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Introduction
The development of a low-cost, home-care biosensor for kidney 
function would be valuable for out-patient treatment of kidney 
transplant patients.  Serum creatinine concentration is a widely used 
marker of kidney function (or an estimate of the Glomerular Filtration 
Rate[GFR]).  In normal patients, serum creatinine concentrations are 
74 ± 9 µM [1,2].  Since creatinine is a end product of muscle 
metabolism, circulating creatinine concentrations depend on total 
muscle mass.  In kidney transplant patients, creatinine concentrations 
are generally higher at 129± 31 µM [3].  Serum creatinine 
concentrations provide an excellent marker for acute events such as 
tubular necrosis, cyclosporine nephrotoxicity, and rejection [3].  
Additionally, serum creatinine can be used to follow chronic rejection.  
In kidney transplant patients, an increase in serum creatinine 
concentrations of approximately 20% above baseline is considered 
significant and generally prompts additional investigations into 
possible kidney damage or rejection.  

Several biosensor formats have been previously developed to measure 
serum creatinine concentrations including: amperometric, 
spectrometric, colorimetric, and immuno-based, and bioluminescence. 

Bioluminesence was chosen based on high sensitivity, which leads to 
smaller blood sample sizes, and the possibility of measuring a number 
of other pertinent physiological markers at the same time with a 
bioluminescence format.  A prototype CCD camera device for 
measuring bioluminescence was developed by Protein Solutions, Inc. 
in parallel with these assays.  The homogeneous creatinine and 
creatine enzymatic assays would be based on the following reactions.  

Creatinine + H2O Creatine
Cr

Creatine + ATP Creatine Phosphate + ADP + H+
CK

LH2 + O2 + ATP DLH2 + AMP + CO2 + PPi + hv (light)
FFL

Since serum creatine concentrations are within the same range as 
creatinine concentrations, a functional creatinine biosensor based on 
these reactions would require the measurement of creatine as well as 
creatinine.  The measurement of creatine may be important for the 
monitoring of several pathologies or treatments. 

The firefly luciferase (FFL) reaction produces light in proportion to 
adenosine triphosphate (ATP) concentrations.  The light (yellow-green 
[562 nm]) produced by the firefly luciferase reaction can be observed 
by a luminometer, CCD camera, and even the naked eye.  The 
creatinine and creatine assays were studied with a luminometer and the 
Protein Solutions, Inc., prototype device (shown in Figure 1).



Figure 1 - Protein Solutions, Inc. CCD Prototype Device Modeling Reactions
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The following reaction schemes for the creatininase and creatine 
kinase reactions were used to derive the equations 1 and 3 with typical 
enzyme kinetic assumptions.  Using the Michaelis-Menten definitions 
for the maximum velocity and the Michaelis-Menten Constants, 
equation 1 was converted to equation 2. 

Creatininase Reaction Scheme Equation 1

Equation 2
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Creatine Kinase Reaction Scheme

Equation 3

Equations 2 and 3 can be combined by using mass balance equations. 
The creatininase and creatine kinase equations can be solved 
numerically. Based on the assumption that the firefly luciferase 
Reaction is much slower than the creatinase and creatine kinase

reactions, the firefly luciferase reaction was modeled by converting the 
ATP concentration into light output with an empirical factor.  The 
maximum velocity and Michaelis-Menten constants used in the model 
for creatininase and creatine kinase were previously determined by K. 
Rikitake et al., and J.F. Morrison et al., respectively [4,5]. 

Figure 2 depicts time course of light production for several different 
creatinine concentrations.  The model and associated assumptions 
seem appropriate, based on the similarity of the model results to the 
experimental results shown on Figure 7.  Figure 3 depicts a creatinine 
calibration curve based on the model. 



Figure 2 - Time Course of Light Production for 
Creatinine Biosensor
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Figure 3 - Calibration Curve for Creatinine 
Biosensor
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Methods and Materials
Homogeneous assays for 
creatinine and creatine were 
performed with creatininase, 
creatine kinase, and firefly 
luciferase.  Creatininase forms 
both octamers and hexamers (175 
kD for the octamer composed of 
23kD subunits).  A zinc (or Mn, 
Co, Mg, Fe, or Ni) ion is necessary 
for creatininase’s functionality.  
Creatininase is robust especially in 
regards to heat. The muscle and 
brain creatine kinase isozymes

Crystal Structure of Creatine 
Kinase (Chicken Brain) [6]

generally form dimers (80 kD as 
a dimer and 40 kD as a subunit), 
while the mitochondrial 
isozymes form dimers, 
hexamers and octamers (340 kD 
as a octamer and 42 kD as a 
subunit).  Creatine kinase is 
relatively labile.  Firefly 
luciferase is approximately 62 
kD in size.  Firefly luciferase is 
naturally found in fireflies; 
however, the firefly luciferase 
used in these experiments was 
recombinant (with hexa-
histidine tag for purification).  

Crystal Structure of Firefly 
Luciferase



Results and Discussion
The interference between the three reactions was found to be insignificant 
in the range of substrate and enzyme concentration ranges used in these 
assays.  Figure 4 depicts the results from a pH optimum experiment (n=3, 
CV=5%) for the creatine assay recorded by a TD 20/20 luminometer.  
Based on these results, the pH optimum of the creatine and creatinine 
assays appeared to be dominated by the pH optimum for the firefly 
luciferase reaction, which has a pH optimum at approximately 7.6.   

Based on manipulations of the creatinine assay model, the optimum 
calibration curve was found at the maximum concentration of creatine 
kinase, which is limited by its solubility (approximately 5 mg/mL).  This 
result was confirmed with creatine assay experiments.  Figure 5 shows 
the effect of enzyme ratio between creatine kinase and luciferase on the 
calibration curve for the creatine assay recorded with a TD 20/20 
luminometer (n=3, CV=6%).  The creatine and creatinine assays were 
found to be relatively insensitive to firefly luciferase concentrations.      

The creatine and creatinine homogeneous assays were plagued with 
highly variable peak heights of the bioluminescence signal.  Based on 
modeling experiments, the bioluminescence peak height should be 
constant with different creatinine and creatine concentrations.  Therefore, 
bioluminescence signal measured by the TD 20/20 luminometer was 
normalized to peak height.  However, the Protein Solutions, Inc. CCD 
prototype can only measure the integration of the bioluminescence signal, 
not the time course necessary to capture the peak height.   

This limitation leads to large coefficients of variations (CVs 
[approximately 20%]) in the calibration curves measured with the 
prototype.  Several additives including EDTA and DTT were used in 
attempts to decrease CVs associated with the prototype.  Other than 
decreasing the magnesium concentration (below the optimum for the 
firefly luciferase reaction), which is shown in Figure 6 to have mild 
effect, the addition of these additives did not decrease the CVs.  Due to 
these difficulties, interferences from serum constituents and proteins and 
comparisons with conventional assays were not performed.

Figures 7 and 8 show the results from creatinine assay (n=3, CV=5.5%) 
and the corresponding creatinine calibration curve.  The calibration curve 
of creatinine assays was shown to improve with increased assay time 
(from 60 to 180 seconds).  

Figure 4 - Creatine Assay (pH Optimum)
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Figure 5 - Enzyme Ratio 
(Creatine kinase to Luciferase)
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Figure 6 - Creatine Assay with CCD Prototype 
Biosensor
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Figure 7 - Creatinine Assay
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Conclusions
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Although the homogeneous assays for creatinine and creatine recorded by 
the TD 20/20 luminometer and normalized to peak heights had 
appropriate coefficient of variations (CVs) for a functional biosensor, the 
CVs associated with the Protein Solutions, Inc., CCD prototype need to 
be improved for a functional biosensor for creatinine and creatine.  The 
decreased amplification by coenzyme A of the bioluminescence signal 
with decreasing ATP concentrations will be studied as a method to 
improve the resolution of the assays.
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The management of metabolic disorders could be greatly
enhanced by patients and physicians if they had the abil-
ity to measure and track their disorder just as a diabetic
does with a glucometer. To address this, we are develop-

ing a disposable, dipstick-type, and quantitative analytical de-
vice for the measurement of multiple analytes in small sample
volumes. Such a device could be used for the prediction, diag-
nosis, and management of various diseases or clinical condi-
tions at the point-of-care (POC) and eventually in-home
environments. Since nearly all analytes of interest can be cou-
pled to luminescence reactions, luminescence-based analysis
can potentially measure a wide range of analytes with the same
device [1]. These luminescence-based assays can be inexpen-
sively packaged in a stable form within an array of analytical
wells. A photodetector array incorporated into a handheld de-
vice can measure the various analyte concentrations by the pro-
portional light intensities from the array of luminescent assays.
The highly sensitive nature of luminescence-based analyses
means that more analytes can be measured from smaller sample
volumes. Furthermore, simple, rapid and inexpensive acquisi-
tion and presentation of a patient’s multiple biochemical condi-
tions would lead to patient/provider empowerment and
improved disease management.

Background
Many diseases and clinical conditions have biochemical ori-
gins, consequences, or markers that can be used to predict, di-
agnose, or manage these pathologies. Effective management
of some pathologies require regular, routine clinical chemis-
try measurements of various analytes. A well-known example
is glucose and glycosylated hemoglobin measurements neces-
sary for the management of diabetes [2]. Other diseases such
as the inborn metabolic diseases phenylketonuria (PKU) [3]
and galactosemia [4] also need regular monitoring of relevant
analytes.

Although clinical chemistry and analytical laboratories
can routinely assay carbohydrates, amino acids, vitamins,
and other low molecular weight biochemicals important to
metabolism, in practice most of the major metabolites are
rarely determined. Indeed, the direction in clinical medicine
has been toward ordering less chemical tests rather than
more, because of the interest in minimizing healthcare costs
and thus in reducing “unnecessary tests.” The expense of

most tests lies in the cost of central or commercial reference
laboratories. These laboratories have expensive and sophis-
ticated detection methods. Given the current expense of lab-
oratory testing, cost-benefit analyses argue against more
comprehensive biochemical analyses, except in high-risk or
related situations. However, if the cost of clinical chemistry
tests were significantly decreased, the cost-benefit analyses
would be different, likely leading to recommendations for
more rather than fewer tests.

Advanced biosensors can significantly reduce the cost of
analyses by bringing the analytical testing to the POC. De-
signed properly, POC biosensors can rapidly measure multi-
ple analytes from small sample volumes. This would provide
the clinician with rapid chemical analyses, resulting in
shorter patient visits and stays while also improving patient
comfort [5]. Many POC biosensors measure key analytes
(cholesterol, lactate, glucose) that usually exist in the
milliMolar concentration range. These biosensors are gener-
ally not sensitive enough for analyzing other important me-
tabolites that exist in the micro to sub-microMolar range.
Current POC biosensors utilize enzymatic, electrochemical,
and optical (fluorescence and absorbance) methods to detect
various analytes.

Luminescence-based analysis has the advantage that it is
generally 100 to 1,000 times more sensitive than common
spectroscopic/colorimetric methods [6], [7]. Chemilumine-
scence is light produced by compounds undergoing specific
oxidation reactions, while bioluminescence is when these re-
actions are catalyzed by enzymes [7] . The most well-known
example of bioluminescence is the firefly; however, other or-
ganisms employ similar reactions to produce light; e.g., bacte-
ria, fish, and fungi. All bioluminescent reactions employ an
enzyme called “luciferase,” which facilitates the oxidation of
an energetic substrate, called “luciferin,” into an excited state,
where it emits a photon. There are many different luciferases
and luciferins with at least 30 different known bioluminescent
reactions in nature.

