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ABSTRACT

We describe new colorimetric methods for the determination of
the reactive and available solid-supported carboxylic, N-hydroxysuc-
cinylated carboxylic, and aldehydo groups under conditions usually
applied for the coupling of biomolecules. The methods involve the
reaction of the solid-supported functional groups with tyramine or
cysteine, and the subsequent titration of the ligand coupled onto
the solid supports using the commercially available bicinchoninic
acid/copper protein assay reagent (BCA). The titration is based on the
ability of these ligands to reduce Cu?* to Cu*, which forms a chelate
complex with bicinchoninic acid absorbing at 562 nm. The quantita-
tion is finally carried out through standard curves obtained using
tyramine or cysteine solutions of known concentrations. The values
obtained by the assays developed for several solid supports carrying
carboxylic, NHS-ester, and aldehydo groups were well correlated with
those obtained by other literature methods or provided by the manu-
facturers. All of the proposed methods are simple, more sensitive
than other relevant literature methods, and require only commericially
available reagents.

*Author to whom all correspondence and reprint requests should be addressed.
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Index Entries: Colorimetric determination, of reactive solid-
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groups; bicinchoninic acid, protein assay reagent, solid-supported
carboxylic, N-hydroxysuccinylated carboxylic, aldehydo groups; solid

supports, carrying carboxylic, N-hydroxysuccinylated carboxylic,
aldehydo groups.

INTRODUCTION

Carboxylic groups, providing stable coupling of biomolecules through
their amino groups, are among the most commonly used solid-supported
functional groups (1). In addition, the solid-supported N-hydroxysuc-
cinylated esters of carboxylic groups (NHS-esters) have become very
popular since their use alleviates the need for activating reagents, such as
carbodiimides, overcoming undesired crosslinking of ligands (2). On the
other hand, solid supports carrying aldehydo groups have found wide
applications as matrices for enzyme immobilization (3) and for affinity
chromatographic techniques (4), since they provide low nonspecific bind-
ing, minimal leakage, and in some cases, stabilization of the insolubilized
biomolecules (5,6).

The determination of the reactive and available solid supported func-
tional groups is of great importance for optimizing the coupling condi-
tions of ligands and for selecting the appropriate solid support for each
specific application. Thus, several methods have been described in the
literature for the determination of the functional groups mentioned above
(7-10). However, depending on the method, certain disadvantages are
associated with them, such as low sensitivity, tedious protocols, use of
radiolabeled compounds, and/or requirement of special instrumentation
(e.g, amino acid analyzer).

Recently, we reported simple and sensitive one-step methods (11) for
the colorimetric determination of the total solid-supported aldehydo and
NHS-ester groups based on their ability to produce color directiy when
incubated with the bicinchoninic acid (BCA)/copper protein assay reagent
(12). During the development of those methods, we found that this
reagent offered several advantages over other colorigenic reagents used
in relevant protocols, such as high sensitivity of the assays, stability of the
stock reagents for more than 6 mo, and stability of the chromophore pro-
duced for more than 3 h, in addition to producing color when incubated
with a variety of substances. Although these methods have several advan-
tages compared with others proposed in the literature, it is well known
that only a fraction of the total functional groups is available for coupling
with ligands under certain reaction conditions. Thus, regarding the user’s
point of view, the determination of the reactive and available solid-sup-
ported functional groups is considered of great importance. For this
reason, given the above-mentioned advantages offered by the BCA
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reagent, we developed simple and sensitive methods for the determination
of the reactive and available solid-supported carboxylic, NHS-ester, and
aldehydo groups based on the reaction of these groups with appropriate
ligands that can be titrated using this reagent.

