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Enzyme Immunoassay for Screening of Sulfamethazine in Swine

Prithipal Singh,* Bhanu P. Ram, and Nikolai Sharkov

A competitive solid-phase enzyme immunoassay was developed to measure residues of sulfamethazine
in swine plasma. In the assay, sulfamethazine residue in plasma was allowed to compete with the enzyme
conjugate for binding to a limited amount of anti-sulfamethazine antibodies immobilized on microtiter
wells through a precoated layer of protein A. Standard curves were constructed over 0.01-1 ug/mL
of sulfamethazine. Plasma was used in the assay without any sample preparation or extraction step.
Of 17 swine plasma samples obtained from a slaughterhouse, 3 samples were positive for sulfamethazine
by enzyme immunoassay (0.3-0.4 ug/mL) and had a comparable value by a TLC method. Recoveries
of sulfamethazine in spiked plasma samples between 0.016 and 0.5 ug/mL ranged from 97.6 to 106.3%
(mean recovery 103%). Precision of the assay as determined by interwell and inter- and intraassay
variabilities was below 10%. Among 36 sulfonamide analogues tested for specificity, only sulfamerazine
showed significant cross-reaction in the assay. The assay is rapid, sensitive, and convenient to perform.
Eighty plasma samples can be analyzed for sulfamethazine in less than 2 h. The test is readily adaptable
to high-volume testing of swine plasma in slaughterhouses.

Sulfonamide antibiotics are commonly incorporated into
swine feed as promotants of growth and for control of
certain diseases in animals (Van Houweling and Kingma,
1969; Lehmann, 1972). These antibiotics are retained in
tissues of animals eating medicated diet. Consumption of
meat from animals containing these antibiotic residues
may result in development of hypersensitivity to these
drugs and preferential selection of bacterial mutants that
are resistant to these antibiotics also used in the treatment
of human diseases (Mercer, 1975). Normally, tissue res-
idues in animals are controlled by withdrawing the anti-
biotics from feed weeks before their slaughter when con-
centrations of the sulfonamides are presumed to reach
below their safety level. This procedure often results in
a number of animals reaching slaughterhouses with a
substantially excessive amount of unmetabolized drugs still
present in their tissues.

The Food Safety and Inspection Service (FSIS) of the
U.S. Department of Agriculture (USDA) has recently
started a Residue Avoidance Program (RAP) designed for
checking animals before they are slaughtered (RAP, 1982;
MPI, 1985) to ensure a residue-safe meat reaching the
public. Although different sulfa—antibiotic combinations
have been approved for use in swine feed, sulfamethazine
has been identified as the major problem in approximately
95% of all sulfonamide tissue violations (Ashworth, et al.,
1985) in the United States. The Food and Drug Admin-
istration (FDA) requires a 15-day withdrawal period for
feed containing sulfamethazine (Fed. Regist., 1977) and
has established its tolerance limit in tissues for human
consumption as 0.1 ppm (Code of Federal Regulations,
1983).

Current methods for analysis of sulfamethazine in an-
imal tissues and feeds include colorimetry (Bratton et al.,
1939), gas-liquid chromatography (GLC) (Manuel and
Steller, 1981), high-pressure liquid chromatography (HP-
LC) (Cox and Krzeminski, 1982), and thin-layer chroma-
tography (TLC) (Williams, 1984; Beville et al., 1978).
These methods require extensive sample extraction and
cleanup and, therefore, are not readily applicable to routine
screening of the drug in a large number of samples.

Enzyme immunoassays have recently been reported as
alternative methods for detection of sulfamethazine
(Fleeker and Lovett, 1985; Fleeker, 1986). However, these
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methods require extraction of the antibiotic from the
sample and have longer assay protocol, rendering them
impractical for routine analysis in hog slaughterhouses.

We report here the development of a competitive en-
zyme immunoassay (EIA) for routine screening of sulfa-
methazine in swine plasma that does not require any ex-
traction and is completed in less than 2 h.

