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Abstract

Application of immunoassay to biosensors for use in the point-of-care setting ideally requires immunoassay without separation
steps and with small volumes of both sample and reagents. The suitability of cloned enzyme donor immunoassay (CEDIA), one of a
few homogeneous immunoassays available, was investigated for application to biosensors. This method is based on the bacterial
enzyme !-galactosidase, which has been genetically engineered by others into two inactive fragments, enzyme donor (ED) and
enzyme acceptor (EA). Association of the ED and EA fragments in the assay results in formation of active enzyme, which acts on
substrate to generate a detectable signal. Sensitivity of commercially available CEDIA kits were compared, with respect to the sam-
ple and reagent volumes, using three diVerent signal generation processes. The CEDIA kit for valproic acid and three substrates, a
colorimetric (chlorophenol red-!-D-galactopyranoside), a chemiluminescent (Lumi-Gal 530), and a bioluminescent (Beta-Glo Assay
System), were employed in the study. Our results indicate that the high sensitivity of the bioluminogenic substrate, D-luciferin-O-!-
galactopyranoside, with short assay time and small volumes of sample and reagents required for the assay, simple handling, and
relatively low expense, make this substrate, together with CEDIA, suitable for application to biosensors intended for drug and
metabolite monitoring in the point-of-care setting.
© 2004 Elsevier Inc. All rights reserved.
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There is a growing need for high-throughput
analysis of small molecular substances [1]. For such
analysis homogeneous rather than heterogeneous
assays are preferred due to their simplicity, ease of
automation, and higher throughput. A homogeneous
immunoassay that employs complementation within
the !-galactosidase system is known as CEDIA1 [2,3].
CEDIA is based on the bacterial enzyme !-galactosi-
dase, which has been genetically engineered into two

inactive fragments, enzyme donor (ED) and enzyme
acceptor (EA). When mixed together, the two
fragments combine to form active enzyme; this process
is termed “complementation.” Covalent attachment of
analyte to ED does not aVect the ability of ED to asso-
ciate with EA. Analyte present in a sample competes
for binding to the limited number of antibody sites,
making analyte–ED conjugate available for enzyme
formation.

* Corresponding author. Fax: +1 801 585 5361.
E-mail addresses: joeandrade@uofu.net, joe.andrade@m.cc.utah.edu (J.D. Andrade).

1 Abbreviations used: CEDIA, cloned enzyme donor immunoassay; CPRG, chlorophenol red-!-D-galactopyranoside; EA, enzyme acceptor; ED,
enzyme donor; EDTA, ethylenediaminetetraacetic acid; GDP, 4-methoxy-4-(3-!-D-galactosidephenyl) spiro [1,2-dioxetane-3,2!-adamantane]; Hepes,
N-2-hydroxyethylpiperazine-N!-2-ethane-sulfonic acid; R1, CEDIA reagent 1; R2, CEDIA reagent 2; TDM, therapeutic drug monitoring; VPA, val-
proic acid; RT, room temperature.
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The amount of active enzyme formed is directly pro-
portional to the analyte concentration in the sample.
During the assay, the level of enzyme with !-galactosi-
dase activity can be determined either spectrophotomet-
rically by the rate of chromogenic substrate hydrolysis
or luminescently with chemi- or bioluminescent sub-
strate. The CEDIA Kit for valproic acid (VPA),
designed by Microgenics (Fremont, CA, USA) for use in
automated analyzers, is a two-step procedure. For time
saving, cost reduction, simplicity, and application to a
ChemChip format [4], a one-step procedure introduced
by Khanna et al. [5] was adapted and used in this study
(Fig. 1). Based on simulation results, it is shown that
one-step CEDIA has a wider analyte dynamic range
than two-step CEDIA [6].

High-quality therapeutic drug monitoring (TDM)
reagents, calibrators and controls for a number of drugs
are available from Microgenics. This kit employs the
standard two-step CEDIA procedure [3,6]. The commer-
cial CEDIA kit for VPA contains the chromogenic sub-
strate chlorophenol red-!-D-galactopyranoside (CPRG)
for quantiWcation of enzyme activity. The hydrolysis of
substrate is measured spectrophotometrically at 550–
600 nm.

Luminescence-based assays are Wnding increased use
in chemical and medical diagnostics. A chemilumines-
cent assay for !-galactosidase using Lumi-Gal 530
(Lumigen, SouthWeld, MI, USA), wherein chemilumines-
cence of the product is measured with a luminometer,
was evaluated. This assay exhibits advantages over the
standard spectrophotometric technique. It is simple and
relatively inexpensive and has a 20-fold greater sensitiv-
ity [7].

Bioluminogenic substrates with even higher sensitiv-
ity have been developed for the determination of
enzymes and many diVerent analytes. The sensitivity of
CEDIA has been substantially increased by utilization
of a highly sensitive substrate for !-galactosidase, based
on the release of D-luciferin from 6-O-!-galactopyrano-
syl-luciferin by the action of !-galactosidase. D-Luciferin
can be easily quantiWed in a luminometric assay [8]. The
Beta-Glo Assay System (Promega, Madison, WI, USA),
is based on the two coupled enzyme reactions and allows
for measuring !-galactosidase activity in a homogeneous
assay format.

Our goal is to develop a simple, highly sensitive, sin-
gle-step homogeneous immunoassay platform for appli-
cation to a luminescence-based ChemChip [4].

Materials and methods

Homogenous immunoassay with spectrophotometric 
detection in microplate reader

Reagents for the homogeneous immunoassay. CEDIA
valproic acid II kit (Catalog No. 100013) was purchased
from Microgenics. Reagent 1 (R1) of CEDIA kit
contains antianalyte antibody and EA. Reagent 2 (R2)
consists of analyte–ED conjugate, antiimmunoglobulin
secondary antibody, and substrate CPRG. Both
reagents R1 and R2, supplied in lyophilized form, were
reconstituted with provided buVer solutions and stored
at 4 °C.

Solutions for calibration and standard curves. CEDIA
Core TDM Multi-Cal kit (Catalog No. 100007,
Microgenics) contained High and Low Calibrators
(143.2 "g/ml VPA and 0.1 "g/ml VPA, respectively).
Solutions of diVerent VPA concentrations were prepared
by dilution of the High Calibrator with 20 mM Hepes,
pH 7.5. The concentrations of VPA used in the study
(from 0.1 to 144 "g/ml) covered its therapeutic range
from 50 to 100 "g/ml VPA.

Spectrophotometric detection of enzyme activity during
CEDIA. Optical density (O.D.) of the colorimetric prod-
uct was recorded using a Microplate Reader Spectra
MAX 250 with its parameters being controlled by Soft
Max Pro software (Molecular Devices, Sunnyvale, CA,
USA). Spectrophotometric assays were carried out in
96-well microplates (Nunc-Immuno Module; No.
120080LE P891) according to the following procedure.
The CEDIA reagents (R1 and R2) and VPA samples
were equilibrated to 37 °C separately in the Microplate
Reader Spectra Max 250 for 8 min. At the time of exper-
iment, the VPA samples were transferred into R1, and
immediately thereafter R2 was added to a mixture of R1
and VPA. After quick mixing, the plate was placed into
the Microplate Reader. O.D. was recorded at 570 nm as
a function of time for nearly 10 min in 22-s intervals at
37 °C.

Fig. 1. One-step CEDIA assay. All of the CEDIA reactants are mixed simultaneously in the same vessel. Subsequently, color or luminescence can be
measured depending on a signal generation process of substrate added.
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Homogenous immunoassay with chemiluminescent 
detection in luminometer

Chemiluminescent substrate for !-galactosidase. Lumi-
Gal 530 is a complete liquid formulation that contains
stabilized dioxetane in 2-amino-2-methyl-1-propanol
buVer, pH 9.6, and an enhancer system incorporating the
Xuorescer 5-(N-tetradecanoylamino)-Xuorescein. This
cocktail can be used directly for analysis using CEDIA
system, described above. For the experiments with
Lumi-Gal 530, R2 of CEDIA kit, without substrate, was
kindly provided by Microgenics.

Preparation of !-galactosidase solutions. Escherichia
coli !-galactosidase (Sigma–Aldrich) was diluted to
1000 U/ml in deionized water and stored at ¡70 °C in 10-
"l aliquots. Dilutions were made with the pH 7.5 buVer,
containing 10 mM Hepes, 1 mM EDTA, and 2 mg/ml
bovine serum albumin, immediately prior to assay.

One-step CEDIA with Lumi-Gal 530. Solutions with
diVerent concentrations of VPA were prepared by dilu-
tion of valproate sodium (Depacon, 500 mg/ml) with
20 mM Hepes, pH 7.5. CEDIA reagents (R1; R2 without
substrate), VPA, and Lumi-Gal 530 were incubated at
37 °C in water bath for 10 min. The VPA samples (2 "l)
were transferred into R1 (8"l), and immediately R2 (6 "l)
was added to the mixture of R1 and VPA. Then the mix-
ture was transferred to a polystyrene tube (12 £ 55 mm;
Elkay Products, Shrewsbury, MA, USA) containing
Lumi-Gal 530 (25"l). Luminescent signal was measured
using a Luminometer TD 20/20 (Turner Designs, Sunny-
vale, CA, USA), at a sensitivity setting of 70.0%, as a
function of time at room temperature (RT; about 22 °C).

Luminescent homogenous immunoassay with Beta-Glo 
Assay System

Luminescent substrate for !-galactosidase. The Beta-
Glo Assay System (Promega) consists of two compo-
nents that are combined to form Beta-Glo Reagent [9]. It
is stored at ¡20 °C and thawed at RT immediately prior
to assay. It is recommended by Promega to not reduce
the volume of reagent to less than 1:1 ratio with the vol-
ume of test solution.

One-step CEDIA with Beta-Glo Assay System. Solu-
tions with diVerent concentrations of VPA were prepared
by dilution of valproate sodium (Depacon, 500mg/ml)
with 20mM Hepes pH 7.5. CEDIA reagents (R1; R2 with-
out substrate), VPA solutions, and Beta-Glo reagent solu-
tion were incubated at 37°C in water bath for 10min. VPA
samples (2"l) were transferred into R1 (8"l), and immedi-
ately R2 (6"l) was added to the mixture of R1 and VPA.
Then the mixture (16"l) was transferred to a polystyrene
tube containing Beta-Glo reagent solution (16"l). Lumi-
nescent signal was measured using a Luminometer TD
20/20 (Turner Designs), at a sensitivity setting of 70.0%, as
a function of time at RT (about 22 °C). The smaller

volumes [1"l CEDIA reagents (0.5 "l R1, 0.375 "l R2, and
0.125"l VPA)+1"l Beta-Glo reagent] were also tested.

Results and discussion

Homogeneous immunoassay with spectrophotometric 
detection

The CEDIA valproic acid II kit contains the chromo-
genic substrate CPRG. It is normally used in automated
analyzers as a two-step procedure. To simplify the exper-
iment and reduce assay time and volumes and with the
aim to apply it to a ChemChip format [4], a one-step
assay procedure (Fig. 1) was used in the current study. In
a one-step CEDIA all the reactants were mixed together
simultaneously, so a separate incubation step between
analyte and antibody was omitted. The optical density,
dependent on concentration of VPA, was recorded at
570 nm as a function of time. As follows from Fig. 2,
O.D. corresponding to a range of measured VPA con-
centrations could be discerned after 6 min. Calibration
curves (Fig. 3) were generated by plotting the slopes,

Fig. 2. One-step spectrophotometric assay using the CEDIA kits for
VPA. Volumes of CEDIA reagents, R1 (80 "l) + R2 (60 "l), and VPA
(20 "l) of diVerent concentrations diluted 1:10. Curves from top to bot-
tom represent VPA initial concentration as 144, 72, 36, and 0.1 "g/ml,
respectively.

Fig. 3. Calibration curve of one-step CEDIA generated with spectro-
photometric substrate. It represents slope of each kinetics curve in the
last minute as a function of VPA initial concentrations covering the
therapeutic range from 50 to 100 "g VPA per ml.
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changes in O.D. of the kinetics curves in the last 60 s, as a
function of VPA concentrations.

Homogeneous immunoassay with chemiluminescent 
detection

Lumi-Gal 530 provided by Lumigen Inc. is a ready to
use formulation containing Lumigen GDP (4-methoxy-
4-(3-!-D-galactosidephenyl) spiro [1,2-dioxetane-3,2!-
adamantane]) for the one-step chemiluminescent
detection of !-galactosidase. The reaction of the
chemiluminescent substrate Lumigen GDP with active
!-galactosidase formed causes cleavage of the galacto-
side unit resulting in a moderately stable intermediate.
The decomposition of this intermediate in alkaline solu-
tion generates chemiluminescence.

To determine the range of !-galactosidase concentra-
tions over which the light output would correspond to
the enzyme concentration generated by one-step
CEDIA, we have carried out experiments with pure
enzyme and Lumi-Gal 530 Wrst.

As depicted in Fig. 4, the relative light unit (RLU)
numbers, corresponding to the chemiluminescence inten-
sity, are directly proportional to the quantity of !-galac-
tosidase. This range covers the amount of enzyme
produced during CEDIA. The optimal conditions for
one-step CEDIA with the chemiluminescent substrate
were obtained with the following volumes: 16 "l CEDIA
reagents + 25 "l Lumi-Gal 530. Using the volume ratio as
recommended by the manufacturer’s protocol, i.e.,
Lumi-Gal 530 should not be diluted by more than 10%
through addition of enzyme or other reagents (Lumi-
gen), the results obtained were repeatedly inconsistent.
One of the plausible reasons for this could be that the
CEDIA reagents were diluted by Lumi-Gal 530 to such
an extent that reactions involved in CEDIA could not
proceed eYciently and in a reproducible manner. Fig. 5
shows that the separation between RLU, corresponding
to diVerent concentrations of VPA, could not be distin-

guished before 15 min after mixing all the reactants.
Moreover, a moving average over 10 s to smooth out the
kinetic curves had to be applied. Assays using smaller
total volumes, i.e., 6.4 "l of CEDIA reagents and 10 "l of
Lumi-Gal 530, also produced acceptable values (Fig. 6).
Although smaller volumes yielded lower light outputs,
these results indicated nevertheless the feasibility of
using smaller volumes of the reactants for application to
a ChemChip format [4].

Homogeneous immunoassay with bioluminescent 
detection

The Beta-Glo assay system provides a coupled
enzyme reaction system utilizing a luciferin-galactoside

Fig. 4. Determination of the range of chemiluminescent intensity with
pure !-galactosidase and the substrate Lumi-Gal 530. Chemilumines-
cent signal was recorded for 1 h after mixing a 5-"l aliquot of an
appropriate dilution of !-galactosidase and 50 "l Lumi-Gal 530.

Fig. 5. One-step CEDIA with chemiluminescent substrate Lumi-Gal
530. Volumes of CEDIA reagents, R1 (8 "l) + R2 (6 "l), and VPA (2 "l)
of diVerent concentrations + Lumi-Gal 530 (25 "l). For test conditions,
see Materials and methods. Detection sensitivity of luminometer was
set at 70.0%. Compared to the results in Fig. 4, concentrations of !-
galactosidase produced in one-step CEDIA with tested VPA concen-
trations are estimated to be in the range 0.01–1 mU/ml. Curves from
top to bottom represent VPA initial concentration as follows: 144, 72,
36, 18, 9, and 0 "g/ml, respectively. A moving average was applied to
obtain the kinetics curves.

Fig. 6. Calibration curves of one-step CEDIA with Lumi-Gal 530.
Large volumes (closed squares): 16 "l CEDIA reagents (8 "l R1, 6 "l
R2 and 2 "l VPA) + 25 "l Lumi-Gal 530. Small volumes (closed cir-
cles): 6.4 "l CEDIA reagents (3.2 "l R1, 2.4 "l R2, and 0.8 "l
VPA) + 10 "l Lumi-Gal 530. They represent slopes of kinetics curves in
the last minute (indicated by a bracket) as a function of VPA initial
concentration.
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substrate (6-O-!-galactopyranosyl-luciferin). The princi-
ple of this assay is presented in Fig. 7. The coupled reac-
tions in the system include luciferin-galactoside (6-O-!-
galactopyranosyl-luciferin) cleaved by the enzyme with
!-galactosidase activity formed during the CEDIA pro-
cedure. The luciferin is then used in a WreXy luciferase
reaction to generate light [9].

It follows from Fig. 8 that one-step CEDIA per-
formed with the Beta-Glo bioluminescent system is
much more sensitive than the one with chemilumines-
cent substrate, Lumi-Gal 530. With the same initial con-
centration of VPA, Beta-Glo yields about 300 times
more light output at the same detection sensitivity.
DiVerences between VPA concentrations can be detected
within 4 min, a much shorter time than the one required
in the assay with Lumi-Gal 530. The use of Beta-Glo
Assay System results in low background; a moving aver-
age data process is not needed. Smaller volumes of the
CEDIA reagents and of samples can be used with this
substrate (Fig. 9).

Conclusions

Our investigations of one-step CEDIA, using three
diVerent signal generation processes, are summarized in
Table 1. Much smaller volumes of the reagents for one-
step CEDIA are needed with Beta-Glo Assay System to
yield signiWcant luminescence signal, compared with col-
orimetric substrate (CPRG). With the chemiluminescent
substrate Lumi-Gal 530, longer time is required to dis-
cern RLU diVerences between diVerent VPA concentra-
tions, and the high noise level requires data processing
methods to smooth the data curves.

In summary, one-step CEDIA with the Beta-Glo
assay system provides a very sensitive and relatively fast
technique for immunochemical detection and quantiWca-
tion of analytes. The enzyme with !-galactosidase
activity generated during the CEDIA process catalyzes

Fig. 7. Summary of the coupled reactions in the Beta-Glo Assay system. In the reaction, 6-O-!-galactopyranosyl-luciferin is cleaved by !-galactosi-
dase to yield luciferin, which is then catalyzed by WreXy luciferase in the presence of cofactors to yield light.

Fig. 8. One-step CEDIA with bioluminescent Beta-Glo Assay System.
CEDIA reagents R1 (8 "l) + R2 (6 "l) + VPA (2 "l) of diVerent
concentrations + 16 "l Beta-Glo Assay solution. Detection sensitivity
at 70.0% was the same as that for Lumi-Gal 530 in Fig. 5. Curves from
top to bottom represent VPA initial concentration as follows: 144, 72,
36, 18, 9, and 0 "g/ml, respectively.

Fig. 9. Calibration curves of one-step CEDIA with Beta-Glo Assay
System for two diVerent volumes. Large volumes (cross lines): 16 "l
CEDIA reagents (8 "l R1, 6 "l R2, and 2 "l VPA) + 16 "l Beta-Glo
reagent. Small volumes (open circles): 1 "l CEDIA reagents (0.5 "l R1,
0.375 "l R2, and 0.125 "l VPA) + 1 "l Beta-Glo reagent. This Wgure
represents slopes of kinetics curves in the last minute as a function of
VPA initial concentration. The values obtained with large volumes are
within the range of 0–40,000 RLU per min (left side scale), while small
volumes yielded signals corresponding to the right side scale (0–
1600 RLU per min).
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the hydrolytic cleavage of 6-O-!-galactopyranosyl-lucif-
erin, coupled to the WreXy luciferase reaction, resulting in
eVective light generation.

The procedure developed in our laboratory permits
immunoassay to be carried out simply, in a homoge-
neous manner, with the CEDIA reagents (available for
many analytes from Microgenics) and the Beta-Glo
assay system kit for detection (available from Pro-
mega). Thanks to very small volumes (1 "l each) of
CEDIA reaction mixture and Beta-Glo assay reagent
and the eYcient light output, this immunoassay proce-
dure lends itself for application to biosensors in a
ChemChip format being developed for the point-of-
care setting [4].
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Table 1
Comparison of one-step CEDIA performed with spectrophotometric, chemiluminescent, and bioluminescent substrates

a The numbers indicate the VPA initial concentration of 144 "g per ml performed with three substrates.

Method of detection Spectrophotometric Chemiluminescent Bioluminescent

Substrate CPRG Lumi-Gal 530 Beta-Glo Assay System
Detection of signal Optical density (O.D.) at 570 nm

by UV-visible spectrophotometer
Luminescence signal (RLU)
detected by luminometer

Luminescence signal (RLU)
detected by luminometer

Total volume of test solution:
(R1 + R2 + VPA) + appropriate
substrate

160 "l Large volume: 41 "l Large volume: 32 "l
Small volume: 16.4 "l Small volume: 2 "l

Time period to detect diVerences
between VPA concentrations

6 min 15 min 4 min

Change of detected signal in the last
recording minutes a

0.06 O.D./min Large volume: 10 RLU/min Large volume: 35,000 RLU/min
Small volume: 4 RLU/min Small volume: 1200 RLU/min

Refer to Figure Figs. 2 and 3 Figs. 5 and 6 Figs. 8 and 9
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Abstract

The development and characterization of a one-step homogeneous immunoassay-based multiwell ImmunoChip is reported for the
simultaneous detection and quantitation of antiepileptic drugs (AEDs). The assay platform uses a cloned enzyme donor immuno-
assay (CEDIA) and a Beta-Glo assay system for generation of bioluminescent signal. Results of the one-step CEDIA for three
AEDs (carbamazepine, phenytoin, and valproic acid), in the presence of serum, correlate well with the values determined by fluo-
rescence polarization immunoassay. CEDIA intra- and interassay coefficients of variation are less than 10%. A microfabrication pro-
cess, xurography, was used to produce the multiwell ImmunoChip. Assay reagents were dispensed and lyophilized in a three-layer
pattern. The multiwell ImmunoChip prototype was used to detect and quantify AEDs in serum samples containing all three drugs.
Luminescent signals generated from each well were recorded with a charge-coupled device (CCD) camera. The assays performed on
an ImmunoChip were fast (5 min), requiring only small volumes of both the reagents (<1 ll/well) and the serum sample. The Immu-
noChip assay platform described in this article may be well suited for therapeutic monitoring of drugs and metabolites at the point-
of-care setting.
! 2007 Elsevier Inc. All rights reserved.