MATERIALS AND METHODS

Materials

4,4'-Dicarboxy-2,2’-biquinoline sodium salt (bicinchoninic acid, BCA),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide-HCl (EDC), 2,4, 6-trinitro-
benzene sulfonic acid (TNBS), 5,5'-dithio-bis(2-nitrobenzoic acid)
(DTNB), tyramine-HCI, cysteine-HCl, cystamine-HCl, NaBH,, along with
e-amino-n-caproic acid-agarose and NHS-chloroformate-activated agarose
gels were obtained from Sigma Chemical Co. (St. Louis, MO). AminoLink
gel was purchased from Pierce Chemical Co. (Rockford, IL). CH Sepharose
4B, Activated CH Sepharose 4B, CM Sepharose CL-6B, and Sepharose 4B
gels were supplied by Pharmacia Fine Chemicals (Uppsala, Sweden). Affi-
Gel 10 and CM Bio-Gel A gels were from Bio-Rad (Richmond, CA). Ethyl-
enediamine, NaBH;CN, and all the other reagents and solvents were of
analytical grade and were purchased from Merck (Darmstadt, Germany),

unless otherwise indicated. The water used throughout this study was
doubly distilled.

Reagents

BCA assay reagents: A, 1% BCA, 2% Na,CO;-H,0, 0.16% sodium tar-
trate, 0.4% NaOH, and 0.95% NaHCO,, pH, 11.25, and B, 4% CuSO,-5H,0,
were prepared according to Smith et al. (12), and were filtered through
0.45-pm filters (Millipore). The BCA working solution was obtained by mix-
ing 50 parts of reagent A with 1 part of reagent B immediately before use.

Methods

Pretreatment of the Solid Supports

The solid supports (100 mg dry or 500 uL of 50% slurry) containing
carboxylic or aldehydo groups were washed with 2 x 10 mL of 0.5M NaCl
and 2 x 10 mL of distilled water, whereas the gels containing NHS-esters
were washed with 4 x 10 mL of cold 0.001M HCl just before use.

Preparation of Solid-Supported Aldehydo Groups

Two-milliliter portions of packed washed Sepharose 4B gel were sus-
pended in flasks containing 40 mL of distilled water. Appropriate amounts
of 0.1M NalO; solution in water were added to provide final concentra-
tions of 0.5, 2.5, and 10 mM, and the suspensions were gently stirred for
1 h at 25°C. Then, the supernates were removed, and 5 mL of 50% (v/v)
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propyleneglycol were added to the solids to consume the remaining
unreacted NalO,. After that the gels were filtered and extensively washed
with distilled water. The activated aldehydo-Sepharose 4B gels prepared,
which will thereafter be called ALI, ALII, and ALIII (corresponding to the
gels activated with the above-described concentrations of NalO,), were
immediately used for coupling of ligands.

Determination of the Solid-Supported Carboxylic Groups

The coupling of tyramine onto solid supports carrying carboxylic
groups was carried out by adding 1 mL of 0.1M tyramine solution, pH
4.0, to a tube containing 100 pL of the packed washed gel carrying carbox-
ylic groups, and the tube was tumbled end-over-end for 5 min. Then 500
pmol of solid EDC were added to the suspension and stirred for 30 min
while the pH was monitored and maintained at 4-5 by adding HCI. After
that, another 500-umol portion of EDC was added, and the pH was again
maintained at 4-5 for 15 min. Then, the gel was tumbled for 15 more min
at room temperature and washed successively with 2 x 10 mL of 0.1M
sodium phosphate buffer, pH 7.0, and 3 x 10 mL of 0.25M sodium car-
bonate/bicarbonate buffer, pH 11.25, prior to the determination of the
tyramine coupled to the solid using the BCA assay.

Determination of the Solid-Supported
N-Hydroxysuccinimidyl Carboxylates

One hundred microliters of packed washed gel carrying NHS-ester
groups were incubated with 1 mL of 0.1M tyramine solution of 0.0IM
sodium carbonate buffer, pH 8.5, for 1 h under continuous shaking.
Then, the supernate was aspirated, and the gel was washed successively
with 2 x 10 mL of 0.1 M sodium phospate buffer, pH 7.0, 1 x 4 mL of
0.1M NH,OH solution (10-min incubation with shaking), and finally with
3 x 10 mL of 0.25M sodium carbonate/bicarbonate buffer, pH 11.25. Then,
the tyramine coupled onto the solids was estimated using the BCA assay.

A similar protocol was followed when the reaction was carried out in
anhydrous methanol, but the pH of tyramine solution was adjusted with
methanolic NaOH, and the first washing solution was replaced by meth-
anol. All the other steps of the protocol were as described above.

