
1. Introduction
Polymer hydrogels are good candidates for several
bio-related applications because of their large water-
absorbing capacity, soft tissue-like properties, vis-
coelastic character and permeability to the influx and
efflux of small molecular compounds [1–5]. The
swelling properties and mechanical strength of the
hydrogels are determined mainly by the cross-link
density, which is the number of physical and chem-
ical net points that connect polymer chains in a unit
volume of gel [1, 6–8]. Although several theoretical
models are available for the estimation of cross-
linking density (e.g., Flory-Rehner swelling theory
[9]), these models have several limitations and can-
not distinguish chemical from physical net points.
However, chemical net points are of particular impor-
tance because they are stable under physiological
conditions and determine the maximum degree of
swelling of hydrogels.

The goal of this work was to develop a simple ana-
lytical method for quantifying the number of chem-
ical cross-links in aspartic acid-based polymer gels
[10–13]. Polysuccinimide (PSI) gels are obtained by
cross-linking PSI with diamines, and cross-linked
PSI gels can be hydrolysed into poly(aspartic acid)
(PASP) gels. During the cross-linking of PSI, some
of the diamine molecules remain unreacted, whereas
others react with the polymer through only one of
their amine groups so pendant amine groups remain
in the network. Cross-linker molecules reacting with
both amine groups form chemical cross-links
between polymer chains. The cross-linking ratio
(XFEED) is defined as the number of moles of cross-
linker molecules per the number of moles of repeat-
ing units of the polymer [14]. The structure of the
formed network can be characterized by the degree
of chemical cross-linking which is the molar ratio
of diamine molecules that form chemical cross-link-
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ing points to the repeating units of the polymer in
PSI and PASP gels. Essentially, the degree of chem-
ical cross-linking is only equal to the cross-linking
ratio if the conversion rate of the reaction is 100%.
The degree of chemical cross-linking of PASP gels
was previously determined by Torma et al. [14].
The concentration of unreacted cross-linker mole-
cules was quantified using ninhydrin, whereas the
concentration of pendant amine groups was deter-
mined by aqueous acid-base potentiometric titra-
tion. However, the equilibration time can be long for
every titration step in the case of cross-linked poly-
mers. Thus, this method is very time-consuming
because a large number of data points must be
determined to obtain a reliable titration curve. A
method that requires considerably fewer data points
would be highly beneficial.
In the colourimetric method developed in this study,
the degree of chemical cross-linking was determined
using 2,4,6-trinitrobenzene-sulphonic acid (TNBS),
which is a well-known reagent for the quantitative
determination of primary amine groups in chro-
matography. In alkaline aqueous solution, TNBS
reacts with amine groups via bimolecular aromatic
nucleophilic substitution, resulting in a yellow
adduct with absorption maxima at 340 nm (trinitro-
phenyl amine) and 420 nm (Meisenheimer com-
plex) [15–20]. Simultaneously, TNBS hydrolyses to
picric acid, which exhibits overlapping peaks with
the main product, trinitrophenyl amine (Figure 1)
[21]. The reaction constant of the hydrolysis is a few
orders of magnitude smaller than that of the main
reaction (e.g., the pseudo first-order rate constant
for the amine group of lysine is 9·10–4 1/s whereas
for hydroxyl groups is 1.4·10–7 1/s) [22]; thus, the
side reaction does not interfere with the quantitative

determination of small molecules [15, 22]. How-
ever, the side reaction is not negligible in slow reac-
tions; hence, the conventional TNBS assay cannot be
applied directly to determine the concentration of
amine groups in polymer gels. Moreover, the rate of
the hydrolysis to picric acid strongly depends on the
ionic strength [22], which is difficult to maintain at
a well-defined value in the presence of a polyelec-
trolyte gel [2, 8, 23]. The dissimilar reaction rates of
by-product formation in the analyte and in the blank
solution might cause inaccuracies during absorbance
measurements and in the quantitative determination
of amine groups. Some researchers tried to solve
this difficulty by hydrolysing the gels to small mol-
ecules in strongly acidic solution after the reaction
with TNBS [24–28]. However, controlling the degra-
dation of the polymer might be difficult under the
extreme reaction conditions, which resulting in the
formation of poorly defined oligomers and other
by-products. Consequently, we employed a new
strategy to exclude the formation of picric acid by
changing the solvent of the assay to DMSO and to
be able to perform the assay under mild reaction
conditions. The reaction mechanism is proposed
based on 1H NMR measurements of the model reac-
tion of TNBS and the cross-linker molecules. The
degree of chemical cross-linking was determined as
a function of the feed composition of the gels.