Keywords: Homogeneous immunoassay; CEDIA; Bioluminescence; ImmunoChip; Therapeutic drug monitoring; Antiepileptic drugs

The introduction of arrays of immobilized biological
compounds in micro-sized spots on a substrate (micro-
arrays) has played an important role in modern biology
and medicine [1,2]. Microarrays offer several advantages
over conventional analytical devices. They are small, their
manufacture can be automated, and only relatively small
volumes of sample and assay reagents are required. These
features make it possible to miniaturize microarray sensors

for application at the point-of-care (POC)1 setting. The
major advantage offered by microarrays is the parallel
analysis of multiple analytes.

0003-2697/$ - see front matter ! 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2007.03.019

* Corresponding authors. Fax: +801 585 5361.
E-mail addresses: jarmila.janatova@utah.edu (J. Janatova), jandrade@

utahsciencecenter.org (J.D. Andrade).

1 Abbreviations used: POC, point-of-care; CEDIA, cloned enzyme donor
immunoassay; AED, antiepileptic drug; VPA, valproic acid; CBZ,
carbamazepine; PHT, phenytoin; FPIA, fluorescence polarization immu-
noassay; TDM, therapeutic drug monitoring; ED, enzyme donor; EA,
enzyme acceptor; RT, room temperature; RLU, relative light units; CCD,
charge-coupled device; CV, coefficient of variation; HPLC, high-perfor-
mance liquid chromatography; CBZ-E, carbamazepine-10,11-epoxide;
HPPH, 5-(40-hydroxyphenyl)-5-phenylhydantoin.
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The development of a disposable and quantitative ana-
lytical device for the measurement of multiple analytes,
such as metabolic markers of chronic diseases, therapeutic
drugs, and their pharmacologically active metabolites, in
small sample volumes has been under study in our labora-
tory for several years [3,4]. Such a device, designated as a
ChemChip, could be used for the diagnosis and manage-
ment of clinical conditions at POC and eventually in-home
environments. To access analytes not readily measurable
by enzyme-based reactions [3], our effort has been extended
to the development of a ChemChip, based on an immuno-
logical principle, called an ImmunoChip.

Cloned enzyme donor immunoassay (CEDIA) [5], one of
a fewhomogeneous immunoassays available, appeared to be
suitable for application to an immunosensor because it uses
the competitive binding assay principle without the need for
separation steps. During the first phase of an ImmunoChip
project, a one-step bioluminescence-based homogeneous
immunoassay platform has been developed [6,7], using a
CEDIA kit to detect the antiepileptic drug (AED) valproic
acid (VPA) in an aqueous matrix, via a luciferin-based,
highly sensitive substrate for b-galactosidase [8].

In this article, the optimized luminescence-based one-
step CEDIA platform [7] was extended to provide detec-
tion and quantitation of three widely used AEDs in serum:
VPA, carbamazepine (CBZ), and phenytoin (PHT).
Results generated by CEDIA were compared with values
obtained by another immunoassay format, fluorescence
polarization immunoassay (FPIA) [9].

The main and final objective of the project has been to
design and test an ImmunoChip prototype, employing
the previously developed immunoassay platform [7], for
the simultaneous therapeutic drug monitoring (TDM) of
the three AEDs present in small serum sample volumes.

To prototype microstructures for the ImmunoChip, an
immunoassay-based biosensor, a novel microfabrication
method [10] called xurography, was employed. The one-step
CEDIA procedure [7] and monoclonal antibodies specific to
each AED were used to simultaneously detect and quantify
specific target drugs in the multiwell ImmunoChips.

An immunosensor assay platform, developed and tested
in this study with three AEDs, could be extended to other
areas of TDM to provide POC monitoring of other thera-
peutic drugs, their active metabolites, and metabolic mark-
ers of chronic diseases.

Materials and methods

Reagents for the luminescence-based homogeneous
immunoassay

The CEDIA reagents were a part of the CEDIA kits
(Carbamazepine II, Phenytoin II, and Valproic Acid II
kits) purchased from Microgenics (Fremont, CA, USA).
Commercial R2 reagents were substituted by a special R2
reagent containing only AED–enzyme donor (ED) conju-
gate and no substrate. Both CEDIA reagents, R1 (anti-

AED antibody, enzyme acceptor [EA]) and R2 (AED–
ED conjugate), were stored at 4 !C. The Beta-Glo assay
system (Promega, Madison, WI, USA) consists of two
parts that are combined at the time of assay to form
Beta-Glo reagent, which contains biolumigenic substrate.
The Beta-Glo reagents were stored at !20 !C and thawed
at room temperature (RT, " 22 !C) immediately prior to
assay.

Stock solutions of AEDs

CBZ stock solution (420 lg/ml) was prepared by dis-
solving carbamazepine (Sigma–Aldrich, St. Louis, MO,
USA) in ethanol. PHT stock solution (630 lg/ml) was
obtained by dissolving phenytoin (Sigma–Aldrich) with
acetone. Valproate sodium (Depacon, 500 mg/ml) was
diluted with 20 mM Hepes (pH 7.5) to obtain VPA stock
solution (3150 lg/ml).

Preparation of AED solutions in normal serum

The stock solution of each of the three AEDs (see
above) was diluted sequentially with drug-free serum to
yield the final concentrations of each AED as follows (ther-
apeutic range for each drug shown in parentheses): 2.5, 5.0,
10, 15, and 20 lg/ml for CBZ (5–12 lg/ml); 5, 10, 15, 20,
and 30 lg/ml for PHT (10–20 lg/ml); and 25, 50, 75, 100,
and 150 lg/ml for VPA (50–100 lg/ml). The final concen-
trations of ethanol and acetone in the final AED solutions
were less than 1%.

Analyses of AEDs by one-step CEDIA in the presence of
serum

Drug-free serum samples spiked with AEDs were ana-
lyzed using the following protocol: CEDIA reagents (R1
and R2), AED solutions, and Beta-Glo reagent were incu-
bated separately in a water bath for 1 min at RT. Each
AED solution (0.51 ll) was transferred into R1 (2.56 ll),
and immediately R2 (1.93 ll) was added to the mixture
of R1 and AED. Then the CEDIA reaction mixture
(5 ll) was transferred to a polystyrene tube (12 · 55 mm,
Elkay Products, Springfield, NJ, USA) containing freshly
prepared Beta-Glo reagent solution (5 ll). Luminescent
signal (relative light units [RLU]) was measured as a func-
tion of time at RT using a Luminometer TD 20/20 (Turner
Designs, Sunnyvale, CA, USA) at a sensitivity setting of
40.2%. The concentrations of all three drugs (CBZ, PHT,
and VPA) were measured individually using the procedure
described above.

Determination of AED concentrations in serum samples by
CEDIA and FPIA

Residual deidentified serum samples from patients,
treated with one or more AEDs, were analyzed by the
CEDIA procedure (described in the previous paragraph)

ImmunoChip for simultaneous detection of antiepileptic drugs / X. Yang et al. / Anal. Biochem. 365 (2007) 222–229 223



Aut
ho

r's
   p

er
so

na
l   

co
py

and FPIA. The latter was performed at ARUP (Associ-
ated and Regional University Pathologists) Laboratories,
a Clinical Laboratory Improvement Amendments
(CLIA)-certified clinical national reference laboratory
(Salt Lake City, UT, USA), according to the manufac-
turer’s instructions. The sources of the reagents for FPIA
were as follows: CBZ and VPA (Abbott Laboratories,
Abbott Park, IL, USA) and PHT (Seradyn, Indianapolis,
IN, USA).

ImmunoChip fabrication

A new rapid prototyping method [10] was used to pro-
duce the multi-AED ImmunoChip. A Graphtec
FC5100A-75 knife plotter (Graphtec, Santa Ana, CA,
USA) was used to cut ImmunoChip patterns (Fig. 1A) in
a 180-lm thick adhesive-backed vinyl film (Scotchlite Plus
Reflective 680 series, 3 M, St. Paul, MN, USA). The holes
were ‘‘weeded out’’ with tweezers, and the ‘‘perforated’’
vinyl film was then transferred to 15-mm square glass cover
slips (VWR, West Chester, PA, USA), which were 150 lm
thick and became the clear bottom for the 1-ll wells. This
prototype of an ImmunoChip consists of 3 · 3 arrays of
2.5-mm diameter holes spaced 2.0 mm apart.

Reagent dispensing and lyophilization

Individual ImmunoChip wells were filled with assay
constituents via a computer-controlled XYZ stage with a
syringe pump and solenoid dispensing system [11]. To aspi-
rate and dispense multiple reagents, six VHS-M/2 solenoid
valves (Lee, Westbrook, CT, USA) were purchased and
connected to a computer-controlled syringe pump (P/N
0162573 PSD/2, Hamilton, Reno, NV, USA) fitted with
an eight-distribution port valve (P/N 0200018, Hamilton)
and a 500-ll syringe (P/N 81247, Hamilton). A LabVIEW
program (National Instruments, Austin, TX, USA) was
used to control the XYZ stage moving via the computer’s
serial COM port. The six dispensers were attached to a ver-
tical stepper motor translation stage (VT-80-25-2SM, Phy-
tron, Williston, VT, USA). A dispensing platform that was
to hold the ImmunoChips was attached to an XY horizon-
tal stepper motor translation stage (VT-80-150-2SM,
Phytron).

To prevent evaporation during dispensing and mixing of
the constituents of one-step CEDIA procedure before
lyophilization, dry ice was placed under the platform, hold-
ing ImmunoChips (Fig. 1B), to freeze a layer of each
reagent as soon as it was dispensed. Reagents were deliv-
ered into the individual wells and frozen in separate layers
sequentially (from the bottom to the top): (i) Beta-Glo
solution (500 nl) containing excipients (100 mM sucrose
+ 50 mM glycine + 10 mM GSH), (ii) R2 (188 nl) with
excipients (100 mM sucrose + 50 mM glycine), and (iii)
R1 (250 nl) with excipients (100 mM sucrose + 50 mM
glycine).

After dispensing, the ImmunoChips with frozen layers
of the reagents were placed in the sample chamber of a Vir-
Tis Genesis 12 pilot plant lyophilizer (SP Industries, Gard-
iner, NY, USA) at a shelf temperature of !50 !C. Primary
lyophilization was performed in a vacuum at less than 100
mTorr with the condenser chamber cooled to !70 !C for
24 h. The temperature of the shelf chamber was then
increased in 25 !C increments every 12 h until it reached
22 !C for the secondary lyophilization stage, which lasted
12 to 24 h.

Sample analysis and ImmunoChip imaging

Serum sample (25 ll) containing all three AEDs was dis-
pensed on the center of the nitrocellulose filter paper
(Whatman, Middlesex, UK), which was placed above the
wells of the array. Serum sample, applied to the middle,
wicked along and through the filter paper and into each
well, dissolving the reagents and initiating the CEDIA
and bioluminescent reactions.

The bottoms of the ImmunoChips were viewed by
placing them on a window above a close-up macro cam-
era lens, which collected the luminescent signals from
the individual wells and projected them onto an Andor
iXon DV 885 charge-coupled device (CCD, Andor, Bel-
fast, Northern Ireland). The signals were recorded in a

Fig. 1. ImmunoChip design and dispensing of the assay reagents. (A) A
3 · 3 multiwell ImmunoChip setup and dimensions. (B) Dry ice was placed
under the platform (XYZ stage), supporting a number of ImmunoChips,
to achieve freezing of the assay reagents as soon as they were dispensed. In
each well, the assay’s reagents were dispensed in the following order (from
bottom to top): (i) Beta-Glo solution with excipients (Ex) (500 nl); (ii) R2,
containing AED–ED conjugate and Ex (188 nl); and (iii) R1, consisting of
anti-AED antibody and EA and Ex (250 nl). The reagents specific to the
three AEDs were dispensed in individual rows (VPA, PHT, and CBZ) in
triplicate. ED and EA are two genetically engineered fragments of
b-galactosidase that are essential for the CEDIA reaction.

224 ImmunoChip for simultaneous detection of antiepileptic drugs / X. Yang et al. / Anal. Biochem. 365 (2007) 222–229



Aut
ho

r's
   p

er
so

na
l   

co
py

light-tight imaging environment. The luminescent signal
for each assay was recorded during a 5-min exposure
(CCD temperature = !40 !C, binning = 4 · 4 pixels).
Images were analyzed with ImageJ (http://rsb.info.nih.-
gov/ij) and MatLab (MathWorks, Natick, MA, USA)
systems to subtract background noise and integrate the
CCD counts across the area of each well for each
exposure.

Results and discussion

Performance of one-step CEDIA platform to measure AEDs
in serum

Numerous methods have been used to detect and quan-
tify VPA, CBZ, and PHT in serum. These include spectro-
photometry [12], gas chromatography [13], high-

performance liquid chromatography (HPLC) [14], radioim-
munoassay [15], enzyme-linked immunoassay [16], fluores-
cence polarization immunoassay [9], and tandem liquid
chromatography–mass spectrometry [17]. The widespread
use of these AEDs as mono- or combined therapy in the
management of different seizure types, in combination with
well-established therapeutic ranges [18], resulted in a high
demand for rapid quantitation of drug concentrations in
serum.

The luminescence-based one-step CEDIA platform [7]
provides a sensitive, simple, and relatively fast technique
for detection and quantitation of CBZ, PHT, and VPA
in the presence of serum. Data generated with increasing
concentrations of each drug are shown in Fig. 2 and illus-
trate how the respective calibration curves may look using
this technique. The intra- and interassay imprecision data
for measurement of the three AEDs using this one-step
CEDIA procedure are summarized in Table 1. Intraassay
imprecision was determined by assaying serum samples at
six different concentrations of each drug five times in a
single day. To define interassay imprecision, serum sam-
ples at six different concentrations of each drug were mea-
sured on 5 different days over a 2-week period. The
highest calculated coefficients of variation (CVs) of intra-
and interassay measured in serum samples were 6.9 and
9.3% for CBZ, 5.3 and 9.6% for PHT, and 5.6 and
9.2% for VPA, respectively.

Assays demonstrating intraassay imprecision of 5 to
10% are acceptable for clinical use, according to the
Clinical and Laboratory Standards Institute (CLSI)
protocols.

Evaluation of luminescence-based one-step CEDIA
procedure

Using residual deidentified patient specimens, the results
generated with the optimized one-step CEDIA platform
were compared with data obtained by FPIA. Results were
generated for 10 samples for CBZ and 12 samples for PHT
and VPA. Each sample was divided into five aliquots.
Every aliquot was tested five times in a single day. Five

Table 1
Intra- and interassay imprecision data from measurements of CBZ, PHT, and VPA by one-step CEDIA in the presence of normal human serum

CBZ PHT VPA

Concentration
(lg/ml)

Intraassay
CV (%)

Interassay
CV (%)

Concentration
(lg/ml)

Intraassay
CV (%)

Interassay
CV (%)

Concentration
(lg/ml)

Intraassay
CV (%)

Interassay
CV (%)

0 5.7 9.3 0 4.5 7.3 0 5.6 5.3
2.5 6.9 5.7 5 4.1 2.4 25 4.3 9.2
5 2.9 6.6 10 1.5 9.6 50 1.7 4.1
10 2.6 1.2 15 3.3 3.1 75 3.0 2.3
15 3.4 8.6 20 5.3 8.6 100 2.1 2.4
20 2.9 4.2 30 1.7 7.2 150 2.9 1.4

Note. Normal serum, on day 0, was spiked with either CBZ, PHT, or VPA stock solution to reach the final concentrations of 0, 2.5, 5.0, 10, 15, and 20 lg/
ml for CBZ; 0, 5.0, 10, 15, 20, and 30 lg/ml for PHT; and 0, 25, 50, 75, 100, and 150 lg/ml for VPA. The aliquots of the individual samples, each
containing the respective drug at the given concentration, were tested five times in a single day on 6 nonconsecutive days within a 2-week period. n = 120
for all three AEDs.

Fig. 2. Determination of VPA, CBZ, and PHT concentrations, in the
presence of serum, by one-step CEDIA with Beta-Glo assay system. In
this set of experiments, drug-free normal serum was spiked with VPA,
CBZ, or PHT as described in Materials and methods. Calibration curves
represent slopes of kinetic curves (120–180 s) as a function of AED initial
concentration. Crossed bars designate therapeutic ranges of the respective
AEDs. Data are based on four replications for each concentration of
respective drugs measured (mean ± SD). CBZ (open diamonds) and PHT
(open squares) employ the lower x axis, whereas VPA (open circles) uses
the upper x axis.
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aliquots from the same sample were tested on different days
over a 2-week period. Total numbers of tested points were
300 for CBZ (10 samples, five replicates each day, run on 6
days) and 360 each for PHT and VPA.

The Bland–Altman approach [19], based on graphical
techniques and simple calculations, was used to describe
the correlation of the data obtained by one-step CEDIA
and FPIA for measurement of CBZ (Fig. 3A), PHT
(Fig. 3B), and VPA (Fig. 3C). Agreement of the values

obtained by the two methods can be summarized by calcu-
lating the bias, estimated by the mean difference (d) and the
standard deviation of the difference (s). If there is no con-
sistent bias, most of the differences are expected to lie bew-
een d ! 2s and d + 2s and follow a normal distribution.
According to these criteria, the results depicted in Fig. 3
demonstrate that the data obtained for the three AEDs
by one-step CEDIA agree well with those measured by
FPIA.

Specificity of one-step CEDIA for measuring CBZ and PHT

Active metabolites of CBZ and PHT were specifically
considered to evaluate the potential for positive bias in
results due to the well-recognized potential of these metab-
olites to cross-react with detection antibodies in immunoas-
says. Carbamazepine-10,11-epoxide (CBZ-E) is the active
metabolite of CBZ, with both having similar structures.
Specificity of the one-step CEDIA for measuring CBZ
was tested with patient serum specimens containing CBZ
and CBZ-E (Table 2). Our results indicate that when the
CBZ-E concentration is greater than 10 lg/ml, its cross-
reactivity is evident and total CBZ concentrations increase.
However, the assay has low cross-reactivity to CBZ-E
when this metabolite is present in low concentrations
(CBZ-E < 5 lg/ml). Accumulation of CBZ-E is patient spe-
cific, so significantly accumulated levels of CBZ-E greater
than 5 lg/ml may falsely influence the CBZ results and
should be viewed with caution. The main metabolite of
PHT, 5-(4 0-hydroxyphenyl)-5-phenylhydantoin (HPPH),
exhibits a 5% cross-reactivity at its concentration of
500 lg/ml in the CEDIA Phenytoin II assay, as tested at
Microgenics. Further evaluation of the specificity and
accuracy of the ImmnoChip will require comparison of this
method with a chromatographic and/or mass spectrometric
methodology.

Simultaneous detection of multiple AEDs using multiwell
ImmunoChip

On demonstrating that the one-step CEDIA procedure
(i) could quantitatively detect individual AEDs in serum
samples (Fig. 2) and (ii) correlates well with a comparison
method (Fig. 3), we then investigated the detection of mul-
tiple AEDs present in the same serum sample using a mul-
tianalyte multiwell ImmunoChip (Fig. 4). Within each row
of the three wells (rows from top to bottom in Fig. 1A: (i)
VPA, (ii) PHT, and (iii) CBZ), assay reagents specific to a

Fig. 3. Difference between the data obtained by one-step CEDIA and
FPIA against their means for CBZ (A), PHT (B), and VPA (C). The
residual deidentified patients’ specimens were analyzed by both the one-
step CEDIA procedure and FPIA. The results were evaluated using the
Bland–Altman approach [19].

Table 2
Cross-reactivity detected by one-step CEDIA in patient serum sample
during measurement of CBZ in presence of CBZ-E

CBZ (lg/ml) 5 5 5 9 9 9 16 16 16
CBZ-E (lg/ml) 5 10 20 5 10 20 5 10 20
Cross-reactivity (%)a 2 12 21 3 8 13 2 4 5

a Cross-reactivity (%) = {value of ([CBZ] + [CBZ-E]) ! value of
[CBZ]}/value of [CBZ] · 100%.
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particular drug were dispensed, as illustrated in Fig. 1B,
and lyophilized, as described in Materials and methods.