MATERIALS AND METHODS

Materials. Sulfamethazine, sodium nitrite, thimerosal,
bovine thyroglobulin, Sephadex G-50, horseradish per-
oxidase (HRP) (type VI), sodium metaperiodate, sodium
borohydride, casein, 2,2'-azino(3-ethylbenzothiazoline)-
sulfonic acid (ABTS), sodium dodecyl sulfate (SDS), am-
monium sulfate, 30% hydrogen peroxide, and 2,4,6-tri-
nitrobenzenesulfonic acid (TNBS) were purchased from
Sigma Chemical Co. (St. Louis, MO). Dimethylformamide
(DMF), succinic anhydride, p-nitrophenyl chloroformate,
2,2’-oxybis(ethylamine) dihydrochloride were purchased
from Aldrich Chemical Co. (Milwaukee, WI). Tween-20
and recombinant protein A (r-protein A) were bought from
J. T. Baker Chemical Co. (Phillipsburg, NJ) and Behring
Diagnostics (La Jolla, CA), respectively. All other inor-
ganic and organic chemicals were of reagent grade or
better. Disposable syringe filter (0.45 um) was purchased
from Glass Works (Corning, NY). Nunc microtiter plates
(high binding) were from Denmark.

New Zealand female white rabbits were used for anti-
body production. Blood samples from trichina-positive
and trichina-negative swine were procured from laboratory
animals raised under controlled conditions. Field samples
of plasma were obtained from a commercial hog slaugh-
terhouse.

Preparation of Sulfamethazine-Thyroglobulin
(Immunogen) Conjugate. A 57-mg portion of sulfa-
methazine was diazotized and conjugated to 100 mg of
bovine thyroglobulin according to the published procedure
(Fleeker and Lovett, 1985). The conjugate was dialyzed
four times against 50 mM ammonium bicarbonate solution
and purified on a column of Sephadex G-50. Fractions
containing protein were pooled, lyophilized, and stored at
-20 °C.

Production of Anti-Sulfamethazine Antibody.
Portions of 1 mg each of the sulfamethazine-thyroglobulin
(immunogen) conjugate in 0.5 mL of saline mixed with 1
mL of complete Freund’s adjuvant was injected into each
of the four New Zealand female white rabbits. After 5
weeks, each rabbit was boosted by injecting 0.5 mg of the
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conjugate in 0.25 mL of saline emulsified with 0.5 mL of
incomplete Freund’s adjuvant. The animals were bled
periodically through the ear vein, and the serum was
separated by centrifugation at 15000g for 20 min. Anti-
sulfamethazine antibodies were purified from the serum
by precipitation with ammonium sulfate (Garvey et al.,
1977). Titer of the antibodies was determined by a direct
conjugate binding assay described later in this section.
Rabbits were boosted every 2 weeks until a satisfactory
titer was obtained.

Preparation of Sulfamethazine-HRP Enzyme
Conjugate. The sulfamethazine-enzyme conjugate was
prepared according to published procedures (Singh, 1978).
The conjugate was dialyzed three times against 10 mM
phosphate-buffered saline (PBS), pH 7.2. Aqueous 10%
sodium thimerosal was added to the conjugate solution to
a final concentration of 0.01%. The solution was then
filtered through 0.45-um filter disk and stored at —20 °C
in 50% glycerol.

Preparation of Plasma Samples. Swine blood was
collected in the presence of EDTA (1-2 mg of EDTA/mL
of blood) and spinned at 1500 rpm in a table top centrifuge
to separate out the plasma. The plasma was stored frozen
at —20 °C or in liquid form at 4 °C in the presence of 0.01%
thimerosal for an extended period of time.

