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A new resonance scattering spectral (RSS) method for the de-
termination of human serum album (HSA) has been proposed
with the resonance scattering enhanced reagent of K;[Fe-
(CN)g]. In the medium of HCl (2.0 x 10~? mol/L), HSA
may combine with [ Fe (CN)s]*~ by intermolecular forces
(mainly by electrostatic force) to form {[ Fe (CN)s J3--
HSA™* |, nanoparticle of the ion-association complexes of
HSA™*-[Fe(CN)s13~ . There is a strongest resonance scatter-
ing intensity at 351 nm, owing to the existence of the resonance
scattering of the nanoparticle, [ Fe(CN)¢]>~ molecular absorp-
tion and the non-distribution of the emission intensity of Xe
lamp in the range of 200—1000 nm. In addition, two reso-
nance scattering peaks at 470 and 700 nm were observed. The
HSA concentration in the range of 0—12 pg/mL is linear to the
resonance scattering intensity at 351 nm. The determination
limit of this method is 0.1 pg/ml HSA, about ten-fold lower
than that of Coomassie brilliant blue protein assay. This
method has been used for the determination of HSA in human
serum and synthetic samples with satisfactory results. The
mechanism of enhanced resonance scattering light, the TEM of
the particle, the concepts of quasi-elastic absorption and un-e-
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Protein determination is very important to biochem-
istry and bioanalytical chemistry, and an analytical item
of quality controls in the separation or purification of bio-
logical and chemical pharmaceuticals and that of food ex-
amination. Compared with common spectrophotometric
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method such as biuret and lowry assay' and spectropho-
tometric method based on the combination of proteins with
dye sush as CBB assay,? resonance scatiering spectral
(RSS) method (also called resonance light scattering’ )
developed recently was proved to be a sensitively and se-
lectively quantitative determination for proteins,*® which
was based on the stacking of organic dye on proteins.
However, the use of metal complex anions is not more. It
is rare reports to use transmission electron microscope
(TEM) in the study of the protein’ s nanoparticles in RSS
analysis of proteins. Here, by using resonance scattering
technique and TEM, a new protein assay was established
which was first based on the combination of [ Fe-
(CN)g*~ with protein to supramolecule or particle in
large size. It would improve the development of resonance
scattering technique and offer a new approach for protein
assay. The concepts of inelastic absorption and quasi-e-
lastic absorption have been proposed in this work. The
cause of producing the resonance scattering peak has also
been considered.

Experimental
Apparatus

The resonance scattering spectrum and the intensity
of resonance scattering were measured with a Shimadzu
RF-540 fluorescence spectrophotometer (Kyoto, Japan).
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The absorption spectrum was performed on a U-3400
spectrophotometer (Hitachi, Japan) or a RCT-560 spec-
trophotometer ( Shanghai, China). A model PHS-10A
meter (Science Apparatus Factory of Xiaoshan, China)
was used to measure pH values of the solutions.

Reagerus

A stock solution of HSA (2.0.mg/mL) (Beijing
Branch of Sino-American Biotechnology Company) was
prepared by directly dissolving HSA in doubly distilled
water, stored at 0—4 °C. Iis working concentration was
10 pg/mL. A K3[Fe(CN)g] stock solution (1.0 x 102
mol/L) was prepared by dissolving K; [ Fe (CN)g] in
EDTA solution (2.5 x 1072 mol/L). The working solu-
tion of K3[ Fe(CN)g] was obtained by diluting the stock
solution to 1.0 x 10™* mol/L with water. All chemicals
were of analytical grade or the top grade commercially
available. Water used was doubly distilled.

Preparation of synthetic samples

According to the tolerances of foreign substances,
interfering components were added in an appropriate of
HSA standard solution to make up synthetic samples. To
test the practicability of the method, three samples were
constructed.

Standard procedure

Certain volume of HSA solution or sample solution,
2.0 mL of HCI solution (1.0 x 10"2mol/L) and 2.0 mL
of [Fe(CN)g]>~ solution (4.0 x 10~*mol/L) were or-
derly added into a 10-mL test tube. Then the mixture was
diluted to 10 mL with water and shaken well. Twenty
minutes later, the resonance scattering spectrum and the
intensity of resonance scattering at 351 nm were measured
on a RF-540 fluorospectrophotometer. The resonance
scattering spectrum was obtained by synchronous scatter-
ing on the RF-540 fluorospectrophotometer from 200 nm to
1000 nm (namely, AX =0 nm). The resonance scatter-
ing intensity Igg of the HSA system and the I for the
blank solution were measured by fixing the excitation
wavelength and the emission wavelength at 351 nm. Both
excitation and emission slits were 10 nm. The set of the
fluorescence spectrophotometer was at low sensitivity. The
value Al = Iys — I was calculated.