Serum samples were assayed in triplicate for the pres-
ence of the three AEDs using an ImmunoChip. The lumi-
nescence patterns that resulted when serum samples
containing a mixture of the three AEDs were dispensed
over the ImmunoChip through a bonded nitrocellulose fil-
ter paper are presented in Fig. 4A. The concentrations (lg/
ml) of respective AED in serum samples are listed in the
table below each ImmunoChip.

As illustrated in Fig. 4A, assays of AEDs on each Immu-
noChip produced different luminescent signal intensities at
the appropriate sitewhere particular capture antibodieswere
dispensed. A comparison of six ImmunoChips (from left to
right in Fig. 4A) reveals that the light intensity in each well
increases with higher concentrations of the respective drug
tested. The calibration curves presented in Fig. 4B demon-
strate the feasibility of detection and quantitation of the
three AEDs simultaneously in a multi-AED ImmunoChip.

Performance of ImmunoChip prototype

The current study fulfilled one of our major goals. It
demonstrated the feasibility to build a multianalyte multi-
well immunosensor intended for the TDM at the POC set-
ting. As with each prototype, there were still some

limitations identified. Unlike a one-step CEDIA in the fluid
phase, an ImmunoChip prototype has had a relatively large
CV between different batches. This appears to be due at
least partly to the small reagent volumes used in this proto-
type given that the assay reagents are unlikely to coat each
well uniformly and insufficient wetting of the sides may
concentrate reagents in that area. This could also contrib-
ute to the inhomogeneous signal detected in each well
(Fig. 4A). There also may be variations, from batch to
batch, with respect to a starting point of the CEDIA and
bioluminescent reactions that is assumed to be at the end
of the rehydration of lyophilized assay reagents with serum
samples. Under the experimental settings used in this study,
there was a lapse of approximately 30 s between dispensing
serum sample and starting signal recording by CCD cam-
era. The time required for reconstitution, however, depends
on the condition of lyophilized reagents such as the shape,
homogeneous form, or excipient types and their concentra-
tions used. Taking these factors into consideration, the
starting point of reaction taking place in different wells of
the same ImmunoChip or wells on different ImmunoChips
may have variations, resulting in relatively larger differ-
ences of the signal values. To further improve its utility,
the ImmunoChip developed and used in this study requires
further optimization and testing before it could be made
more widely available.

Fig. 4. Simultaneous detection of three AEDs using multiwell ImmunoChips. Serum samples, used in testing the performance of ImmunoChip, were
prepared from a drug-free normal serum, to which a mixture of VPA, CBZ, and PHT was added at the concentrations (lg/ml) listed in the table below the
CCD images of ImmunoChips. (A) CCD images for VPA, PHT, and CBZ assay performed on ImmunoChips. Serum containing different concentrations
of the three AEDs rehydrated the lyophilized reagents (Fig. 1B) in each well and initiated CEDIA and bioluminescence reactions, resulting in luminescent
signal. (B) Calibration curves represent integrated CCD counts from 5-min exposures as a function of AED concentrations. CBZ (open diamonds) and
PHT (open squares) employ the lower x axis, whereas VPA (open circles) uses the upper x axis.
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Conclusions

The purpose of this study was to use array technol-
ogy to make an ImmunoChip for the rapid and simul-
taneous analysis of multiple AEDs. The luminescence-
based one-step CEDIA procedure [7], which serves as
the ImmunoChip platform, requires no separation steps,
consumes small quantities of reagents and samples, and
has a short analysis time with easy handling. This plat-
form provides a precise and relatively fast technique for
detection and quantitation of CBZ, PHT, and VPA in
serum samples simultaneously. The total analysis time
for each serum sample was 30 s for the sample dispens-
ing and 5 min for an exposure to the CCD camera. For
each serum sample, three AEDs could be measured in
triplicate on one ImmunoChip. CEDIA results, gener-
ated using residual patient specimens, correlated well
with values obtained by FPIA. In light of the demand
for diagnostic assays that can be carried out in small
laboratories, doctors’ offices, and POC settings, the
ImmunoChip opens the door to miniaturized
biodiagnostics.

This work has detailed several novel points related to
current microarray assays. First, this is one of the first
studies to describe the use of a microarray platform to
achieve the simultaneous detection of AEDs in serum. Sec-
ond, the rapid nature of the assay system offers consider-
able advantages over conventional microarrays that
require long incubation times and washing steps. Finally,
microfabrication using xurography and noncontact dis-
pensers has the capacity to produce arrays of drugs in small
spots. This microfabrication method showed great poten-
tial for rapidly prototyping microstructures to perform
accurate sample delivery and reagent mixing. In addition,
its short processing time and low-cost material requirement
make it feasible for high-throughput automated fabrica-
tion. This multianalyte ImmunoChip has broad implica-
tions for a wide range of substances such as other
therapeutic drugs, drugs of abuse, peptide hormones, and
metabolic markers of chronic diseases.
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Optically Controlled ligand Delivery. ll. Copolymers
Containing a-Methylphenacyl Bonds

HUNC-REN YTN, JOSEPH D. ANDRADT, and JINDNICH KOPE.EK.

Depadments oI  Mater ia ls  Science and Engineer ing and of  Bioengineer inS,
Univerr i tv  of  Utah.  Sah Lake C' tv .  Ut ; 'h  84112

SYNOPStS

N- ( 2-hy&oxrpropyl ) methaoylamide copolymeB .ontainins side chains te.minated in a
model lisand, N+ert-butyloxycarbonylslycine (Bo. Gly), bound via photocleavable d-
methylphenacyl bonds were synthesized to test the possibility of developine a. optically
controlled ligand delivery system suitable for sensors. One of the copolyme.s was tu.ther
covalently atiached to 3 aminopropyl tuiethoxy silane (APS) coated porous Bilica beads
which were modined with an excess of d,@ diamiropoly ( eihylene oide ) , mol@lar weighis
1000 or 5000. The photochemical release otligand induced by exposure io lisht in solution
and at the solid liquid interface was studied. The influence of solvent and the lensth of
poly(ethylene oxide) (PEO) spaceN on the rate of photocleavase were deterhined. The
hydrob.tic stability of the d meihylphenacyl bond in both solution and ai the solid liquid
intedace were also investisaied.

INTRODUCTION

The specificity of antibody (Ab) aniicen (Ac) in
reracl ions and.ompel i l ive b;ndrng rea.r ion" u. ing
labeled Ag or Ab have permitted the development
of immunoaseays with very high s€nsitivity and
specificity. Although modem competitive binding
immunoassay kits arc very simple to use, they arc
totally unsuitable for continuous and/or rcmote

Therc exists a possibility to use the competitive
binding immunoassay principle in 6ber optics and
thin film wave gnide sensols.r Such sensors will be
based on rcmotely contmlled ligand delivery and to-
ls l  inrernal ref lecl ion f luore.cence rTTRF) =ensiqs.
The development of such sensorc requires a number
of basic and applied science studies' including poly
mer slnthesis, rcmote lisand delivery,3 antibody
binding, Ag Ab bindins constant regulation,a and
biocompatibility.

One ofthe key parts of the overall sensor problem
is rhe opr ical l )  conr rouFd rclease of l igands. To in-

vest issre rh;"  quesuon. $e ha\e srudied N-(2-hy-
droxpropyl ) methacrylamide (HPMA) copolymeB
containins side chains t€rminated in ligand€ bound
via photocleavable bonds. Copolym€rs of HPMA
werc chosen because th€ir structues permitted in
troduction of diftb.ent reactive units into one poly,
me c chain5 and, consequenUy, ofier the possibili-
ties to attach ligand-containing copolymers to fi]nc-
tionalized surfaces.

In the tust paper ofthiB series HPMA copobreB
with lisands (Boc-Gly, ftuorescein, and tetmmeth
yhhodamine ) bound via the 2-nitrcbenzyl bond werc
synthesiz€d and the photocl€avage studied." Frcm
these expedments, it may be concluded that Boc-
Gly is stable du ng inadiation and photocl€avage,
whercas fluorcscein and tetramethylrhodamrne un
derso structuml changes wh€n in solution. However,
all the lisands werc stable when attached to HPMA

In this communication another photocleavable
bond, d-methylphenacyl, was investisated. Copoly
merc containins side chains terminated in model
lisand iBoc G1y) bound via photocleavable d-
merhylphenacyl bonds wcre synrhesized. To iEres-
tisate the photocl€avase rcaction at the solid-liquid
intedace, one copobmer was turther covalently at-
tached to modified porcus silica beads with no spacer

'To whoh correspondence shodd be ad.Lessed at Lle De
partnent of Bioensircerins, 2480 MEB-

qxr o02r 3ser/er/o7r 21r rr$0100

t24l
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or with PEO spaceB of difercnt lengths ('4r'. = 1000
and5000). Copo\nners in solution andatthe sotid
liquid int€rface werc exposed to light resulting in
release ofthe bound ligand. Dependins on rhe t!T,e
ofsolvpnr and lenglb,r l  PEO space.,  di f leren.e. in
the mte of cleavage were obiained. The hydrobtic
stabitity ofthe a-methylphenacyl bond in solution
and at solid liquid intefaces was also studied.

METHODS

Chemicals
'N-(2-hy&oxlpropyl)nethacfylamide 

was prepared
as previously described (mp 69-70oc).d 2,2,-Azo
isobutyronitrile (AIBN) was recrystallized ftom
ethanol. Pomus silica beads, 3-aminopropyl trieth
oxy si lane { APs r coared 30 /n mesn. 175 A pore
size, werc from Fluka. clutaraldehyde (clu), 25%
solution in wat€r, E.M. crade was supptiedbypoly-
sciences. Diamines NH, PEOlooo NH, and
NH, PEO6ooo NH, werc a kind gift from Dr. S.
Nagaoka (Torav Industries, lnc., Kanasawa, Ja-
pan). lr' succinimidyl 3 (2-pyridyldilhio)propio,
nate (SPDP) and N- (3-am;nopropyl) nethacryl-
amide hydrochloride were from Phamacia and
Kodak, respectively. Dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and aniline were pu

fied by distillation under rcduced pressure. Other
solvents used were freshly distilled. [3H]-slycine
( Amersham) was used without further pu fication.

Synthesis

Methacrylanilide (l )

Methaqylanilide was prepared according to Ref. T.
The product was crystallized liom ethanol, mp 84
85"C ( l i t . ,? mp 84+5"C).

ANAL. Calcd for C,oH,rNO (161.0): C. ?4.53%; H,
6.83 %; N, 8.69%. Found: C , 7 4.46%t H. 6-90%, N, a.607., .

N-1412-Chloto-
propi o nyl ) pheny I I m ethacry Ia n i d e ( 2 )
Chlorop.opionyl chloide (66 s, 0.52 mo1) was added
into the dichloromethane soluiion ( 150 rnl,) ofalu-
ninum chloride (84.3 g, 0.63 nol). The reaction
proceed€d for 10 nlin under stining and the sotution
became dark led. A solution of nethacrvIanilide ( 1)
(30 g, 0.186 mol) snd a small amount of hydroqui
none in dichloromethane (75 mL) were slovly
dropped into the dark red sotution. The rcacoon

solufion was heated to boiling for t h and then hy
drolyzed with ice cold water for 15 nin. The di
chlorcmethane layer was collected, &ied with mas,
nesjum sulfate, andpurified lvith active ca$on. The
powder .esidue obtained after rcmovins the dichlo-
.omethane was rc&ystallized twice from acetone/
petroleum ether. Yield: 20.5 g, mp 119 120oC.

ANAI-. Calcd for CDHLaNCIO, (251.5): C, 62.03%; H,
5.57 %iN. 5.57%i Cl, 14.r2% .I.o\nd: C, 6r.60%tH, s.57%l
N, 5.36%; Cl, 14.48.

Cesiu', Salt of 13Hl-Boc-Gly (3)
(a) ['H] Boc-Gly: A mitule of 1.125 s cold glycine
( 15 mnol) and 1 moi of [:]H l-stycine in 1 mL
aqueous solution (specific activity: 19 Cilmnol)
were d;ssolved in a mixture of dioxane and wat€r
(45 nI-, vol mtio 2 : 1) and 15 mL of 1N NaOH. A
dioxane solution of di-re.r butyl dicarbonate (3.6 g,
15 mmol) was added into the prccooled mixtu.e
( 4'C ) . The rcac1,ion proceeded under stirins B0 min
at 4oC and another 30 min at room tempemture.
Dioxane and wat€r werc rotoevaporared. The residue
was dissolved in water and the unrcacted di rer,-
butyl dicarbonate was extmcted with ether. The
aqueous potion was collecied and acidified to pH
2-3 with saturated potassium bisuuate aqueous so
lution. The cnde prcduct (lrHl-Boc Gly) was ex
tracted twice with ethyl acetate and &ied ovemisht
with ma$esium sulfate. The next day the masne
sium sulfate was frltered ofi and the dry pmduct
(feld: 1.? s, mp 8?"C) was collected by evaporatins

(b) oesium salt of t3Hl Boc-ctyr I3Hl-Boc cly
was firrther reacted with 20% aqueous cesium car-
bonate (2.94 s,9 nmol) for 2.5 h. The cesiuD sar
of L3Hl Boc-Gly (3 ) was obtained by removing the
water and drying under retuced pressur€.

N- {  4- L2-fN-rertbulorycdftonr lglry lo\y t-
No p io n y I 1 ph e ny I j net h ac ry I amide ( 4 )
The suspension of 3 (9.8 mmol) in 11.4 mL DMF
was added to the DMF solution (1.9 ml) of 2 i0.98
s, l:1.9 mmol) with a hydroquinone inhibitor r[ore
mtio of 2 and 3 = 1 : 2.5). The rcaction proceeded
Ibr 24 h under sti ing at room temperaturc. A small
amount of undissolved powder was filtered off and
DMF removed by rotary evapomtor. The yellow oil
obtained was dissolved in a larye amount of ether
and the uueacted portion of 3 was extmcted with
wate.. The ether potion was collected and put in a
freezer for crystallization. The radioactivity of 4 was
meaEurcd as 0.162 pCilmg. Yield: 0.36 s, mp 149
150"C. A cold.l which was sent for elemental anal-
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ysis was s)nthesized by the same method, its ere-
mental analysis was as folloq,s:

ANAL. Calcd for qfi,6II,O6 (390.0): C, 61.54%; H.
6.70%; N, 7.18%. Found: C, 111.69%; H,6.96%i N, ?.16%.

Copolymerization

Copolymer 5 was p.epared by radical precipitation
copolymerization of HPMA and 4 (mole ratio 97 :
3) in acetone (12.5 wt % ofmonomers; 0.6 st % of
AIBN as iniiiator) at 50"C as previously described.ss
The qont€nt ofmonomeric units of 4 in copolymer
5 was calculatedto be 2.5 mol % using radioactivity
m€asurement. To perform GPC analysis, a cold co
polymer 6 was prcpared by the same procedue. The
weisht and number'avemge molecular weishts of
copolymer 5 (M. : 100,000; M,,,/M" = 2.8) werc
esiimated from the GPC anatysiss on a Sepharose
aBl6B (1 : 1) column (90 x 1.6 cm) calibrated with
tuaciions of poly(HPMA) ibufier: 0.5M NaCl
+ 0.05M TRIS; pH 8.0).

Copolymer 7 was prepared by radical prccipita
l ion copolymenzarion of HPMA. N-(J-aminopro
pyl)methacrylamide hydrochlorid€ (6) and 4 (nole
ratio 89.5 : I : 1.5 ) in methanol (12.5 e-t % ofmono
mer; 0.6 et % of AIBN as initiator) as described
above. After 24 h at50'C, the copolymerization was
completed and triethylamine was added to transform
the hydDchlo de into ftee base. The copolymer so'
lution was precipitated into acetone, rcprecipitated,
collected, and d ed. The content ofmonome c units
of 4 and 6 was quantilied to be 1.4 and ,1.? mol %
using .adioactivity measurcment and the ninhydrin
method,'" respectively. Cold copolymer 7 which was
used for molecular weisht determination was pre-
pared the same way. The weisht- and number-av-
elage molecular weights of copolymer 7 (M.
= 41,OOOI M,/ M" = 1.6) werc estimated f.om the
GPC analysis.'g

Modilicalion of Silica Beads

The silica beads were modified accodins to proce-
dures described in Ret 11.

Aldehyde Beads: ) APS CLU-CH:O(9)

One gram of APS coated beads (a), containins 14
nmol NH,/ms, were 4act€d with 20 mL 2.5% slu-
tamldehyde (GLU) in bo.ate bufier, pH 8.6 (batch
A), or carbonate bufier, pH 9.5 (batch B). The rc-
action mixturc was gently shaken ovenight at rcom
t€mperatue, and then washed many times with wa-
t€r, ethanol, ether and dried. No NH, groups were

detectable on beads by a qualitative t€st using the
ninhydrin method.ro

Amino Beads: ) APS-GLU PEOIIN NH,(10),
)  APS GLU-PEOsooo NH, (11)

One sam of aldehyde beads I (batches A md B)
were reacted with a large excess of the respective
diamine soluiion:5 mL 20% NH, PEOrooo NH,
or 4 mL 50% NH, PEO'000-NH, in sodium car-
bonate/bica onate bufier pH 9.0. Beade were
gently shaken ovemisht and washed thoroughly as
desc bed above. The azomeihine bond fomed was
reduced by rcaction with 80 mg NaCNBH3 in 3 mL
sodiun ca$onate/bicarbonate buffer pH 9.5. After
proper washins and drying the cont€nt of NH, was
determined as desc bed below. No aldehyde groups
on beads werc detectable afier diamin€ heatment
by the rcaction with dinitrophenylhydrazine.rz

Modification of PEO Spacer-Containing Eeads:
Ptepatation of )-APS GLU PEOtuo
CLU CH-O (12),  )-APS CLU
PEOsaoo GLU CH:O (13)

One sram of NH, groupe coniainins beads 10 and
11 (batches A and B), rcspecdvely, were treated
\\ith 20 mL 2.50,4 gluta.aldehyde by the same pro-
cedurc as descdb€d above. The rcmaining uneacted
NH, srcups after glutaraldehyde treatment were
quantified as descdbed below.

Co po ly m er- De iv atiz ed SrTica Aeadsr
) APS CLU CH,-NH Copolymer 7 (14),
)  APS AU-PFOnoo GLU CH, NH-
Copolynet 7 (15), and ) APS CLU-PEOIN|
CIU CH, NH Copolynet 7 (16)
Five hundred fifty millisrams of beads 9, 12, and
rB (batch A), respectively, werc treated with excess
of the copolymer 7 (500 ms) in DMSO. The Eus
pension was gently shaken ovemight at room tem-
p€ratu*, and then washed many times with ethanol
and methanol. The azomethine bond was turther
*duced by reaction with 50 mgNaCNBH3 in phos-
phate/citric bufier, pH 4.5. After proper washing
and drying the binding eficiency was quantified as

Nonspecific Adsotption of Copolymet 7 to
Silica Beads
To estimat€ the ext€nt of the nonepecilic a&orytion
of copolymer T, beads a, 10, and 1l were incubat€d
with copolymer 7 as descdbed above. Beads wiih
physicaly adsorbed copolymer T were numbered 17,
la, and 19, respectively (se€ Table II).
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Analysis of Beads

Determination of NH2 Groups. The concenha
tion of amino sroups on the beads was determined
usine N-succinimidyl 3-(2-pyridyldithio)propio
nat€ ( SPDP ) .u The beads were teated with an ex-
cess of SPDP in the p*sence ola smau amount of
4-dimethylaminopyddine (catalyst). The unreacted
rcasent was removed by washing, followed by rc-
duction of acylated beads by diihioihreitol (DTT ) .
This msults in the release of pyridine-z thione,
whose concentration was determin€d spectrcpho
tometdcally at 343 nm (. : 8080 L/mol cm).

Surface Area of Beads. The specific suface of
o sinal APS coated beads was 33.4 m'ls. AlI mod-
iffed beads (batch A) had specific surface in the
ranse ftom 29 to s1 m'?ls.rr

Radioactivity Measurement

All 3H radioactivi+t neasurements werc pedormed
with a Beckman LSlS0l scintillation count€r using
biodesadable scintillation cocktail (National Di
agnostic, NJ ) for photocleavage studies in solution
and Ready Gel cocktail (Becklnsn) for siudies at
the solid-liquid inteface.