2. Experimental
2.1. Materials and instruments
Imidazole (puriss p.a.), 1,4-diaminobutane (DAB,
99%) and 2,4,6-trinitrobenzenesulphonic acid (TNBS,
1 M in H2O, analytical reagent) solutions were
acquired from Sigma-Aldrich Ltd., Hungary. Dibuty-
lamine (DBA, 99%), sodium tetraborate decahy-
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Figure 1. Reaction of 2,4,6-trinitrobenzenesulphonic acid (TNBS) with a) primary amines and b) hydroxyl ions



drate (a.r.), cysteamine hydrochloride (97%), cysta-
mine dihydrochloride (98%), potassium chloride
(99.5%), sodium bromate (99%), poly(vinyl alco-
hol) (PVA, MW = 60 kDa, 98% hydrolysed), glutar-
dialdehyde (GDA, 25wt% solution in water for syn-
thesis), S-aspartic acid (99%) and dithiothreitol
(DTT, for biochem.) were purchased from Merck
Ltd., Hungary. N,N-Dimethylformamide (DMF,
pure) was bought from Lach Ner, Czech Republic.
Dimethyl sulphoxide (DMSO, analytical grade) was
obtained from Fisher Chemical, Hungary. De-ion-
ized water (Milli-Q reagent grade, ! > 18.2 "·m,
Millipore, USA) was used for each analysis and for
the preparation of buffer solutions. All reagents and
solvents were used without further purification.
The pH of the buffer solutions was verified using a
pH/ion analyser (Radelkis OP-271/1, Hungary).
Absorbance measurements were performed using a
Specord 200 UV-Vis spectrophotometer (Analytik
Jena, Germany) with a quartz cuvette (path length =

1 cm, V = 3 mL). The spectral resolution was 1 nm,
and the scanning speed was 10 nm/s. Nuclear mag-
netic resonance (NMR) experiments were performed
on a Bruker Avance 300 spectrometer (USA) oper-
ating at 300 MHz. 1H NMR spectra were recorded
using 128 scans.
A buffer solution of pH = 8 was prepared from imi-
dazole (c = 0.1 M); the pH was adjusted to 8 by the
addition of 1 M HCl. A buffer solution of pH = 9.3
was prepared from sodium tetraborate decahydrate
(c = 0.1 M) and used in aqueous reactions of TNBS.
The ionic strength of the buffers was maintained at
0.15 M by the addition of KCl.

2.2. Synthesis
Polysuccinimide (PSI) was synthesized by the ther-
mal polycondensation of aspartic acid as reported in
a previous study [29]. The average molecular weight
of PSI was MW = 56 kDa. PSI-DAB gels were pre-
pared by cross-linking PSI with DAB (Figure 2). In

                                             Gyarmati et al. – eXPRESS Polymer Letters Vol.9, No.2 (2015) 154–164

                                                                                                    156

Figure 2. The synthesis of polysuccinimide (PSI) and poly(aspartic acid) (PASP) gels



brief, PSI was dissolved in DMSO (9.70 wt%), and
the solution of DAB (8.80 wt% in DMSO) was
added dropwise to the polymer solution. The pre-
cursor solution of gels was transferred into Eppen-
dorf tubes (V ! 1 mL). Although the gelation of the
solution could be visually observed after a few min-
utes (Table 1), the gels were kept in the tubes for
24 hours to complete the cross-linking process. The