Determination of the Reactive
and Available Solid-Supported Aldehydo Groups

One milliliter of 200 mM tyramine or cysteine solution in 0.1M
sodium phosphate buffer (final pH 6.5) and 50 L of 1M NaBH,CN solu-
tion in water were added to tubes containing 100 uL of the packed washed
gels carrying aldehydo groups, and they were incubated overnight at
22°C under mild shaking. Then, after adjusting the pH to 10.0 by adding
Na,CO;, 20 mg of solid NaBH, were added to the tubes, and they were
incubated for 2 more hours under shaking. After that, the solids were
washed with 3 x 10 mL of 0.1M sodium phosphate buffer, pH 6.5, and
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3 x 10 mL of 0.25M sodium carbonate buffer, pH 11.25, and then the tyra-
mine or cysteine coupled onto the solids was determined by the BCA assay.

BCA Assay (Detection Protocol)

After the reaction with tyramine or cysteine, the packed washed gel
(100 uL) was diluted to a final volume of 1 mL with 0.25M sodium car-
bonate/bicarbonate buffer, pH 11.25. After vortexing, 100 uL of the sus-
pension (corresponding to 10 uL of gel) were transferred to plastic tubes,
and 2 mL of BCA working solution were added into each tube. The tubes
were vortexed and incubated with continuous shaking for 1 h at 60°C.
Then, the tubes were centrifuged and, after cooling to room temperature,
the absorbance of the supernates was measured at 562 nm against a re-
agent blank.

Control Samples

The absorbance provided by a 4% beaded agarose (Sepharose 4B),
not containing functional groups, was used as blank value. The effective-
ness of the washing protocols to eliminate the nonspecific binding (NSB)
and possible interference of the reagents in the color formation was
investigated using Sepharose 4B treated exactly as each one of the func-
tionalized supports (control sample).

Standard Curves

Standard solutions of tyramine or cysteine prepared in 0.25M sodium
carbonate/bicarbonate buffer, pH 11.25, were used for the quantitation of
the ligands coupled onto the solid surfaces. For both ligands, the concen-
trations of the standard solutions ranged between 0.02 and 1.5 mM. Stan-
dard curves were made up by incubating in triplicate 100 L of the standard
solutions with 2 mL of BCA working solution for 1 h at 60°C and deter-
mining the absorbance of the solutions at 562 nm.

Other Literature Methods

Comparative determination of the reactive and available solid-sup-
ported carboxylic groups was carried out following the method of Ngo
(8), but the reaction with cystamine proceeded for only 1 h instead of 24
h. The reactive aldehydo groups content of the solid supports was also
estimated following the protocol described by Guisan (10). The deter-
mination of the total solid-supported NHS-ester and aldehydo groups
was performed by a recently reported protocol (11) using BCA reagent.

RESULTS AND DISCUSSION

In this article, we describe new colorimetric methods for determination
of the reactive and available solid-supported carboxylic, NHS-ester, and
aldehydo groups. According to the methods (Scheme 1), appropriate
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Scheme 1. Flowchart of the protocols proposed for the determination of
the reactive and available solid-suppported carboxylic, NHS-ester, and alde-
hydo groups (H,N-R;:tryamine, H,N-Ry,2:tyramine or cysteine).

ligands (e.g., tyramine or cysteine) react with the solid-supported func-
tional groups and introduce onto the solid surfaces groups possessing the
ability to reduce Cu?+ to Cu+. Then, the uncoupled reagents are removed,
and the unreacted solid-supported functional groups are transformed (if
required) to groups that do not interfere in the measurement. After that,
the solids are incubated with BCA/CuSO, protein assay reagent, and the
Cu+, which is produced in the solution by the coupled substance, forms a
chelate complex with the BCA absorbing at 562 nm. The quantitation of
the groups introduced on the solid surface is finally carried out through
the standard curve of the corresponding substance, which is used for
coupling (Fig. 1).