Results and discussion
Spectral characteristics

The intensities of the [ Fe(CN)4 >~ -EDTA-HCI sys-
tem and the HSA solution are rather weak and the two
resonance scattering curves nearly overlap (curves A and
B, in Fig. 1), which indicates the HSA molecules and
the mixture of [ Fe(CN)¢1>~-EDTA-HCI can not cause
obvious scattering; while HSA solution mixes with
[Fe(CN)G]a" -EDTA-HCI, the resonance intensity obvi-
ously enhances (curve C in Fig. 1), which indicates that
negatively charged ion [ Fe(CN)g 1>~ probably combines
with positive charge HSA (isoelectric point, pH 4.7) to
ion-association complex by intermolecular force (mainly
by electrostatic atiraction force ). That is to say, a num-
ber of [Fe(CN)¢1>~ molecules stack on a HSA macro-
molecule. Then theion association complexes further ag-
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Fig. 1 Resonance scattering spectra. A: [Fe(CN)q1%~ (8.0
x 1073 mol/L)-HCl (2.0 x 10~* mol/L)-EDTA
(2.0x10"* mol/L); B: HSA (2 pg/mL); C: [Fe-
(CN)6 I~ (8.0 x 10~% mol/L)-HC (2.0 x 10-3
mol/L)-HSA (2 pg/mL)-EDTA (2.0 x 10~* mol/
L).

gregate to supramolecules or patrticles in bigger size, And
a clear interface between the supramolecules and water
phase is formation. The reactions of [ Fe(CN)¢]*~ are
indicated as in Egs. (1) and (2).

n[Fe(CN)g]*~ + HSA™* =[Fe(CN)¢]2-HSA™* (1)

k[Fe(CN)]3 HSA™* = {[Fe(CN)s 13- HSA™* }, (2)
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The strongest resonance scattering peak of the {[ Fe-
(CN)s I3 HSA™* }, system is located at 351 nm (Fig.
1C) corresponding to the ahsorption valley of curve A in
Fig. 2. This is owing to_the reason that the [ Fe-
(CN)¢I*~ molecules absorb incident and scattering light
simultaneously. According to the intensity function of res-
onance scattering, Izs = KIxf(d)f(1)c, here the d
represents diameter, the valid incident light intensity I
will decrease as there is molecule absorption.%!! Several
types of absorption were divided according to the following
results of the photons absorbed. The photons absorbed
may be transformed into heat energy, such as the absorp-
tion of [Fe(CN)g]®~, may emit in Stock or anti-Stock
fluorescence or phosphorescence, and cause the photo-
chemical reaction etc. If the photons absorbed do not emit
in irradiation or emit at the different A, this type of ab-
sorption is called inelastic absorption by us owing to exis-
tence of energy lose. It causes the decrease of resonance
scattering intensity. For example, the Iy decreases when
the concentration of [ Fe (CN)¢]?~ is more than 1.0 x
10™* mol/L, owing to the existence of associated [Fe-
(CN)sI*~ in the system. Therefore, a signal of the reso-
nance scattering weaker than the I of the lamp-house was
obtained at the maximum absorbance wavelength of
molecule.” For nanoparticle system, the photons ab-
sorbed may emit at the same wavelength A, but the emis-
sion efficiency is less than 100% . The [ Fe (CN)g 13-
HSA™* nanoparticle system is one of the examples. In
other case, for example, molecular resonance fluores-
cence system, the fluorescence wavelength A, is equal to
the A.,. And the resonance fluorescence efficiency is

commonly less than 100% . Such type of absorption is
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Fig. 2 Absorption spectra ( conditions are the same as in Fig.
1).