Determination of Radioactivity on Silica Beads

Twenty to thity milligams of beads and 0.5 mL
6N HCl were put into glass ampoules. The ampoules
were sealed and heatedat 110'C for l2 h. Aft€r cool-
ins the ampoules, the aliquots were bansfeEed to
scintilation vials, diluted, neutralized with 6N
NaOH, and the radioactiviw measuement per'

Hydro|ytic srability

Hydrolytic Stability of Copolymet 5 in solution

Copolymer 5 was incubsted with buffen havins dif-
ferent pH's in t€st tubes at room tempeiatlrie or
37'C in the dark. After incubation at vadous time
inteNals, the copolymer soluiion ( 1 $4 % ) was ap
plied to a PD-10 column (Pharmacia) equilibrated
with the bufier. Fiactions corresponding to high
and low molecular-weight substances werc pooled
and their radioactivities determined. The stru€ture
of Boc Gly released by hydrolysis was ve fied by
TLC (Silca gel 60 F254 frcm EM Laborato es,
lnc.) using l-butanol/acetic acid/water (vol. ratio
3 : t : 1 ) . 1 4

Hydrclytic Subility of Copolymer 7-Containing
Silica Beads t4

Silica bead6 (30 mg 14) and 0.4 ml pH 4.5 citrate/
phosphslc nr pH 7.2 phosphare buffer.  were incu
bated in 37'C. Th€ radioactivity of the supematant
was measurcd at time intervals always before addins
fresh bufier. The hy&oMic stability against 50%
t ftuoroacetic acid (TFA)/CH,CI, was peforned
at room temperature similarly as descdbed above.

cp t  p  cH"
cq.-g |  4 - i ;=+} Tcr--c -n LH, 9 r" .

C O  l ^  C Or T l
I H  N H  N H

I

ir, cHz Ar
cH--oF] cH--.H \2
cHa cH: Jo

I
?"-"r
Jo' J 4
N H
I

FiguE2 Synth6iB of copolymer 5.
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Photocleavage

Photo cle avaEe i n Sol ution
Copolymer 5 was dissolv€d in methanol or ethanol
to form a 1 Et % solution and then dea€rated with
ni trosen for 30 mir.  The copolymer solut ion wa
iradiated in a quartz cuv€tte (d = 1 cm) with a LH
150 mercury lamp ( 200 W, Schoefiel Instr. Co.) with
maximal emission at 360 nm for va ou8 time pedods
(intensiiy: 8 mw/cm' at 365 nm; a focusing lens
was placed betwe€n lamp and the sample). A{ter
iradiation, the solution was applied to Sephadex
LH-20 column (28 X 1 cm) and the radioactivities
of the individual fractione were measued. The de-
creas€ of mdioactivity in th€ copobmer rcflected th€
amount of Boc Gly released (analysis was done in
t plicate). The struqturc of Boc Gly released was
qualitatively ve fied 6y TLC.la

Photocleavage at the Solid-Liquid lntetface

Thirty milligtams of the copolper 7-de vatiz€d
silica beads (r4, r5, and 16) and 0.5 mL dehy

OPTICALLY CONTROI,LED LICAND DELIVERY. II I2!I5

drated ethanol were poured into ItV quartz cylin
ddcal cell with Teflon stopper. The cell was attached
to a rctator (Clas-Col Co.) with speed 60 rpm, Eo
that. during irradiation a centrifugal forc€ gently ae-
itated beads to ensurc the Eame probability of light
access lo every pafl ol 'he surface. The .ell was ir
radiated with a LH 150 mercury lamp (200 W,
Schoeffel Insh. Co ) . The emisEion was fiBt focused
by a tused silica leN, then reflected by a dichroic,
coating minor ( Oriel CoIp.) which reflects only th€
wavelengths between 260 and 340 nm (ihe major
int€nse €mission peaks arc 296 and 312 nm). At
chosen time inteNals, the supematant was with-
drawn for radioactivity measurcment. The increase
of radioactivit in the supematant reflect€d the
amourt of photoreleased ligand. Each experiment
was p€rfomed twice and average data werc plotted
(the difierences between these two sets of daE werc
within 3%). After inadiation, th€ remaining la
dioactivities on the silica beads were determined as
desc bed above. The mass balance of radioactivity
betw€en supematant and silica bead surfaces were
consist€nt thmughout the expedments. Conbols
were kept in the dark. The Boc Gly rcleas€d was
qual i ra, ively ver i f ied bv TLc as degerrb,z abor e.r !

/

\-res-rr" ie)

| 
6xc€ss olslulalald€hyde ( o=cH'(cH2)3-cH=o )

I pH 8.6 (batch A)ore.5 (barch B)
V

)-APs-GLU-cH=O 
(e)

1.  e rcgss  o l  d iamine:  NH_-PEO. t

V

V

or NHtPEOsooo-N. _
2. NaCNBH3 reduction

)-nes----sru 
-eeol ooo- NH2 (10)

)-ees-cru-eeosooo- 
NH2 o 1)

€rcess ol gluraald€hyde ( O=CH (CHr3CH=O )

)-APS- 
GLU-PEOj ooo -GLU----CH=O fl 2)

\_aeS-CrU -PCOL..^ -cLU---{H=O (t 3)
J --- '

Figure 4 Modification of porous silica beads.
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Table I The Content of NHs Groups on Silica Beads a-13

Content of Amino Gtuup
(NH,) (nmol/ns)

Silica Bead
No. Schematical StNctureg Batch Bb

a
9

10
l 1
l2
1 3

) APS_NH,
)  APS_GLU CH O
) APS GLU PEO..M NH'
) APS GLU PEO *, NH,
) APS GLU-PEOI,H' GLU CH:O
) APS GLU PEOs@ GLU CH O

14
0

10
1

t4

7
7
I
I

' These bedds verc prcpared by reacting vith sluta.'ldehyde at !H a.6.
! These beads were pielared by res.firs *ith sluldaLdehyde at pH 9.5. t

l

RESULTS

Synthesis ol Monomers and Copolymers

The monomer containing Boc-Gly bound via d-
merhylphpnac)l  group $as synrlesized bJ a sFrics
of reactions. By the rcaction of methacryloyl chloride
with aniline in b€nzene, methac4'lanilide I was ob-
iained,? which was futher reacted with chloropro
pionyl chloide to yield 2. An excess amount ofthe
c€sium salt of [rH ] -N-ferr-butoaycarbonylslycine
(3) were then allowed to react with 2 in dimeth
yuormamide to obtain ihe 6nal product ,1 ( Fis- 1 ) .
The photocleavable copolymer 5 was prcpared by
copolymerization of HPMA and 4 in aceione (Fis.
2). In order to attach the copolymer to modified
silica beads, N (3 aminopropyl)meihacrylamide
hydrochloride (6), a cornonomer containins ftee
NH, goups, was incorporated into copolymer T. The
latt€r was synthesized by copolymeization of
HPMA, 4 and 6 in methanol (Fig. 3 ).

Modificarion of Silica Beads

The modification ofporous silica beads is schemat
ically shown in Figllrc 4.tiThe APs'coaied beads a
contained 14 nmol/mg of amino groups. After re
action wiih a larye excess of glutaEldehyde, prac-
tically all amino groups were conveted to aldehyde
s.oups (b€ads 9). The Iatter were modified with a
large excess of diamines, NH,-PEOfm NH, and
NH, PEOsmo NH,. The rcsulting beads ro and
ll contained ? 10 nrool/mg of terminal amino
sroupE. Due to the incomplete rcaction of beads lO
and 1l with excees of glutaraldehyde, the beads 12
and 13 still contained less than 2 nnol/ms ofun
rcact€d NH, sroups on surlaces ( Table I ) . To eval

uat€ the influence of pH on the bindins rcactions,
two prccedures werc chosen: In batch Athe rcaction
with glutaraldehyde was performed at pH 8.6,
whereas in the batch B it vas pedoned at pH 9.5.
The content ofNH, sroups on beads 10 and 1l of
batch A was 2 3 nmol hisher thm in batch B (Table
I). The surface area ofthe beads ,Fatch A) did not
show any dmmatic change duy' bese polymer-
analosous reactions.r'

, l
. l--r 'Hr ch.B*
f  ao 'c 'u  qo5ooo{._u c"zN+l
l+Ps G'u PEosooo GLU ctM-}\ -

I  " t o  " "

Figure 5 Syntheb and s.hematic structures of sili.a
bea.ls 14, 15, and 16.



'The specific surfdc€ a.ea of :10 mile of bead vss used as a
hrsis lbr catcrllation.

b Covalenl allachnent to lr.dds 9, 12, and 13, r€spectively.
" Nonspecidc adsorprion on beadr a. lo, Md I l, Espectively.

Copolymer-Derivatized Silica Beads
Silicabeads 14, r5, and 16, containing copolymer
7, were synthesized by treating silica beads 9, 12,
and 13, respectively, with copolymer 7. Theirsche
matic structues arc shoM in Fisue 5. The amounts

-gkopol)  mFf 7 on sir ica beads l4-16 were quan-
a ,d h1 hydrolyzing tne beads wirh 6N Hcl al
r -'C for 12 h, followed bv measurement of the ra-
' dioactiviti€s ofthe supematants. The radioactivities

and amounts of copolymer bound on silica 14-16
are shown in Table II. To estimate the nonspecific
adsorption of copolymer on silica su ace, the ra
dioactivities ofphysicalty adsorbed copolymer 7 on
beads a, I  o.  ard I  I  were in. luded lor ,  omparison.
The rcsults sussest that the amounts of covalently
bound and of nonspecific adsorption of HPMA co-
polymer decrcased as the Iength of PEO spacer in-

Hydrolytic Stability ot a-Melhylphenacyl Bond

Hydrolytic Stability ol @-Methylphenacyl Bond in
Solution in the Dark
Table III shows ihe degee of hy&olysis of a meth
ylphenacyl bond in copolymer 5 at difierent pH's.
As exp€cted the ester bond (see structurc ofcopoly
mer 6 in Fis. 2) between [3H] -Boc-slycine and the
polymeric backbons was mor€ stable towad hy&o
lysis under acidic rather than alkaline conditions,
yet the exteme instability in pH 7.2 bufier (close
to pH of human blood) was somewhat su4,risins.
Copolymer 5 was almost completely hydrclyzed
within minutes in more alkaline condiiions, i.e., at

OPTICALLY CONTROLLED I,IGANIJ DELIVERY, II 1247

pH's 9.5 and 10.7. The time course of copobrer 5
hydroly" i"  at  pH 7.0 md 7.2 at 37'C i" .hoM in
Fisurc 6. AtpH 7.2,90% hy&olysis occurredwithin
10 h.

Hydtolytic Stability of a-Methylphenacyl Bond at
the Solid-Liquid Interface in the Dark
The hydrol]tic stability of the a methylphenacyl
bond at the solid liquid interface is shown in Figure
7. Again, as expected, the bond is stable in pH 4.5
and unstabl€ in pH 7.2 at 37oC. However, the Ete
of hydrolysis at pH 7.2 at the solid liquid inteface
was considerably slower when compared to the hy-
drolysis in solution (comparc cuNe A, Fis. 6 with
cuNe A, Fig. 7; 90% of bonds were hydrolyzed in
solution within 10 h, whereas only 30% at the sur
Iace). lt appears that the su ace has a stabilizing
efiect asainst hy&olysis. This ancho ng bond was
completely stable at the solid liquid iniedace in 50%
TFA/CII,CI,, but itwas labiletowad hydmlysnr in
solution (data not shom ). This was consistent with
previously pubiished data.r5

Photocleavage

P hot ocl eavage i n S o I u t io n
The photocleavase of copolymer 5 was canied out
in ethanolic and methanolic solutions in a quartz
cuvette under nitrogen atmosphere. Du ng i$adia
tion, the Boc Gly bound via a'methylphenacyl sroup
was released from the polyme c support. The struc-
turc ofthe rcleased lisand (Boc-Gly) was confrmed
by TLC.]1 Figure 8 shows the rates of photocleavase
rclease in methanolic and ethanolic sol'-\ (the
photocleavase mte of Boc Gly f.om HP \tv
mer containing2 nibobenzyl sroup in meu- .so
lution is included forcompa sonr). The raie ofpho-
tocleavase of the HPMA copolym€r containing the

Table III Eydrolytic Stabilities of Copobrer 5
at 37"C et Ditrerent pE"

PH % of Hy&olysis

2L
4.51
7.2'
9.5

10.?
'Blfers:pH 2 hydrochlo.ic acid/poiassim clloride butrer;

rH4.5 citrat€/rhospheteblfer;pH?.2 phosDlatebufer;pH
9.5 dnd 10.? carbonate/bicarbonate bufer.

'In ubatio. fo. r0 h.

< 5
< 5
96

Almost completely hy.lrolyzed withh mindes
Almost cohpletely hy.lrolyzed within minutes

Table II The Railioactivitie6 (DPM) anil
Amounts of Copolymer 7 Bound on
Modifieil Silica Beads 14-19

Radioactivity
oI Boud

Copolymer 7
Beads (DPM/50 ms

r4b
15b
r6b
L7"
14"
19'

24,900
15,400
10,300

5',100
1100
300

1.81
1 . L 2
0.75
o.4
0.08
0.02

1.2L
0.15
0.50
0.24
0.06
0.01
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Fistre 6.t  lependenr hvdrolvsi"  ot  d mab\l
pheneyl bd ,lution: ( A) in DH 7.2 rlhosDhaie buffer
at 37'C; (B; i pH ?.0 phosphate br$er at room iempei

a-methylphenacyl goup in ethanol was faster than
in methanol (Fig. 8). The rate ofthe 2 nitrobenzyl
group cleavage in methanol was intermediate be-
tween the other two rates.

Photocleavage at Solid-Liquid Inte ace
The mt€s of photocleavase of copobmer-d€rivatized
silica beads 14, 15, and 16 in ethanol are shown
in Fisure 9. In al1 three silica beads the patterns of
photocleavase were similar. The hal iv€s of pho-
tolysis of 14, 15, and 16 wer€ approximat€ly 12,
8, and 7 h, respectively. Photolysis for all thrce bead
systems proceed€d rapidly in the first 2 h, with more
than 20 % of ligand rclease in the first hou]. The rate
ofphotolysis increased with an increase in the Iength
of the PEO spacer.

DISCUSSION

The ultimate aim of this eeries of papers is to de
t€mine the feasibility of th€ development of a lisand
delivery syst€m which i3 remotely conboled by lisht.
Basicaly the ligand, e.g., fluoreecein-lab€led or ra
dioactive antigen, is coupled via a photolabile bond
to a polrm€r mat x.Iradiation oflight ofthe prcper

intensity and wavelength rcsults in bond breakase,
prcviding a rcIeased lisand, which then compet€s
with circulating lisand for the antibody binding sites
on the sensor sulface.'z In this way, an immunoE€nsor
that is remote and continuous with sensitivity and
specificity can be developed.l6

Sensors with difie.ent seonetdes can be dev€I-
oped. Their desisn may be based on two optical fi-
be$, two plate seometry or capilary-Iill devices.l?
R€gadless of geometry, fluomimmrnosensors are
based on the competitive binding of antigen (or
hapten) and m (optically) rcleased fluorescently
labeledantigen to an immobilizedantibody. The de-
t€ction ofthe antigen aDtibodyreaction atthe solid
liquid intedace can b€ pedormed using total int€mal
refl ection ftuorescence.'

This study, however, focuses on the possibility to
felease a model l issnd (Bo. Cly) bound via o-
methylphenacyl bonds to a pollrIeric canier under
optical contml both in solution andat a solid liquid

Type of Bond between the Carrier and Ligand
There are many tj,?es of photocleavable bonds used
in organic synthesis.rs Among these, the a-methyl-

1
J

A s o

I

-'6
E
I
9 a o
s

6 2 0

I
J

rims {h)
FigureT Stability of a-methylphenacyl bonds at solid
liquid interface: (A) iapH 7-2 phosphate butrer at 37'C;
(B) in pH 4.5 citrate/phosphate bufier at 37'C; (C) in
50% TFA/CH,CI, at rcon temperatue-
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phenacyl este. bondf is ofparticular int€rcst since
it can be readily intrcduced into polymer mat ces.'o
This bond was used as an anchoring linkage between
peptide chains and polymer suppots in solid and
Iiquid phase peptide synthesis. For example, it was
shown that the photolltic mte oftetmpeptide release
from a styrcne divinylbenz€ne copolyner was faster
when bound via an d-methylphenacyl bond than
when bound via ihe more frequently used 2-nitrc-

The d methylphenacyl bond has low lyins excited
states because ofthe interaction ofthe elechons be
tween the carbonyl sroup and the phenyl ns. Such
interactions rende. this group photol,'tically cleav
able.ls The photol]'tic mechanism is considercd to
be a simple radical scission of the carbon oxysen
bond." It should be pointed out that the rate of pho
lol)r ic c leatage of IhF o-merhyiphena.yl  Croup iE
solvent-dependent. Th€ solvenh used should behave
as hy&ogen donoft to accelemte the reaction. The
phoiolJ.tic mechanism is shown below'':

cH" cH.
,/=\

R r ^ o o c H c o  ( (  ) ) : ;  R . o o  _ . H - . o < (  ) )\:,/ \:-/

.=
3, oo

I

6

6

E

Synth€sis

The copolymer 5 used foi the photocleavage etudy
in th€ solution was prcpared by copolyme zation of
HPMA with comonomer 4 containing Boc Gly
bound via an @ methylphenacyl soup- To study the
photocleavase at a solid liquid inteface a water
soluble HPMA copolymer was synthesized which
contained additional side chains terminaied in NH,
$oups. APS modified poroue silica (beads 8) wae
used as a solid suppod. P mary amino goups on
its surface (14 nmol/mc) were converted to alde
hyde groups by reaction with an excess of glutar
aldehyde (beads 9). Two pH's werc used for this
reaction, pH 8.6 and 9.5. The rcsulting beads I did
not contain any rcmsining NH, goups indicating
total conveNion. The subsequent reaction was the
attachment of d,o-diaminopoly(ethylene oxide)s.
The re8ultins beads r o and 1 I had a higher content
of NH, groups when beads I werc prcpared at pH
8.6 (batch A) than those prcpared at pH 9.5 (batch
B ) . This indicated that in the latter case part of the
aldehyde groups were consumed by polymerization
at the suface resulting from aldol condensa-

c.IIl
'! - _ ncoou * in -co

rime (h)

Figure a Cleavase of Boc'Gly obtained by photolysis
of HPMA copolrmeE: (A) copolymer 5 in ethanoli (B)
copolymer 5 in methanol; (C) HPMA copolymer contain-
ing 2 nitrobenzyl soup in methanol.'

tion.'?r '?r Consequently, only silica beads prcpared
at pH 8.6 (batch A) werc used for further investi-

The subs€quent .eaction (Fig. 4) was again the
attachment of glutamldehyde to beads 10 and 11.
This reaction was not fu]Iy complete, resulting beads
12 and 13 contained a small amount of residual
NH, sroups (Table I). The ligand was introduced
at the suface by binding ofcopolymer 7 which con
tained side chains t€rminated in NH, group8 to
beads 9, 12, and 13 containins te.minal aldehyde
grouF (Table II).

The PEO spacer was chosen for this study be
caft€ it exerts a unique prctein-resistant property
at solid-liquid int€daces, probably due to its low
int€dacial ftee enersy with water, unique solution
properties and molecular conformation in aqueous
solution, hy&ophilicity, high sudace mobility, and
st€ric stabilization €ffects.rra '?6 The results obtained
(Table II) demonstrate that the PEO epacer could
rcduce the nonspecific adsorytion ofHPMA copoly-
rner 7 on modified silica sudaces. The desee of
nonspecific adsorption of HPMA copolymels on sil-
ica suface may dep€nd on several factorc, e.g., on
the densiw of PEO chains on the surface and on
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phenyl group'r- and the forrnation ofhydrogen bonds
between the acyl oxysen of the ester bond dd the
hy&og€n of amide bond.