Selection of the Ligands

The developed assays require the use of appropriate ligands that can
react with the solid-supported functional groups and provide color when
incubated with the BCA reagent. For this purpose, we tested several sub-
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Fig. 1. Tyramine (A) and cysteine (M) standard curves obtained by the
BCA assay.

stances that meet these requirements, and finally, we selected tyramine
and cysteine since they are commercially available and provide more in-
tense color with the BCA reagent than other substances, resulting in
assays of high sensitivity. Our preliminary experiments indicated that
tyramine can be coupled equally well with all kinds of the functional
groups used in this study. On the other hand, cysteine was appropriate
for coupling with the aldehydo groups, but provided inconsistent and
unreliable results when used as ligand for the determination of carboxylic
groups, mainly because of the crosslinking of cysteine molecules. Addi-
tionally, concerning the NHS-ester groups we found that although it was
feasible to determine the amount of cysteine coupled onto the solids, the
precision of the determination was poor. This was possibly because of the
coupling of cysteine through its sulfhydryl group (9), which, however,
should be uncoupled in order to produce color with the BCA reagent. For
all these reasons, in our protocols, we adopted tyramine as ligand for the
determination of the reactive and available solid-supported carboxylic
and NHS-ester groups, whereas both tyramine and cysteine were used
for the determination of the reactive and available aldehydo groups.

Optimization of the Conditions of the Assays

We tested several parameters that could affect the performance of the
assays, such as the pH and the duration of the coupling reactions, the
concentrations of the ligands, the washing/transforming procedure, and
the kinetics of the color formation.
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Fig. 2. Reactive and available groups determined using increasing concen-
trations of tyramine for CH Sepharose (A) and for Activated CH Sepharose
(under aqueous, O, or anhydrous, ®, conditions), and using increasing concen-
trations of tyramine ((J) and cysteine (M) for AminoLink gel.

We found that by maintaining the pH of the reaction of tyramine with
carboxylic groups between 4 and 5, maximum coupling values were ob-
tained. On the other hand, using the NHS-ester groups, maximum coupl-
ing was obtained at pH 8.2-8.7, whereas the solid-supported aldehydo
groups provided maximum plateau coupling values when the pH of the
reaction ranged between 6.2 and 7.4. All these findings are in good agree-
ment with the results of previously published works (8,9,13,14), and
thus, in our protocols we adopted the pHs that are most widely used in
the literature for coupling of biomolecules.

Using gels containing carboxylic groups (e.g., CH Sepharose, CM
Sepharose), we found that 1 h of reaction with tyramine was required to
achieve maximum coupling values, whereas a 20-min reaction was ade-
quate for the solid-supported NHS-esters. Very similar findings, with
respect to the reaction time, were obtained using cystamine instead of
tyramine for the comparison method used for the determination of the re-
active and available carboxylic groups (8). On the other hand, using sup-
ports carrying aldehydo groups, maximum coupling values were obtained
after 18 h of reaction with either tyramine or cysteine.

Following the conditions described under Materials and Methods for
each kind of the supports, we found that maximum coupling was obtained
using tyramine concentrations equal to or higher than 50 mM for both the
solid-supported carboxylic and NHS-ester groups, whereas 100-mM or
higher concentrations of tyramine or cysteine were required to achieve
maximum coupling values for the aldehydo-containing supports (Fig. 2).
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Especially for the NHS-ester groups, we found that when the reaction of
tyramine was performed in anhydrous environment, the values obtained
were almost 25% higher compared with those obtained when the reaction
was carried out in aqueous milieu, mainly because of the hydrolysis of
the NHS-esters in the latter medium.

For reliable results, when the BCA is used as detection reagent for the
determination of the reactive and available solid-supported functional
groups, both the solid support and the unreacted functional groups re-
maining on the solid surface should not contribute by themselves to the
color formation. The solid matrices used in this study were agarose-based
materials, which do not provide color with the BCA reagent as indicated
by the absorption values (<0.015) provided by Sepharose 4B (blank
value). The same results were obtained when using all of the supports
carrying carboxylic groups. On the contrary, aldehydo and NHS-ester
groups provide color when incubated with this reagent (11). In case of
aldehydo groups, we overcame this problem by introducing in our proto-
col a reduction step employing NaBH,, after the coupling reaction, in
order to convert the aldehydo groups to hydroxylic groups, which do not
produce color in the BCA assay. We found that this step eliminated the
remaining aldehydo groups, since the absorbance values provided by the
reduced materials (< 0.015) were the same as those provided by Sepha-
rose 4B (blank value). The same results were obtained using the solids
carrying NHS-ester groups after their treatment for 5 min with NH,OH
solution, and thus, such a step was included in the washing protocol pro-
posed for these supports in order to remove any of the NHS-ester groups
remaining on the solid surface after the reaction with tyramine.