The most common chemiluminescence reaction involves
the oxidation of luminol, which produces blue (450 nm) lumi-
nescence. This reaction can be used to measure hydrogen per-
oxide (H2O2) and can be catalyzed by transition metals or
horseradish peroxidase. The yellow-green (580 nm) biolu-
minescence of fireflies is based on the enzyme-catalyzed oxi-
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dation of firefly luciferin utilizing adenosine triphosphate
(ATP) as a highly specific co-reactant. The blue (490 nm)
bioluminescence of marine bacteria is closely coupled to a re-
duced nicotinamide adenine dinucleotide (phosphate)
[NAD(P)H]-dependent enzyme reaction. Thus, Mother Na-
ture has literally given us two unique, ultrasensitive, and
highly specific reactions for the measurement and monitoring
of ATP and of NAD(P)H, while luminol chemiluminescence
can be used to measure H2O2. When analytes are coupled to
ATP, NAD(P)H, or H2O2 via metabolic reactions, the intensity
of luminescence is proportional to the concentration of the
specific biochemical of interest in the sample. The reactions
are sensitive to ATP or NAD(P)H over five orders of magni-
tude in concentration [6] without dilution or modification of
the sample fluid. Since most of biochem-
istry depends on ATP and/or NAD(P)H or
can be linked to H2O2, practically all met-
abolic reactions or metabolites can be
monitored or measured by luminescence
via one or more enzyme-linked reactions
(see a biochemical or metabolic path-
ways chart [8] or www.expasy.ch/cgi-bin/
search-biochem-index). There is a large
body of literature on the development of
sensors for ATP, NAD(P)H, and H2O2-de-
pendent processes, using the firefly luci-
ferase, bacterial luciferase, and luminol
chemiluminscence reactions, respec-
tively [6], [7].

Luminescence-based analysis remains
underutilized as a commercial diagnostic
method for multi-analyte systems. A re-
action that produces photons has many
advantages: the problems associated with
color perception or wavelength separa-
tion are eliminated, as in the case of
reflectance colorimetry; no light source is
needed, as in the case of fluorescence
spectroscopy; and no usage of electrodes,
which can become contaminated, as in
the case of much of analytical electro-
chemistry. The increased sensitivity due
to the high signal-to-noise ratio intrinsic
to luminescence measurements means
only small sample volumes are required,
thus making it possible to simultaneously
measure many different metabolites. Mea-
suring 10 to 20 different analytes may be
possible within the 10-microliter sample
volume now used to measure only glucose
with commercial glucometers. With in-
creasing demand for minimally invasive
sampling that reduces patient discomfort
and inconvenience, available sample vol-
umes will probably decrease. Ultimately, if
the potential of luminescence-based assays
is realized, many relevant biochemicals
could be quantitatively and specifically
measured in small volume samples via rela-
tively inexpensive, reliable instruments in
point-of-care environments.

Inexpensive and reliable analyses of many biochemicals at
the POC would enable clinicians to diagnose and treat even
complex diseases and pathologies. Biochemical reactions do
not exist or operate in isolation, and every reaction is obvi-
ously dependent on many other reactions through the princi-
ples of biochemical networks, reaction kinetics, and equilibria
[8]. We must have the tools to move beyond mono-parameter
chemical paradigms. Most of the papers we read deal only
with one chemical parameter—with mono-parameter specific
hypotheses or correlations. Biochemistry, medicine, and biol-
ogy are not that simple. We need devices that can easily and
inexpensively measure the many relevant biochemical param-
eters to provide the information base to more fully understand
and effectively treat biochemical diseases in shorter time.
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Dealing with many different channels of information is dif-
ficult. Therefore, we also address what is sometimes called the
“cockpit problem”—how does a pilot, for example, deal with
the tens and even hundreds of sensors and their outputs in a
modern jet cockpit? How does an anesthesiologist, surgeon, or
nurse deal with the myriad of monitors and signals in the typi-
cal operating room or intensive care suite? In our case, how do
physicians, patients, and family members effectively deal with
the interactions among many different analytes? Fortunately,
advances in data analysis, parameter presentation, and data vi-
sualization allow this challenge to be effectively addressed. We
are using multiparameter visualization tools, particularly
multi-axes radar plots, to produce disease- and condition-spe-
cific icon-like patterns, which are easily recognizable.

A physician or patient need not use all the data generated
but merely focus on the several channels of immediate clini-
cal need and interest. Generally, many of the analytes needed
for one disease are also important and relevant to other dis-
eases, due to the interrelationship and highly interconnected
nature of metabolism. Thus, the economic problems associ-
ated with developing a home assay for rare conditions such
as PKU or galactosemia are minimized by producing one
sensor that is useful for many applications and will be in-
valuable to clinical research.

Part of our interest in this project is patient empower-
ment—getting patients to assume responsibility and control
of their own diseases. If, for example, PKU patients are given
their biochemical information, particularly their phenyla-
lanine concentration on a very regular basis, they will, in turn,
utilize that information to regulate their own diet, much the
way diabetics do by monitoring their glucose levels. We are
now using some of the biosensing technologies in a modern,
interactive science center (www.utahsciencecenter.org) to ed-
ucate the general and journalistic public about the importance
of informed patient empowerment. By providing the informa-
tion that patients want, we give them some feedback that can
improve their outcomes by allowing appropriate biochemical
control of their disease (drugs, diet, etc.). This information
empowerment means that patients, through direction from
their physician, can monitor and manage their conditions
away from the hospital, thus reducing patient visits and over-
all health management costs.

Approach
Our goal is a ChemChip system that is analogous to the present
generation of glucose dipsticks and glucometers in terms of
ease of use, quality of data, and low cost. The ChemChip, how-
ever, is able to simultaneously measure multiple analytes with-
out increasing sample volume. The ChemChip requires several
components to implement luminescence-based analytical
chemistry in a POC device and display the relevant information

to the user in a form than is easy to interpret. The ChemChip
system is summarized below and depicted in Figure 2.

ChemWare
Since nearly all biochemicals can be measured by lumines-
cence assays, the first step is to select analytes appropriate for
the prediction, diagnosis, or management of a particular pa-
thology or clinical condition. The algorithm used to develop
assays is depicted in Figure 3.

The algorithm of developing a luminescent assay for a
particular analyte starts with finding possible reaction path-
ways that couple the analyte to ATP, NAD(P)H, or H2O2. In
general, any kinase, dehydrogenase, or oxidase could be
used to couple an analyte to the ATP, NAD(P)H, or H2O2
platforms, respectively. These pathways are ranked based on
smallest number of reactions involved, type of luminescent
assay (a production assay is generally more sensitive than a
competition assay), whether the assay is an homogeneous
(single stage) assay rather than heterogeneous (multi-stage)
assay, and on enzyme availability and/or cost. The advantage
of a homogeneous assay is that all the reactions occur in the
same stage, meaning the ChemChip can be quite simple. A
heterogeneous assay would require one stage of reactions to
be completed before the sample is moved to the next stage.
However, since enzymatic reactions may have vastly differ-
ent pH optimums or other conflicting reaction requirements,
the challenge is optimizing the reaction conditions to pro-
vide a useful analytical output. However, if such an optimi-
zation is not feasible, a heterogeneous assay can still be used
to measure the analyte.

The next step includes the simulation of the highest ranked
pathways, based on reported kinetic parameters. The pro-
posed assays are assessed by using enzyme kinetic models
solved by numerical methods packages such as GEPASI [9].
These stimulations have been used to evaluate numerous pos-
sible metabolic reactions coupled to the firefly luciferase for
ATP [10], the bacterial luciferase system for NAD(P)H [11],
or luminol chemilumescence for H2O2 in terms of optimum
assay performance.

The best-performing assays from the kinetic simulations
are then evaluated in aqueous assay format. The luminescent
assays are first developed as traditional aqueous assays, which
are then modified to a lyophilized or dry-reagent format. Fig-
ure 4 shows glucose as an example. Assay development ex-
periments include assessing buffer type, pH, reagent
concentration, enzyme concentration, enzyme ratio, and other
appropriate parameters initially assessed by the kinetic
model. The optimum enzyme and reagent concentrations are
determined with the goal of maximizing light output and reso-
lution of the assay. Furthermore, the enzyme concentration
can be adjusted to change the dynamic detection range of the
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• Can measure a wide range of metabolites on the same device
because most analytes can be coupled to one of three
luminescent detection platforms.

• Can measure more analytes, with high specificity, from sample
volumes smaller than those currently used in clinical chemistry.

In addition to CCDs, silicon
photodiode, APD, and PMT arrays
are available. Shown: Hamamatsu

S8593 silicon photodiode array.

• In chemistry and analytical laboratories, most of the
major metabolites, hormones, and/or drugs are rarely
measured.

ChemWare ChipWare & SampleWare

InfoWare

LightWare

Firefly/ATP Bacteria/NAD(P)H Luminol/H O2 2
Luminescent Platforms

Luminescence Based Metabolic Analysis

Deposition of
luminescence based
assays on ChemChip

Kinetic Modeling of Luminescence Analysis
• Provides a qualitative assessment of feasibility, sensitivity, a

enzyme concentrations needed for the proposed luminescence assay
nd appropriate

.

• Small wells require
little reagent and
enzymes, reducing
enzyme cost per
analyte test from
$1.50 to $0.05.

ChemChip Fabrication

Sample Acquisition and Delivery

• Luminescence reagents can be
inexpensively packaged in a stable form

within micromolded wells of a
disposable device.

• Smaller sample volumes and simple sample
delivery would make the device minimally
invasive and easier to operate at the POC.

[Analyte]

Production

Competition
Analyte Coupled to Luminescence Reaction by
Platform Molecule X

• The ChemChip can be used for measuring
analytes in biofluids such as blood, urine,
saliva, milk, or wounds.

• Sample can be pipetted
applied directly from finger,
or squeezed from gel.

,

• Sample fluid can
flow through filter,
or be directed
by microfluidic channels.

120 sec CCD exposure of luminescence in
0.4 L wells from 1 M ATP solution

mixing and reacting with a firefly luciferase
platform that has been lyophilized and

stored for 20 days.

µ µChemChip is placed directly into
the handheld detector. The

detector should be small and/or
handheld for easier and
frequent use at the POC.

Luminescence detection
wells are lined up directly

above elements of the
photodetector array.

Cost Benefit

Multi-Parametric Visualization
• Multiple analyte information can be

displayed in visual “signatures” to interpret
the information.

• Inexpensive, simple, and reliable biochemical
testing would lead to recommendations for more,
rather than fewer tests.

• More information from simple and inexpensive
testing would lead to rapid diagnosis and
enhanced patient empowerment.

• Radar plots allow the patterns or images of
pathological disorders or tendencies to be seen.

• Can visualize the relationship between many
analytes needed in the highly interconnected
metabolism network.

Model radar plot of 7
analytes representing a
type III Galactosemia

“signature”

1/GALK

Galactose

1/GALE

Galactonate

1/GALT

Gal-1-P

Top loading style
of ChemChip

Plasma
filter

Clear window

ChemChip with
microfluidic
channels

Point-of-care testing
Rapid results (5-10 minutes)
and diagnosis
Shorter patient visits

Inexpensive multi-analyte testing
Patient empowerment
Less frequent patient visits

•
•

•

•

•
•

Integrated ChemChip System

= Lower healthcare costs

Feasibility and Stabilization Experiments
• Verify optimum conditions (buffer type, pH, reagent and enzyme c

based on best kinetic model conditions.
oncentrations)

• Test various excipient types and concentrations to
optimize lyophilization and storage conditions.

Opaque PDMS
wells

Galactitol

In
te

ns
ity

ChipWare

Fig. 2. The development of the ChemChip system.



assay. The optimum pH of the assay is determined because
different enzymes generally have different optimum pHs for
maximum catalytic activity. Additionally, inhibition of each
of the reaction constituents on other reactions is assessed. The
optimized aqueous assay serves as a starting point for the
lyophilized or dry-reagent assay.

Our work to date has focused on establishing the practi-
cality of the ATP and NAD(P)H sensors as well as the feasi-
bility of specific substrate sensors using the ATP and
NAD(P)H platforms. We have used galactose as the proto-
type ATP-dependant analyte (for application to gala-

ctosemia [12]) and phenylalanine as the prototype NAD(P)H
sensor, with PKU as the specific application [13]. Addition-
ally, our work to date has resulted in assays and protocols for
the analytes listed in Table 1.