Preparation of Sulfamethazine Standards in
Plasma. A 1 mg/mL master stock solution of sulfa-
methazine was prepared in DMF. The master stock so-
lution was diluted with 20 mM PBS, pH 7.2, to give a stock
solution of 100 ug/mL of the drug. The stock solution was
further diluted with plasma to make a working stock of
1 ug/mL sulfamethazine. Sulfamethazine standards were
prepared by making serial dilutions of 1 ug/mL working
stock solution. Each standard was divided into 0.5-mL
aliquots in vials and lyophilized. Lyophilized standards
were stored at —20 °C.

Immobilization of Antibody on Microtiter Wells.
Each well of the microtiter strip was filled with 200 uL of
solution of r-protein A (2 ug/mL in 10 mM PBS, pH 7.2).
These strips were sealed and incubated at 4 °C for 5 h.
The r-protein A solution was aspirated, and the wells were
washed five times with saline-Tween (0.9% NaCl con-
taining 0.05% Tween-20). Each well was then incubated
with 300 uL of solution of 0.1% casein in 20 mM PBS, pH
7.2, at 37 °C for 30 min and washed as described above.
Each well was then filled with 200 uL of antibody solution
(12.5 ug/mL in 50 mM carbonate-bicarbonate buffer, pH
9.6) and incubated at 4 °C overnight (15-20 h). The so-
lution was aspirated and the wells were air-dried at room
temperature for 2-3 h. The antibody-immobilized mi-
crotiter wells thus prepared were stored at 4 °C.

Competitive Direct Enzyme Immunoassay (EIA).
The enzyme conjugate (sulfamethazine~HRP) was diluted
1:1000 with 20 mM PBS, pH 7.2, containing 0.01% casein
(w/v) and mixed with standards or samples in 10:1 ratio.
Plasma samples in 50-uL volume usually obtained from
200-300 uL of whole blood was mixed with 500 uL of dilute
enzyme conjugate for analysis in duplicates. The mixture
was transferred to wells (200 uL/well) and incubated at
37 °C for 1 h. The wells were washed five times with 20
mM PBS, pH 7.2, containing 0.056% Tween-20 (v/v). Each
well was then filled with 100 uL of ABTS substrate solu-
tion (Ram et al., 1986) and incubated at 37 °C for 20 min
for color (bluish-green) development. The color develop-
ment was stopped with 100 uL. of 1% SDS solution (w/v).
Absorbance of the color was monitored at 405 nm in an
EIA plate reader. Percent binding was calculated from the
absorbance obtained in the absence (By) and presence (B)
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Figure 1. Evaluation of sensitivity of EIA test with the antibody
purified from each bleed at 0 ug/mL (m) and 0.1 ug/mL (01)
sulfamethazine.

of sulfamethazine in standards/samples as follows: percent
binding = (B/B,) X 100. A standard curve was prepared
by plotting log [sulfamethazine] vs percent binding or logit
percent binding, which is defined as In (% [(B/B,)/100]
- %B/By). The content of sulfamethazine in an unknown
sample was determined from the standard curve (Figure
2).
The EIA performed in the absence of sulfamethazine
was termed as binding assay.

Determination of Sulfamethazine by TLC. The test
was performed in accordance with the USDA handbook
on sulfa-on-site test (SOS). After standards and samples
were spotted, the plate was developed with methanal to
a height of approximately 1 c¢m, dried, and then redevel-
oped with ethyl acetate to a height of 6-7 cm. Sulfa-
methazine in plasma samples was determined by com-
paring their fluorescence intensities with those of the
standards.

RESULTS

Antibody Production and Evaluation. A titer of
antibodies purified from serum of four rabbits bled at
various intervals were determined by conjugate binding
assay. Each rabbit gave a slightly different response to
antibody formation during the immunization period.
Generally, a successive increase in titer of the antibody was
observed in each case, peaking off around 95 days for two
rabbits and 71 days for the other two rabbits during the
course of initial and three booster injections. Titers of the
antibodies generally fluctuated for one rabbit during
subsequent booster injections.