A possible drawback encountered in several methods used for the deter-
mination of the reactive and available functional groups is the nonspecific
binding of the ligand and/or other reagents involved in the protocol,
since their presence during the detection step can significantly influence
the results. We tested several washing procedures in order to decrease
the nonspecific binding of tyramine, cysteine and of other reducing
agents (e.g., NaBH,;, NaBH,;CN) used in our protocols. We found that fol-
lowing the procedures described under Materials and Methods, the absor-
bance value (< 0.020) provided by the Sepharose 4B when treated exactly
as the samples carrying functional groups (following the specific pro-
cedure adopted for each kind of functional group) was very low (< 0.020).
This indicated that all of the proposed washing protocols were capable of
completely removing the ligands and/or the reagents nonspecifically
bound onto the solids. However, in order to avoid any false overestima-
tion, we subtracted this value from those obtained by the test samples.

Concerning the detection step, we studied the kinetics of the color
formation for both the standards and the solid supports. We found that
30 min of incubation with BCA reagent at 60°C was adequate for either
tyramine or cysteine standards to reach plateau absorbance values, whereas
in all cases, the immobilized substances required 1 h of incubation. Addi-
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tionally, the color, once formed, remained unaffected for several hours.
Thus, a 1-h incubation at 60°C was selected for both the standards and
the solid supports.

Characteristics of the Assays

The standard curves provided by the assays were very consistent for
along period of time when the same BCA stock solutions were used (data
not shown). Thus, since the BCA stock solutions are stable for more than
6 mo (11,15), it is not considered necessary to run a standard curve every
time together with the unknown samples, although, a control sample
should be included in the test to ascertain possible reagent failure.

The assays developed were characterized by high sensitivity and a
wide dynamic range, providing the ability to determine amounts of tyra-
mine or cysteine ranged between 1 and 150 nmol/assay tube without
dilution of the final solution. The high sensitivity of the assays is in
apparent contradiction with the relatively low extinction coefficient of
Cu+-BCA complex, which is 6590M-1-cm~ (16); however, by calculating
the slopes of the tyramine and cysteine standard curves (32,760M~1-cm™1
and 30,035M-1-cm-!, respectively), we found that they were four to
fivefold higher than the extinction coefficient of the Cu*-BCA complex.
Although we do not have a solid explanation for this phenomenon, it
seems that during incubation of tyramine or cysteine (at this range of con-
centrations) with the BCA reagent at 60°C, approx 4-5 Cu* ions are pro-
duced in the solution/molecule of ligand, resulting in high sensitivity of
the assays developed.

We evaluated the linearity of each assay by determining the solid-sup-
ported functional groups or ligands using increasing volumes of the corre-
sponding gels. The linear regression equations obtained for CH Sepharose,
Activated CH Sepharose, and AminoLink gels by plotting the measured
tyramine valves (y axis) against those expected, considering the value
determined using the higher volume of the gel (x axis), werey = 1.04x —
0.07 (R: 0.997, p < 0.001), y = 0.99x + 0.05 (R: 0.9%, p < 0.001), and
y = 1.01x + 0.06 (R: 0.997, p < 0.001), respectively. Likewise, excellent
linearity was also obtained with all the other solid supports tested.

Measurement of the Reactive and Available Solid-Supported
Carboxylic, NHS-Ester, and Aldehydo Groups

Using the methods developed, we determined the coupling capacity
of several solid supports carrying carboxylic, NHS-ester, and aldehydo
groups. As shown in Table 1, the values determined by the method devel-
oped for the solid-supported carboxylic groups were well correlated with
those provided by the comparison method and lay within the ranges
given by the manufacturers. Nevertheless, our method provides twofold
higher sensitivity and seems to be more convenient than the comparison
one, since it does not suffer from other problems associated with the
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colorigenic reagent used in this method (DTNB), e.g., inaccuracy owing
to autohydrolysis and/or thermochromism, described elsewhere (17,18).