With the close collaboration of Dr. R. Stewart, we have en-
gineered and recombinantly (E. coli) produced a set of en-
zymes also listed in Table 1 with which enhanced sensors can
be developed. The polyhistidine (polyHis) tag permits simple,
one-step purification of the E. coli-produced proteins. The bi-
otin carboxyl carrier protein (BCCP) domain permits specific
binding of biotin so that protein immobilized to avidin or to
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Evaluate Metabolic
Reactions Involving
ATP, NADH, H2O2
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Pathway
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Fig. 3. Flow diagram for new assay development. Possib le enzymesare chosen at the second step based on metabolic path-
ways involving the substrate. Variousmetabolic pathwaysare explored for choosing possib le routes to produc ing or depleting
ATP, NADH, or H2O2.
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of glucose dipsticks and glucometers

in terms of ease of use, quality
of data, and low cost.



streptavidin substrates results in little or no loss in activity. We
have also performed DNA shuffling (directed molecular evo-
lution) studies of the Lux (bacterial luciferase) gene, resulting
in a bacterial luciferase with significantly enhanced thermal
stability (unpublished). The availability of such unique pro-
teins enhances sensor development and application.

Enzyme stability is key to the devel-
opment of biosensors. Selecting en-
zymes that are inherently robust is
important so that they retain activity af-
ter deposition and lyophilization.
Lyophilization stabilizes enzymes for
long-term storage by reducing both me-
chanical and chemical degradation.
Mechanical or physical degradation in-
cludes aggregation or precipitation,
while chemical degradation includes
oxidation, deamidation, and hydroly-
sis. Although lyophilization generally
increases the long-storage stability of
protein, the processes of lyophilization
(freezing and drying) can also degrade
the enzyme. However, with appropriate
stabilizing excipients and preserva-
tives, the degradation during lyo-
philization long-term storage can be
minimized. The enzyme solutions and
chemiluminescence cocktails must be
stable for long periods, ideally 12
months and longer. We have assessed
and adopted various excipient mixtures
for maintaining activity after lyo-
philization [21]. We use disaccharides
and neutral, hydrophilic polymers in
order to control the glass transition
temperature, which must be greater
than the final storage temperature of the
lyophilized enzyme. The sugar to pro-
tein weight ratio should be at least 1 to
1, although stability can be further in-
creased with greater sugar-weight ra-
tios (5 to 1) for some enzymes [21].
Antioxidants such as dithiothreitol and
glutathione are used during lyo-
philization and subsequent storage to
prevent oxidation of enzyme and sensi-
tive reagents. Bovine serum albumin
(BSA) is used for surface passivation
and as a stabilizing agent.

The bioluminescent reagents (ATP,
FMN, bacterial and firefly luciferase,
oxidoreductase, etc.) are mixed thor-
oughly with the preservatives and added
to each well of the biosensor. The bio-
sensor and reagents are flash frozen with
liquid nitrogen followed by a two-stage
lyophilization process. The first stage of
lyophilization proceeds at –50 °C and <
100 mTorr pressure. The second stage of
lyophilization proceeds at +30 °C and <
100 mTorr pressure. The time for each

stage depends on the sample volume and container (sample
well) dimensions.

Our experience to date with firefly luciferase [22], with
a glucose assay via firefly luciferase, and with a lactate as-
say via the bacterial luciferase system [23], indicates pres-
ervation of activity for up to eight weeks of storage. Results
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Fig. 4. Glucose assay reac tion via luminescence. Light intensity time course and cali-
bration curve for each of the glucose assays (RLU = relative light unit).



for the lyophilization of the lactate assay via bacterial luci-
ferase bioluminescence are shown in Figure 5. Addition-
ally, we have been working toward decreasing the reaction
volume to less than one microliter.

Ultimately, each individual well of the ChemChip will
contain a “cocktail” of reagents specific to the particular
analyte and/or specific analyte concentration range. The re-
agent cocktails will be prepared in a lyophilized form for sta-

bility. The assay arrays will be tested with
reference blood or urine and validated
against standard and available methods.

ChipWare
A major benefit of biosensor chips will be
reduced cost. Using the ubiquitous micro-
processor as a metaphor, ChemChips could
be inexpensively manufactured by the mil-
lions, thus greatly reducing the cost per
chip. A variety of microfabrication tech-
niques can be used to build arrays of detec-
tion wells, where each well has an
independent luminescence-based analytical
assay. Each unique assay can be deposited
and stabilized in small quantities in the de-
tection wells, thus reducing the cost of en-
zymes. For simple POC operation, the
detector should have low power consump-
tion, making it possible to use as a benchtop
or handheld device. The smaller and less
expensive the device, the easier it would be
to implement in home and clinical use.

Fabrication
An initial ChemChip prototype has been
made in a silicon wafer by anisotropic
etching wells of various sizes and depth
[24]. An aqueous firefly luciferase solu-
tion was placed in the wells and covered
with a glass cover slip, which squeezed out
the excess fluid. The wells were coated
with silver to enhance light collection by
increasing the collection angle of the lumi-
nescent signal to a CCD camera (ST6-E,
Santa Barbara Instruments Group, Santa
Barbara, California) (Figure 6). While a
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TABLE 1. Existing protocols for assays developed for luminescence platforms.
Engineered and recombinant enzymes for assay development.

Platform
Firefly Luc iferase
Bioluminesc enc e Adenosine
Triphospha te (ATP)

Bac teria l Luc iferase
Bioluminesc enc e Reduc ed
nic otinamide-adenined inuc leotide
(NADH)

Luminol
Chemiluminesc enc e
Hydrogen Peroxide
(H2O2)

Existing protocols
for assays

ATP (14), Ga lac tose (15),
Gluc ose (14), Crea tine (14),
Crea tinine (14), Urea  (14)

NADH (16), Phenyla lanine (16),
Lac ta te (17), Ga lac tose (14),
Gluc ose (14), Gluta thione (14)

H2O2 (14), Gluc ose (14),
Crea tine (14),
Crea tinine (14)

Engineered and
recombinant
enzymes

Firefly luc iferase (Photinus
pyra lis) (18); Firefly luc iferase
with a  BCCP
(b iotin—expressing) doma in (19)
and  with a  polyhistid ine
(poly-His) ta il (19);
Ga lac tokinase with poly-His (15);
Ga lac tokinase with BCCP (15)

Bac teria l NADH:FMN oxidoreduc tase
(Vib rio fisc heri) with the BCCP
domain (20); Bac teria l luc iferase
(Vib rio ha rveyi) with BCCP doma in
(20); Phenyla lanine dehydrogenase
with BCCP doma in and  poly-His ta il
(16)

—
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sity time course, calibration curve, degradation of ac tivity with storage time, and
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silicon wafer prototype has helped us access detection limits
of the CCD, the final device would be too expensive, due to
complicated fabrication of microfluidic structures in silicon.
It would also be impractical to bond clear windows to the sili-
con due to high temperature glass bonding, which would de-
stroy lyophilized enzymes deposited in the wells.

Other ChemChip prototypes have been created in
poly(dimethylsiloxane) (PDMS) using “soft-lithography”
approaches developed by others [25], [26]. This method in-
volves photolithographically patterning high-profile struc-
tures in photoresist (SU-8, MicroChem Corp. Newton,
MA) on a silicon wafer. An uncured solution of PDMS is
then poured on top of the patterned SU-8 and cured. After
curing, the PDMS is removed, resulting in a pattern of
channels and wells molded into the PDMS that are inverted
replicates of the photolithographically patterned SU-8
structures. Clear PDMS, glass, or polystyrene windows can
be temporarily or permanently bonded to PDMS forming
hermetic seals with the PDMS and enclosing the micro-
fluidic structures [25]. Through-hole features can also be
molded in the PDMS. Multiple layers of PDMS with the
through hole features can be stacked, creating a multilay-
ered microfluidic device [26].

Currently, few microfabricated biosensors have multiple
enzymes packaged in stabilized form [27]. Our current
ChemChip development uses soft-lithography because it is
ideal for rapid prototyping and for depositing, lyophilizing,
and sealing luminescence-based assays in microfluidic struc-
tures without high temperatures or caustic chemicals associ-
ated with other microfabrication methods [28]. Initial studies
used soft lithography to make microchannels in opaque
PDMS (Sylgrard 184, Dow Corning, Midland, Michigan) and
measure ATP/firefly luciferase bioluminescence in channels
of various lengths [29]. Another prototype followed the lay-
ered PDMS patterning method described by Jo et al. [26].
Here, we patterned a 5 × 5 array of 1 mm diameter holes in
0.5-mm thick PDMS. The PDMS was then bonded to glass
cover slides, turning the holes into clear bottom wells. A 0.5
µL of a luminescent solution (5 mM Luciferin, 500 nM firefly
luciferase, 2.5 mg/mL BSA, 0.5 M sucrose, 10 mM DDT, and
2.5 mg/mL dextran in 0.1 M trycine buffer—pH 7.8) was
pipetted by hand into each of the wells (see ChipWare in Fig-
ure 2). The array was lyophilized according to procedures de-
scribed above. The lyophilized array was stored at room
temperature for 20 days in the dark. A hydrogel equilibrated
in 1 µM ATP solution was then placed on the top side of the
well to rehydrate the lyophilized reagents and initiate the lu-

minescent reaction. The resultant 120-second uncooled CCD
exposure of the luminescent array shows that a minimum of
0.4 × 10−12 moles of ATP can be detected in each well (see the
3 × 4 array in LightWare of Figure 2). Calibration curves have
not been performed for this array as of yet.

Our ongoing experiments involve building smaller volume
detection wells and addressing reagent deposition issues asso-
ciated with it. Smaller analytical wells would further reduce
the amount of sample needed for measuring more analytes
within the detection limit of the particular assay. Smaller
amounts of reagents and enzymes would be used to reduce the
cost of the ChemChip. The glucose assay via the ATP/firefly
luciferase platform described above would cost about
US$1.50 in enzymes per test for sample volumes of about 10
µL. By reducing the well and sample volume size to about 1
µL, the cost in enzymes would be reduced to about US$0.05
per test. As the detection wells become smaller, greater preci-
sion is required for depositing the right amount of reagent so-
lutions before lyophilization. These reagents can be deposited
by ink-jet printing methods down to a volume range of 10 nL
to 100 µL.

SampleWare
We have tested two methods of sample delivery to the
ChemChip. A top-loading, through-flow ChemChip has been
tested for certain types of samples. Hydrogels equilibrated in
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If the potential of the ChemChip is realized,
practically all relevant disease markers
over a wide range of molecular weights

and concentrations could be quantitatively
and specifically measured for disease

diagnosis and management.

Fig. 6. A 20-sec integration of b ioluminescence in
anisotropica lly etched wellsof varioussizes, 250 µm depth.
Note the enhanced light collec tion from the reflec tive 54.7°
wallscompared to the center of the wells. Measurements
were taken using a CCD camera (ST6-A, Santa Barbara Instru-
mentsGroup, Santa Barbara, California).



a sample solution have been placed on top of the ChemChip
array of wells containing lyophilized luminescent reagents
(see LightWare of Figure 2). We have also tested commer-
cially available plasma separation membranes and filters for
sample delivery qualities. These membranes can be bonded to
the array of PDMS wells after the reagents are lyophilized
[30]. Sample solutions containing the analytes of interest are
then flooded onto the filter layer and flow into the wells, acti-
vating the bioluminescent detection assays (see the top-load-
ing ChemChip in SampleWare of Figure 2). Initial studies on
microfluidic sample delivery in PDMS-molded micro-
channels show that sample fluid can travel by capillarity to
specific reaction wells [26]. These PDMS channels can be
modified to minimize protein binding [28] or to be made hy-
drophilic [31]. These microfluidic channels can also be made
as a separate PDMS layer and bonded directly to the PDMS
layer containing the luminescent reagents in the wells.