In order to verify whether the color development during
conjugate binding assay was due to a specific reaction
involving anti-sulfamethazine antibodies, a competitive
EIA was performed at 0 and 0.1 ug/mL sulfamethazine.
A representative result is shown in Figure 1. Sulfa-
methazine competed effectively with sulfamethazine-HRP
conjugate for antibody binding. The inhibition in binding
as indicated by decrease in absorbance at 0.1 ug/mL rel-
ative to 0 ug/mL successively increased in spite of the
decrease in titer of the antibodies (Figure 1). This indi-
cated that sensitivity of the assay was independent of titer
of the antibody.

EIA Standard Curve. Since the primary objective of
the study was to determine sulfamethazine in swine
plasma, standards in plasma (0.01-1 pg/mL in sulfa-
methazine) were used to generate standard curves (Figure
2). A linear dose—response curve was obtained by plotting
log-logit of percent binding against sulfamethazine con-
centration (Figure 2 inset).
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Figure 2. EIA standard curves for sulfamethazine prepared using
standards in plasma before (®) and after (®) lyophilization. Each
point represents an average of four determinations. Error bars
are only shown for lyophilized plasma standards to maintain
clarity of the figure.

Table I. Recovery of Sulfamethazine Spiked in Plasma at
Various Concentrations by EIA

sulfamethazine, ug/mL

added recovered % recovery
0.016 0.018 112.5
0.031 0.032 103.2
0.063 0.067 106.3
0.125 0.122 97.6
0.250 0.251 100.4
0.500 0.500 100.0

Sulfonamides including sulfamethazine are reversibly
bound to plasma proteins (Anton, 1961). The use of
standards prepared in plasma thus should balance out any
interference arising due to interaction of sulfamethazine
with the sample plasma proteins. Standard curves ob-
tained by using plasma standards from three different pigs
maintained on sulfamethazine-free diet were identical
(curves not shown), indicating little or no effect by any
variation in plasma from different animals. Plasma
standards can be stored lyophilized at —20 °C to avoid any
deterioration. The dose-response curves using plasma
standards before and after lyophilization were essentially
identical, indicating no loss in the drug concentrations
during lyophilization (Figure 2).

Recovery of Sulfamethazine. The accuracy of the
method was checked by recovery experiments. Known
amounts of sulfamethazine were added in swine plasma
in varying concentration and assayed in quadruplicate
(Table I). Recovery of sulfamethazine ranged from 97.6%
to 112.56% with a mean value of 103.3%.

Sensitivity of the Assay. A 50% inhibition in binding
was obtained around 0.1 ug/mL of sulfamethazine, which
falls in the midregion of the EIA standard curve. The
lower limit of detection of sulfamethazine was 0.1 ug/mL
(Figure 2).

Field Study. Fifteen field and two laboratory samples
of swine plasma were analyzed by EIA and results com-
pared with the SOS test (Table II). Both methods showed
three positives, with EIA values ranging from 0.35 to 0.48
pg/mL while the corresponding values by the SOS method
were approximately 0.4 ug/mL.

Trichinosis is a common problem in swine affecting both
producers and consumers (Murrell, 1985). In order to test
whether plasma from swine suffering from trichinosis in-
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Table II. Determination of Sulfamethazine in Field Plasma
Samples by EIA and SOS Test

sulfamethazine, pg/mL

sample no. EIA SOD
1 0.35 ~0.4
2 0.42 ~0.4
3 0.48 ~0.4
4° 0.0 ND¢
5 0.0 ND
6-17 0.0 ND

9 Negative for Trichinella spiralis. °Positive for Trichinella
spiralis. °None detected.

Table III. Interwell Variability of Absorbance in EIA of
Sulfamethazine

sulfamethazine,® pg/mL absorbance % CV
0 1.978 & 0.097 4.9
0.1 0.975 & 0.063 6.5
0.5 0.395 % 0.036 9.1

¢Each sample was assayed in replicates of 32 in a single run.