Considering the solid supports carrying NHS-ester groups, we found
that the values obtained by the method developed when the coupling
reaction was performed in aqueous medium were lower than the mini-
mum value of the ranges given by the manufacturers. This was also true
for Affi-Gel 10, even in the case that the reaction with tyramine took place
in an anhydrous environment. However, as has been described previously
(11) and can be also concluded by the results presented in Table 1, the
values provided by the manufacturers for these supports refer to the total
amount of the NHS-ester groups existing on the supports, and not to the
reactive and available ones. Thus, the method developed provides helpful
information to the users concerning the coupling of ligands onto these
supports under certain reaction conditions and is more convenient than
the literature method (9), which uses a radioactive substance as the
ligand. Additionally, the method gave us the ability to gain insight con-
cerning the availability of the functional groups for reaction with low-mol-
wt ligands. We found that using aqueous coupling reaction conditions, the
coupling capacity values obtained for the NHS-chloroformate-activated
agarose, the Activated CH Sepharose 4B, and the Affi-Gel 10 corresponded
to 48, 56, and 60% of the total NHS-ester groups content of these sup-
ports, respectively. A similar trend was also observed when anhydrous
coupling conditions were used (corresponding values: 70, 80, 84%). Since
the NHS-ester groups of those solid supports are joined with the poly-
meric backbone through 1-, 6-, and 10-atoms spacers, respectively, this
trend can be ascribed, at least to some extent, to the differences in the
spacer arms’ length.

In Table 2 are presented the values of the reactive and available alde-
hydo groups obtained by the methods developed using tyramine or cysteine
as ligands and the values obtained by a method described in the literature
using ethylenediamine for coupling and TNBS for the detection step (10).
The total aldehydo group values of those supports are also provided. As
is shown, the values provided for all the solid supports tested using tyra-
mine as ligand were in good agreement with those obtained by the com-
parison method, whereas significantly higher values were obtained using
cysteine. Since there are no significant differences between cysteine and
tyramine concerning their molecular weights, the differences between
their values are, to some extent, unexpected. However, these supports
are most often prepared by direct oxidation of polysaccharic gels yielding
aldehydo groups anchored either directly or through one C-atom spacer
to the polysaccharic backbone (5,8). Since we found that the values of the
reactive and available groups determined using the methods developed
as well as the comparison method corresponded in all cases to < 18% of
the total aldehydo group values estimated for these supports, it seems
that the essential lack of spacer arm results in low availability of the
aldehydo groups for reaction. Thus, the differences observed between
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the values obtained using cysteine and tyramine as ligands can be also
ascribed to steric hindrance effects. However, since these two substances
have very similar molecular weights, our results indicate that the chemi-
cal structure of the ligand (e.g., the phenolic ring of tyramine and the
analogous chemical structure of TNBS) could strongly influence its inter-
action with the solid-supported aldehydo groups.

Both of the methods developed provide at least twofold higher sensi-
tivity compared with the literature method that uses TNBS for the deter-
mination of ethylenediamine coupled onto the aldehydo groups (extinc-
tion coefficient of TNBS 14,000M-1-cm-! at 340 nm) (10), and they are
also devoid of harsh steps, such as the acidic hydrolysis of the gels at
120°C. For the determination of the reactive and available aldehydo
groups, we propose the use of cysteine as ligand, since it provides signifi-
cantly higher values than tyramine. Nevertheless, the combined use of
these two ligands can provide more information concerning the coupling
of low-mol-wt substances onto certain solid supports carrying aldehydo
groups.

CONCLUSION

We developed methods for the determination of the reactive and avail-
able solid-supported carboxylic, NHS-ester, and aldehydo groups using
tyramine or cysteine as ligand and the BCA protein assay reagent for their
colorimetric determination. The methods are simple, accurate, and very
sensitive allowing the determination of 1 nmol of reactive and available
functional groups/solid support sample. Additionally, since the BCA
stock solutions are commercially available and stable for more than 6 mo,
the proposed methods should be easily adaptable for routine determina-
tions and useful for the evaluation of solid supports.
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