On the other hand, when the a methylphenacyl
group was bound at the solid liquid int€face, the
surlace otrercd surfa.e stabilizinB elTccr ro improve
the resistance to hy&olysis. Wang showed that the
a-methylph€nacyl ester bond i^ Z Lye(Zt
Phe-Phe Gly OCH(CH3)-CO C6Ha-resin
(cmsslinked polystyrene beads) was stable against
507a TFA/CH,C1',16 and we have obse.ved the
same. The suface stabilizing efiect is not unex-
pected. Went et a1.23 studied the hydmlysis of poly,
acrylamide attached to polystyrene latex paticles.
The mte of hydrolysis of the foner was signifrcantly
lower when comparcd to the rate of polyacrylamide
hy&olysis in sotution. Apparentiy, conformationai
chanses of an attached polymer arc rcstdcted so that
hydrolysis in the rcgions far from sudace ls more
likely. Consequently, in alkaline solution, duetothe
concentmtion of charged carboxylic groups in the
peripheral zones of the attached polymer, the re-
pulsion of incoming hy&oxyl ions is enhanced,
Ieading to a reduced rate of hydrolysis.'zs

Photocleavage
The photocleavase of copolymer 5 in solution is
shown on Fisure 8. In both solvents used, methanol
and ethanol. the cleavage was fast and approxi
mately linear to 60% of Boc-Gly released. The rate
of photocleavage was fast€. in ethanol than in
methanol. During the photocleavage of d-methyl-
phenacyl bond the solvent serves as a hydrogen do
nor. The ditrercnces in the mte of photocleavage
can be att buted to the fact that ethanol is a better
hydrogen donor. This is consistent with the obser
vation that the mte of photofading of aqueous al
cohol solutions of dyes increases with increasing
susceptibility of ihe alcohol towards hy&ogen atom
abstraction, viz. methanol < ethanol," as well as
with the higher chain transfer constant to ethanol
than to methanol during polymerization of butyl ac

At the solid-liquid interface the photorelease of
Boc-GIy from beads 14, 15, and 16 was €valuated
in ethanol (Fis. 9). At the onset ofphotolysis the
.ate of release was the same. As photolysis contin-
ued, the rate of Boc-Gly release was fast€r for the
beads with PEO spacerc (beads 16 and rG) com
pared to the bead without spacer (bead r4). The
results werc similar to the photobtic data obtained
with 2-nitobenzyl photocleavable bonds.3t The
ehort inteNal of fast and nea+ linear ligand release

rm€ (h)

Figure 9 Photocleavase of copolymer 7 coniaining sil-
ica beaG 14 (A),  15 (B),  and 16 (C) in ethanol.

their molecular weight. Because of the simila. spe
ci6c suface areas of beads studied, 1r similar con.em
of amino sroups at the surlace of silica beads 10
and 11 (Table I), and the low possibility for loop
formal ion dunng PEO arachmerl  rurder eipcr i
mental condirions ueed) , the packins density of PEO
chains on surfaces of beads l0 and 11 should be
similar. ConsequenUy, the decrease of nonspecific
adsorytion of copolymer 7, with incrcasing length
of PEO spaceN observed, rcflects the molecular
weight infiuence. The amount of covalently bound
copolymer 7 on the silica beads also decreas€d as
the length of PEO spacer incleased- This is prcbably
due to the lower concenbation of free aldehyde
soups on silica beads 12 and 13 than on siiica
beads 9.

Hydrolyric Stability
Du ng synthestu, the lability of the a-methylphen-
acyl bord toward acidic conditions was observed in
solution. Rapid loss of radioactivity liom copobrer
backbone (6) occunedin 30 wt % HCl/MeoH, 25
and 50% trifluorcacetic acid ( TFA ) / CH,CI, at rcom
tempeEture. The rate of hy&olysis in aqueous so-
Iution incrcased with increasins pH. The incrcased
suscepribility to hydrolysis in alkaline pH's may be
due to the polar efiect of the caibonyl near the
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Figure 10 The amount of photoreleased ligand from
50 m€ of  s i l ica h€ads 14 (A),  15 (B).  and 16 (C) in

would be most suitabl€ for ligend delivery applica

The ditrerences in photobtic mtes b€tween 14,
15, and 16 couid be due to the change ofmrcroen
vircnment at the solid-liquid inte.face, rcsulting in
the change in quantum yield of this photolltic rc-
action. One possible explanation lies in the 6exibility
of the PEO spacer.3'33 The higher mobility of the
PEO spacer misht make the suface-bound polymer
more f lexible.  Under rhe pborol l r  i .  condir ion. i .c. ,
a nonpolarized lisht source ( nedium-prcssure ner
cury lamp ) , the more mobile polyme. would have a
higher elEciency of light adsorytion and rcsult in a
hisher photob,tic rate.

For developing an optical controlled ligand deliv
ery system several facton, e.g., the amount ofpho
tocleavable lisand chemically bound on the suface,
nonspecific adsorption, ard the rate of photolysis,
should be optimized. The capacity of repetitious
usase of this syst€m is dep€ndent on the amount of
ligand chemically bound on the sudace. Nonspecific
a&orption can influence the long term stability of
this ligand deliverv system due to exposure to dif-
ferent test solutions and body flui&. This problem
can be minimized using PEO spacers.I The mte of
photolysis will influence the operation spe€d of this
delivery system. Figue 10 shows the amount of li

gand rcleased vs. time fo.50 mg of silica beads 14,
15, and 16 in ethanol. It showed that the total
amounr of lissnd reles.ed decreascd wirh an increase
ofthe lensth of the PEO spacer, becaGe the amount
of lisand which was chemically bound on silica sur
face decreased (Table II) with the incrcase of the
lensth of PEO spacer. tr'or silica beads 14, the
amount of lisand loaded on silica suface was the
largest, yet the rate ofphotolysis was lowest and the
ability to prcvent nonspecific adsoption was poor-
est. On the other hand, although silica rG showed
the highest rat€ of photolysie and good capacity for
prcventing nonspecilic adsorption, the amout ol
lisand chemically bound on sufac€ was the lowest.
A simple way to increase Ioad of ligand on surface
would be to incorpomte a higher mol % of photo
releasable ligand into the copolymer (in this model
study, the copolymer 7 contained only 1-4 mol % of
side chaift terminated with photocleavable lisand).

From th€ exp€ ments on the photocleavage of
d-methylphenacyl bond in solution and at the solid-
liquid interface, it may b€ concludedthat in solution
the photolysis rate was geate. in ethanol than in
methanol perhaps due to the hisher hydmsen donor
capacity of ethanol. At the solid liquid inteface,
the rat€ of photorelease increased as the leneth of
PEO spacer increased. Although the instability of
thie bond toward alkaline hydrolysis would limit its
application for sensorc used in sit4 it stilt has the
potential to be applied as a lisand delivery system
in organic solvents. From anotherpoint ofview the
alkaline hydrol,tic propety could also be used aE a
tool for pH dependent ligand delivery, e.g., in stim-
uli sensitive delivery sFt€ms, such as hydmgels or

The work was pa.tially supported by NSF Crant ECS-
85 02107 dd by the UniveEity of Utah Research Con-
miltee. We thankDrc. V. Subr and P. Kopeikor6 for ad-
vice md synth$i8 a$i3tance and Dr. S. Nagaoka (Toray
Indstrie3, Inc.. Kanagawa, Japan ) for the kind gift of a,@
diaminopoly ( ethylene oxide ) s.
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Optically controlled l igand delivery: 3.
Photocleavage of 2-nitrobenzyl bonds
at solid-liquid interfaces

Hung-Ren Homer Yen,  Joseph D.  Andrade and J indi ich Kope6ek*
Depaftnents of MaterialScience and Engineeing, and Bioengineeing, University ol Utah,
Salt Lake City, Utah 84112, USA
(Received 20 Decembet 1990; revised 5 Aptil 1991; accepted 17 Aptil l99l)

Optically contolled ligand delilery systems would be useful lor thc desig! and development ofbiosensors.
we synthesized r N-(2-hldrorypropyl)methacrylamide (HPMA) copolymer containins sidechnins
terminaled jn node! llgand (Boc Gly), bound via phorocleavable 2-litrobeuyl bonds. To study
photocleavage at solid liquid inrerfaces. thc HPMA copollner was covalentll attached to 3-aminopropyl
i.iethory silane (APS)coated porous silica beads, shich were modified with d,o-diaminopoly(ethylene
oxide J oi rnolecular weighL 1000 or 5000. The ilnlencc ofthc poly ( ethylene oxide I ("EOl spacer otr the
rate of photolysis and on the minimizatioD of non-specific adsorplion vas detemined. The resulls show
that the photol)iic rates de fasrcr for copolymeFderivalized silicas wilh PEO spacers compared to ihal
without spacer and that ihe PtjO spacer reduces the non{pecinc adsorption ofHPMA copotymer on the

(xeysods: lig,nd delivdy; opticil conlrol; 2-dtrob€nzt bonds)

INTRODUCTION
The combination of the specificity of anlibody anligen
(Ab AgJ intcractiolls ard sensitivity oI competitive
binding assays using labelled Ag or labeled Ab can be
appljed to the development of biosensorsl. Such fibre-
optic, or wavcguide-based sensors could b€ used in a
continuous or semicontinuous mode1. One type ofsensor
is bas€d on remotely contmlicd ligand delivery and totai
internal reflection fluorescenc€ (l-i-r.f.) sensing'..

This s€ries o{ papers focuses on one kcy part of this
sensor research: optical ligand deliveryr,a. In the first
paper HPMA copolymers with ligands (Boc Gly, fluor-
escein and tetramethyirhodamine) bound via 2-nitro-
benzyl bonds were synthesized and their photoclealage
in solution studiedr. The second paper focused on the
synthesis of HPMA copolymer-derivatized silica beads
with ligand, Boc Gly, bound via the d-methyiphenacyl
group and on the sludy of tbeir photocleavage, both in
solution and at the solid iiquid jnterfacea.

Silica was used as a solid support becausc of its
opticai properties; especially jts high optical traff-
mission, low fluorescence and relatively high refractive
inden. The last of these permits thc usc of toial internal
reflection optics as a means to excile liuorescence on the
solution sidc of thc solid liquidinterlace without exclting
br k fluorescence in the solution phases 6.

In this paper we present a HPMA copolymercontaining
sidechains terminated in model ligand (Boc cly ) bound
via 2-nitrobenzyl groups. This copolymet was used to
study the photocleavage j reaction at the solid liquid
irterface. Copolymers at rhe solid {silica bcads) ljquid
interface were expos€d to iight, resulting in felease ofthc

bound ligard. The d€pendence olthe rate of cleavage on
the prcscnce of th€ PEO spacer was determincd.

EXPERIMENTAL

Porous silica beads, 3-aminopropyl triethoxy silane
{APSlcoared. J0 40 mesh. l7.5nm pore size. $ere
obtained from Fluka. Giutaraldehyde (cLU), 25%
solution in water, E.M. Grade, was supplicd by Poly-
sciences. Diamines: NH, PEOlooo NH, and NH,
PEO5ooo NH, were a kind gift lrom Dr S. Nagaoka
(Toray Industrics, Inc., Kanagawa, Japan).

N-(2-Hydrorypropyl)methacryiamide (HPMA) was
pr€par€d as described previously, melting point 69 70"C
(r€ference 7. melting point 69 70"C). 4-[N-(tertBut
oxycarbonyl)slycyloxymethyll 3,nitrobenzoic acid was
prepared by a s€ries ofreactions as dcscribed previously,
melting point 163 164'C (referencc 8, melting point
i59 160'C).

Copolymer 1 (Figure l) \ras prcpared by radical
copolymerization of HPMA and N-(3 aminopropyl)-
m e r h a c r ) l r m : d e  h l d r o c h l o r i d e  ( m o l e  r a r i o  6 < .  r s )  , n
methanol (12.5 wt% ofmonomer, 0.6 wt% of AIBN as
initiator) as described previously3,a.q. The content of
monomcric units of N-(3-aminopropyl )methacrylamide
was found to b€ 8.7mol% by using the ninhydrin
methodro. The w€ighl- and number,average molecuiar
weiel ts of copol lner 8 (M.:51000, M.lM":1.6)
wcr€ estimated from the g.p.c. analysis on Scpharose
48168".

Copolymer 2 (Fiswe 2) was pr€pared by polymer-
analogous reaction of copolymer I with 4-[N-(tert
butoxycarbonyl )glycyloxymethyil-3-nitrob€nzoic acid by
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50 mg NaCNBHT in pH 4.5 citrate/phosphate butTcr. At
the cnd of reduction, thc beads were further soaked in
pH 4.5 butrer urder shaking. After two days of soaking,
the beads wcre dried and the binding efiicrency was
quantified by the use of amino-acid analysis.

Non-specirtc ad rption o1 copohnet 2 ta silicu beads
To estimate the extent of rhe non,specific adsorptior

of copoiymer 2, beads 3, 5 and 6 were incubated with
copolyner 2, as d€scribed above. B€ads with physically
adsorbed copolymer 2 were numbered 12, 13 and t,t,

Quantilitdti!,l ol the surface-bound copolrnet on sititu

The amount ofsurface-bound (by covalent or physical
bonds) copolym€r 2 on silica beads was quantified by
amino-acid analysis. During the hydrolysis procedure,
the Boc group of the Boc cly bound to the copolymer
2 was removed by acidolysis and th€ glycine obrained
could be quantifi€d by high-pressur€ liquid chromatog
raphy (h.p.l.c.). Hydrolysis was performed according ro
Scotchler et dl.1a. All analyses were perforrned on a 1084
A Liquid Chromatograph (Hcwlett Packard) by using
a Beckman Column No. 235330 (4.6nm x 15cm),
Model Ultraspherc (5 llm diarneler beads).

Thirty milligrams of copolym€r-2-derivatized silica
beads (9, l0 and 1l) and 0.5 ml pH ?.2 PBS butrer or
0.5 ml pH 4.5 cnratc/phosphare bufter were pourcd mto

\-eps-frH" (s)

I
I excess o' glularaloe hyde { O=CH-{CH2'3-CH=O r
t -
I in pH 8.6 borate butfer
V

)-APs-GLU-cH=o (a)

1. excess oi  diamine: NH2-PEO100O-NH2

or NH--PEO<^^^- NH,

2. NaCNBH3 reduciion

)-nes----cru 
-ero.ooo- NH2 r5 )

)-ees-cru-eeo5ooo 
- NH2 (G )

excess oi  glula 'aldehyde ( O=CH-lCH Zr:-CH-L .

I
N H
I

i|t i", iH,
cH--oH cfl^
t t '

I

A
L \ - / l

) ' 2
f",
Ico
I
f",

2 l

i ,
NH2

Fisure 2 The prep.ration of coFllner 2

using the dicyclohexylcarbodiimide (DCC) methodr.
The content of rcmaining sidechains coniaining lree
amino groups in copolym€r 2 was calculated to be
5.0mo1% by using the ninhydrin methodlo. Conse,
quenuy, l-7 mol% of sidechains in copolymer 2 were
terminated with Boc cly bound via 2 nitrobenzyl groups.

Mo.tilication o1 silica hea.ls
The siiica beads were modificd accordjns ro procedures

prer iou. l l  dercr ibedar/  Ll tu,rc JJ Thaco;cen. ar.on
of amino groups on the modifi€d beads (3-81 rvas
delermined by u, ing N{uccin'mrJJ l - l - r  l -pyr id} ld i l  hro r-
propjonate (SPDP)r '

Preparation of copolymer-derivatized silica beads:
FAPS Gl-u(glutaraldehydeFcHr NH copolymef 2
(9), ) APS CLU PEOlooo GLU{H, NH{opoiymer
2 (10) and FAPS CLU PEOsooo cLU CH, NH
copotymer 2 (11).

Beads 4. 7 and 8 (250 rng) were treared wrm excess
of copolymer 2 (125 mg) in DMSO. Tle azomethrne
bond ( CH:N ) was furthcr reduced bl reacrion witb

1 7 6 4  P O I Y M F R  1 q q ,  \ / d l i ' m a T ?  N , ' - h . " a

V

)-ees- 
oru -eeo1o0o - cLU --cH=o (7)

\-eps- cLu -pEo.nnn -GLU----cH=o r8J
I  - - ' -

Fisur€ 3 Modilication oflorous silica beads 3 8



Tabl€ I ah< prope I'e. of te modil"d i i J \e d. J-*

col ci oirnjro rroJp. (\P ) Spa li. .u 1re nred
(nmor  ms ,  lm_ a  )

3

5
6
7
I

FAPS NII:
FAPS GLU{H:O
FAPS CLU PEOJ OOO NHz
FAPS CLU PEO.OO' NHz
FAPS TILU PEOlooo GLU CH:O
FAPS GLU PEO5ooo GLU CH:o

l
2

33.4

3 t .0

30.6

'For eaperinental details see referene 4. Reactio! with eluhrddeiyde was periomed at !H 8.6

t= a u.v. qua z cylindrical ce with Teflon stopper. Tbe
cell was attached to a rotator (Clas-Col Co. ) and a speed
of 60revmin 1 was used, so that during iradiation a
ccntrifugal force gently agitated the beads to ensure even
Light aciess. The c€li was irradiated with an LH 150
mercury iamp (200 W. Schoefrel Instr. Co). The light
\i'as trst locused by a fused silica lens, then r€flected by
a dichroic-coatins mirror (Oriel Corp.), which reflected
only the wavel€ngths between 260 nm and 340 |lm (the
major intense emission peaks are 296 nm and 312 nrn).
At chosen time irtervals, the supernatant was withdrawn
and the beads were washed with water, ethanol, ether and
dried. Then the beads were analysed by using amino-acid
amlysis. Th€ decr€ase of the amount oI sudace-bound
glycin€ alter irradiation reflected the amount of photo-
released ligand. Controls were kcpt in the dark.

RESULTS
Srntheti-\

To prepare the copolymer suitable for ligand delivery
system, a HPMA ard N-(3-aminopropyl)neihacryiamide
hydrochloide copolymer precursor | (.Figurc 1) was
synthesized. Copolymer 2 (Figure 2), cortaining side-
chains wilh 2-nitrobenzyl bonds, was prepared by
reacting copolymer I with 4-[N-(tert-butoxycarbonyl)-
glycyloxymethyll-3-nilrobenzoic acid using the DCC
melhod. Thc remaining frcc amino groups of copolymer
2 could be further reacted with thc functionalized silica
surface, i.e. silica b€ads with terminal aldehyde sroups.

ModiTcation o1 silica
The nodincadon of porous siLica b€ads is shown

schemalicalb in rigurc 3. and rheir propeflie, are given
in Table 141'z. The APs-coat€d beads 3 conana
l4nmolng ' of amino groups. After reaction witlr
glutaraldchyde, practically all amino groups were con-
verted to aldehyde groups (beads 4). The Iatter were
modified with PEO diamines. The resulting beads 5 and
6 contained 9 and l0nmolmg ' of terminal amino
groups, respectively. Owing to th€ inconplete reaction
of beads 5 and 6 witl glutaraldehyde, beads 7 and 8 still
contained less than 2 nmgl rng t of unreacted amino
groups on surlaces (firls /). Thc surface areas of the
beads did not show ary dramatic change duing these
polymer-andlogous reacnons ( :fahle I ).

Co po lyner-det tuat ized s ilirc bea^
Silica beads 9, l0 and ll werc sytrthesized by reacting

copolymer 2 with silica beads 4, 7 and 8, respectively.
The amounts of copolymer 2 on silica beads 9, 10 and

Tdle 2 Tbe dounrs ol Boc Gly bound on nodified silica beads
9 1 4

Af l .unL o f  bound Boc C l ]

nnol pei 50ng ol beads

1?8
109
85
1 1

261

128

6

10,
1l',
12"
13.

'Th€ specilic surlace area ol 30 n'g ' of beads was used as a bdis

hcovalenl artacnmdr 10 beads 4,7 and 8, ieslectively
"Nor-specinc adsorprion on beads l. 5 and 6. rcspmtivcly

11 were quantifi€d by hydrolysins the beads with
propionic/hydrochloric acid ( 50 : s0, v/v ) for t h, fonowed
by amino-acid analysis. The amounts ofBoc GIy bound
on silica 9, l0 and 11 are shown in larl€ 2. To estimate
the non-specific adsorption of copolymd on the silica
surface, the amounts of physicaily adsorbed copolymer
2 on ( i l ica beade 3. 5 and 6 sere included forcomparison.
The amounts of non-specific adsorption oI HPMA
copolymff were very limited. The results suggest that the
amounts of covalently bound and of adsorbed HPMA
copolymff decr€ased as the lenstl (molecular weight ) of
th€ PEO spacer increased.

The rates of pbotocleavage of copollmer-derivatized
silica beads 9, l0 and Il in pH 4.5 citrate/phosphate
buller are shown in Fig re 4. In all three silica b€ads the
patterns ofphotocleavage were similar. The halfliv€s of
photolysis of 9, l0 and ll wcre approximately 2, I and
t h, respcctively. Thc rates of photolysis are similar for
both beads with PEOlooo and PEO5ooo spacers ard
faster than those ofbeadswitlout PEO spacer. Photolysis
for all three bead systems proceed€d lapidly in the first
hour, with more than 35% of Dgrnd released.

The photolytic yield after 5h irradiation for silica
b€ads 9, 10 and 1l in pH 7.2 PBS butrer were ?8%, 87%
and 85%, r€spectively (r€sults not shown). Th€se r€suits
were almost tle same as the data obtained in pH 4.5
citrate/phosphate butrer (77%, 85% and 86% for silica
9, 10 and 11, respectively).