LightWare
Detec tors
While CCD cameras have been used in preliminary experiments
described above, other detectors, such as silicon photodiode, av-
alanche photodiode (APD), and photomultiplier tube (PMT) ar-
rays, are available and can improve the detection limits due to
their higher normalized detectivity. (See a “Detectors Technical
Discussion,” published by ThermoOriel Instruments, Stratford,
CT, http://www.oriel.com/homepage/down/pdf/06002.pdf, for a
tutorial on detector sensitivity and normalized detectivity.) Ide-
ally, an array of detector elements with element dimensions ap-
proximate to that of the channels and wells would maximize the
light collected per detector surface area by reducing or eliminat-
ing the inactive spaces between elements. The resolution of stan-
dard CCD detectors is not necessary for measuring overall
intensities from the channels or wells seen in LightWare of Fig-
ure 2. Commercially available silicon photodiodes, APD, and
PMT arrays designed for low-light detection are ideal for pro-
ducing a hand-held detector that can simultaneously measure
signals from multiple analytical channels. The wells in the
ChemChip array seen in LightWare of Figure 2 were designed to
line up with the elements of the low-powered Hamamatsu S8593
silicon photodiode array (Hamamatsu, Bridgewater, New Jer-
sey), also seen in LightWare of Figure 5.

Measurement and Calibration
Luminescent measurements are generally reported in relative
light units (RLUs), a unit applicable to particular instrument
setups. In order to compare the performance of the different de-
tector arrays and bioluminescent assays under different condi-
tions (wet and lyophilized), each detector element can be
calibrated to report measurements in units of radiance
(W/cm2/sr), which normalizes intensity to the collection angle
of the system. Currently, most chemiluminescent and
bioluminescent measurement systems are calibrated with
luminol standards, which are prone to mixing variation and
other errors [32]. We calibrate photodetectors, using a light
emitting diode (LED) standard, which accounts for the spectral
properties of the sources and detectors [33]. This calibration
procedure will determine the variance in sensitivity between
detector elements and their sensitivity at different operating
conditions such as temperature.

While variation between detector elements may vary, a
calibrated photodetector will help establish onboard calibra-
tion features within the ChemChip. Reference detection
wells for each type of assay would normalize the lumines-
cence of other channels to account for changes in enzyme ac-
tivity that would occur over time during the storage of the
ChemChip [5].

In order to meet FDA approval, each assay must meet the
Clinical Laboratory Improvement Amendments of 1988
(CLIA) [5]. The maximum error from each test should not
exceed one-third of the analytical quality requirement set
forth by CLIA for that test (3.3% of target for many
analytes) [5]. For galactose and lactate, the maximum al-
lowable error is 10%, which means the total error of the
bias and the coefficient of variation for both these tests
should be 3.3% of their corresponding lower target range
values (20 and 500 µM, respectively).

InfoWare
How can we deal with 15 different channels of chemical in-
formation? How can physicians, patients, and family mem-
bers effectively deal with the interactions among 15 different
metabolites, nutrients, and drugs? Fortunately, advances in
data analysis, parameter presentation, and visualization—
coupled with appropriate modeling, simulation, and sensi-
tivity analyses—allow this challenge to be effectively
addressed. A simple but highly useful approach to multidimen-
sional “visualization” is the use of radar, spider, or star plots (all
synonomous) utilizing radial, polar, or even spherical 3-D coor-
dinate systems to present multidimensional data [34].

We have used radar plots in a preliminary way to simplify
and to visualize the complexity of protein interfacial reactions
[35]. We are now using it as a means to present multiparameter
clinical chemistry data so that the visual pattern generated by
the locus of points on the spider plot is designed to reflect par-
ticular disease states and metabolic conditions [15]. Although
such plots are incorporated in some plotting and graphical anal-
ysis packages and software, and widely used in certain specific
fields such as sensory assessment, they have not been widely
applied in most other areas of science. There has been limited
use in clinical medicine, which has demonstrated that such ap-
proaches have enormous potential. Perhaps the clearest exam-
ple of an n-dimensional radar plot visualization method applied
to clinical medicine and clinical biochemistry is the work of
Cerra et al. [36] dealing with the nutritional management of
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metabolic stress. Their study of the role of
branched chain amino acids in the stress re-
sponse presented the data in a unique radial or
star plot, similar to those that we have used in
our protein studies.

The potential of simple methods for the vi-
sualization of multiparameter clinical chem-
istry data can be illustrated with the case of
galactosemia [15]. Table 2 shows how four
key metabolites and the three enzyme activi-
ties are altered in the three different types of
galactosemia. With a seven-channel biosen-
sor, we could measure all seven analytes and
present the data in a radar plot to enhance rec-
ognition and distinction of the three types of
galactosemia. This is shown in Figure 7. The
challenge in effective multiparameter data
presentation with radial plots is to position
and scale the axes to produce easily recogniz-
able signatures [34]. Note that the enzyme
axes are the reciprocal of enzyme activity.
Normality is represented by the inner hepta-
gon (made by connecting the points on each of
the seven individual concentration axis). Type
II galactosemia “points” to the left, type I to
the top, and type III to the right. Sensing chan-
nels can be designed to measure enzyme con-
centration (activity) as well as for substrate or product
activity. If we want to measure a particular enzyme’s activ-
ity, we produce a channel with an excess of substrate and
co-reactants and look for product (via an ATP, NAD(P)H, or
H2O2 coupled reaction). We have already done this for
galactokinase activity [15].

Future Work
Immunoassays
We have recently extended our biosensor interests to include
chemiluminescent immunoassays in order to access analytes
not readily measurable by enzyme-based reactions. Homoge-
neous immunoassays require no separation or washing steps
(for antibody-bound and unbound components), whereas het-
erogeneous assays generally require one or more separation
steps. Some commonly used homogeneous chemilumine-
scence immunoassay techniques include Enzyme-Multiplied
ImmunoTechnique (EMIT) and Cloned Enzyme-Donor
Immunoassay (CEDIA).

EMIT is especially useful in detecting small molecules such
as therapeutic drugs and steroid hormones. The basic principle
is that the enzymatic activity of enzyme-analyte conjugates is
modulated by the binding of specific antibodies. The enzyme
activity is decreased when antibodies bind to the analyte-en-
zyme conjugates, due to binding-induced conformational
change and/or steric hindrance of the enzyme active site by the
bound antibody. Commonly used marker enzymes in EMIT as-
says are glucose-6-phosphate dehydrogenase and malate
dehydrogenase, both of which involve NAD(P)H and can thus
be coupled to the bacterial bioluminescence platform. The re-
sulting luminescence indicates the activity of the marker en-
zyme, which is proportional to the analyte concentration.

The CEDIA method uses an enzyme acceptor (EA) and an
analyte-labeled enzyme donor (ED). The presence of free
analyte ties up the drug-specific antibody, allowing ED and

EA to assemble, producing active enzyme. Low or no drug in
the sample results in the binding of antibody to the ED-drug
conjugate, preventing the assembly of the intact enzyme. In
both EMIT and CEDIA methods, the marker enzyme activity
increases with increasing analyte concentration. The marker
enzymes in the CEDIA assay involve H2O2 and can thus be
coupled to the luminol chemiluminescent reaction.

Ultimately, if the potential of the ChemChip is realized,
practically all relevant disease markers over a wide range of
molecular weights and concentrations could be quantitatively
and specifically measured for disease diagnosis and manage-
ment. Multiple analytes (~50) could be measured in small vol-
ume physiologic fluid samples (~50 microliters or smaller)
via relatively inexpensive, reliable instruments in point-of-
care as well as home environments.
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TABLE 2. The concentration (or activity) change of metabolites and
enzymes in whole blood for different types of galactosemia.

Type-I
Galactosemia
(GALK
deficient)

Type-II
Galactosemia
(GALT
deficient)

Type-III
Galactosemia
(GALE
deficient)

GALK ↓↓↓ —- —-
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GALE —- —- ↓↓↓

Galb ↑↑↑ ↑↑ ↑↑

Gal-1-P ↑↑ ↑↑↑ ↑↑
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Galactonateb ↑↑↑ ↑↑↑ N.A.
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↑↑ = modera tely inc reased , ↓↓↓ = highly dec reased , — = unc hanged ,
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STABILIZATION OF FIREFLY LUCIFERASE ACTIVITY AGAINST 
OXIDATION WITH ANTIOXIDANTS 
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1. INTRODUCTION 

Biosensors must be stored at room temperature for extended time periods. 
Luciferase stability is essential for functional bioluminescent biosensors. Firefly 
luciferase activity at room temperature can be maintained by lyophilization. 
However, lyophilized firefly luciferase does lose activity with time. Additionally, 
the stability of firefly luciferase activity in aqueous solution is important for 
research and optimization. Some of the activity loss in aqueous and lyophilized 
states is probably due to oxidative reactions. The oxidative damage to proteins 
includes scission of the peptide backbone, formation of intra or inter-molecular 
crosslinks, and modification of several amino acids. This damage leads to changes 
in net charge, conformation, and/or hydrophobic nature of proteins, reducing 
enzymatic activity. 

Oxidation caused by oxygen free radical species has been shown to 
significantly decrease the activity of firefly luciferase. Although sulfhydryl groups 
are not absolutely essential for firefly luciferase activity,2 the sequential 
recombinant elimination of sulfhydryl groups reduces firefly luciferase activity. 
Sulfhydryl groups are particularly susceptible to oxidation as well as other amino 
acid groups (Fig. 2). Although dithiothreitol (DTT) is generally used to protect 
sulfhydryl groups in enzymes, naturally occurring antioxidants such as vitamin C 
(ascorbic acid), vitamin E (a-tocopherol), and glutathione (GSH) have been shown 
to protect proteins against oxidation. Additionally, these naturally occurring 
antioxidants have been shown to work in concert in vivo forming an oxidation 
reduction pathway.4 

2. METHODS AND MATERIALS 
The inhibition of firefly luciferase activity by antioxidants was measured by 
injecting 50ul of an adenosine triphosphate (ATP) mixture (lOOuM ATP [Sigma] 
and 5mM magnesium sulfate [Sigma]) into 200|xL of an antioxidant mixture 
including various concentrations (lOOmM, lOmM, ImM, 0.1 mM) of antioxidants 
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(DTT [sigma], GSH [Sigma], TroloxIM [Fluka Chemika], vitamin C [Fisher 
BioTech]), 0.1 mM D-luciferin (Biosynth AG), 40mM Sucrose (Pfanstiehl), 
0.25mM Dextran T40 (Pharmacia), lmg/ml of bovine serum albumin (BSA, 
Sigma), and 0.02 mg/ml of recombinant firefly luciferase.5 The light intensity of 
the bioluminescence was collected with a Turner TD 20/20 luminometer for 15 
seconds. The same antioxidant mixture was lyophilized in two stages using a 
Virtis 12EL Lyophilizer. The lyophilized mixture was then reconstituted with 
200uL of reagent grade water immediately, 1 week, 2 weeks, and 2 months after 
lyophilization. Storage conditions included room temperature (25 degrees Celsius), 
in the dark, and in brown glass vials. The firefly luciferase activity after the 
different time intervals was measure by injecting 50 ul of the same ATP mixture 
into the reconstituted antioxidant mixture and measuring the light intensity for 15 
seconds. 

The firefly luciferase activity in the biomimicry antioxidant experiment was 
measured by injecting an ATP mixture consisting of 10(J.M ATP, 500(J.L 
magnesium sulfate, and O.lmM luciferin into an antioxidant cocktail, which had 
been storage at room temperature in micro centrifuge tubes for 40 hours. The 
antioxidant cocktail consisted of various antioxidants (vitamin C, Trolox, and 
GSH) at different concentrations (lOmM, ImM, and O.lmM) in several 
combinations, 0.5 mg/ml BSA, and 52 |J.g/ml of firefly luciferase (Promega). The 
light intensity was measured for 15 seconds with a Turner TD 20/20 luminometer. 