Table IV. Interassay Variability of EIA Standard Curve
for Sulfamethazine

sulfamethazine std,? % binding
1g/mL mean SD % CV
0.016 83.1 1.8 2.2
0.031 76.0 1.8 2.4
0.063 64.2 2.2 34
0.125 48.4 2.5 5.2
0.25 314 1.6 5.1
0.5 18.3 1.5 8.2
1.0 10.5 1.2 11.4

¢Each standard was assayed in quadruplicate on 14 different
days.

Table V. Interassay Variability of Sulfamethazine in Two
Known Samples Determined from EIA Standard Curve

sulfamethazine sample,” M
ug/mL mean SD % CV
0.1 0.104 0.010 9.6
0.05 0.055 0.005 9.0

2Each sulfamethazine sample was assayed in quadruplicate on
10 different days. Amount of sulfamethazine in the samples was
determined from the standard curve prepared on that particular
day.

terfered in the sulfamethazine EIA, a known trichina-
positive sample was obtained and compared with a tri-
china-negative sample (Table II). Both samples were
negative for sulfamethazine, indicating no interference due
to trichinosis in pigs.

Precision of the Assay. Precision of the EIA was
analyzed by repeated determinations of carefully prepared
plasma samples. Interwell coefficient of variation (CV)
of the absorbance at three different sulfamethazine con-
centrations ranged from 4.9 to 9.1% with a mean of about
7% (Table III). Interassay CV of the percent binding of
the standards on 14 different days ranged from 2.2% at
0.016 pg/mL to 11.4% at 1 ug/mL with a mean of 5.4%.
CV, in general, increases with an increase in sulfamethazine
concentration due to subsequent decrease in absorbance
value (Table IV). Interassay CV of the sulfamethazine
value determined from an EIA standard curve for two
samples on 10 different days was less than 10% (Table V).
Low CV of the day-to-day variabilities indicated the sta-
bility of the standard curve over an extended period of
time. Average intraassay CV of four samples determined
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Table VI. Intraassay Variability (ug/mL) of
Sulfamethazine ETA

Singh et al.

Table VII. Cross-Reactivity of Anti-Sulfamethazine
Antibodies toward Sulfamethazine Analogues

sample no.® mean SD % CV analogue % cross-react.’®

1 0.389 £ 0.031 7.95 sulfamethazine 100.0

2 0.241 + 0.035 14.52 sulfamerazine 12,10

3 0.119 £ 0.013 10.92 sulfacetamide 0.66

4 0.072 £ 0.013 18.06 5-methoxysulfadiazine 0.34

*Each sample was assayed in replicates of 32. Indi- gu?géﬁ?aié?edlmethylpyrlmldlne 88;

vidual absorbance was used to determine the amount of sulfa- sulfadimethoxine 0:06
methazine from the standard curve. sulfachloropyridazine 0.0
N’(6-indazolyl)sulfanilamide 0.0
COMPOUND STRUCTURE sulfamethoxazole 0.0
sulfanilyl fluoride 0.0
sulfabenzamide 0.0
sulfamethizole 0.0
o CH, sulfisomidine 0.0
Sulfamethazine H.N- _g._ </N \ sulfagganidine 0.0
2 i NH- _ sulfanitran 0.0
0 N CH sulfanilamide 0.0
3 sulfasalazine 0.0
sulfaquinoxaline 0.0
thymine 0.0
o CH, sulfinpyya.zone 0.0
. i A\ sulfapyridine 0.0
Sulfamerazine H,N- -S-NH- 2/1 5 sulfamethoxypyridazine 0.0
é‘) =5 sulfadiazine 0.0
4-carboxybenzenesulfonamide 0.0
Figure 3. Structure of sulfamethazine and the analogue sul- N“(4,5-dimethyloxazol-2-yl)sulfanilamide 0.0
famerazine showing cross-reactivity with anti-sulfamethazine sulfanilic acid, sodium salt hydrate 0.0
antibody. sulfisoxazole 0.0
2,6-di-tert-butyl-4-methylphenol 0.0
on a single day was 12.8% (Table VI). The precision and sulfisomidine 0.0
sulfamide 0.0

accuracy of the sulfamethazine EIA were superior to other
EIAs described for haptens (Ram et al., 1986).

