven 0.1 M sodium phosphate buffer solutions was calcu-
lated. The LOD and LOQ were then determined at the 98%
confidence level by using methods outlined in a standard refer-
ence tex{20].

500 uM Suc(Ala)zp-NA

3. Results and discussion 500 uM p-NA

3.1. Stability and reproducibility 10.05 AU

Standard solutions gf-NA were found to be stable for 2
weeks at room temperature. Suc(Atp)}NA and elastase solu-

tions were found to be stable for up to 6 h at room temperature. /
Elastase solutions prepared from lyophilized powder in 0.1 M ; , , , r r . : .
sodium phosphate buffer, pH 7.0 and stored &€ 4vere found e 2 4 6 8 10 12 14 18

to progressively lose activity over a 48 h period. Porcine pancre- Time (minutes)

atic elastase was determined to be stable atA&s previously  Fig. 2. HPLC separation of 5q0M suc(Alak-p-NA and 500.M p-NA using
reported21]; thus allowing it to be incorporated into agar gels. isocratic conditions. The detection wavelength was 350 nm.
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Fig. 3. EE for 50QuM suc(Alaj-p-NA (M) (MW 451.4) and 4uM p-NA (@) 0 10 20 30 40 50
(MW 138.1). The dialysate was collected under quiescent conditions°& 37 suc(Ala).-p-NA, (EE)
in 0.1 M sodium phosphate buffer, pH 7.0. Error bars denote $.D3] at each
flow rate. Fig. 4. EE of suc(Alag-p-NA (M) and subsequent recovery piNA (@) at

different flow rates (0.5-5.@L/min) from a 37°C quiescent solution. A fresh

R Lo elastase solution containing 0.5 units/mL was used for each flow rate. Error bars
generally significantly lower than the initial substrate concen-

. / e denote S.D.«(=3) for each EE value and tizeNA concentration.

trations infused through the probe. For these studies it was

important to optimize the microdialysis flow rate conditions so

as to obtain the maximum amount;eNA back into the probe remove the substrate and thus increase the amount lost across
after a localized delivery of the substrate. the microdialysis membrane.

Fig. 3shows the microdialysis EE for suc(Afay-NA andp- Table 1 shows the mean concentrations lost across the
NA in a quiescent buffer solution at 3. Both analytes exhibit dialysate probe for suc(Algp-NA, the mean concentration of
typical microdialysis EE behavior with high EE values obtainedp-NA recovered, and the fraction of these two values. Contrary
at low perfusion fluid flow rates and low EE at higher perfusionto what normally would be expected, the fractiopefiA recov-
fluid flow rates. These EE values ranged between 5 and 32% fesred was actually higher for the higher flow rates and lower for
suc(Alag-p-NA (MW 451.4) and 20 and 53% fgr-NA (MW the lower flow rates. However, the highest concentrations of
138.1) using a flow rate range of 0.5sB/min. The difference  product were obtained at the lowest flow rates. This is consis-
in EE observed between suc(Adg)-NA and p-NA is typical  tent with microdialysis sampling because the longest residence
for analytes with different molecular weight since microdialysistimes would exist allowing for more diffusion time at these flow

sampling is a diffusion-based separation process. rates. When using lower flow rates, much higher molar concen-
trations of the substrate would exist directly outside of the probe
3.3. Product recovery in buffer extending into the sample space. This analysis is important as

it suggests that in order to obtain measurable concentrations

The p-NA concentration recovered as a function of differ- of the product to verify enzymatic presence, it is necessary to
ent suc(Ala}-p-NA EE, achieved using different flow rates, is use relatively high concentrations of substrates with very low
shown |nF|g Afor a quiescent 0.5 units/mL elastase solution atﬂOW rates. This means that hlgh substrate concentrations will
37°C. A fresh elastase solution was used for each flow rate t€Xist external to the dialysis probe. However, when compared
prevent build up op-NA in the solution. The greatest EE for to imaging approaches, the actual substrate concentrations in
the substrate and recovery of product is observed at the lowette tissue space are not measured and therefore unknown. This
flow rate. Note that for suc(Alg)p-NA the EE is higher in this  could pose an advantage for microdialysis sampling since the
solution than for that shown iRig. 3 because of the presence overall amounts of material lost are localized unlike a systemic
of the enzymatic reaction. The coupling of the enzymatic reacinjection for animaging agent and also quite low in this example
tion with the diffusion out of the microdialysis probe serves to(pPicomole lost per minute).