3. RESULTS AND DISCUSSION 
Fig. 1 shows the inhibition of firefly luciferase activity by various antioxidants at 
different concentrations. Fig. 2 depicts the results of the biomimic of the naturally 
occurring oxidation reduction pathway. Fig. 3 depicts the decreased firefly activity 
with time for various antioxidants. Fig. 4 shows the remaining activity of 
lyophilized firefly luciferase after two months of storage. 

Inhibition of firefly luciferase activity was only observed at concentrations 
exceeding 10mM, with the exception of Trolox (greater than ImM). The 
combinations of Trolox, vitamin C, and GSH did not show stabilization of the 
firefly luciferase activity greater than GSH alone after aqueous storage of 40 hours. 
Lyophilized firefly luciferase activity was preserved most effectively with DTT and 
GSH. 
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Fig.l Each point represents the average of three integrated light intensities collected for 15 seconds. 
The activity is relative to control firefly luciferase cocktail with no added antioxidant or sucrose before 
lyophilization. The error bars indicate one standard deviation. 

Firefly Luciferase Activity with 
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Fig. 2 Each intersection of lines represents a combination of three antioxidants at various 
concentrations. The activity value is based on the average of three integrated light intensities collected 
for 15 seconds. The activity is relative to control firefly luciferase cocktail with no added antioxidant 
after 40 hours of aqueous storage. 

v\ ^ 
" — — • — 3 ' 

~o- No Sucrose 
- • -Contro l 
- * - D T T lOOmM 
-• -V i tamin C 0 . 1 m M 
- * -Tro tox0 .1mM 
- * -GSH1O0mM 

Time (Days) 

Fig.3 Each point represents the average of three light intensities collected over 15 seconds. The 
activity is relative to control firefly luciferase cocktail with no added antioxidant or sucrose before 
lyophilization. The error bars indicate one standard deviation. Only the concentration that maintained 
the greatest activity for each antioxidant is shown. 
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Fig. 4 Each point represents the average of three integrated light intensities collected for 15 seconds. 
The activity is relative to a control firefly luciferase cocktail with no added antioxidant or sucrose 
before lyophilization. The error bars indicate one standard deviation. 
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Characterization of Vapor-
deposited Silver Films Exhibiting
Surface-enhanced Raman
Scattering by Raman and X-ray
Photoelectron Spectroscopy

L. V. DELPRIORE,+ C, DOYLE,1 and
J. D. ANDRADE+
Depdrhent ol BioeneineetinE and Scfdc. Anausis
Laboratotl, Uniuereiry of lJtah,sak Lahe Citr, Utah

Indei Headinss: Surface ansiysis; Rmm spectros-
copyi X-my phptoelecbon spechoscopy; XPSi
SERS; Silver filds; Cdbonfilms.

The obseration of a 106-fold increase in the Raman
scattering crcss section of plTidine adsorbed onro rough-

F€ceived 22 F€bndy 1981; revision rcceived 22 June 1981.
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ened silver el€crlodes or onio thin si]v€r films has focused
interest on Raman spechoscopy as a tool for sudace
analysis. Since ihe original obsewation of surface-en-
hanred Raman slarpr ing rSERS) of pl . r id inp. SERS
has been obseNed for a vadetv of admol€cutes on silver
including cyanide,d e thiocvanate.ro and carbon monox-
ide." Man], of these spectra exhibit prominent Raman
peaks at 1380 and 1590 cm-', and weaker featurcs at 2925
cm '. Howard et al.1' h^re suggested that this back-
grcund sp€cfuum is necessary for SERS, yei its odgin is
uncefiain, having been attdbuted to suface carbonat€s
and graphiiic carbon.6-u ra r1

In the prcsent study, we use x-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy, and scanning elec-
trcn microscopy (SEM) to chancteize the contaminants
and suface roughness of vapor-deposited silver filJns.
XPS is established as a powedrl sur{ace analysis method,
as emitted photoelectmns of €haracteristic kinetic ener
gies are detected only from the outermost atomic layerc.r.
Hammond et al.r6 have used XPS to studv the conholled
oxidation of silver, reporting the main peak positions for
AgO, Ag,O, and AgzO3. Carlson': also reported some core
elechon binding energy shifts of the major peaks corre-
sponding to the diffel.ent oxidation states of silver. The
shifts of cor€ peak positions due to carbon and oxygen
bonding have also been reported'l'" and are usea rn our
analysis. XPS and R-aman data have pleviousty be€n
used together to study bonding in silver complexes.',

SEM was used to determine the suface rouehness of
rhe rapor deposired sr lver f i lms. In currenr SERS modcts
rougbening in,  reasp. Lhe Ramai sraLrer ing in one or
m^re ul  (he fol iowing wals:  r  I '  by aluwinC .oupl ing of
the ext€rnal light to surface plasmons in the silver.,o (2)
by exciting colective electrcmagnetic resonances in smalt
(-ll10) silver particles,:r and (3) by enhancins the pro-
duction of elechon-hole pairs.:': Experimentally, the
maiked effect of suface roushness on SERS is well
established. Elechochemical roughening leads to an in-
crease of '10" in the SERS from py'ridine aGorbed on a
silver elecirode.''r In an ultla-high vacuum study, Rowe
et aL" have shown that a silver sur{ace rcushened on
rhc order ol  I00 ro J00 nm si les a I0 ' in.r .a$ in SERS
over smooiher (-10 nm) or rcugher (-2 to 5 p) surfaces.
Although Furtah'' has pointed out the dilficulty of quan-
tilying the enhancement factor, the demonshation of
some sur{ace enhancernent is clear. It was ihus important
to characterize the rougbness of our vapor deposited
sitver films before analvsis.

In this note, we conclud€ that a vapor deposited silver
filn, with surface roughness <10 nrn, was covered bv
rarbon and oxygen species on rhe ord"r oiseveral  mono-
layers. Raman spectra can readily be obtained from this
material. Since neither admolecule absorbs in the visible.
the Ramar scattedng of these sp€cies appears to be

Three samples were preparcd by evaporating 50 a 10
nrn of 99.997, pure silver onto quartz chips at 2 x 10 6
Torr Iar room rernpersrru.p, Thc quanz chips were prF-

'Present addres: Bor 230, Strong Memodal Hospital, Univ€Niry of
Roclester, Itochester, NY 14642.

t Pr€s€nr addre$: Sberboune Fffn Coitage, Shere Road, Albury,
Ned Guiuod, Surfeir. England.

+ Author to whom conespondehce should be addJesed.
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cleaned bv inmersion in an 80"C chromic acid bath
foUowed by subsequent 5-min nsins in deionized water,
doubly-distiled water (three times) and 10070 ethanol
(three times), and dded in Freon vapor. XPS, Raman,
and SEM measuremenrs wer€ obiained within 4 h of
sample preparation.

Raman spectra of the film were obtained from lront
scattering in a 90" geomerry, using 40O MW of lh€ 476.5
or 514.5 nm aryon-ion laser lines (Specha Physics). The
scattered light was focused on the entranc€ slit (-10
cm r) of a 1-m double monochrometer (SPEX 1401).
Specha were obtained by scanning at 10 nm/min and
recorded d ectly in wave-nunbers (cm '). Spectra were
obtain€d witha cooled RCA C31-34 photomultiplier tube
and Ortec photon counting elechonics.

The photoelechon specta were obtainedusinsa Hew-
leti-Packad 59508 ESCA spectrometer with monochlo'
matic Al Kc12 (1487 eV) radiation at 800 W (power at
the anode). The spectra were obtained by signal averag
ing 50 scans over a 20-€V binding energy mnge. Peak
areas were obtained by comput€r-assisted background
subhaction and integration.

The samples were examined lor surface topo$aphy on
a JEOL 35 scanning electron microscope at 25 kV for a
r€solution of sur{ace topography of apprcximately 10 nm.

The Raman spectrum of the silve! film shows strong
peaks at apprordmately 1380 and 1590 cm' (Fig. 1).
Similar sp€ctra obtained with 514.5 nm radiation con-
tumed the inelsstic nature of the scattering. The st.ong
peaks have previously been obseNed in the background
of Raman scattering fuom various admolecules on silver.
Otto" first obseraed similar features frcm a cyanid€
monolayer ch€mically deposited onto a polished sitver
block. and att buted these to adsorbed surface carbon-
ate. McQuellin el al.'' obseNed simitar features in the
surface Raman spechum of a silv€r elecrrcde at +0-3 V
(SCE) in 0.1 M potassium formate and also attributed
these to unspecified surface carboxyspecies. The peak at
1590 cm-'pe$isted at -0.9 V (SCE), and showed an
anomalous shift to 1540 cm ' when the electrode was
inmersed in 0.1 M sodium carbonate- Maionev el al.''
obseffed similar spectra from silvef electrod€ sufaces at
-0.2 V (SCE) in various electrolytes, and attributed this
to surface graphitic carbon.

An XPS scan of binding energies from 0 to 1000 eV
showed that only carbon, oxygen, and silver were de-
tected in the surface volume of our silver frlrns. Table I

prcsents the binding eneryl' shifts for the carbon constit-

Fig. 2 Fes€nts the Ag 3d rcgion of the XPS spectr-um.
Each of the Ag 3d p€aks is split, indicating substantial
suface oxidation. The featur€ appro).imately 4.3 eV
higher in binding energy from the Ag m€tal 3d lines is a
plasmon loss peak." It can be seen from Fig. 3 (a high
resolution scan of C-Ls) that the major crJbon (C-ls) line
was at 284.1 eV vith a sisnificant component at 287.2 eV
which was assieled to carbon oxl'g€n bonding. In addi-
tion, a small, higher energy feature was noied at +6.0 eV
from the main peak. This could be due to erther a
cafbonate-like carbon'' or to a r + r* hansition, which
was demonstrated by Clark'?dlbr aromatic polymers. The
feature at 287.2 eV (i.e., 3.1 eV shifted from Lne manl
peak) could be attributed either to ester-t]"e, carbonyl
twe, or quinone-Iile bondins. 'fhe literature indicaies
that the ester group gives a binding energy shilt of
approximately 4 eV, ' whereas quinone-lile bonding is
obsenedz? :3 at a shiit of 2.5 eV. Although the obseNed
feature wrs a iittle high in binding €nergy, it mav be due
to a quinone species, especialy when it is considered in
conjunction with the bigher bonding energy C ls peak
which may we[ be a r + u* satellite. Such a feature
rvould point to a gmphir.ic type carbon being present.z? !3

The mean free path for silver (3d) electrons is approx-
imately 1.s nm in silver and more than 5 ffn in carbon,:3
thus we are sampling a hierarchv ofstructures, including
bulk elemental silver, silver odde, and oxidized saphiiic
carbon overlayeN.

XPS analysis showed that approximately 80% of the
carbor present was of gaphidc or ,lkyl twe. Apprcxr-
mately 207. of the carbon is present in oxidized folmq
possibly quinone'like. Oxygen was also present as slrver
oxide (possibiiy Ag"O) or bonded to carbon.

The silver suface appeared smooth when examined
under SEM at 10 nm resolution, yet w€ were able to
obtain a Raman spectrun of adsorbed carbon.