PSI-DAB gels were immersed in aqueous buffer
solution (pH = 8) and the gels became opaque at
first because water is a poor solvent of PSI. The
PSI-DAB gels hydrolysed to PASP-DAB gels within
3 days and homogeneous, transparent gels were
yielded. The degree of swelling (Qm) of the PSI-DAB
gel is defined as the mass ratio of the prepared gel
to the dried gel; Qm, pH = 8 of the PASP-DAB gel is
defined as the mass ratio of PASP-DAB gel swollen
at pH = 8 to the dried gel. The mass of the dried gel
was determined by immersing the gel piece into
water, followed by a drying step in vacuum at 25°C.

2.3. Determination of degree of chemical
cross-linking of PASP-DAB hydrogels in
water

The degree of chemical cross-linking of PASP-DAB
gels was determined in two main steps as shown in
Figure 3. In the first step, unreacted diamine mole-
cules were extracted from the PASP-DAB gels
(m ! 1 g) by washing the gels with buffer solution
(5·1000 #L, pH = 9.3). The amine content of the
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Figure 3. Flow-chart of the quantification of unreacted cross-linker molecules and pendant amine groups inside the gels

Table 1. Cross-linking ratio, gelation time and degree of
swelling of the gels

aXFEED: cross-linking ratio which is the number of moles of cross-
linker molecules per the number of moles of repeating units of
the polymer,

btgel: gelation time of PSI-DAB gel determined by visual observa-
tion,

cQm: the mass ratio of the prepared PSI-DAB gel to the dried gel,
dQm, pH = 8: the mass ratio of the PASP-DAB gel at pH$= 8 to the
dried gel

Sample XFEED
a

[–]
tgel

b

[min]
Qm

c

[–]
Qm, pH = 8

d

[–]
A 1/5 3–5 5.0 7.5
B 1/10 5–8 7.2 15.2
C 1/15 8–10 9.0 18.3
D 1/20 18–20 9.3 20.5



washing solution was determined after adding TNBS
(50 µL, 30 mM TNBS in water) in excess to 2000 µL
of the analyte. The absorbance of the analyte solution
was measured after 30 min against a blank buffer
solution (pH = 9.3) containing TNBS at the same
concentration as in the analyte. Calibration of the
method was done using DAB in alkaline aqueous
solution (cTNBS = 7.3·10–4 M, pH = 9.3, % = 420 nm,
& = 15364 M–1·cm–1, r2 = 0.9956).
In the second step, a washed gel sample (m! 0.01 g)
was immersed in aqueous solution of TNBS (500 #L,
3 mM, pH = 9.3) and reacted for 3 h at 25°C. The gel
was removed and the unreacted TNBS was extracted
from the gel by washing with buffer solution
(3·500 µL, pH = 9.3). The TNBS content of the solu-
tion was determined by the addition of DAB (50 #L,
8.80 wt%) in excess to 5000 #L of the analyte. The
concentration of unreacted reagent was determined
from its absorbance spectrum.

2.4. Determination of degree of chemical
cross-linking of PSI-DAB gels in DMSO

The degree of chemical cross-linking of PSI-DAB
gels was determined similarly as in the case of PASP-
DAB gels, but the solvent was replaced from water
to DMSO (Table 1). Thus, in the first step (Figure 3),
unreacted diamine molecules were removed from
the PASP-DAB gels (m ! 1 g) by washing the gels
with DMSO (5·1000 #L DMSO). The amine content
of the washing solution was determined after adding
TNBS (50 µL, 300 mM in DMSO) to 2000 µL of the
analyte. The absorbance of the analyte solution was
measured after 30 min against the blank solution of
TNBS in DMSO. Calibration was done in DMSO

using TNBS in excess (cTNBS = 7.3·10–3 M, % =
437 nm, & = 625 M–1·cm–1, r2 = 0.9992).
In the second step, a washed gel sample (m! 0.01 g)
was immersed in TNBS (375 #L, 30 mM in DMSO)
and reacted for 1 day. The gel was removed and the
unreacted TNBS was extracted from the gel by wash-
ing (3·500 µL DMSO). The TNBS content of the
solution was determined by the addition of DAB
(125 #L, 8.80 wt% in DMSO) in excess to 5000 #L
of the analyte. The concentration of the reaction prod-
uct was determined from its absorbance spectrum.
Calibration was done in DAB excess (cDAB =
25·10–3 M, % = 437 nm, & = 18 393 M–1·cm–1, r2 =
0.9995).