DISCUSSION
Immunoassays for clinical medicine often use the com-
petitive binding principle15, which r€quires the availability

POLYMER, 1992, Volume 33, Number 8 1765
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Because of the similar specific surface areas of beads
studied (Zrr1e 1). similar content ofamino groups a1 thc.urfdce of \ r l ica beads 5 Jnd 6 |  robk 1,,  anJ rhe tow
pos\ ibi l i ty foi  loop lormarion dLring pfo rachmenl(undrr e\perimentnl  condlr ion, u\cd r1. .  the packing
den. iry ol  Pl  O chain\ on ,urfaces or bead( 5 und 6 \hould
be similar. Consequentty, rhc decrease of non-specific
adsorption ofcopolymer 2 with increasing tength ol pEO
.pacer. .  ref lecrs rhe moiecutaj  ! teiehl  inf luence. Ihe
dmuunt ot co\dlenrl)  boJnd copot)mer 2 on rhe _t ica
be.rd. also decrea.cd ds lhe teng(h or pt O .pacer
Increa,ed Tl i '  i ,  probabl)  due ro rhe tosd (L,ncen_
rra( ion off tee_rlde\)dc groups on . i tca beads 7 gnd 8
rnan on srlrca beads 4

Photackal)age at the sotid liquid intelfece
At the solid liquid inrerface rhe phororeiease ofBoc cly froT bcads 9, t0 and 1l was avatuared in pH-.2 PBS butrer dnd pH 4.5 crrrare pbo.phrre butre,

lFigwr 1\.  fhe pholot l r ic rate, ,o pH 4 5 and pH 7 2b!ner,  \ . \cre atmosl t te samc r5 h rrmdialronj.  Ihe rdre.
or pnototyir5 toj  t0 aod t$i th pFO spdcerl  were
5,mrlar.  0u( $eje dhl incr l)  higher compared $irh 9rwrtbour PfO \pacerr.  The,e resutr,  are consttenr srrh
our pre\ iour ddrd usirg phoroctervabte d_merh) tphenac) |bondr.  T} le di f feieDce. iD phorotyr ic r i rc.  coutd be d;elo lhe change of m,t 'oenvi,onmenl al  the sotrd hquidjDrer lace. re,ulr ing in a change iD quaDlum ) jetd L,f lhr,
nhorolyr ic reacr iona. One possibrc i rptanarion is rehred
ro the f le\ ibi l i ly ot  lhe pFO ,pacer '" .  .  the hjg\er
mobru(y ol  rhe Pl-O,pacer mighr makc rhe,ur6cc_
bound pot)mer more f ler. ib le.  Unde he pho(otyl ic
condrdon._ie. d non-potar i , /eJ t ighr source. rhc more
mob,tc potvmer woujd ha\e J higher emcicnc) of t ighl
absorpl ion dnd resul l  i r  "  hiphef pholol l rrc rale.  the
\horl , rnlenal of la, t  and nearly t inc r  Lgrnd retease lrheari  nour ot rrr . rdral ion) ! tould be mosr sU able torl rgaDd del ivery applcJr ions.

Several factors shoutd be oprimized lor rh€ deveiop_
ment ol an optically cortrolled ligand delivcry sysrcm:
the amount of photocteavable tigand chernicaily tound
on rbe surface-:  minimrzal ion ot non+pecrhc ad,;rpr ion;
andlherr_rcoJphorotyj \4.  I  or. i l icr  bead.g.rbeamounr
or r ,gand roaded on rhe \ i i ica surface wa\ rhe tdrgesr.  )elthe rate olphotolysis was low€st and the ability ro prevert
non+pecific adsorption was poorest. On the olher hand,
Jlhough si l ica I  |  .howed the hrgbesr rare of phorol l r is
ana good capaf l t )  tor prerent ing tronapecif ic adsorpl jon.
lhe amoxnl ol  l igrnd chemical l )  bound on rhe (ur lace

CONCLUSIONS
The amino-acid analysis method was successfully appljed
to quantili surface-bound amino-acid liaand and the
rate oI photolysis ar the sotid liquid i;terface. This
me(hod can be poren(ial] e).teDded as 3 generdl analylrcal
lool  lo moni lor Lhe photocleavage patrern. tor pept ide

The amount of covalently bound HPMA copolymer
or iigand, i.e. Boc cly, on the silica surfacc deffeases
as the length of PEO spacer ircreases_

_Th€ Pl O spacrr reduce. Lhe non-specific ausorprron
ol H PV A copolymer on rhe modrr jed si t rca .urfaci .

The photolytic lat€s of 2-nitrobenzyl bonds are faster

.g

-9

6

;

a  2  4  b  3  1 0  1 2
Time (h)

Ik, : l1 l : .1.  * ,"8. .r-po rme,-,  oei ,ar.&J. r jq trsc. e,  r0dno rr rn pd 4 \ Utrate/pnosptuk hdT*

oI a labeled competing reagenr wirh identicat binding
properties to the analyte. As our approach ro remota
sensing is optical, we have chosen ro develop an
on-demand. opdcal ly based. I  ergenr dcl i !er)  rechnologi
Basical l )  lhe Igrnd. e.g. Euori .cein-tdbet ied o, radl ;
Fo(opelabeUed rD(igen. is corpted v,a a phorotabite
bond lo a pol)  mer malr i r .  F\posure ro l ighr ot rhe froperrnteftity and wavelcrgth results jn bond bre;kage,
providing rcleased ligand, \vhich rhen cornpetes with
circuladne"l igand tor lhe dnrrbod) brndjng.r lcs on rh.
sen(or s(rr tace .  to thr\  $ry.3n immunosen,or (har rJ
rcmote and continuous can be developedl6.
._This study focuses on means olreleasing a model ligand
(Boc Gly) at the solid liquid inrefaca under op'rical
control. Boc Gly was artached to a surface-b;und
polymeric carrier via 2- trobenzyl bonds_

Type of bond betueen the carrier a d tig.ud
. Th€ 2-nitrob€nzyl grouplT is widety used in polymer-
based p-eprjde slnrhesi, .  borh in .ot id 3 and ln i rquid
pharesr" ' r .  

and in l ighr-f lasb phy.;otogy,,  : .  i rheapplrc Uon ol  rbe l ighl- f la.h rcchnique ro phorosensir ,rc
moiecules to study how intfacelluiar -"ir"ng"." ucry.
During i rradrdlron o, aromdric ni tro compounJs, $hich
hare.a C H bond in lhe oa&o-poeit ion. rhe ni l ro group
rs reouced ro a nrt  ro\o group, and an o\]  gen i .  inser lcd
rnro Lbe C H bond x( lhe o/r to-no\ i l ion toUo,, !ed by
rearrangemenl to a more stablc struclure.

Copo Lner - de t h) atiz ed s i tit a beadx
PEO spacers werc chosen for thjs study because pEO

has a^ unjque prorf ln rer\ lant propert ]  al  ,ot id trquid
Inlcnace\.  probarrt)  due to i15 tow intertacial  f tee energy
with water, unique solution properties and molecular
conlormJlron In aqueou,.otur ion. h)drophit ic i ry.  high
'Lr lace mob r()  and steic .rabi l ,zal ion er lecrsr) "  .
Th€ rcsults (rdrie 2) demonstrate rhat tte pEO spacer
reduce' rhe non .pecihcad.orp'roo or HpMA copot lmer
2on moJi6ed ' , l ica surfaces. Ihc degree ot non-,pici f ic
adsorpr ion ot H PVA copot l . rncr oni i t ica su-taccs nay
be depeDdenl oo several  laclor i .  e.g. on rhe densiry ol
PEO chains on the surfaceand on th;ir motecular weGhl.
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Optically contrclled ligand delivety. 3: H. R. H. Yen et al.

for copolymer-derivatized sili.cas with PEO spacers than
for those without spacers.

It appears that the amount of photocleavable iigand
chenically bound on the sudac€, miDimization of
non-specific adsorption and the photolytic rale are thrce
major factors to bc optimized before developing a
ligand-delivery-system-based biosensor.
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Develognent of Fiber OPtlc Fluoroinnunolssay:
Ploxlna1 vs. Distaf End collection Geornetries of r Flbel sensor

D.E.Yoshida, J.T. Ives'  l l . ! : .Reichert .
D.A.Ghristensen, and . l 'D'Andrtde

Universlty of Utah
Departrnent of Electrlcal Engineellng and Bioengineerlng

and Center fo! Sensor TechnoLogy
salt  Lake ci ty,  Utah 84112

Evanescent f iber opt ic seosors are being develoPed for lenote in si tu
irMunoassay. the evanescent lY exci ted f luolescence can be colfected f lon ei ther the
proximal o! distal  end of the sensing f ibel .  The tradeoffs b€t$een lhe two
di leccions of coLlect ion are lnvest igated to deternlne lhe eff ic iency of
f luolescence detect ion. Tet lanethyl lhodanine $as used as the f luolescent slandald
$ith exci tat ion by the 514.5nn I ' iDe of an aEgon lase! '  A compal ison of the two
col lect ion geometr ies denonst iated that al though the distal  end col lect ion had a
h j . q h e r  b a c k g ! o u n d ,  s i m i l a l  f l u o ! e s c e n c e  c o n c e n t l a t i o n s  H e ! e  d e t e c t e d .  T h e
i r n n u n o a s s a y  t e c h n i . q u e  l t a s  d e r n o n s t r a t e d  w i t h  t h e  s p e c i f i c  b i n d i n g  o i
tet !anethylrhodanine-conjugated goat ant i -human imtnunoglobuLin G ((r8-IgG) to
preadsorbed H-IgG on the senso. sul face. A detect ion ] imit  of  l4nmole/I ,  r 'as
neasured. Future implovenents and disadvantages of the cut lent optLcal systetn ale
discussed, as {e1L as the i tnPoltance of qqant i fy ing the plotein concent lat ion in
telns of lhe f luorescence.

Evanescent f iber opt ic sensors ale based on the PrinciPle of tolaL intelnaL
:ef]ecl ion (TIR).  t IR occuts $hen a f ight bean ol iginat ing in the oPtj .caLly denser
{higher lefract ive index, n1) nediuh hi ts the ioterface b€t l reen txo t lansPalent
nedia at an angle of ref lect ion larget than the cr i t icaf angle €c given by

0 c  =  s i n - 1 ( n 2 l n 1 )

Du!ing TIR, an evanescent l tave is gene!ated at the inte.face $hich decays
evponent iaLly in!o the oPticatfy fess dense (1ol |er refract j .ve index, n2) nediun'
The depth of penet lat ion of the evanescent wave is approxinatel 'y a third of a
vravelenqth ( l /3=1500A) .  Evanescent f ie lds ale ueed 1n f iber oPtic i rnrnunosenaols to
obtain a surface sensit ive signal.  In addit ion, the theory of teciproci ty Predicts
lha! only evanescen!1y exci ted f luolescence ldiLl  back couple into the f iber core and
plopagate as a guided mode. This back coupl ing rnechanisn seParates the evanescenlfy
ezci ted f fuo!escence f !otn the buLk sofu! ion f luo!escence exci ted by scatte!ed
t i q h r . l

F f u o r o i m n u n o s e n s o ! s  b a s e d  o n  o P t i c a l  f i b e r s 2 ' 3  4  c a n  p o t e n ! i a l l y  u s e  ! h e
evanescent surface sensit iv i !y for in si tu monito! ing because a sepalat ion step 1s
not lequi led. Other advantages of opt ical  f iber f luoloimmunosensors include rehole
d e r e c ! i o n , s m a l l s i 2 e , i m n u n i t y t o e l e c ! r o n a g n e t i c l n t e r f e l e n c e , l a c k o f e l e c t ! i c a l
coinect ions i .n the sensing area. and relat ively lo$ cosl .

( 1 )
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.r"i';;:,'*,:Tl"iti:;"il:T::^':"' r'j'th .the - s ens ins resi.on located rn the f ibe !
rne opt icaL f tber and .ur,  : ruolescence slgnar propagales tn both direct ion; ; i ; ; ;

::n."",;l;k;**,""*,,,,i*:":i"'.:i;i.'"'"1:":1."il..":?, ",.,.J",J{.,.":.,,,:::i::
opcicar conponenr",  

- ; .J 

"1""; :"" ' '  
such as oPtjcar svl tem al lsnnen!,  

" ' ; ; . ; - ; ;characlerizalion 
", .n" ."" 

".""r"i:l:: H:H:::'" 
rhis leporr p..".nt" ..,,,r1" ii

--.  
Al.so presenled are the oi l ] . i i i i?.V resut!s from rhe speciftc binding of goac:l;:;":ff i.'n'J:"'.".""'.T:,".Jil:':ll i: r'.." r"f qsll!6i"ia"o'u.a on t he qua!rz.r rio". op.i"-ii"",-.-r,",i,"""""',i'""""i,'18:*?'.il"r,.1".":;:?:'_.L:i":t::.-::*::!i:;

2 -  t  e th6ds

the nidsecl ion of a 600 Im opt ical  f iber (euartz ploducts) is used as the sensor.The buffer and claddinq are mechanical ty , t . Ipp"Jt l . .  
"  

J. .  tong midsect ion, lheoinunersed in g5"c chronic acid to remov! ,"v . i " ia i"s *" i i ;es on the ! j .be! core.The senso! is placect in a cyl indr ical  f t"*  
"" f : .  

-- i "  - l i r* . ,  
the in!roduct j .on ofso.rurions. rhe 'ow cerl .*"1::: :: .,,,"ir."l"i"*, 

"ij i i"n.n" ends or a srassc a p i l l a r y  t u b e  ( 0 . 1 2 5 , , i n n e !  d i a m e t e r ) .  T h e  f i b e r  r i t "  i i . i r g L  r b e  c e n l e !  o f  r h eenocaps 1{ i th Tefton seal ing gasKeEs.

val ious concentrat ions of cetramethyl lhodamine (Tl , :R, Molecu1ar probes, Inc.)  andtetramet'hylrhodarnine isoth j.oc!pr,."pr,"."-r"r1"."i"".11;-j.-&";:"ff;:li.:::"",.:::::? ,T-i1". ,"....Ti:i"li:.il.:l
compalison and rhe prolein experimen!, .""p"". i". iv-.-- r i ]-  

" i"".o""". f lon dtfferenrconcentrat. j .ons of TMR ras mea?:::...r,:. " " * ",'ii" 
- u.",".. ii.: J ;;,""."j:?."rE""TTiT,"5H #i:'. ir;; ::eslinate the degree of 1abe1in9 ano protein concentration-

The 514.5nn l ight fron an algon .Iaser {Lexel, Model 95) is reflected by a dichloicf j . . I ter (Newpolr corp.), then focused by ,."" f", l  l iao a,lJ-oplrc t ioer fo. proxiftalend collecrion (pjqure 2a). por the- ai.. .r.  1"a-'"" ir. .-arl i ,  .n" Laser t ish! isfocused j.nto the optlc f iber by a nicroscope 
"l l . .al"" 

' i"r""." 
ZU . The backcoupr.ed r.r.orescence collecred rlom eirher ;; ;-di; ;J ;; . : : imal end of rhe riberis f i !s! cott inaled by L1, lhen passe! through the dich;oic and 514.5nnl brocki.ngrrr le! (Ponf!e!), and focused by.lens (L2) .r. i .  ;r.  ."""" l l .naror (rnsrlument sA,

ll l;^l--!191t rhe outpur rs derected ry J pr,oro"',,i l ipr;;;-;"; (".^.*..su R58s) andpnoron coun!ing instrumentatj .on (ecao oit.cj

-^,,^11:-,""1. experinental pEocedure and dye so_lurions were 'sed for the t 'roco-treclron geome!ries. Fi lsr- th€- sj.gnal at af1" .. i  
"" 

ion' ."" i .um of T!. lR {5?onn) wasobtaj.ned rr i lh pBs in rhe ftorl  cert. N."t,  gt,.  , ; ; ;";-; ; ; . ; ; . . ion {16-ro11, o, ,*was injected into the fLow cerl.  
""a t l .  rruo.JJ";;; ; ' ' ; ." rneasuEed vrhen the

-i i : :n:- i tv. reached a sreadv stale. rhc dye sorut i .oi 
-r"" - i ]r-"n- 

i ] .""r.,"a lrtrh pBs unri la stable baseline tras naintained. the next dye 
"..""""1"i i"" r,as rhen introducedand the sequence repeared. rn these expeE.ime;; ;;;;;";;';atlon of the injected

i;: ,"",. .4.. '""1 
,as tncreased trom trre rnost ar:.ute io .r, .-;o"i 

"on.."..ared 
(i0-10_

^^- l l"- -",o-*-t:r:  -binding of differenr concentrarions (0.002_0.s26flr9/nr) of MRrrc_conlugated dH-Isc to H_Iac adsorbed to the sensoi sui i i".  i ' "  , t"" monitoled ar570nn. These experinents vrere pe.fortned lr i th the proxinar end cor.r.ection qeonetrv.
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First ,  lhe emlssion signaL ras obtained $i th pBS {n the f loe ce1I,  thea r
concent lated solut ion of H-Igc (0.5n9/nl)  $as intEoduced. the unlabeled H-Igc ras
al loi 'ed to adsolbed onto the sqnsor for 3 hours, then ras f tushed rt th pBS. The
lorest concent lat lon of MRITc-conJugated OH-Igc wa! atLoned to btnd to H-IgG unt i l
lhe f luolescence ernission reached a steady state plateau (apptoxirnatety 20 minutes).
The cH-IgG solution ras then flushed $tth pBS, and after about 30 tninutes the sj.gnal
reached a stable &1nLnun. The next concent latLon of j .abeled cl l - :gc $as then
injected into the f l .ow celI .  This plocedure $as cont inued ni th j .nclea9lng
concentraLlons of URfTC-conJugated. oH-Igc.

3 . 1  .  P r o x i n a l  w s .  D i s t a l

3 -  R e s p l  t F  F n d  n i s . p s s . l . h q

F,nd  F ln6rFq^an.a  rb i6^ i i  ^n

Figure 3 represents lhe f tuorescence detected f lom the distal .  and ploxi tnal  end
cof lect ion geometr ies normal- i2ed by the background counts- The absolute lnte' ls i ty
of the distal  col lect ion r 'as fout t ime3 the background intensity of the proxiral
col lectton. Ho$eve!,  the not lral ized lntensj. t ies ( f tuolescence/background) of the
t l . lo designs are vi ! !uaLly ident ical .  This !esult  agrees vi th the theoret icat
plediction that back coupLed Liqht has an equal- plobabilily of propagating in eirhe!
di .recl ion. The detect ion l ind! of  the sensor to T}!R $as 10-7M.

Although the tDo col lect ion geonetr ies had nealLy ident ical  sensj. t iv i t ies. the
proxinal end colLect ion geornetry nas used in the subsequent protein experinents-
The proximal end col lect ion geometry lequires fener opt ical  conponenls and has a
lowe. backglound signaL. The background signat j .n the ploxinal geonetry j .s
pl intar i ly f ron back scalteled taser Light,  as opposed to the distal  conf j .gurat ion
which points the Iase! L19ht direct ly into the col tect ion opt ics. A lo$e!
backglound signaf may aLloir  s irnpler oFt lcat conponeots i r i th less reject ion
capabi l i l ies to be used.

The sensj.tivity of our systen can be inproved by natching the numericaJ. ape.tufe
of the col leceion opt ics mole closely r l th the opt ical  f lbeE and using f iLtelsr l i th
higher Eeject ion. In vivo operat. ion of the f j .be! op! ic f luoloimnunosensor sould be
conp.Licated by the intr instc biotogicat f luolescence of se.um, Experihents have
been conducled vi th longer wavelength Lasers and dyes (emj.ssj .on at Longer
t , a v e l e n g t h s )  t o  m i n i m i z e  t h e  i n t r i n s i c  f l u o r e s c e n c e ,  C u ! r e n t  f i b e r  o p t i c
lr i 'unosensors are general ly only singLe u3e devices. var ious chemicar tnethods !o
h o d i f y  t h e  s e n s o r  B u r f a c e  a n d  t h e r e b y  C r e a t e  a  r e u s a b l e  s e n s o r  a r e  D e r n g
i n v e s t i g a t e d . 5

This systeh is lelat ivety Ialge and expensive, and ul t inatety senso! syslens
s h o u l d  b e  c o n p a c t ,  i n e x p e n s i v e ,  a n d  e a s i l y  o p e r a t e d .  A  s t e p  t o l r a r d  l h e
miniatu! izat lon of the systen coufd consist  of  a snal le!  f lbe! opt ic spec!rorneter,  a
Ianp as the exci tat ion eoulce, and a f ibe! opt ic 5Ol50 beam spl i t te! .  Al though not
shoHn in this repor! ,  $e have begun work on a smatler f  LuororMunosenso! ustng a
fused f iber opl icr coupler and a cuided Vtave, Inc. f iber opt ic specl lonete!.