Our Raman spectnm closelv resembles that of gra-

TABLE I. X-.ay photoclcctror sp.ctroscopy core binding eneF

"i:,19' ;\l

,0281.2 j.l
290.1 6.0

Crinone, ester, or reiat d species
tr- ,' aDd/or cebonate

Frc. r. Rman spectfm of th€ silv€r 6lrn ushs 400-MW taser excira
tion ai 476.5 nm. The najor lesrurc is the so called 'cath€dral peaks"
at apFoximately 1380 and 1590 cn '. Se€ text for discussion. Laser
enissio. lines arc prcdent ai .492 cm ' and 1456 .m '. Other laser
,  mbrun lnp .  rp r "  F io rpd  . r^^ '  h " .p .1 r rn ' " . .1 . r r \
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Fic 2. Hislt rcsolurion l ia! pholocleclron spec(rum ol the silver 3d
bindins enersy r€sion. The shifts ln th€ trvo 3d spin orbit peaks are
evidence of silve. oaide in ihe sudace resion on th€ silver metal. The
two ninofpeaks ai lbout1.i] eV froh lbe silver netallines de du€ to



- 9 '  .  B r \ D \ . r N r  a u '  - r  ) P '

Frc. 3. Hish'resolution x ray photoelecton spectrum of the C ls re-
sion. Top spectruh shows the cnbon akyl line at 284.r eV; a peal
approximateh 3 €V high.r in binding energy is present; also note the
feaiures at 6 to 7 eV hisher in binding ener*y (drow), probably due to
r ' ri C-rs satelites. This b shom in futher detail in the botton

phitic carbon"i w€ athibut€ the peaks at 1380 and 1590
cm ' to this species. Graphitized carbon shows a G-line
ai apprcximately 1590 cm ', due to in'plane wibrations of
the layersi a D-line at apgoximately 1360 cm 1, associ-
ated s.ith in'plane vibrations, resultins from structuml
impefections; and features at 2700 to 2740 cm ' which
are a function of the population of zone boundari$. We
note that our spechum at 2700 cm ' closely rcsembles
that of gaphitic carbon. However, we also obseNe a
broad, weak featue at approximatelv 2925 cm , perhaps
a.sociared s uh oiher "urface (ontaminan!".

Many authorc previously repoting SERS from ad'
molecules on silvff elechodes, bulk silver in ultra-high
vacuum, and vapor deposited silver films have observed
two common featores in the sp€ctrum: (1) a backeround
continuum from 0-4000 cm ', athibut€d to inelastic scat-
tering from elechon hole pairs'2'3ot and (2) prominent
"cath€dnl peaks" at 1380 and 1590 cm-'. Howard etaa"
suggest that graphitic carbon overlayer6 ar€ necessary
fo. SERS by il) incrcasins the suface concenhation of
adsorbed plridine, and (2) inducins the formation of
colorcd pyridine-carbon intercalation compounds with
subsequent resonant enhancement. We note that numer'
ous expeimenters have vapor deposited silv€r films on
cold substrates (11 to 100K). This would inoease the
amount of suface carbon due to cryoadsorytion com-
pared with our room temperature experimenls, and in-
crease the contribution of this species to the SERS.

The tull role of surface carbon in SERS has yet to be
tully elucidated.
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Adsorption of low density lipoproteins onto
selected biomedical polymers

D.E. Dong, l.D. Andrade, and D. L. coleman
Depnrtntnt af Phnrftdceutlcs, uflir.tsity af Utah, Salt Lake Cit!, Utah 81112

This study examines the interaciion of
human low densitl, lipoproiein (LDL) with
a select group of biomedical polymers.
The adsorption characteiisiics of LDL on
cuied fil1ef free poly(dimethyl Sitoxane)
(C'PDMS), Biomca Cardiomat 610, katon
16s0,  poly(hydroxyethyl  netha.ry late)
IPHEMA) and glass are pfesented. Ad-
sorption of LDL to charged hydrcphilic
glass control surfaces occurred rapidly,
reaching plaieau concenirations within one
ninule (0.19 10.01 ug/cm'). Adsorytion
ofLDL to polymer sufaces appeared 10 be
dependent upon both ihe polymer hydro-
phobiciiy (or apolar nature), and ncxibility
(or dynamic natur€) at the inie ace. In
creased surface concentrations were ob-
s€Ned for Biomer (0.32 1 0.0i us/cn':) as
well as other potymers which exhibited
both hydrophobi. and elastomeiic proper
iies. Tcmperature changes between 25'C

and 37'C were found to significantly influ-
ence the surface conceniraiion of LDL on
Bioner (0.16 1 0.01 ugl.m'? at 25"C versus
0.32 1 0.01 !g/cm' at 3lC). A lipid corc
phase transition at 36'C was belie!€d io be
tesponsible for ihc tcmperaiure influence.
I'ieLminary competitive adsorpiion studies
ofLDL with alblmin (HSA) and serun on
silicone surfaces sugg.sts ihai LDL ad'
sorption occurcd rapidly and preferentially
(0.2s i 0.01 ug/cm: for LDL alone;0.33 1
0 . 0 1  u g / . m '  f o r  L D L  +  H S A ;  0 . 1 5  1
0.01 us/cm' LDL + serum). Preliminary
studies on the rcle of LDL in calcification
were not conclusive. It .an be concluded
that LDL adsorpiion is dependent upon
polymer hydrophobicity, flexibility and
temperature. ComPetitive adsorpiion ex-
periments suggests that LDL may have a
substantial influcnce on protein adsorytion.

INTRODUCTION

The effects of lipid and lipoprotein adsorption on the blood-mate als
intedace are of interest in the compatibility of prostheses. Swelling, cracking
and loss of mechanical per{ormance of Silastic heart ball poppets were att b-
uted to the adsorption and absorption of selected lipid and lipoprotein
components. r'z Similarlt sorption oI lipids and lipoproteins may aci as sites
for the initiation of calcification,'r as sources of phospholipids for platelet
activation,s or may affect the overall mechanical performance of the mate
rial by accelerating oxidative degradation."

The low densitv liooprotein lraction was chosen for the evaluation of
lipid-lipoprotein adsorp[ion based on its high concentrations of cholesteto]
and cholesterol esters,e and its roles in atherogenesis.r0 There were also
previous in olho studies on silicone rubber suggesting that cholesterol com-
ponenrs are acovely absorbed by lhesc mdleridl\ .

loumal of Biomedical Materials Research, Vol.21,683 700 (1987)
o 1987lohn Wiley & Sons, lnc. ccc 0021 9304/87i060683-18$04.00
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There are few reported studies concerning the adsorption o{ LDL onto
polymer materials (Table I). Most studies only report interactions of LDL
with hydrophilic glass substrates.P T The rcpolt by Danat'z indicated that
adsorption of LDL on glass surfaces reached satumtion equilibrium with
high afiinity and tempenture independence. The report by LewisB sug-
gested the inldbitory role of LDL in the adhesion of thrombocytes (platelets)
to glass surfaces. Other lipid &actions are also thought io activate platelets
and increase adhesion.+L'?l Brown,la as a result of routine lipoprotein iso-
lat ion procedures, lound that LDL irrerersiblv bound to radio-frequency
glow-discharged polystlrene (PS) sufaces. The removal oJ LDL from the
heated PS surface was only possible a{ter treatment with the enzyme hyp-
sin, which is known to specifically deave at the lysine and arginine residues.
More recent studies by Bantjes'?o evaluated the competitive adsorption of
LDL, high density lipoprotein (HDL), and fibrinogen from serially diluted
plasma onto pol].vinylchlodde (PVC) and PS. Adsorption of LDL produced
less iniibition of adsorption of other plasma proteins in comparison to HDL.

These sfudies have given us some indication of the behaviot of LDL ad-
sorption onto material sulfaces. Studies are now necessary to determine lipid
and lipoprotein adsorption characteristics to more relevant biomedical mate,
dals. The importance and role of Iipids and lipoproteins in determining the
overall biocompatibility and pedomance of a matedal is still unclear and also
rcquire fu*her evaluation. The purpose of this study is to evaluate the
adsorption behavior of LDL onto a selected group of biomedical materials,
induding filler-ftee poly(dimethyl siloxane), Biomer, Cardiomat 610, Kmton
1650, and poly(hydroxyethyl methacrylate).

MAIERTALS AND METTIODS

Materials processing

Biomer@, a poly(ether urethane urea), was a gift from Ethicon Inc., Somer-
ville, New Je$ey; Cardiomat@ 610, a poly(ether urethane), was a gilt hom
Kontron Ca:rdiovagcular Inc., Everett, Massachusetts; and Kraton@ 1650, a
triblock copolyner of styrene-ethylene-butylene-styrene (SEBS), was a gilt
from Shell Chemical Corp., Houston, Texas.

Biomer (10% ru/r, in dimethylacetamide, DMAC), Cardiomat 610 (15-18E"
u/o i^ 2.'l dioxane:tetahydrofuran, TTIF), and Krato^ 1650 (208 u/o n
redistilled decahydronapthalene) were cast into 0.01 cm thick sheets on a
Mylar@ subshate and solvent evaporated under a positive pressure nitrogen
atmosphere at 60"C.

Filer-free poly(dimethyl siloxane) (PDMS) was a gift ftom Thoratec Labs,
Berkeley, CaMomia. A 107. (w/o) solution oI PDMS was prepared in THF.
Samples \.veie dip cast onto silica-filled Silastic@ sheets (Do\a/ Coming) that
had been exhacted in methylene chloride ovemight. Samples were then
culed at 80"C for 12 hrs in a humid nitrogen-filled environment {ollowed by
a 45 min steam autoclave at 80'C to insure a comDlete cure, SamDles were
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minimally tacky, smooth and without de{ects as determined by ihe character-
ization protocol described below.

Hydioxyethyl methacrylate (HEMA) was a gift from Hydro Med Sciences,
Inc., New Brunswick, New Jersey. The FIEMA was cast against acid cleaned
glass plates using azorislmethyl isobutlyate) as the initiator. Polymerization
was allowed to prcceed for 12 hrs at 60'C.

Borosilicate glass (Gold Seal) was used for the contol substrate. Glass was
prepared by the cleaning process described by King.2

Matedals characterization

Light microscopy and scanninS electron microscopy were used to examine
the gross surface roughness and morphology of the cast polymers. All mate-
dal sufaces except Biomer were smooth and free of gross or microscopic
defects. Biomer surfaces were difficult to render free of defects due to the
presence oI unfiltemble 8el partides and the formation of microbubbles upon
evaporation of the solvents even under controlled environmental .onditions
(Fis. 1).

The surface chemical composition was determined by the use of x ray
photoelechon spectroscopy (XPS). XPS was performed on each lot of cast

Figlre 1. Su ace moryhology of (a) unfilteied Biomer via light mi.roscopy
at odginal magnification of 200 x; (b) 3-iaM Fluropore filiered Biome' light
microscopy ar original magnification of 200 Xj (c) Cardiofrat 610 scanning
elechon miclograph (SEN0 at originat magnification of 5400 X (d) Kraton 1650,
SEM at original magnification of 2100 X. The suface roughness of Biomer
sdples was due to the presen e of unfiltered gel pdtides and formation of
microbubbles uoon evaDoration of solveni uder .ontrolled envircnmental
condftions (see text).' t
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samples. Both the Mylar facing surfaces and surfaces cast atainst a nihogen
atmosphere were analyzed (Table II). Both urethanes sholved an incrcase in
the ether carbon and decrease in the alkyl carbon for the surlacc cast againsi
a Mylar substrate. This is expected, considering the polar surface com,
position of M)rlar.

The Wilhelmy platel3 method was used to determine the surface hydro
phobicitv and hvdrophilicity under dynamic condiiions. The receding \,ater
contact angle was used as an indication of the hydrophilicity of the polymer
surface. The receding water contact angles showed PDN4S and Kraton 1650
to be the most hydrophobic polymers. Biomer and Cardionut 610 showed
greater hydrophobicity than glass or PHEMA (Table III).