Table 1
Average suc(Ala}p-NA loss andp-NA recovery

Average (EE) Flow ratey(L/min) [Substrate] M) lost Lost substrate (pmol/min)  pfNA] (M) recovered Fractiop-NA recovered (%)

5.2 5 25.8 129.2 8.4 32.6
9.8 3 48.9 146.7 11.6 23.8
24.9 1 124.6 125.6 25.0 20.1
40.4 0.5 201.8 100.9 33.3 16.5

a The fraction of the>-NA concentration recovered as compared to the sucgAdd)A concentration lost.
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Table 2

40+ Suc(Alay-p-NA EE between control and elastase-containing solutions

354 % Condition EE buffer EE elastase

304 Stirred 29.4-2.6 28.5+4.9
Agar 22.0+1.8 29.3+2.5°
25 Quiescent 27.%3.9 33.3:0.8

Suc(Alax-p-NA (500.M) was perfused through the microdialysis probe at
1.0pL/min. The probe was immersed into either a well-stirred solution at room
15 temperature or 0.3% agar and quiescent buffer solution a€C3#=3. The

} enzyme activity was 0.5 units/mL.
104 a Denotes statistically significant difference as determined byeat at the
L] 95% confidence level.

20+

p-NA Recovered (uM)

substrate from the dialysis probe/solution interface. When elas-

0 10 20 30 40 50 60 tase is added to the solution external to the microdialysis probe,

Time (minutes) the loss (EE) of suc(Ala)p-NA is increased as compared to
Fig. 5. Recovery op-NA by microdialysis sampling at 1,0L/min using vari- controls that do not Comal.n enzyme. The. |ncrea§ed EEis due to
ous conditions. M) 0.1 units/mL 0.03% agar/elastase at&7 (v) 0.1 units/mL the removal of substrate via the enzymatic reaction. The overall
elastase in a well stirred solution at 25. (@) 0.1 units/mL elastase in a quies- €Xtent of measurable differences in suc(A{a)NA microdial-
cent solution at 37C. All solutions were prepared in 0.1 M sodium phosphate ysis EE would be expected to be correlated with the enzyme
buffer, pH 7.0 with 50QuM substrate an_d_ an elastase activity of 0.1 gnits/mL. concentration external to the dialysis probe. Comparing the agar
Error bars denote S.Du € 3) for each activity, i.e., three separate solutions were o tinns, there is a statistically significant difference between
prepared for each enzymatic activity value. . . >
the EE in an agar solution containing no enzyme and that con-

taining 0.5 units/mL elastase.

3.4. Comparison of product recovery in quiescent buffer,
stirred buffer and agar 3.5. Comparison of product recovery using different
elastase concentrations

The recovery op-NA into the microdialysis probe after the
reaction of suc(Alay-p-NA with elastase was explored using  Fig. 6a shows the concentration recovery mNA into
various conditionsFig. 5 shows thep-NA concentrations col- the dialysis probe during an infusion of 5QM suc(Alay-
lected in the microdialysis probe after infusion of 50d p-NA though a probe immersed in a 0.3% agar/elastase
suc(Alak-p-NA to a well-stirred elastase solution at room tem- suspension containing a range of elastase concentrations
perature, a quiescent solution att®&7and an elastase suspension(0.025-0.5 units/mL). As the enzyme activity increased, the
in 0.3% agar at 37C. The 0.3% agar solution provided the resultingp-NA concentrations recovered back into the probe
greatest concentration recoveryeNA during microdialysis  also increased. The-NA concentrations collected back into
sampling. Performing the microdialysis experiment in a 0.3%the dialysis probe correlated with the concentration of enzyme
agar solution was of interest since it has been commonly used &xternal to the probe. It is not clear why theNA concentra-
mimic extracellular matrix conditionf23]. Furthermore, per- tions inFig. 6a show greater run-to-run variability as denoted
forming the microdialysis sampling experiments in the 0.3%by the standard deviation error bars. Perhaps greater error is
agar provided greater reproducibility as compared experimenigcurred during the agar preparation at these enzymatic higher
performed in quiescent buffer solutions due to decreased poseoncentrationskig. 4 depicts the agueous data using the same
sibility for convection at the probe/solution interface in agar.enzyme concentration (0.5 units/mL) and the coefficient of vari-
Microdialysis sampling performed in the stirred solution at roomation is actually less when compared to the agar stuBigseb
temperature shows the leasNA produced. This is likely due shows suc(Alay-p-NA EE obtained for the same experiments
to the decreased enzyme activity at’®5as well as the external shown inFig. 6a. An important feature to point out féiig. 6b
stirring which serves to decrease localized build up of substratis that EE is constant and rapidly achieves a steady state that
as well as product at the probe/solution interface. is maintained throughout the duration of the experiment. When