3 . 2 .  S p e c i f i c  B i n d i n o  6 f  P l o t e i n s

The specif ic binding of MRITC-conjugated o.H-Igc to H-Igc adsorbed on the senso!
surface is shoirn in Figure 4. The sensor surface ras close to saturat ion a! the
highes! concentrat ion of 0,53ri9/m1 of labeled dH-Igc. Relnecke.? observed the same
satura! ion concentrat ion of oH-IqG. The data a!e also represented as binding curves
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of the di f felent concentrat ions. of_ Labeled dH_IgG (Figure 5).  Each curve exhibi trt$o lnajor componenrs: 1) a raDid increase in 
" i ; "" i  l -" ; ;"- ; ; .  specif ic binding o:lhe labeled ar-rsc and 2) a sr;ady srare p.Lateau. pig; ; ;  ; . i ; "  sho\rs lhe delecr ior] imir  of  rhe sensor ro be 14n,no1e/!  or cn_rgc, 

" i*- f" l . ;  ; ""- ; ; ."  usrng f luorescej.r]abeled or-rgc has been lepolted by suthertan; 
" t . f  

. i  
-  -- ' -_

A method of quant i tat ion nust be developed in orde! to anafyze the f luorescenc€f !oF.che specif ic binding oJ p.. . .a."r i : .  The depth of peneltalron ot the evanescenr! r e r d  i s  a p p r o x i n a r e t y  1 5 0 0 A ,  w h i t e  l h e  p l o c e i n  f a y e r  i t , i . r , ] . " "  j s  o n l y  2 0 0 A .  T h i .lndrcates rhar sone of rhe bulk sotut ion is b. i ; ;  
-" ; ; l ; ; ; '  

" ;anes cen! ty and backcoup.I ins into rhe f ibe!.  rhelefoEe, the proteJ;"" ;  
" ; ; ; "  
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' SummarY

Airansformat ion(o-cransformat ion) issuggei tedto.connect
,h" J;;;;;ion or proteins at solution-air interfaces- and the

ffiii;;til;; o o? p'ot"in'' Phase transitions are fouid in the

o-time diagrams of three model proleins: Ribonuclease-A' Jvlyoglobin

;;"4;,;;?;;;-". A g'ne*l step'bv'step picture" is -proposed 
ror

the conformational change ot proiJint at ihi interfaces' The schmitt

Triseer model is proposed to:ili;i; the conformational change of

il:,ilt 
';; 

;; lnl,r'"t"'' s"th-ih" fluctuation and the rnolecular
machine points of view are titttt"o to understand the behavior of

proteins at the interfaces'



l. Introduction

The conformations of macromolecules change in rcsPonse to
chanqes in the cnvironment, for example, changes in.tcmPerature'
oH. ion concentration, organic solutes[l] and intertaceslzl' rnc
["i"rn"r- 

"i 
irt" changes 

-of 
proteins has been studied cxtensively ln

"hraior" 
both quantu-m mechanics and statistical mechanics are

l..A"l ," determine lhe conformational changes of-Proteins'
ili*"nt simulations including mechanical models[3]' e-n":.cJ
minimization methods[4], Monte Carlo Procedures[s] and drllusron-

"oiii.ion 
-oa"trt6l have been deYeloped' some imPortant

observations such as protein domains[?]' intermedratesluJ'
;;;i;;it"".i fluctuationlg] and defectsllO] of proteins have been
;;;J. 

'oth"t 
novel tlesiriptions of Protein behavior include the

proteinquake[11] and molecular machine[12] concePts'

Proteins, in one aspect, are rigid and stalic' This has been
orou"n b" lhe analyses 

-of 
the experimental data from x-ray-

ittr"rr#.rliivf rsf ' 
' 

One appro"ch to proteins in theorv is.the point
od tiew 

-or'*re 
rnolecular ;aihine t2lli2ltl4l' Proteins are taken to be

-u.iii.t, *rti.r, can do work and transform cnergy form -one form to
;;o,h"; i"t.. They can be carriers and transPort materials from one
site to another site.

In another aspect, fluorescence quenching[0][15] and
,"tu*utioniiol, NMFitl?l and phosphorescence[ I 8] show a -rather
il-;;,r.,id, dynarnic 

-piJture. 
The-fluctuation of Proteins has been

shown to be very important to understand the function of proteins'
for example , the action of cnzymes[l2]'

In fact both factors are important to understand the structures
and functions of proteins. We will show in this PaPer a mechanrsm
*i-f"i, 

'i"i"ip"i",e's 
uottt of these factors to understand the behavior

of proteins at interfaces'

The behavior of Proteins at
- .  ' . ^ ' . r l l

theory  and rn  aPp l rca l loD l r , l - l - ' ' '
dependent conformational changes

interfaces is imPoflant both in
Experiments clearlY show time-
of some proteins at the air



solution interface:
behavior of Protein

These cxperimental data shows a comPlicated

"onlot."iion"t 
changes at the interfaces'

In this paper we apply the o-a transformation to stidy the

conformational itauility of Proteins at the interfaces' wherc o stands

ior- rt" aort""" tension antl c is a parameter which.reflects lhe

;ilit;y-;i;;,;tnsiwe wlt show tiis latcr)' Exp€riments. show that

il';'i6 ririction 
' 

instead of a continuous tunction of time' and we

*iff 
""ff 

ifrit an c Phase transition' In order to cxPlain the a,phase

,t"rti,l"" *" p.opor" a Schmitt Trigger rnodel to describe the
;;;;i;; oi tire 

'conformations 
of pi6teins on the interfaces'

iro".rait *t'*rli point out that both asPects. of proteins' i'e ' the
nr'"it"ti,j" and the molecular machine' are important rn

"iJ.iti"tal"g 
proteins' behavior at the interface'

2. o-o Transformation

The stable conformations of proteins in the bulk solution are

not o.".rruty-iit"- itable confotrn"tions at the interfaces' In fact

oroteins generally will adjust tt'"ii tonfottnotions in the process of

Iiro-#"i "nt" 
ihe interfaces' This is proved by surface tension

;;;ffi ;,r-;; pioiein sotutionst2o)'l2i'tz4l' Ii is also.. possible that
ii5iJi"t 

'i"t'r;"."rott 
bacxlone anJ secondarv middle metastable

i"ii"itr,i"ti"r ttates during their evolution from. the- initial
;;#;;i;;;i ,t.i"- to tt'"-rin"t stable conformational state at the
intetface[22].

It is important to find out the relationship between the surface

a"n.ion'oi "'-.lot""otu' 
solution and the conformations of molecules at

;;'l;;";";t. There has been some work on this[Z3] but onlv verv

llt#"ili"J"t"t- *t'" "on'ia"t"a' 
It torns out to be very difficult to

il;i ';i h- ;;"t"molecules such as proteins.theoretically' Any

i"ii"tpiil""r study would be valuable at this stage'

We propose a o-c transformation' which

up a r"lation.hip between the surface tension
ls
o

g iven by ( l ) ,  to  set
and the stability of



the conformations of proteins at the interfaces'
wilt be applied only for situstions whcre there
middle metastable states.

o -o^
dt ln(6----oJ l

o = - - -  d t  
-

This lransformation
arc no backbone

( l )

where ois the surface tcnsion corresponding to time t, ol ando2are
the initiat and final surface tensions of the Protein solution' a is a
new parameter, which bas the dimension of l/sec' a is the decay
const;nt of the initial conforrnation of the Protein on th€ inlerface
undet some special condition[22]. Although in general .it is not
cxactly the de6ay constant, it is still reasonable to take it as a
i-"ra'",at which measures the stability of the protein' So this
iti*io*"tion connects lhe surface tensions of Protein solutions and
itt" ,,"Uititi", of Proteins at the interface. We will call c "the stability
coefficient" in this paper. The largcr rbe stability. coefficient' the
note onstaUt" the proiein. If the stability cocffic-icnt equals zero' the
jrot"in i, stable and will stay in the initid conformation unchanged'

We adopt the cxPerimental data obtained by Wei' ct al[19]'
fftt"" ptotiini are anaiysed by this method' The results are shown in
Fig(l),i4) and (7). The vertical axis in Fig(2), (5) and (8) are ln[(6-
otjltot-o,t. So the minus of rhe slope of these figures give -us rhe
stauiiity cocfficient of the corresponding Proteins' The resulting c-t
diagrams are given in Fig(3)'(6) and (9)'

The results strongty suggest how the proteins change at the
solution-air interface. Mic(Miogtouin, Figtll '[3])is. the- most simPle
oni. tt 

"ajott. 
its conformation gradually al the air-M.YG solution

surfacelwithin the time period of the experiments)' -CYT-

"ibiaito."-., 
Figt4l-t5l) changes -in a more complex way, It first

chanees its conformation very slowly until t=4'5 hours and rhen
;ffi; ii; conformation dramatically up to t=5'? hours' And after
;h" ;i;t it siops cttanglng abruptlv' RNASE(Ribonuctease-A' Fi8[7]-
isl) is simitar t; cYT-a but requircs To.tt tf Pt .to comPlete , its
iiunt". e,nuty."t of the data obtained by Tornberg's group[20ll2l)
sive-similar iesults. The strong similarities among these several



Droreins suggest that this steP by sfeP mechanism could be- a

iommon characteristic of the "Jototiln 
of proteins at interfaces. we

mav view this steP-by-steP process as the cxistence of -secondary
iliiari' "t""ii"ui" itui".. A'-ri" goes on' the free energv 'of the
;r#; ;;;;; 

"nd, 
on"" it cxceJds the local barrier' it. is

;;;.i;-;;tr"ble and decavs- into the next local well' This process

i' ..p'.i'J'l"r'."'"l."lll-ll^TidL?;,H, tf#:iii:' $::.'J,'.*.mctastable states are seconoal
il;":::;;';-"u.i.t ltot"iot 

- 
onlv 8diust their secondarv -structures

to l owe r the i r su r f aceene rgy ins teado i chang ing the i r backbone

"*.**r, 
which is studied in detail in [22]'

We oroDose a Schmitt Trigger model[25].to simulate this step-

by-step conformational change of Proteins at rnterlace'

3. Schmitt Trigger model of the conformational change of proteins

Proteins are molecular machines' It transduce.s ft:- 1i:ilt:1":-t'
."rr",' ;;:;;" ;finite fashion' what we observe in experiments rs

il;t;;,;:;; Ge products, of this protein molecular machine we

pr"p*"- 
"-b"n.itt 

T,igg"' model can'apply to the stability coefficient

tr. Fig(ll) shows the common Schmitt frigger. circuit' Rtand Rz are

the resistance of the Proteins to the confofiational change' OP AMP

;:"; ;;*nt-'* th-e stabilitv coefficient' If there is a Perturbation
of the stability of the protern, thii amplifier' which-is installed in the

orotein and in fact determinea 
-'iy 

itt"'ptot"in itself' w-ill .amplify 
this

f,"i..il;;;.;r; iig(tt), rtt" protein self-connects in such a wav
ffi"ffi;.;lr.;; "-r"rr-i"tJ 

uutt'tv'ttrn' This protein schmitt Trigger

"t" "tt 
output two values of the stability coefficients' o0 or 0' If

in" ** i, iigl,", than or,then the outPut is ao; if the input is lower

ii"t or,,f," oJtpot i' 0' In analogy to the electronif Schmitt Trigger'

"1, "t ""0 
az are connected by the following formulae:

cl = RGo+ or

c 2 = q t
( 3 )

(2)



where R= Rr/(Rr+Rz);cris the refcrence stability coefficien!. All
lhese parameters (r', cl, c2 and R are defined by lhe nativc 8tructure
and interactions of proteins. For a given environmental coildition and
a givcn protein, they are constants. Fig(12) shows how this
mcchanism works.

Of course in reality both CYT-C and RNASE show that real
proteins are not ideal two value Schmitt Triggers. But as an
approximation we suggest lhat these proteins can be treated as 2-
valued Schmitt Trigger, at least with respect to their interfacial
properties. By adding an integration circuit it is easy to rcalize a
more-than-two-value Schmitt Trigger.

Due to the fluctuation of the free energy of Proteins at the
interface, there is a fluctuation in the stability coefficient a. It is
easy to obtain(by integrating (1), notice q is constant section by
section):

aa=-f( t)  ao

nu =#-+t9
(4)

(5 )

where c(t) is the integral constant. It is a steP function of time.

Because the intedace contains more than one components(PBS
is the background solution in the experimenls)' so the sutface tension
does not €qual to the surface free cnergy. But their flucluations are
cxpected to have the same order. Then we have:

ao = 
"/rc" 

r (6 )

where k is the Boltzman constant; T is the temPerature of the



environment, which will be laten as tbe room lemperature; Cv is the
specilic heat of the protein. So Ao is aPproximately consta '

Both when t is cround 0 and oo the fluctuation of thc stability
cocffiJ"ni "tu"tt 

-, For infinitely large fluctuational .. inPur.lhc
iioiiin. 

".nn'ot 
follow the change so the stability of rhe -protein will

i;;iti;" 
-il 

;. value which is detcrmined before the infinitely high
iil;d;;i";.-t; postulate the following conditions for the effective
response of the Protein:

a c - d l - d 2

and
d- A2- gr

(7)

(E)

Given the outPuts c in Fig[13], f(t) is calculated and given in
Fistl4l (notice in Figtl4l the vertical axis is ln(f(t)))' lt is easy to see
;#i';"'n;;"ti;n 

-ii 
ttt" .otr""" tension is neatlv a constant and is

;;; ;;"tl , the fluctuation of the stability coefficient inceases with
ii# "nJ 

tipiafy approaches infinity' The protein fiigger machine
iu, ,"rponr" oniy o'tt"n a satisfies (8) and (9)' A more careful study
about cti, a: and R is under waY.

4- Discussion

We have shown a mechanism as to how the fluctuation aspect
of a ohvsical quantity couPles with the static and deterministic
itr""i 

"'i-oi","]* 
io d"r"irnin" conformatiolal change at interfaces'

wil""i,rr'" ri".iuation in the free energy of proteins'-tbere would
;;';;;";iil;; in the stabilitv coefficient and it would not be
iossiblc for the ptotein to jump from one stale to another' On the
other hand, if th; protein were not a self-controlled molecular
-""fti^". tfre protein would have no specific tesponse' So both
nu"tuution and molecular machine Points of view are neccssary lo

understand,Prote ins.



5. Figure CaPtions

Fig(l), The surface tension-time data for a Myoglobin solution(from
Ref09l) .
Fip(2). lnt(o-sz)/(or-o2)l-time diagram of Fig(l)'
finili. Stabilitv coefficient-time diagram of Myoglobin al the
iiil,Jouir iotution-"lt interface(from Fig(1,2) and cquation(l))'
Fi;(4:) The surface tension-time data for a Cytochrome-c
solution(from Refll9l).
Fig(s). lnt(d-or/(or-o2)l-time diagram of Fig(4)'
riitOl. Stability coefficient-time diagram of Fig(4'5) and
coua t i on ( l ) .
it'(?t. 

'The 
surface tension-time data of a Ribonuclease-A

solution(from Reftl9l).
Fig(8). ln[(s-62)/(6r-o2)]-time diagram of Fig(7)'
F;igi. iiabilitv coefficient-time diagram of Ribonuclease-A at the-n-i'toiu"f 

""1.-e 
solution-air interface(irom Fig(?,8) and equation(1)'

iJ"frOf. fn" explanation of the step-by-step picture of the

"o"ni'oirnttiontf 
change of Proteins at the interfaces by the existence

oi- irt" t."ona"ty tito"tot"l mitldle metastable conformational states'
;iciii).-il;t,;' Trigger clectronic circuit model(from anv electronics
textbook).
Fig(12). The working
Fig(13). A theoretical
respect to the time.
Fig(14). (t)-time diagram
is defined by (5).

orinciole of the Schmitt Trigger'
ideal'outout of the stability coefficient with

corresponding to the outPut of Figll3l; f(t)
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r IRST CLINICAL APPLICATION OF TRANSANTERIA LOSED-CHEST
LEFT VENTRICULAR lTaCLVi  BYPASS

H, H, J, Zw^rt, r\. KBlios, c. S. Kwan Cett, D. K. Backmar,
J.  L.  Foote,  J ,  D,  Andr.d€,  l i ,  l I .  Cal ton*.  F.  Schoonmrkerr .  aDdW. J.  Kol f f

A techrique for subslilution of lell lenlricular function \rithout tho.!cotomv ha6 been developed(1), Bloocl
is removed from the lefi venlricle with a flexible cannnla which is inserled via the right caroiid (animats) or axil-
tarv iman) altery {Figue l). The bloo.l is rerurne.l inro lhc afierial vrscular bed th@ught fem.rai rrtery. The
method is called Tmnsafterial Closed-Cl.st Left Vent.icular ( laCLv) Byp.lss,

EQUIPNIENT'  AND OPERATION

The equipment u6ed initially has bee. ,t.scr rhc.l in clereiL previous\(r). lhe cannula 11 in !'isure 2) to re-
move blood fDm the left vebtricle is specially fabricated frcm polyurcthane (E6tane, 5?01 F 1, coodrich) and
reinforced wi lh  ghss- f iber  (owcns-coming) .  I l  is  f1er ib le,  thc w.U-uickness isonlyo.2-0.4mm.,  i r  is  sr i f {
enongh to be insened withori a styiet, a.d once in the bo.lv it solteos and .tdapts io the geometry oI the aftedal

'|hc blood circuii (IiBrre 2) consists of.6, lone t/2" I.D. 3/4" a.r), Fitastic rube with 2 1/2-:l/8,, connec-
tors (BentleJ tules, hr. , Nonralk, conn. ) at each cnd. The r{be is mounted in a Nller pump (Trave;ol 5 M
6002). Al thc infloiy pari (2 ln Figure 2), the tlbc is connected to thc telr ventricular canNia with a 1/2" o.D.
3/8" I .D. ,3cm. long s i last ic  tube.  l l is  shor t  p iece of  th in-w. t te i l  rubing (3 in  ! . igurc Z)  is  at tached rorhecan-
nula during insertion and indicates when thc cdmula tip ente.s the left venlricle! the barcly visibie pulsations of
the txbing becone aigotuus. Once it is:! Frrt of lhe circuit the same tube indicates tie dmount of suction apptie.l
to the cannula base by lhe mller pump. the pump should be slowed down as soon as the tubing sta.ts to collapse.
At the outflow part (.1 in Figlre 2), the tube is connccred io a blood rerlm camuia (i in Fig!re 2). tn behreen
putup and blood rctun cannulae, the silastic tube of the circuit is interapted bv a sitastic rhin-waued resenoi!
(6 in l'igue 2). The reeenoir senes 1o lmp air rn.l tn depulsate the FUer pumD so that a no!,pulsaiile fiolv is
prcduced th&ugh the blood retuh.anmla. l'hree silasiic side lines are ariached ro tte rescryoir, one for rc-
moval of air, the other for pedusion of the light arm or leg, in case cotlateEt circularion bcvond ihe camulatjon
sides is insuffici€lt,

necentlv equipment has been fabricrted wiil which blood retun can be pulsed. rhc pulsalions catr be
couterphased to lhose of the natural he.ri. Pris.tile bl@d return is produeed wilh a .igid cytindcr, covered on
the inside with a naiuFl latex sleevc (? ir Fieure 2 an(l rislrc 1a). The cyiin{ter is tobe shoved ovcr ihe reser-
voir. r comprcssed air is forced in between cylin.ler dncl later sleeve, it causes the Latter to coll.Dse and the
lesenoir to be squeezed. fle resuiting pulsations can bc prcgranmed in beteeen nsluml heafi beals by epplying
the pressure to lhe cylinder synchrcnously with ihe EKc usins rn n-w.ve derector w h pmper detay Dd dumtion
settirgs (Fisure 3).

'l l'e blood circuit has a primins volme oI300 mt, The blood is in contaci rvith sitasric {rubins, lesenoirt.
polyurethane (caunula), and polvcarbonare (connecrors). rhcse materials can be irearea(z) so ttnt syitemrc
lcparinization is not necessary. Preliminarl experinents on sheep, where TaCLV-Bypass, u6inga heparin
tr€ated circuit, was arplied witioft administration of heparin to the animat, were pmmisingi the sheep sunived
buf tttere were sonre smail clols amund the connectors. In addition, the inner surface of rhe circut is coatcd wth
albumin becaus. there is ev ence(3) tint this rvill .lecrease ptatelet aclhesion to rhe sur:tace and Drobabtv decrease
hemolvsis rA well. Ii is sufficient lo add sohe 25 nrs. ol albuhin ro the priminq votume.

C O M P I L E D  D A T A J R O T 1  A M M A L  E X P E  ' ! 1 E N T s ( 1 8 D o G s . 4

1. With Ta(ll-v-Bvpass tbe left ventricle can be effectivelv cmltied \rithout thoracotomy, the circulation being
m.inteined by a pump o.rtside thc body (Fieure 3).

2,  Ihc maximum f low (b lood,  hchatoci t  23fo,  tehp.22oC.) throught ie system is  6.2 L. /mir .  In l t rc ,  the
hishesi flow obtained in a sheep was 5.3 L./hin,

3. The circulation can be maintaired during ventricullr Iibrillarion Ior pcriods up ro 1.1 hr. {4,5). thde! these
circuhstances thc pressure in tie left vertricle is kept arolnd almosDheric.

1'tuipment can rc obtrined rhrctrgh or Lrboarory,
Fbsr the Divtrj.n o f ?\ r i f i c i I I o r g a o s, repartment of surSery, unirc6iiy !I urah coll.Ee of Medic,ne. salt Lake cnl, urah.
work id rhis lrrnr*ory is supF.rted l,t 'hp N,L rl,, rnd N.ll- L. .nd rhis s.rk in particut:r b) dE M:x c. Flcischn.n Fou a!on. Number 210t.
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4 ,

5 .

7 ,

with a little practice, cannulation of the lcft lentricte \rth the lviile bore canhuta can be hlsrcred wthoui rhe
rid of electronic or X-Ey equipment. If a pressure catheter is present in the teft ventricte, the outflow
cannula can be easihr inse.ied using the catheter as a guille.
The aoftic valve is competent duing and after ihc bvpass.
Corcnary flow i$ not impaired by left vent.icular camulation( 1, 6).
Deep shock, !rcduced in 5 closed-chesr dogs by ehbolizirg ihe teft corcnary artery wtb ptastic micmspheres,
could be restorcd, ed in 4 cnsesnrc hcaftrccovere.l - 2 lons-terh sunilats were obtained(?).