called quasi-elastic absorption, which produces resonance
scattering. The resonance scattering peak at 700 nm in
Fig. 1 is a 1/2 fraction of frequency resonance scattering
peak of 351 nm,* owing to the interaction both the pho-
ton, the grating and the {[ Fe (CN)g] 3~ "HSA™* },
nanoparticle. The indent distance of grating is about 667
nm ( =1 mm/1500 line) . The grating can be regarded as
two-dimension assembly of particles. The particle solu-
tions can be regarded as three-dimension grating, like
NaCl crystal grating in X-ray diffraction. And the
nanoparticle of {[Fe(CN)g13~HSA™* }, locates at fixed
position when the photon interacts with the particle, ow-
ing to the free motion speed of the particle in solution is
much less than the velocity of the excited photon. The
peak at 470 nm in Fig. 1 is owing to the uneven-distribu-
tion emission intensity of Xe lamp.13 In short, there are
two important factors including inelastic absorption and
lamp-house to produce resonance scattering peak .

Effect of the conditions

Fig. 3 shows that the Al reaches its maximum and
has few variations at pH 2.64—3.09. A citric acid-
NaOH buffer had been tested to adjust the solution acidity
to pH 2.64—3.09. But its Al value is smaller than that
in the medium of weak hydrochloric acid. So a 2.0 x
102 mol/L HCl medium (pH about 2.70) was chosen as
the optimum medium.

6

YIS
4 \
—
<
®
2 ~ .
“\
0 1 4’7 ]
0 2 4
pH

Fig. 3 Effect of pH on scattering intensity [HAS (0.3 pig/ouL.)-
[Fe(CN)6]*~ (8.0x 10~5 mol/L) ordinate scale 5].

Effect of [Fe(CN)g 13~ concentration on the scatter-
ing intensity is shown in Fig. 4. It can be seen that,
when [Fe(CN)g]*~ concentration is low, Al is also
weak, which may imply un-complete combination between
HSA and [Fe(CN)¢]*~ . However, if the [Fe(CN)sJ?-
concentration is more than 10 x 10~ mol/L, the scatter-
ing intensity gets weaker because of the existence of in-
elastic absorption for the unreaction [Fe(CN )6l
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molecules, that is, there are the associated [ Fe-
(CN)61?~ molecules in the system. When [ Fe(CN)g]3~
concentration is in the range of 7.0 x 107°—10.0 x
107% mol/L, the Al value reaches its maximum and is
stable. Therefore, [Fe(CN)s]>~ concentration at 8.0 x
10> mol/L was chosen for assay. When HSA concentra-
tion is 1.4 x 107® mol/L, the [Fe(CN)g]*~ concentra-
tion reaching maximum Al value is 7.0 x 10~% mol/L.
The mean combination number of [Fe(CN)¢1*~ to one
HSA is about 5.0x 10* (n =7.0x 107 mol/L/1.4 x
1078 mol/L). Tt is known that HSAs have 58 of Lys, 23
of His and 16 of Arg. Iis total number of basic ammonia
acid is 98.%15 The mean combination number determined
is much more than the total number of basic ammonia acid
in HSA. This shows that the interaction between HSA and
[Fe(CN)g]*~ is complexity. There may be multi-layer
stacking of [Fe(CN)g]®~ on HSA.
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Fig. 4 Effect of [Fe(CN)¢1*~ on Is5 [ HCl (2.0 % 1073
mol/L)-HSA (1 pg/mL) ordinate scale 4] .

The results of the effect of ionic strength (NaCl con-
centration, cy,) show that the Al decreases gradually
with the increase of the NaCl concentration. This is due
to the complete binding effect of C1~ to HSA and the
shielding effect of NaCl to the charges of HSA and [ Fe-
(CN)g]*~, which leads to the decrease of binding ability
between HSA and [Fe-(CN)g]>~ .

The effect of both EDTA and addition sequence of
reagents on scattering was also investigated. The scatter-
ing intensity of reagent blank (y) was found to decrease
greatly and be stable for a long time when EDTA was
added in experimental system. The probable reason is that
EDTA coordinates with trace metal ion in reagents to form
complex, which avoids metal ions such as Fe?* or Cu?* ,
combining with [ Fe (CN)s 1>~ to un-dissolved particles
which produce light scattering. No matter that reagent ad-
dition sequence, their resonance scattering intensities ap-
proach approximate value in 20 min after the last mix and

are stable for 1 h or so. Therefore, in experimental sys-
tem 2.0 x 10~* mol/L EDTA is suggested to be used and
the measurement time is chosen in 20 min after the last