SPECIFICITY

Thirty different sulfonamide analogues were assessed
for cross-reactivity with anti-sulfamethazine antibody
(Table VII). All analogues tested, except for sulfamera-
zine, showed insignificant (<1%) cross-reaction. It appears
that epitopes for antibody recognition lie in the 2-pyri-
midinyl portion of the sulfamethazine molecule. Sulfam-
erazine, with the only difference of one methyl group on
the pyrimidinyl C-4 position, showed 12% cross-reactivity
(Figure 3). In terms of specificity, this antibody prepa-
ration was superior to a previously reported preparation
(Fleeker and Lovett, 1985).

DISCUSSION

Various chromatographic methods have been described
for analysis of sulfamethazine residue in tissues and body
fluids of pork (Vilim et al., 1980; Manuel and Steller, 1981;
Cox and Krzeminski, 1982; Malanoski et al., 1981; Beville
et al., 1978). These methods involve prior extraction of
samples with organic solvents and often require costly
equipment to run the tests. Their lengthy procedures
result in slow turnaround time for the sample analysis.
Furthermore, these methods cannot be readily automated
and hence are cost ineffective for routine analysis of a large
number of samples. More recently, an enzyme immu-
noassay for sulfamethazine has been reported by Fleeker
(1986). This method, unfortunately, was unable to solve
major drawbacks of the chromatographic methods in that
this also required sample extraction before actual testing
and took overnight to complete the analysis reflecting poor
sensitivity. We have addressed these problems by in-
creasing sensitivity of our EIA. This was achieved by using
superior anti-sulfamethazine antibodies and the sulfa-
methazine-HRP conjugate in the assay.

The direct competitive EIA described here is based on
competition of free sulfamethazine in the plasma and the
sulfamethazine~-HRP conjugate for a limited amount of

aCross-reactivity defined as (nanomoles of sulfamethazine for
50% binding)/(nanomoles of sulfa analogue for 50% binding) X
100.

anti-sulfamethazine antibody immobilized on microtitra-
tion wells through protein-A precoating. We have used
protein-A as a precoat on wells because direct immobili-
zation of antibodies to the surface limits the usefulness of
solid-phase assays for several reasons: (1) Variations in
physical structure of surfaces are extended to the analytical
system, requiring careful selection of batches of microtiter
plates in immunosorbent assay (Shekarachi et al., 1984).
This can cause concern regarding quality control and
continuity of analytical procedures when a particular batch
has been used. (2) Lateral surface interaction of the ad-
sorbed antibody distorts the molecule (Morrissey, 1977).
(3) Interaction of lipophilic domains of the antibody with
the solid matrix might either include the antigen binding
site directly or contribute to the steric binding hinderance
for optimal antigen access and/or binding (Schramm et
al., 1987). Further, as protein-A binds through the Fc
portion of immunoglobulin, it may not as easily disasso-
ciate as the case may be with the direct antibody absorp-
tion to the surface (Deisenhofer, 1981). The high-level
performance and precision of our EIA procedure may be
due partly to this special immobilization procedure of
anti-sulfamethazine antibody through protein-A molecules.
On the basis of our preliminary observations, immobilized
antibodies are stable for at least 1 year at 4 °C, giving
consistent EIA performance.