2.5. Accuracy and stability
A widely accepted reference method does not exist
for the determination of the number of pendant
amine groups. Thus, we applied a method based on
the determination of small molecules to determine
accuracy because the TNBS assay for small molec-
ular amines is well-established. Disulphide cross-
linked PSI gels (PSI-CYS) were synthesized by the
reaction of PSI and cystamine (CYS) (Figure 2).
950 mg of polymer solution (PSI in DMF, 5.00 wt%)
was diluted with 451 mg DMF, and then 23 mg cys-
tamine hydrochloride was dissolved in the same solu-
tion. 34 #L dibutylamine as a deprotonating agent
was added dropwise to the solution under continu-
ous stirring. The solution was poured into Eppendorf
tubes (V ! 1 mL) and kept there for 24 h to yield
gels. The concentration of pendant amine groups in
PSI-CYS gel was determined in DMSO as described
previously in the case of PSI-DAB gels after careful
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Figure 4. Reduction of cystamine cross-linked poly(aspartic acid) (PASP) gels to cysteamine-modified PASP and cys-
teamine



removal of cystamine by washing with 0.1 M HCl.
For the reference measurements, the PSI-CYS gels
were hydrolysed to disulphide cross-linked PASP
(PASP-CYS) gels. A given amount (m! 0.1 g) of
PASP-CYS gel was placed into a dialysis tube (cut-
off molecular weight was 12 kDa) filled with 10 ml
of a buffer solution (pH = 8) containing 10 mM
DTT to reduce the disulphide bonds inside the
hydrogel (Figure 4). Solutions of the reduced poly-
mer and cysteamine were dialysed against water. The
cysteamine concentration in the outer solution was
determined with TNBS in the presence of sodium
bromate (c = 10–4 M). Calibration was done using
cysteamine in aqueous buffer solution over the con-
centration range of 1.0·10–5 to 8.0·10–5 M (cTNBS =
7.3·10–4 M, % = 420 nm, & = 11 727 M–1·cm–1,
r2 = 0.9998).
The stability of TNBS was determined in DMSO.
Chemically cross-linked poly(vinyl alcohol) (PVA)
gels were synthesized as it follows. 3.0 g of PVA solu-
tion (12 wt%) was diluted with 1.7 g of deionised
water. Subsequently, 150 mg of 1 M GDA as a cross-
linker and 100 #L of 20% HCl as a catalyst were
added to the solution of PVA under continuous stir-
ring at 25°C. The pre-cursor solution was transferred
into Eppendorf tubes and kept there for 24 h. Unre-
acted cross-linker molecules were removed from
the PVA gels by careful washing with de-ionized
water. Lastly, the PVA hydrogels were immersed in
DMSO, and the solvent was changed several times
to produce PVA gels swollen in DMSO. A sample
of PVA gel (m ! 0.1 g) was immersed in TNBS
(300 µL, 5 mM in DMSO) and incubated for 3 days.

The gel was washed with DMSO (3·500 #L) to
extract TNBS. The collected solution of TNBS was
diluted with DMSO to 5000 #L. 50 µL DAB
(8.80 wt% in DMSO) was added to 2000 #L of the
diluted solution of TNBS. The absorbance spectrum
of the solution was measured after 30 min against
DMSO containing DAB at the same concentration
as in the analyte.