It is interesting to compare the suc(Ada-NA EE values the microdialysis EE reaches and maintains a steady-state value,
among the different conditions employed showfatle 2 For  this is indicative of a chemical reaction outside the probe. The
the stirred conditions at 2%, the loss (EE) of suc(Alg)p- EE between the two separate concentrations of elastase con-
NA, was not statistically different between solutions with or centrations of elastase depicted ranged from 18.1-20.1% for
without enzyme added. The stirred solution creates an extern8l025 units/mL to 30.8—36.1% for 0.5 units/mL. Despite the 20-
system such that diffusional mass transport resistance is greafigld increase in overall enzyme activity external to the dialysis
minimized[24]. In other words, the stirring serves to rapidly probe, the suc(Ala}p-NA EE only changes by approximately
remove the substrate away from the dialysis probe. Adding aB0%. This demonstrates how EE is related to the sum of all the
enzyme to the well-stirred system does not change the EE sinegeass transport processes in the system including mass transport
the stirring is more effective than the enzyme at removing thehrough the sample, dialysis membrane, and dialysis perfusion
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100 ered ranged between 1.5 and pM for the 15 and 60 min
measurements, respectively. Using this delivery rate, at 60 min,
6 nmol has been delivered to an enzyme solution in 0.5mL,
corresponding to a-NA concentration of 12M. The concen-
70 trations delivered are well below the overall specified enzymatic
604 . activity. For 0.025 units/mL in 50QL (0.0125 units), the system
$

90

80

should be able to convert 12.5 nmol of substrate per minute since
1 unit of elastase convertgudnol suc(Alak-p-NA per minute.
Furthermore, the concentration of substrate delivered is much
lower than the reporteff,, and our experimentally derivekiy,

for elastase. The Michaelis—Menten constant for the substrate
201 i was determined by direct linear plot to be 5.8 mM and the max-
104 ; ¢ imum velocity was 3.25 mM/min. This experimentally derived
0 s = Km for the substrate was similar to a previously reported value
! ! ! ' ! ' ! of 6.5 mM[25].

50

40

pNA Recovery (UM)

30 } E

0 10 20 30 40 50 60 70
(a) Time (min)
4. Conclusions
50 -
45 Microdialysis sampling allows for simultaneous delivery and
10.] recovery of low molecular weight compounds. The presence of

§“ ] porcine elastase which served as a model enzyme external to a

2 351 microdialysis probe was determined by infusing a known enzy-

5 a0 matic substrate through the dialysis probe. This infusion allowed

é 05 ] foralocalized delivery of substrate to an enzyme solution and the

g ] concomitant product recovery was followed for enzyme incorpo-

z 201 {- { % rated into different solutions. The use of 0.3 wt.% agar provided

L 154 the best overall reproducibility between runs. These results sug-

= T gest that microdialysis sampling may allow for the active form

2 104 ) . : .

3 ] enzymes to be interrogated at the site of action without the
5 need to remove the exudate ex vivo. Certainly the validity of
o the microdialysis approach for determining specific enzymatic

0 10 20 30 40 50 60 70 activity has to be addressed on a case-by-case basis.

(b) Time (min)

Fig. 6. (a) Recovereg-NA into the dialysis probe immersed into a 0.3 wt.% Acknowledgements
agar solution with varying elastase concentrations. The dialysis probe was

perfused with 50Q.M substrate and the elastase activities are denotesl as . - o
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