Accuracy of the EIA method as measured by the re-
covery experiment is close to 100%, a level not achieved
with most other analytical procedures (Vilim et al., 1978;
Cox and Krzeminski, 1982; Goodspeed et al., 1978). In
addition, the test is highly sensitive in that it can accu-
rately measure sulfamethazine up to 0.01 ug/mL. This
level of sensitivity is at least 5~10 times better than the
sensitivities of 0.05-0.1 ug/mL reported by other inves-
tigators (Beville et al., 1978; Manuel and Steller, 1981;
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Phillips and Trafton, 1975).

A distinct advantage of using plasma in the EIA is the
convenience of collection of blood in abattoirs. This should
provide valuable information as regards to sulfamethazine
residue problem in swine before or after their slaughter.
Since the procedure takes less than 2 h for analysis, it
should help management in making quick decisions
whether to retain or condemn a carcass the same day,
thereby avoiding loss of time and freezer space.

Since the test requires only 50 uL. of plasma sample,
readily obtainable from blood samples collected from the
ear vein of animals, the current method could be easily
adapted for random checking of hogs for drug residues
before animals are slaughtered. This should avoid the
problem of a litigation suit by the government, saving
money and anxiety to the producers.

In order for the plasma to become a valuable screening
medium, its sulfamethazine level should be established
relative to the tissue tolerance level of 0.1 ppm set by the
government. Two studies on the analysis of sulfamethazine
in hog plasma/serum by TLC procedure have provided an
excellent index for predicting the corresponding tissue
concentration (Bourne et al., 1977; Beville et al., 1978;
Ashworth et al., 1985; Randecker et al., 1987). In one such
study, the presence of sulfamethazine in serum at 0.149
and 0.787 ppm level will make liver and muscle violative,
respectively (Ashworth et al., 1985), whereas in the second
study the corresponding violative levels are 0.111 and 0.416
ppm for liver and muscle, respectively (Randecker et al.,
1987). The EIA procedure described here is capable of
analyzing sulfamethazine accurately in the above ranges.

In conclusion, we have developed a sensitive, specific,
and convenient EIA procedure for routine screening of
sulfamethazine in swine plasma. The test does not involve
extraction of sulfonamides from the plasma common with
most analytical procedures. Over 80 plasma samples can
easily be screened for sulfamethazine in less than 2 h. This
test is equally useful for analysis of the drug in hog sera.
With use of a robotic sample handler, the testing efficiency
can be further improved, allowing the analysis of well over
1000 hog plasma samples/day (Allison, unpublished work).
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Ferulic Acid Esters from Bark of Pseudotsuga menziesiil

Murray L. Laver* and Henry H.-L. Fang

A mixture of ferulic acid esters was isolated from the n-hexane solubles (n-hexane wax) of the bark of
Pseudotsuga menziesii (Mirb.) Franco. Saponification of the isolated esters yielded 1-docosanol, 1-
tetracosanol, and ferulic acid. These esters may be related to suberin formation in bark cork cells and

in cut potato tubers.

Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir) is
the most important commercial timber species on the west
coast of North America. How to use the large amount of
bark that accumulates after lumber and wood products
have been manufactured from P. menziesii has always
been a concern to the timber industry. For about 40 years
there has been commercial interest in the wax from the
bark (Hall, 1971). During our studies on the bark of this
species, we have investigated n-hexane wax (n-hexane
solubles) and benzene wax (benzene solubles extracted
from the n-hexane insoluble residue). Previous papers
(Laver et al., 1971; Loveland and Laver, 1972a,b; Laver and
Fang, 1986) have been concerned with sitosterol, cam-
pesterol, fatty acids, wax alcohols, and chemically intact
sterol and wax esters. In this paper we report the isolation
of chemically intact ferulic acid esters from the n-hexane
wax and discuss their possible significance in suberin
formation in bark cork cells and in cut potato tubers.