3. Results and discussion
3.1. Determination of degree of chemical

cross-linking in water
The unreacted DAB molecules were extracted from
the PSI-DAB gel and reacted with TNBS at pH = 9.3.
Figure 5a shows the absorption spectrum of the
solution after 30 min (sample D in Table 1). The
characteristic peak at 420 nm could not be detected.
Thus, the concentration of cross-linker molecules is
below the detection limit of the method (1.2·10–5 M)
which means that less than 0.1% of the DAB mole-
cules remain unreacted after the cross-linking process
independently of the cross-linking ratio. Thus, each
cross-linker molecule is attached to the polymer
chain through at least one of its functional groups,
in agreement with previously reported results [14].
After the immersion of the PASP-DAB gel into
TNBS, the solution became yellow within 3 hours.
A broad peak could be identified at 357 nm in the
absorbance spectrum of the solution (Figure 5b).
Because the supernatant must not contain amine
groups, we can assume that the yellow compound is
the hydrolysed by-product of TNBS, picric acid.
The side reaction might have a larger reaction rate
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Figure 5. a) Absorption spectrum of the extracted swelling solution of PASP-DAB gel after the addition of TNBS in excess
in aqueous buffer (pH = 9.3); b) absorption spectrum of the supernatant of PASP-DAB gels after 3 h incubation
with TNBS in aqueous solution (pH = 9.3)



in the presence of the PASP gel, as indicated by the
absence of a yellow product in the blank solution
after the same reaction time. The dissimilar reaction
rate of hydrolysis of TNBS can be explained by the
difference in ionic strengths, i.e., PASP polyelec-
trolyte gels carry mobile counter-ions, which have a
poorly defined effect on reaction kinetics. As a con-
sequence, the number of pendant amines cannot be
determined in aqueous solution and the reaction
medium must be replaced to exclude side-reactions.

3.2. Reaction mechanism in DMSO
TNBS reacts with amine groups in DMSO as well,
but several other factors must be considered. Con-
trary to the protic character of water, DMSO is a
polar aprotic solvent. TNBS is a strong acid and
exists in its dissociated form in alkaline aqueous
solutions. Its dissociation is hindered in DMSO.
Thus, TNBS remains protonated before the reaction
with amine groups, which affects the mechanism of
adduct formation. The stability of the Meisenhei-
mer complex might also be different in DMSO [30].
We carried out a model reaction between TNBS and
1,4-diaminobutane in d6-DMSO to propose the pos-
sible reaction mechanism. We confine our discussion
to two cases that are relevant to the present analysis:
first, a large excess of TNBS was maintained, and
second, a large excess of DAB was maintained (the
molar ratios of TNBS to DAB were 3 and 1/3, respec-
tively). 1H NMR spectra were recorded after 8 hours
of reaction time. A detailed analysis of the reaction

mechanism lies beyond the scope of the present
study, and only the main conclusions are drawn here.
The results of a detailed NMR analysis are to be
published in another paper.
In all probability, sulphonic acid and primary amine
groups form a salt in the dipolar solvent in a large
excess of TNBS (Figure 6, I), followed by the nucle-
ophilic addition of the primary amine group onto
TNBS (Figure 6, II). The primary amine groups in the
analyte can act as a base catalyst in the elimination
of sulphonic acid groups (Figure 6, III). Accord-
ingly, the conversion of TNBS to its amine-substi-
tuted derivative requires an excess of primary amine
groups. Lastly, nucleophilic attack at the unsubsti-
tuted ring positions of TNBS may also occur in the
large excess of primary amine groups (Figure 6, IV)
[20, 30].
In a large excess of TNBS, the peak of the unre-
acted reagent appears at 8.8 ppm (H-a nuclei) in
Figure 7. A relatively small peak at 8.9 ppm indi-
cates the presence of the aniline derivative (Figure 6,
III, H-b nuclei), assuming that a reaction time of
8 hours is sufficient for the total conversion of the
Meisenheimer adduct (Figure 6, II) to the correspon-
ding aniline (Figure 6, III). The broad peak at 7.6 ppm
can be assigned to the salt of TNBS and DAB (Fig-
ure 6, I). The assumption is supported by the inten-
sity integrals (I) of the peaks: I(H-c):I(H-d):I(H-e) =
3:2:2. The integrals indicate that both amine groups
of DAB are protonated as shown in Figure 6.
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Figure 6. Proposed mechanism of the reaction between TNBS and 1,4-diaminobutane (DAB) in DMSO