9. lour sheep suNived a ohe hour period of vcnrricutar fibitlarion; onc of rhese animats gave bfth to
lambs 2 honths laier, In the latier sheep, a specially treaied btood circuit was use.t. HeDarin was

2 healthy

8. Six sheep sursivcd 4 hr. and 2 sheep, 24 hr. oI bypass lncveniIully. The Maihun pla6m hemostobin vatue
obtaincd was 2:l mg.,.d8).

plied lo the animal.
10. Damage idlicled by the camula consisrs of subeldocaldial hcmorrhages, but they are smal1and usully abseni.

CLINICAL EXFERIENCE 1T\\'O CASDS BY NIAIICII, T9?O)

Patient 1. rve Nere called ro :pply Taclv-Bypas on a 62-year otd m.o vith 3 nliocardirt intarction, D$nr! rhe Frecediog 10 tu. his
btood Pre$DE tas tuound 30/10 mD.Hg. Therc vas niLd lenoB cong.nion, stiFht cy osn, and th. parieni c.rnflrin d o{ angina ..d drortne$
ol breath. ThelKc €veaLed sias tachrcardir {l$ occa3ional }eoratlE vendcutm clnkacrions aod sLghr noBpe.iric sr r changesj phFical
exam'nation suggcied enlargeDcnl of the hean and light ptrlnoiart .deha. urin. tr.duclion had bc.n 150 mt. durin! rhe l3* 6 hd. durnq uhich
tnne lre had been girer 'liu€dcs. The LKc lder rhos€d , cotrrpl€le adlorearLcdlar blocr and 2ln. before rnech:m.rias r,,,,"," ,,, 

"""1;eenticulr ribnll*ion occDed. lrler succesrul defbrillarion the slrolic pre$ue was no! obtaitrable or n imer !d- bern.!r .0 md s; nrm Ie
the parient Nas uncoBciotrs, rhe skin vas cold trnd .tannl, rheLe Nm tuLnonary edema.n phyric:t exarni0r!on
a$isted inr:rr.lred €spnadoD_ ivtedical re3.nenr did nat inDrorc itrD cordirion.

lve accettcd th. Psiiem to. Trclv-Blpas, it r.ol{ ?0 min. ro p.rlorm the neccsar} cinnulatiDns a canntrb iosertcd itrio rhc lett
vctrti.le via the nght axillary arErt rnd one mserted ilo dr. 'i:tl| fem.hr.(.ry. The p]rieot Nas heparinized aidr 2 mg. /I.8. bod! \qe,ghr and
additional dores lcE giv.n as nersary to lieep the cLttnr! ri rvredictrt re.!n.nr vas contrnu.d * nece$arv. .r.he ne:n bvDrs
n o N G i s u E 4 ) g r a d M n y d e . r e s e d h o n r , e L . / D i n . d u i n s t h e l i * b o u r r o v a l u e s s D u n d j . 3 L . / n i n , a f t . r 4 _ e h r . o t b l p , , t t t t r r , , . : )
The ioe could be incLeased b)- suppl)iing inr.v.oous Iluids, Thc blood pr$re (FiBr. 4), neasu€d Nrh d rnra
du r i ng .he f i r $4 | l - o l byp ' s r t o ra l uesaou rds0 / r j 0n rn - r r 8 ,d renndec rea *d ,Nhe€a i t e r i t i n .Eas .daga in  i nd r f e r sh r ,  i t { seou0d
90/ij; nm. Hg. occaJionany, sp.ciany dudog the rt$ 4 br. of btpss. ,h... lek no puldrois visible on dE fleri3l pr.sur. hc,ng (FisuE 5)
indicatiogthat dE blPr$ {as conpl.e. The d g h. r r i a I F r e s s u. e, D.anred lith r.athDt.r vhich {rs inserEd rlrer 6 hr.. rs donnd ld.m. ll,o
iniri.[! b(r L.nded to decrcis. despir the dnnfurarion oi tttrid3.

T he urine F.drcuon (Figur. 1j) Nar 190 m. duing rhe hsr ttr. or hlfa$, rhsralter it de.Gased g:rdua] l io arcund s0 .n_ ,,hr. Laige
anbuntJ of fluids vere ruPPlied, 4l)e.,alt) after 4 tu. ol btp$, The brpa$ noi md afteri.t Fc$rc ,ocfeAe'l .ft.r Itnid rdn,in sraiion but onLv
lor r shon tirn. The henatocrit, 03ti injtiaLlt, d.crc$.d ro 4:.,, ,ncr a Ir. of bypas 3ntl to r nlninun or rr, LIrr ru tu. i tuLr rmomr or
3000  r  .  o f b rood  { : \  g r l en  t o  t he  p t i en t .  Tn .p I | (F rg r t r .T ) v3s rD .1L " - vnhnno rm: l r ange ; s2smtq .o fN jgco3ve r . supp t i ed , , f h . l coz

n, H5. lh.,rredat orysen satur.rion {as too ro{ ioiiij l ly (,ra 34) bur rrer 6 hr. ofbyp*r it increscd (o
nom:l vahes (over 9l'i) Th.Ildna N3s clex nxoughout rhe lro.etiurc d tlE srecrot)i.s {ere Nitho dr. normaL ranse iorards the end of drc
trnlpnrg percd, The Einp.rarE, metrsur.'l D rle Ectum. rncresed ro 1010 F,

The p.ri.nl r.Frned consciosn.$ aft.r 2 tu, oi bytals. The rrres dEafF.r.d graduallt tron (h. lmgs and $. lidn becane lid and
pi|lt ResPirrtion NN *nn.d {ith fnrc oxtg.n or a nirure ofor)gen and an thiouSlrod rhr proceddrc. ELood los snd Fotrng {eLe suspect.d
because or the Laf!. anoudb Dl{Lui'is dlt had to be supllied in ord{ ro l€eF rp btfN flck 3nd tr]rcrial and ight rrat presrur. rt is e$nared
rhat 1000 nn. olblood {.r los iioD Llre vounds duin8 n,..o.ne psriod ol blfds. Duriog the.tdr ln. ofb}?A: a n.a anount otbldoJ r3s lo*
{ith the utirc: hov.ver, no.ther bLedn,g snc c.uld b. d.t.cr.d Ind rh€rc sd noxnal peristahE ov.r rh. 3bdonr.tr. The EK6 \,s nor much
dificErt hon thai obtarn.d nr a he righr ftm N$ Lit€ th.i rn dre €{ oI th. rDd!, rn the righr teg.ncul:tion becone
nraftquate :tter 6 h. huL n could be rc$ored by addirional perluslo0 vrh a side linc iiom rtF 3fre.ial Es.rvon.

Aar* I b. ofbl?as drc ptrup Nas:{itched oftfor on lbu in trn renrpr ro vean the farieni ton rhe ssisr_ Th. blood Fr.$ure fen
drinB rlre s.cod hau olrhh ho!r, shile ridht fiitrl fEssc, nD FKG, atreriar oxlgen raLuation. ard uine productio0 d,d,,or chanBe silrificmdy,
The L]'ta$ F$ aPPlied lor 2 DoE Lous, durin8 {hiclr psiod diine prcdnction ,tr.r.asd. Drin8 di. tan hou ot b}?as rhe bLood pcsur f.ll again,

t Nis d.cid.d to dr.otrtirE rlr. byp3s because btood ldsr r3s slEpe.tcd. Th. c:nnular \,.k Lenro!.d dd dr heDe {$ neuraLized
{ith proamD. Jullare. The tdi.ni imain.d io the s3nrc.oDditi.o dring thc iD{ 3 hr., pmdrcnru $De l00 dL oi trrire.a.h hour. rhere.fter
uine tlodr.iion decftaled 3.d finalll c.asd alier 3 moE ho!6. Eighi hotr^ rft.r rlr byp3js h.d be.n discon.iNed. lsrge amomr .f bLood \r.r.
L.$ l*r r.crun. ven.i.ul.r fihrnt3rion oc.urtcd d.fibrnlation was unr(c.$n,t 3nd the Daritrr died

^t autorsy rlrerc N:s s.ner:lized i't.rios.Lrus^, llre risht coron,rt rjd ire 3jtreLio. dca..!drn3 bbnch oIlre le
loutrd Lo be o.cltrded, i rlEr. r3r masi'c inrr.iiotr al rlD ur.dor {3ll aod dr. ,rt.rwnricnlir s.prum, No dnDrg€ ras observed nr*.ould
l'3v. been c:ucd lrt rlre.anoulr. The o..l'rn', in tl,e rig!,1 coron3iy aitcry n,6 iEn' and could hrye been renovDd srgicaLly. sct.oric plaques
rer pLcrnt ir nr. .o a btrL there sis no damag. ro rhc rotrrc urLl. r_arg. amounb ot blold h3d rc.umulared in the BrsroiLr

rJo{ct slb{ed conge$ion bd no hl..ning:ire c.dd be d.Ecred,

3 8 ?
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P.rient 2. A 52 ye& d1d man was adnil@d deep snock. Ther. {3s no hi$ory ofheart dis.rs.r loisonnrg {as jspected. The [I(c
showed no rcrarkable abnornali.ies. The 3rterial pEsue could not be neasued but afEr iBefion of n carheter, a readi'gof 20 mn, Hg waj
found. The right rtialPle*fe, ne:sued wiih a catherer va 45 mn. lI8. Mcdicar rearment did not improve the condition. The patient was
Siven 150 mg. of heparin, and additionar dos ol 50 ng, Nere supplied every nour. Me'lica1 reatnient \ras mntinued as necesary. TaCLV-DyFa$
was iBlituted witnin 20 nin- and applied for tne nen 5 r/2 hi. T he reit ve.ricular catuula {as iNded vi. rhe ri|ht 3ubcl.vian nrcry. wi.hin
3 min., rhe righr arial presure had decEaed to 5-3 nnl IIg. an,l tlE arerial pGsu€ incEBed ro 90-t0o/30-90 nm. Ig_

BetoE bypas the skin w.s cyanoric.nd had a norled app.ar:nce. rvitbin 10 nin, alEr $artof th. byp.$, ihc skiD trr.d pnik. Th.
cnculation in the right rm rd le8 did noi appe& 'litfe€nr fbm drar n Ihe re{ ol the body. The hemarocir ras 4toberore and.rrhe.nd olth.
bypds!€riod. AlEr 5 hr, of bypas rhe pr I wa3 ?. 20 $d rhe pCOg r as .10 mn. Hg, ihe elecet)ies ve€ w lrin nom.t range et.ept lar a high
K of5.2 mEq, /,1-., rhe plarle! counr \ras 165,000/nn.2, rne.bring tim€ {as over 50 nin,. and th. PTT aM Iibrinogen {ere normal, No uine

Afd 5 t/2 bJ. ofbypa$, masive mconrollable bleedilg occur.'l non rh. Sasrain€stinar bact, reatnen! {A drrcntioucd, and the
padenr 'iied. At autotsy no abDornalides weE obsdved in rh. he,rr, atrd |he,e wr no damage rhd. coild be rtLted to the byp6s. Ttuongbour
the uppei p.it ofdE 8a$minl.iinal bact mulriple '1€n NeE four'l fnn vhicnbbedinghad rpparently occuEd, Nopoisonhas as)erbeen

Dudng advuced stages of cardios€nic shock, the cardiac ottput is decreased and tissue pelfusion is iEde-
qraie. The left side of the heart is dilaied wilh elevation of end di:lstolic left venticllar and lcft atial prcssures,
the pulmonary veins are consested, and the aderiat blood pressurc is low(g). If nedical trcatment lails, the
hoit2lity is 10070(10). In these cases applicatioh of oeclEnical assist devices is justified. Decompression of the
lefl venhicle ard infusion of oaygenated blood into the aterial vasculaa bed is likely to improve the condition.
Dudng comterpulsation it i6 hoped that 6uch i6 effecied by the heart itsetfi iJ left venlricular fuclion improves,
cardi.lc output increases, dil ieft ventricular eDd diastolic pressure decrcase6(11). Teclniques are available for
no!-invasive{12, 13 ) and minimally invasive couterTul sarion( 11, 14). Clinical expertence(11,15,16) seems to indi-
cate that shock is rwerscd and tbat the hearl can recover if comie4ulsation is applied early. tong-teim suivival
my then €nse from 0 5570. coute4ulsaiion is not effective dudng cadiac standsiitl or ventricular {ibrillation(16).
ln coDtmst, lhe circuiation can stili be manlbined udea lhese circumstances with bypass procedur€s. A bwass,
however, requires dissection of blood vessels and, up uniit nov, systemic leparinization is necessary. conplica-
tions such as embolism (air, clots, otler particles), infection, blood damage, blood loss, and ilamaee to blood

Clinical experience with successful closed-chest partial cadiopulmonary bypass as r trcatment for cardio-
genic shock daies back .ls far as 1957(1?). i\'lorc recently(18) a 50% rccovery rate vas reported. The procedure
was time-timited because of the blood daDage caused by extracoporeal oxysenation. since uenbnne oaTgenators
became feasible(lg) ihe blpass is being applied again as a circulatory assist(2o). ,cltnough a substarlial amounl of
blood is diverted frcm the heart and inluscd into the arieriaL vascular bed there is expelimenlal evidence thai
there is no effective decompression of the left ventricle(21). The failing left ventricle is not able io pmp oul the
blood flowing to the left alrim frcm the brcnchial arteries and tljat which escapes the venous clnuLas.

Thcre ,is"onlv limrGd tlinical e\perience with closedrhest left heart bDass usin8 a transvenors canDula-
tion techniq!e1"",. AlthouBn Lne slock could be reversed, no patients sunived. Since the cannuta r€moves blood
fDm the lelt atrium. mdimm decomlression of the left venticle cannot be obtai.ed if the httnl vaive is coh-
petent. With IaCLV-BDass, the lefl ventdcle is rrwimally decompressed and the blood rcmoved from the left
heart i6 reiuncd to the arterial vascular bed. Aftificial oxygenation is not nece66aiy if luLmonary fwciion is

In our first clnrical exlerience witn 2 patients ure bypass could be institutcd withir 20 30 mir. The oulflow
cannula did noi cause dahage to the heart or adjacent stncturcs. The circulation did improve as evidenced frcm
the skin color and temperaturc, as did the arterial and right atrial pre66ures, a.d, in the first patient, the pE, the
urine prcductiob, and the retun of consciousness. The anu a ud acidosis in the second palient mighl be due to

U6u1l\r the byp:iss was incomllete, ihe lelt venlficle ejected b1oo.l, an.l sihce lhe aiterial pressuie lad
ihcreased, il is likelv that mvocadial work did incrcase nther than decrcase. For lhis reason, equipment was
desigied to couterpulsatc biood retum (Iigures 1-3); if applied during inconplete byp.lss it is expected to mini
mize myocadial work. In the tirst palienl, the bypass was occasionally complete and . stnight dr.tc al pressure
tracirg Nns obtained (liglre 5) while fte circulatioh vas maintained with thc roller pmp, During such circum
stances it might be advantaecous to prodlce a plls.rtile blood rctum. Iniiially there was cyanosis in both patients

DISCUSSION
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Z\.ar1, et e1. Ciinical usc of closed<hesi venlricular bwass

an.l in the first patieni signs of pulmonary edem.. The arterial oxrgen saturation improved almost immediately
dudng tle bypass in the second latient. In the first palieht this took 6 ]f. The imlrovehent of blood oqger
content coul.l be the result of eflective decomlrcssion of ihe left side of ihe heafi. Fhvsical signs oJ pulmonalv
edema disappeared clurih8 bypass in the first patielt. If oxygenaiion does not improve lvitlin a shori iime' a
memb$ne orygenator hight be included in the blood circuit. The temperaiure in neiiher ol thc palienls decreasccl
so that a heat erclanser does rot seeh to be tecessary. In the first lalient a! cxtn lerfusion line h.d to be
irscrled into the right femoml arterti, distll frcm rhe cannulatior sile. Therefore, it seems wise that side lihes
connecteil to the afierial rcservoir are prolided. The bXpass flow did not chanse rbflpllr'. rnd the rollei Pump
hadtobesl ighi lyadjuste. ]aboulevery30Dnr. i fud{csuct io .o l lorvf lowbecameappalen| f l .mt leth ih- ! 'a l led
piece of silastic tubing (indicator tube, 3 in liglre 2). one pcrson cotld easil! oletate tle bJpass.

In both latierts ileath $'as ultinately caused by massive bteeding from the gastroiriiestinrl tracl srLch
bleedin8 is a khown complicaiioD of htssivc myocadial infaretion, especiallv d!riDg the advarced stages of shock'
ln the second pafieni, the bleeding lvAs related to hultipie ulcers no ciotltug abnormrlities otler than those
cAuse.Lby heparinization could be deiected. The lelarin made the bleeding worse .nd these etperiences iritilted
attempts to modify the blood circuil so that systemic heparinization is not hecessal\'

In ure tirst pltient it is likell thal thc sudden im!.irmeri ol cardiac fuctior was caused bt a clot \thich
occludeil the righi corcnaly artery. At autopsy, lle clot coukl easily le removcd. This {inding suggcsts that
diagnostic !rccedures, such as corcnary angiograpll, be lcnforted durilg the blpass iJ rhe healt does nor recover
within a reasonable time. P$bab1y such stu.lies could lead to surgical correction, es , reno!.I or blPss of the

The managemenl of cadiogcnic shock will change in the dear Iuture; iJ nedical lre.tnrert fails, a non-
invasiee mcchlnical assisl device, sucn as etlenal couteryulsatior, is ,rlplied. II the condition does lot
imprclc lI bJpass lrocedure is instituled. during latial closed-chest cdrdioFlmonaN bvlas$ left ventricular
end dieslolic prcssurc i5 too ligh, tle lentricle is decomlresscd with a lransnfterial cannula. U' during tDns-
anerial closeil-chcst left ventiicular bypnss, arleriai oxlgen content is ioo lov, a! o:lgeMtor is used. If .r blp.ss
is incohllete blood rctun is counie4ulsaied, and if it is completc, puls.iions arc prcduced. Diagrrostic prccedures
and surgical correction arc carried oul as neccssary

STINIIIARY

Clinical eryerience with the ePplication of'rrahsarted.rl Closed-chest Left ventricular (TaCLV) B!!ass iil
2 patiells ha6 beeD described. During the LrJplss blood is remoled from the left lellricle vith A flelible, widc
bo!e, thtu-walleil canNla lthicl is tusertcd via ihe right a\illlrry of subclaviln arter-T. The blood is luhped back
to the .rfterial lascuiar ljed vi! a femoral aficN. The method has been sludied during e*periments on 18 dogs and

'ile blood circuii corsists of a silistic tube, ihterNpted bv a silastic rcscra'oir' Tile tube is nouhied in a
roller purp. The resenoir sen'es to cat.h tir bubbles and to depuls.ie lhe pump. Silasii' side-lines are
attacheil to the resefioir for ailditional pedusior ol the right .mr lnd lhe leg if neccssarl, \\:ith soue addiiional

equipment blood rcturn cen be pulsatcd lrnd ihe pulscs cln be p1€scd nr behteen le.ft slstoles (L'ourterlutsafion)'

Iucl!-Bypass was .pplied in 2 p.tierts \tith intnctable shock. Il took 20 30 min to nrstitute the blltss

A com!1ete bylass iras occasiolall) obtained, usulLy left teniricular pressure pulses were obseNed o! the
pressu le tnc inS.Thec i rcu l . r to rycond i t ion impro ledaDdcyaDos isd isappeAred.onepe lsoncou] . leas i l l ' opera te
dre byp.ss. Thc tirst patient was pumped lor 1t hr. urlil bylass Nas disconfirued becausc blood loss ivas suspecte.l.
Eight hours later rhe patielt died from Mssive gastlonrtesiin.l blcednrg. The samc complicatioDs occurred after
S 1/2 hr. of brpass in the second latienl. At autopst, massivc myocardial irfarction was louDd h the fi.st patiett,

whilc in the second, the heart .lpcared norm.l but n{lliple uLccrs were lourd nr lhe gzrslrointes$ral lract .Dd .
poison $'as suspecied o{ haling caused ile circut,rtol-a collapse. l-he prclorged shoch-slate ard' in tle seconcl
patieDt, the poison night ha1'e causcd the pfofuse bleednrg. Dam.ge th.ri could bc rcl.rie.l to the cannuLls lras loi

detected ir thc herrt or,ldjacenl structures.

Ctinical rc6utts wilh otLer mechaDical assist devices are de$cribed. It is suggested tbat diagnostic pro_

ceduressuchascorcna4 'ang iogEph!be le r . Io lmcddu lnrg thebvpxss i f | l rehe i l tdoesn. l fe .ove l .Th isco l ld
possibly lead io suryical correction. Thc nan:rgemcnt of lalients wil\ nltmctablc shock is dis'ussed
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