Lorrr density lipoprotein isolation

Fresh human blood was used in all experiments. Thc blood was aliowed
lo . l o r  a t  rL ' um le 'npe r . r  t u  r c  ru r  I  h -  and  rhen  s  a - .  en  t r i t JBFo  d r  l 5UU g fo r
30 minutes ai 5"C to isolate serum. All solutions used in ihe procedure
contained 0.01% Thimerosal (sodium ethvl meicu thiosalicvlate) as a bacte-

cide, 0.01% EDTA to chelate metal ions, 0.013% amino caproic acid as a
protease inhibitor, and 0.05% gluiathione (reduced) as an antioxidant.'z{ Iso-
lation of LDL from whole serum Iollorved the sequential ultracentrifueation
p ro loco l  o r  l ' ndg ren i  a t  l L l< .000  g fo r  l 8h r .a .  l o 'C .  Dp ' . i r r  Jd ju . i ne - l
was per{ormed by the addifion of NaCl and NaBr sohltions. Lo\,v densiiy
lipoprotein was collected bet\'!'een the density of 1.006 g/ml and 1.063 g/rnl.
Washed LDL was passed over a column of Sephadex C50 in phosphate
bulfered saline (PBS) (0.15M NaCl, pH 7.4) at 4'C to remove NaBr.

Isolated LDL was characterized by polvacrylamide slab gel electrophoresis
(PAGE),']6 imrnunodiffusionzT and transmission elcctron microscopy (TEM).':3
Polyacrylamide gei electrophoresis of LDL was peiformed on 7.5% linear
gels. No protein contaminants were detected. Unifomitv of particle size by
TEM and non-identity of LDL by immunoelectrophoresis against human
serum albumin and other serum proteins also confirmed samplc puiity.
Protein was determined by a nodified Lowry procedure.'1e Lipid analysis for
iotal cholesterol and tr iglyceride u'as determined bv the use oI ihe
Worthingtono enzymatic assay kiis for serum lipids.rrrrr Lipid analysis oI
whole serum cholesterol and triglyceride of blood donors fell within popu
lation sample norms of 138 294 mg/dl and 36 165 mg/dl, iespectiveiv. r0 rl

Experimental protocol

LDL was tritium labeled by reductive mcthylation of the lysine residues by
the procedure o{ Jenioff and Dearborn.3'z'3r The radio{abeled LDL was char-
acterized as described above. Greater than 95% activitv was associated $'iih
l he  LDI  p ro te in  band  d .  L le le rm ined  by  po l yac r ran id r  8p l  h )d .u l ' ' i - .  "  A l l
polymer samples were cut into 16 mm diameter circular discs. Samples were
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TABLE III
Wilhelmy Plaie Advancing md R€ceding Wat€r Contact

Angles {or Pol}mers After 24-Hour Hydration in PBS at 2s'C

Glass
c PDMS-tt

Kraton 1650
PHEMA

1 1 0  1 6

1 0 3  1 3
3 2 ! 2

2 2 ! 3

eximcted for 12 hrc in PBS to remove unreacted monomer and catalyst and
fhen hydrated in PBS for 24 hls p or to exposure io LDL solutions. Polymer
samples were suspended in a PBS solution followed by ihe addition of a
concentraied LDL sol{rtion. This procedure was followed to avoid the inter
action o{ the pol}.rner with a denatured lipoprotein layer at the air-liquid
inter{ace. Adsorption was allowed to proceed at 37'C Ior up to 2 hls. A
constant lnild agitaiion at 125 rym was applied by a shaker bath to minimize
the presence of a denatured boundary layer at the interface. Following the
approp ate time interyals, the protein solution was displaced by equal vol-
umes of fresh PBS flushed through an et port and out an exit port, again
minimizing the interactiotl of the polymer with the protein air intedace.
Thrce 30 mL rinses of PBS at 5 min intervals were used to diselace the Dro-
tein loluf ion dnd lo remo\e loo.ely bound prolein lrom lht-urtdce. lhe
flow rate was 60 ml/min. The polymer sarnples were transferred to vials and
10 mL of scintillation cocktail (AquasolII, New England Nuclear) was added.
The samples were allowed io equilibrate for 24 hr at 4"C before sample
activity was determined. A11 expe ments were pe ormed in tdplicate.

A preliminary competitive adsorption study was peformed with human
serum albumin (HSA) and diluted whole serum. Albumin and LDL were
combined in PBS to give a final solution concentraLion at 5 mg/ml and
0.4 mg/ml-, respectively. Serum was diluted to Sive a linal protein concen
traLion al l0 mg/ml with d LDT concentrrLjon dt 0.c mg mi .

Data analysis

The analysis of covariance,ss the nonparametdc I<riskal-Wallis analysis oI
va ance,rb and the Wilcoxan-Rank Sum Test for multiple sample com-
p<rri5on wereperlormed on lhe d,r ld where applicable. The f r ipre.ent*
the probabiliiy that the obseryation is significani ai the stated a level of
sienificance.
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Experimental resqlts

The influence o{ blood dono. LDL variability was studied (Fig. 2). Exami-
nation of the data (Table IV) reveals signiEcant overlap of the standard
deviations, suggesting that the diflerence among the dono$ may not actu-
al ly e\irt  but may rel lect lhe smdll cample sie u.ed in t le rtdt i \ t ical anal) r ic.
Therefore, donor va ability was interpreted as not having a dominant effect
on LDL adsorption in glass subshates.

Radio methylation was found to significantly influence the sudace concen-
tration of adsorbed LDL (Fig. 3). LDL labeled with >20 methyl groups/mol
of protein resulted in a significantly lower surface concentration compared fo
LDLlabeledwith <2 methyl groups/mol ofprotein. Perhaps the methylation
of the lysine residues results in a decreased elechostatic interaction with the
negatively charged glass surface. It was determined that a high specific
activi l \  wa\ ne(e\5ary to obtdin reLable srdtisthr be,.u.e or th; ro;nHne
EeomehJ used and lhe lor,r ,onlentra6on of adsorbed proLein. A medium
degree of label (10 15 methyl groups/mol of protein) was chosen for the
remainder of the studv.

Adsorption studies pedotmed as a function of tempenture were found to
show a significantly greatei LDL surface concentmtion on Biomer and pDMS
at 37'C compared to 25'C. No significant difference in surface concentrations
were observed Ior glass controls between the two temperatures (Fig. 4).
Subsequent studies werc performed at 37oC.

The adsorption of LDL onto conhol glass subshate was found tobe largely
independent of both time and concentration (Figures 5, 6, and Table V).
Adsorpfion was both mpid (<1 min) and fesistant to displacement following
three 30-mL PBS 5 min inses at 37"C. Plateau surface concentrations wera
obsered at the earliest time inteFal o{ 1 min.

30 60 90 t20
TIME (min.)

t i8!re_2. Aver.Sp iur lace cunrenr 'at ion r /E ,m:r of  H LDL r0. l  ng mt I
I r o n  ' o u r  d o n o r  o n l o  h \ o r u p h i i  c  e t r . i  r r  1 7 " ( .  D " e r . e  o t  t ; e l  -
7 . r  i  a m e t h v l s r o L , p r L D i m o l e , u l " . i h e i n d  \ i o u " t d o n 6 r d a r a a r e r r c r
n Table IV

^ 0.4
e

_i 0.3

3 0.2

& u l
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TABLE IV
Surface Con.enlration6 ltlg/cm:) of Adsorb€d 'H-LDL r0.26 mglmlt in

PBS on Hydroptulic class at 37'C LsinB I Dt of lour DiJteren[ Donors,

(ns/nL) t0 min 120 min
0.13 1 0.0r
0.16 i  0_01
0.16 I  0 .01
0.19 i  0 .01
0_16 j 0.02

0.16 1 0.01
0.21 1 0.01
0.16 a 0.02
0.23 a 0.04
0.19 :  0.04

0.15 1 0,01
0_22 ! 0.02
a_17 ! 0.02
0.21 1 0_0r
0.19 1 0.03

0.16 1 0.01' 0_21 t 0.02
0.:t6 t 0.01
0.21 t 0.02
0.18 a 0.03

0.30
0.18
0.25
0_29
0.26

3
l
3
3

12

1 ,
2.
3.
4.
t

I

"Deeree ldbel  7.3 '  2 .q mpthl l  erouo/LDlmole.u le.
Yh; fl represents roldl number oi-;ple" In all erperiment. perrormecl u tr.ipLicJ,e



692 DONG, ANDRADE AND COLEMAN

30 60 90 t20
TIME (min )

Figure 3. Eff€ct of radiolabeting of LDL (0.3 mg/ml) on adsor?iion onto
hydrophilic glass at 37'C. Degree of label: (o) high = 21.3 12.7 methyl
groups[-Dl molecule (.) low : 2.3 1 1.0 m€thyl giolrpsilDl molecules. Al1
subsequent expeiimenis weie peiformed with a degre€ of label beh{een 10 1s
rnethyl groups,{-Dl- molecule (see texi).

i. 0.4
E

3 0 ,

3  0 2

f, 0.1

c  o 4

_i oJ

f o. l

30 60 90 t20
TITME (mi i . )

F igure 4.  The efre,  or  erperature un "d-orpr io,  o - ,  
lDl  "nr"  hydro

p h i l i c g l d . s r . q r n B n l  h  l D L r . C l D V \ ,  J . 4 n B  r l  H - D . / . B o F r
(^,0.5 ng/m]-'H-LDL). Solution conceniration siandard deviaiions Fngcd
b " t u e . n  0 . J l  o , d  0 . 0 i  m q  m L . O p e r $ T b o l ' d - e  r ( , . o . - . l . l 1 o u .
are 25"C.

PDMS and Kraton 1650 adsorbed more LDL than hydrophilic glass. The
kinetic profiles of both polymers showed evidence of concentration and time
dependence (Figs. 5, 6, and Table 9.

The adsorytion of LDL to Biomer occu ed relatively slowly, suggesting a
shonger dependence upon both time and concentration (Figs. 5, 6, and
Table V). These charactedstics werc also revealed in the isotherm plots.
Although the adsorption kinetics of LDL onto Biomer were slow, prolonged
exposure (120 min) resulted in significantly greater surlace concenttations
tllan the control elass subshates.

Cardiomat 610 and PHEMA both resulted in sicnificantlv lower sur{ace
concentrationc than the glass confrolc tFrg..7, 8, dnd fdble Vr. fhe arl-
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TABLE V
Surface Concenrration (pglcm1 of LDL Adsorbed

onto Polyme. Su*ac€s at 0.5 mg/nl, at 37"C in PBS

Class
C-PDMS-fF

Kraton 1650

PHEMA

0.24 1 0.02
0.16 1 0.01
0 . 3 0 1 0 . 0 i
0 . 1 0 1 0 . 0 1
0.06 1 0.01

0.17 a 0.01
0.26 i 0.01
0.22 a 0.03
0.38 -' 0.02
0.06 i  0 .01
0.09 1 0.01

0.17 :! 0.01

0.25 1 0.01
0.41 1 0.02
0.09 1 0.03
0.13 1 0.01

0.18 i  0 .01
0.30 1 0.02
0.32 1 0.01
0.42 1 0.01
0.17 1 0.03
0.15 1 0.02

sorption kinetics for Cardiomat 610 were similar to Biomer, exhibiting a slow
rate of adsorption and both a time and concentration dependence. The
adsorption kinetics of PHEMA was also similar to glass, although the ad-
sorption isotherm for PHEMA (Fig. 7) did not appear to reach an equilibdum
plateau in contrast to the other materials in the study. Overall, adsorption of
LDL appears to be greater on more hydrophobic polymers, as represented
graphically in Figure 9.

Preliminary competitive adsorption studies onto PDMS indicate an in-
hibitory effect of serum upon adsorpiion of LDL and a positive influence of
albumin on LDL adsorption (Fig. 10). Atbumin was found to increase the
surface concentmtion of LDL by 257. compared to LDL adsorption from pure
LDL solution. In the presence of diluted serum, LDL was found to adsorb
50% the surface concentmtion found in adsorption from pure LDlsolution.

30 @ 90 t20
TIME (min.)

Figure s. Adsorption kineiics of'H-LDL (0.5 mg/ml) onto hydrophiljc glass
(o), C-PDMS (E), Biomer (^) and Kraion 1650 (.) in PBS, 37"C for up to
120 min.