In a large excess of DAB, the NMR spectrum is
essentially different. The peak of TNBS (H-a) was
reduced, indicating that only a small amount of the
reagent remained in the mixture. The peak of ammo-
nium group (H-c) disappeared; thus, we can assume
that the equilibrium shifted towards the nucleophilic
substitution of sulphonic acid groups and the for-
mation of the aniline derivative. However, the peak
of the H-b nucleus was not observed, whereas new
peaks appeared at 8.1 and 6.0 ppm, indicating the
formation of a new reaction product. The strong
decrease in the chemical shift suggests the presence
of an electron-rich chemical environment. The nucle-
ophilic addition of primary amine groups to the
unsubstituted ring positions resulted in the forma-

tion of a '-complex (Figure 6, IV), which fits the
chemical shifts (8.1 and 6.0 ppm) in the NMR spec-
trum [20]. The presence of this '-complex is con-
firmed by the 1:1 intensity integrals of H-f and H-g
nuclei.
The results prove that different species were present
simultaneously in the reaction mixture. However, a
reliable analysis requires a large excess of one of the
reagents to shift the equilibrium to a well-defined
product. Consequently, the molar ratio of TNBS to
DAB was kept above 5 during the analysis of unre-
acted DAB to yield only the product I (Figure 6).
Similarly, DAB was used in a 4-fold excess to TNBS
during the quantitative determination of unreacted
TNBS to yield only product IV (Figure 6).

3.3. Determination of degree of chemical
cross-linking of PSI-DAB gels in DMSO

At first, unreacted cross-linker molecules were
extracted from the PSI-DAB gel by washing with
DMSO and the DAB molecules in the washing solu-
tion were reacted with TNBS. Similarly to the results
obtained in aqueous medium, a characteristic peak
(% = 437 nm) was not obtained in the absorption spec-
trum of the solution (Figure 8a), indicating that less
than 0.1% of the cross-linker molecules remain unre-
acted after the cross-linking process, independently
of the cross-linking ratio.
Secondly, the PSI-DAB gel was immersed in the
solution of TNBS. The supernatant remained colour-
less indicating that the formation of picric acid was
excluded in DMSO. Unreacted TNBS was extracted
from the gel by washing with DMSO, and its con-
centration was determined from the absorbance
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Figure 7. 1H NMR spectra of the reaction product of TNBS
and 1,4-diaminobutane in DMSO

Figure 8. a) Absorption spectrum of the extracted washing solution of PSI-DAB gel after the addition of TNBS in DMSO;
b) absorption spectrum of TNBS extracted from the gels in DMSO with and without DAB



spectrum after the addition of DAB (Figure 8b).
The reaction time was varied between 1 to 5 days, but
it did not affect the measured amount of unreacted
TNBS; thus, a reaction time of 1 day was applied in
further experiments. The conversion rate of diamine
molecules to cross-linking points was smaller than
100% in each case (Figure 9a). Consequently, the
degree of chemical cross-linking was smaller than its
theoretical maximum value calculated from the total
conversion of cross-linker molecules (Figure 9b).
The difference between the degree of chemical cross-
linking and its theoretical maximum is rather small,
but we observed a clear tendency between the con-
version rate and the cross-linking ratio (Figure 9a).
A larger cross-linking ratio results in a larger conver-
sion rate, which contradicts the original expectation.
However, the observed correlation can be explained
by the development of a network structure during the
cross-linking process. The amine groups of the cross-
linker molecules and succinimide repeating units
exhibit high reactivity; thus, a slightly cross-linked
structure with pendant amine groups must form dur-
ing the first stage of the cross-linking process. The
presence of chemical cross-linking points reduces
the segmental mobility of the polymer, which hin-
ders the further formation of amide linkages; there-
fore, the structure formed in the initial stage of the
process essentially affects any further reaction. In the
case of a large cross-linking ratio, the polymer chains
are densely cross-linked, which has a dual effect.
First, the degree of swelling is significantly smaller
than that of a less densely cross-linked gel (see the
degree of swelling values in DMSO in Table 1)