EXPERIMENTAL SECTION

Melting points are uncorrected. Thin-layer chroma-
tography (TLC) and preparative TLC (1.0 mm) were
performed on silica gel G with the following solvent sys-
tems: (A) diethyl ether-n-hexane (1:4, v/v); (B) chloro-
form-carbon tetrachloride (6:1, v/v); (C) diethyl ether—n-
hexane-methanol (10:40:1, v/v/v). Detection method:
ultraviolet light (UV) followed by iodine vapors. Gas-
liquid chromatography (GLC) utilized flame ionization
detectors and the following column systems: (1) 5% SE-30
on Gas-Chrom Q packed in 1.50 m X 2.159 mm stainless
steel, isothermal 250 °C, helium at 30 mL/min, injector
heater 245 °C, detector heater 250 °C; (2) 3% OV-17 on
Gas-Chrom Q packed in 1.829 m X 2,159 mm, stainless
steel, isothermal 210 °C, helium at 30 mL/min, injector
heater 240 °C, detector heater 255 °C. Preparative GLC
utilized the conditions of column system 2, except the
column was 1.829 m X 5.334 mm and the effluent was split
1/6 to detector and 5/6 to collection trap (liquid nitrogen).
'H nuclear magnetic resonance (NMR) spectra were ob-
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tained at 100 MHz with tetramethylsilane (TMS) as in-
ternal standard. Electron impact mass spectra (MS)
(probe) were obtained on a quadrupole instrument at 70
eV. Field desorption mass spectra (FD/MS) were obtained
on a magnet instrument equipped with a carbon whisker
emitter, +1.8 kV to the field anode (FD emitter) and —6.8
kV to the cathode, emitter heating current 0.0 mA.
GLC/MS spectra were obtained on column system 1 and
a quadrupole instrument at 70 eV.

Plant Material and Extraction. Bark 3.8-5.1 cm
thick was collected from a freshly cut, dominant, 58-
year-old Douglas-fir tree in the George T. Gerlinger Ex-
perimental Forest near Falls City, OR. The bark (1974.76
g, moisture content 11.2%, ground to pass a screen with
holes 1.3 cm square) was Soxhlet extracted with n-hexane
for 36 h. Solvent evaporation left a light yellow, waxlike
solid (100.91 g).

Isolation of Ferulic Acid Esters. An aliquot (17.00
g) of the wax was separated on a silica gel G column with
chloroform—n-hexane (3:1, v/v). Ten bands were observed
under UV light. The second fastest moving band was
collected. The solids (4.17 g) were recovered by solvent
evaporation and purified by preparative TLC (solvent A,
UV detection); mp 67-70 °C. TLC (solvent B) showed a
single spot, R;0.19. GLC (column systems 1 and 2) showed
no peaks either before or after silylation [hexamethyl-
disilazane and trimethylchlorosilane in pyridine (2:1:10,
v/v/V)]. IR (vpa cm™'; CHCLy): 3500, 1730, 1315, 1269,
1175, 719.

Saponification of Ferulic Acid Esters. Saponifica-
tion was accomplished by refluxing for 3.75 h in 10%
ethanolic potassium hydroxide, extraction with n-hexane
(unsaponifiables), acidification, and extraction with diethyl
ether (saponifiables).

1-Docosanol and 1-Tetracosanol. TLC (solvent C) of
the unsaponifiables showed one spot only (R, 0.70) iden-
tical with 1-docosanol and 1-tetracosanol on cochroma-
tography. The unsaponifiables were silylated, and GLC
(column systems 1 and 2) showed spectra with two peaks
only (retention times 14.0 and 26.5 min, and 6.5 and 12.5
min, respectively), identical with those of silylated au-
thentic 1-docosanol and 1-tetracosanol. GLC/MS of the
GLC peak with 14.0-min retention time showed peaks of
m/z 383 [M - CHjl*, 247, 125, 111, 99, 98, 97, 96, 85, 84,
83, 71, 70, 69, 58, 56, 55, 43, 42, 41, and 29. GLC/MS of
the GLC peak with 26.5-min retention time showed peaks
of m/z 411 [M - CHg]* plus the lower mass peaks as for
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