E

n
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0.t5 0.30 0.45 0.60
CoNCENTRATI0N (m9/ml)

Figure 6. Ad.urphon i-otr .rr  ol  LJ{ DI /0.c 18 nIr  u lo l ' )drupl ' r l r
glass (o), C PDMS(E), Biomer (^)and KJaion 1650 (.) itrPBS at 120 min.,3rC.

DISCUSSION

The structure ofLDL is not completelyknown at this time although studies
suggest that it exists as a spherical molecule sinilar in {orm to other lipo-
protein complexes.3x$ The molecule is approximately 200 250 A in diameter,
consisting of a core lipid component oI cholesterol esier (CE) and triglyc-
eddes (TC) and an outer shell oI phospholipid, cholesterol and protein. The
core iipid composite of CE and TG has also been shown to go through a
reversible lipid phase t{ansition (LPT) between the iemperature of 20-40'C,
with a peak transition at 36'C.3t4 The lipid core exists as a solid crystal below
the LPT in a low energy state with minimal molecular motion or mobility.
Within the mnge of the LPT and near the peak transition temperature,
the core lipids melt to a liquid crystalline siaie and possess an increase in

30 60 90 120
TIME (min.)

Figue Z Adsorption kinetics of'H-LDL (0.s ng/ml)onto hydrophilic glass
(o), Cardiomat 610 (r), and PHEMA (^) in PBS, 37"C for up ro 120 min.

^ o.4
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_ i o r

3 o.z
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0.t5 0.30 0.45 0.60 0.75
CoNCENTRATTON (m9/mt)

Figue 8. Adsorption isotherm of rH LDL (0.5 mg/ml) onto hydrophilic
glass (o), Cardiomat 610 (.) and PruMA (^) in PBS at 120 min, 37'C.

dFamic mobiliiy. The increase in dynamics occurs not only Ior the core,
but also for the entire LDL molecule, allowing exchange to occur between
the core and surface lipids. This indirectly allows for the interaction of all
components of the molecule with the environmeni. This is particularly im-
portant in a biological env onment and may also be of importance in an arti-
ficially induced environment as well.ltrr The liquid solid interface of LDL
consists of both charged and hydrophobic domains.q {! Approximaiely 40%
oI the total lipid composition and 1007. of the protein component exists on
the outer shell of the macromolecule.

Information concerning the molecular structure and dynamics of LDL can
be used io formulate the following conclusions and hypothesis. Our data

E

.:

^ 0,4
e

3 o.z

t650

GLASS

o 8 l

HEMA^ o CAnDIOMAT 610

20 40 60 80 100
CoNTACT ANGLE (desree)

Fisue 9. Conelation between ihe suface con.entration at 120 min. ad-
sorpiion (pglcm':) of adsorbed rH-LDL and the hydrophobicity of ihe poly-
mers as deiermined by undetrater captive bubble (o) and WilheLny plate
receding (^) coniacl anglc te.hniques. The hydrophobiciiy of the polymer
appears to correlaie with increased adsorption of LDL.
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30 60 90 120
TI IVE (min.)

Figure 10. Competi{ive adsoiplion of rH LDL on C-PDMS at 37'C. LDL
alone (D,0.4 ng/ml) ,  LDL wi th human serun a lbumin (F iact ion V)
(o,0.4 mg/ml- LDL and s.2 mg/nl albumin in PBS)and LDL (^,0.5 ng/ml-
LDL) with whole human serum (10 mg/ml total piotein).

supporta significantly gleater surface concentration of LDL adsorbed at 3fC
compared to 25'C on PDMS and Biomer. The increased suface concentration
obsened in these two polymers can be attdbuted to two synergistic effects:
(1) the elastomeric nature of the polymers, since glass controls did not shou/
a significant increase in sudace concenhationi and (2) the increased dynam-
ics of LDL due to the LPT at the higher temperature.

The adsorytion of LDL is increased on more hydrophobic and elastome c
polymers such as PDMS, Biomer and Kraton 1650. It is known from other
studies that the adsorytion of proteins to polymer sufaces is dependent
upon the sudace composition and bulk composition.ar' We hypothesize that
the adsorption o{ LDL is dependent both on the surface (and bulk) com-
position as well as the elastome c natur€ of the polymer. The importance o{
the two components in influencing protein adsorption is evident in the
adsorption rcsults of LDL on Biomer and Cardiomai 610. Althouth the two
polymers are urethanes, their compositions differ in boih ihe chain extender
and the soft segment length, lending possibly to the difference observed in
su ace concentration. Biomer is composed of an ethylene diamine chain
extender, with a soft segment of approximaiely 2000 molecular weighi. The
Wilhelmy plate receding contact angle measures 41.8 I 6.0'. Cardiomat 610
is composed of a butane diol chain extender and a soft segment of approxi-
mately 1000 molecular weight. Its contact angle (31.5 a 1.8) is somewhat
more hydrophilic as one would expectwith a more polar chain extender and
smaller hydrophobic soft segment. Cornparison of the data between other
elastomedc pol).rners and non-elastomeric polymerc in this study also sup-
port this hypothesis.
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Although specific modes oI inteGction were not identified in these experi-
ments, it is known that the adsorption of LDL onto giass occurs by electro-
static interactions.r2 azas Other modes of inieraction have not been as widelv
, tud red  a l t ho "Bh  lhe  \d r i ou -  hvd rophob i .  l i p i d -  and  hyd rouh i l i r  p ro re rn
components of LDL provide the capabilit]' for many differcni means ol
interaction. The varied composition oI LDL and its dynamic nature also
allows it to accommodate optimally to a surface. Recent studies by Hlady et
al.{e have examined lhe adsorytion ofHDL and LDL to hydrophilic 81ass and
silane treated hydrophobic glass by the new method of total internal reflec-
tion intrinsic fluorescence.s Fluorescence charactedstics of adsorbed Drotein
can oe u\ed lo Bain informdLion reBdrding lhH.uqlurm.l ion oi the p-otein 'n
the su ace and allow better understanding of lipoprotein su ace inter
actions. More siudies are required to determine the predominant factor in
adsorption of LDL to sudaces.

The adsorption of LDL onto PDMS increas€d in ihe presence of albumin
and significant adsorption was found in the presence of serum. Studies by
Bantjes et a1.'?0 have examined the competitive adsorption of LDL and HDL
wiih other serum proteins in solution mixtures. The adsorption of HDL lrom
plasma occured preferentiallv on PVC and PS surfaces. Adsorption of LDL
resulted in lower surface concentmtions in compadson to both HDL and
pure proiein solutions, but an equilib um state u'as not achie\ied. Both
adsorbed lipoproteins resulted in decreased adsorption of albumin, fib-
finogen and immunoglobulin from plasma. The surface concentration of
fibdnogen on PS sur{aces in the presences of LDL r{as noi reduced in com-
pa son to the amount adsorbed from a pure protein solution. Bantjes et a1.']0
did not study the influence of albumin on lipoprotein adsorption. Although
lve saw an increase in surfacc concentration of LDL in the presence of
albumin, the interaction between albumin and LDL is still unclear. Botl-r
polymers in Bantjes et al. study are relatively rigid, polar and non-elasto-
me c in comparison to PDMS used in oul study. This may possibly have lead
to the unenhanced and lower surface concentrations seen in the fesults, We
suggest that, in the presence of competing serum proteins LDL possesses a
greater affinity for hydrophobic and elastomedc surlaces in compa son to
other serum proteins. More studies are necessarv to confum this hvpothesis.

ln canclusion, the adsorption of LDL to specific polymer surlaces is influ-
encedby temperature and bv the hydrophobicitv ofthe polymer suiface. The
possible implications from ihis studv are numerous. The presence and role
of LDL in atherosclerosis and calcification has been documented in numer
ous studies.5r $ The elfect o{ LDL adsorytion in implanted prosthesis or
hemodynamic devices (cardiac assist devices, artjJicial heart) may lead to
similar biological conclusions. Studies showing lipid adsorption with
chanSes in mechanical properties over time may now have an etiological
basis.lll7 The presence oI absorbed lipids may also act as a soulce of lipids
in place of platelet lipids, initiating ihe coagulation cascade-67Ii is therefore
apparent that more attention should be {ocused on the role of lipids and
lipoDroteins in blood interactions with mate als.
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0.83 
1.17

22 
20

1.11 
1.58

1.01 
1.44

0.93 
1.33

27 
25

a.24 
1,76

1.13 
1.61

1,04 
1,48

313.31
3.02
2,7 A

403.63
3.31
3,08

483.95
3,60
3.35



39

xF€IE€.E
!;e

*
3--

F
&

q
 .4

:
z

: e

u
:;rl

.5EE.aE

Y
5 ryiii i;ffiiiiiiiF 

if ;;i ii 'ff;fi
:iE

;iE
: 

;iii:isi:iiii 
E

i !;l i: ;j:ii*f
it#iij i'ii;l;=#ii 

* i;: l: i:;i;:ir
:;;tiis 

+il;:iitf 
rii ii; ;ii ;: ;€:;i'3;

::i;;;i; 
iii;l;;;l:;i; 

=ifl :ii,t:t;iiiitii
:i;i#il :*ii i:;*;i;st 

i;;E t;iiii;:211;;tli

i i$ - #ff ',i:i ;;, ;iii i;iiFEiii'iii

,i ;iil ;*,iffil ffiii# .# ir

l

\-il



;: 
2

 E
:

;
 

5
:

: i 
:E

i:5
 !E

;. 
:: 

E
i

a
 ";; ;fr

,
'

:
E

d
 

s
>

F
 i!: 

g
3

!
;

9
E

 5
s

j =
!: 

i*
! 9

:g
 

e
E

g
 !:: 

-e
3

;;=
ji 

;,

i!
 

;
 

:
t

a
^

 4
2

1
 

-z
B

 i;-€
 E

E
9

;
i

 
.

;

=
:E

 - 5
;€

! 
3

;iiij it i;j ;*:;,;#ii
'iiii :; i;i .;'+ji#j;

',5 ***ii;il,jil,;

9:E?:=€3c

;;;i;::!;:
ii;t'n

;ji5
g

'

ii€r;:':;;
: _

: -:=
 =

:_
::

t-:t9
):E

=
a

_
:

i:;;g;ir3;
::!E

E
t:;;E

s
a

- ).2
'3

4
 "a

 4
E

y
n

i-:a
irz

::
;iii:;zi2:2
'tir::iE

c::i
=

;=
2

=
':4

a
).a

:
:: i v

: =
1

i Z
.i !

'tL:zz:E;ii!
;

:
ilP

r
<

j=
^

'=
;

i;. !-=
; i=iti.E

=
i4

j:2
6

,:;3
q

i:;; ii: i ii; E

iq
E

;;E
';€

;:rE
g

!:s
if!r9

E
€

;;t
6

!g
.q

E
3

ie
.E

i'=
iii;::i;::?;;
i;;sF

::;tg::;
;5;€i;;i;;jiF
:FiF:i::i:E

ij
i; ?: :; j: i;s; i
iiiij:;j;*;j
tr=

C
=

:j3
=

;i?
i

!i; i!;:; r; :i:
:9

*:c"a
i:;l;g

?
.

:
-

:
'

"
_

q
.

{qtsuu,aFp 10/.)ase!ror.eed:
:

^ 
+

 E
E

B
,- ! 

", E
??

" i 
:-i! E

-E
: 

=
' :it

: : rE
.:i

i 
!;g

 j t

- 
E

l L?-:'
- 

-'-a
ii

?
=

ii:;i
i

:
A

r
i

!
n

i;.i:;F
:

i!=
lrr"

iiE
::i3

:.=
 a-!:=

 i
E

iZ
E

.A
,

iti E
i ';

::F
;"F

!
:i!;i;:

:J.8{

:
i

!

F
F

!
g



v,

r
)

lr|(J=tlf(Jq,trf==-lE
,

|rri
rF

1

=trfe)v,trl=

t
