because of the elastic effect of net points, and the
increased polymer concentration inside the forming
gel accelerates the reaction. Second, the densely
cross-linked structure orients the pendant amine
groups for amide formation with the succinimide
groups of adjacent polymer chains. Amide forma-
tion is supported by favourable distance of polymer
chains and the orientation effect might be further
strengthened by hydrogen bonds between nearby
pendant amine groups. Further effects must be also
important in this case e.g., electrostatic interactions
in the polyelectrolyte network. All of these effects are
less significant in a loosely cross-linked network,
resulting in a lower conversion rate of cross-linker
molecules. Nevertheless, the conversion rate was
remarkably high (>70%), and the degree of chemi-
cal cross-linking was also relatively high over the
investigated range.

3.4. Stability and accuracy
TNBS was incubated in PVA gels for 3 days in the
absence of free amines and approximately 99.9% of
the feed amount of the reagent was recovered after
careful washing of the gel. Therefore, the reagent is
chemically stable in DMSO, and long-term meas-
urements can be carried out without the formation
of interfering by-products.
The accuracy of the TNBS assay was verified on
PASP-CYS gels by quantifying of cysteamine after
cleavage of disulphide linkages inside the gels. The
presence of thiol groups during the analysis inter-
feres with the reaction of TNBS and free amines,
thus sodium bromate was used to oxidize excess
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Figure 9. a) Conversion rate of diamine molecules to cross-linking points as a function of cross-linking ratio (XFEED);
b) Correlation between the degree of chemical cross-linking and the cross-linking ratio. The diagonal line repre-
sents 100% conversion. The curves on both diagrams are used to guide the eye.



DTT after dialysis (Figure 10). The number of pen-
dant amine groups in the PSI-CYS gel was also
determined in DMSO with the developed TNBS
assay. Results show that 8.0±1.4% of cystamine do
not form chemical cross-links, whereas the reduc-
tion-based method yielded a value of 11.3±1.8%.
According to an F-test, reproducibilities of the two
methods are equal at a significance level of 95%,
and a paired t-test proved that the numbers of pen-
dant amine groups obtained by the two methods are
the same at a significance level of 95%. Conse-
quently, the method developed for the quantitative
determination of pendant amine groups in DMSO
exhibits satisfactory accuracy for chemically cross-
linked aspartic acid-based polymer gels.

4. Conclusions
A novel method using 2,4,6-trinitrobenzensul-
phonic acid (TNBS) was developed to determine
the degree of chemical cross-linking in aspartic
acid-based polymer gels. The conventional TNBS
method is reliable for the quantitative determination
of small molecular amines in alkaline aqueous
medium because the hydrolysis of the reagent does
not interfere with the analysis if the reaction time is
short. However, analysis of polymer networks bear-
ing pendant amine groups is difficult in aqueous
medium because of the formation of picric acid in a
considerable amount. The TNBS assay was imple-
mented in DMSO, and the reaction products were

examined by 1H NMR. The formation of picric acid
was excluded, and the degree of chemical cross-link-
ing of polysuccinimide gels was determined. Less
than 0.1% of the cross-linker molecules remained
unreacted because of the high reactivity of diamine
molecules and the repeating units of the polymer.
The conversion rate of diamine molecules to chem-
ical cross-linking points was high but strongly
depended on the feed composition of the gels. The
stability of the reagent and accuracy of the devel-
oped method are satisfactory; thus, the method can
be used to determine the degree of chemical cross-
linking of PSI gels. Furthermore, this method can
be extended to analyse other DMSO-swollen poly-
mer gels bearing pendant amine groups.
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