Effect of surfactants on the scattering intensity

Effects of three surfactants [ cetyltrimethylammonium
bromide (CTAB), sodium dodecly sulfate(SDS) and Tri-
ton X-100] on the assay were tested. Little amount of
CTAB can enhance the scattering intensity of reagent
blank. It can be inferred that [ Fe(CN)¢]*~ binds with
CTAB by electrostatic attraction to ion-association complex
which leads to the increase of scattering intensity; while
there are proteins in experimental system, CTAB can not
bind with HSA because of electrostatic repulsion. When
the CTAB concentration is higher than 3 pg/mL, the
scattering intensity of experimental system decreases
sharply. As far as the mechanism of reaction is con-
cerned, the combination of HSA with [Fe(CN)g]*~ is
the same as that of CTAB with [Fe(CN)g]*~ .

The results show that the variation of SDS concentra-
tion has no influence on scattering intensity in the absence
of proteins, which indicates SDS can not combine with
[Fe(CN)s1®~ because of electrostatic repulsion and SDS
itself has no contribution to light-scattering. -In the pres-
ence of HSA, the variation of SDS concentration also has
no obvious influence on scattering intensity. The probable
reason is that the binding force between [ Fe (CN)g¢ 13~
and HSA is stronger than that between SDS and HSA. So
the increase of SDS concentration does not enhance the
scattering intensity of experimental system. With increasing
SDS concentration, the aggregations may be formed among
SDS molecules which weakens the effect of scattering.

The relationship between Triton x-100 concentration
and scattering intensity shows that whether in presence of
HSA or not, Triton X-100 concentration has no obvious
effect on scattering intensity. It can be inferred that Tri-
ton X-100 can not combine with [ Fe(CN)¢1*~ to ion-as-
sociation complex, and the complex formed by HAS and
[Fe(CN)¢]*>~ can no longer combine with Triton x-100
by intermolecular force. The effects of the above three
surfactants on reaction system have their respective fea-
tures. It is relevant to effect reaction mechanism. On the
whole, the three surfactants have no enhanced sensitivity
for HSA assay.
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Iruerferences of coexisting foreign substances

The influences of foreign coexisting substances such
as amino acids, metal ions-were tested. The results are
presented in Table 1. From Table 1, it can be seen that
amino acids have no effect on scattering intensity of HSA-
[Fe(CN)g]®~ system. Common metal anions except for
Fe’* also have no obvious influence on the scattering in-
tensity of HSA-[ Fe(CN)g]*~ system. Comparatively larg-
er interference on the HSA assay by Fe** was observed.
It maybe owing to the formation of metal complex anion
FeY?~ complexes,'* causing the enhancement of reso-
nance scattering intensity .

Calibration curve

According to the above standard procedures, differ-
ent concentration solutions of HSA were used to construct
the calibration of HSA. The concentration of HSA (¢ pg/
mL) in the range of 0—12 pg/mL is linear to the reso-

nance scattering intensity. The linear regression equation
is Al = 0.21 + 6.12¢ and its correlation coefficient
0.9991. The relative standard deviations (RSD) for five
measurements of HSA (1 pg/mL) and HSA solution (0.5
pg/mL) are 2.4% and 2.5% , respectively. The deter-
mination limit of this method is 0.1 pug/mL. The detec-
tion limit (36) is 30 ng/mL, higher than that of

Coomassie brilliant blue protein assay.
Analytical application

The content of HSA in synthetic sample was deter-
mined by this RSS method, and the recovery of HSA is in
the range of 89.7%—96.2% . The determination results
for synthetic samples are shown in Table 2. The protein
content in human serum samples has been determined by
this RSS method after the dilution of 5000 times with wa-
ter. The results are shown in Table 3, which are in a-
greement with those of coomassie brilliant blue-250 spec-
trophotometry (CBB-250).

Table 1 Tolerance limit of foreign substances

Concentration Relative error in Concentration Relative error in
Substance (pg/ml) Iys (%) Substance (% 1075 mol/L) Iys (%)
L-Tyr 50 -2.4 Fe(1I) (sulfate) 5.0 +0.4
L-Trp 50 -3.8 Mn(1I) (sulfate) 10 +0.23
L-Asp 20 +4.8 Zn(1T) (sulfate) 10 -0.1
L-Cys 20 +2.4 Cu(1T) (sulfate) 10 -0.05
L-His 20 +4.8 Mg(1I) (sulfate) 10 - +0.11
L-Met 20 +4.0 Fe(1II) ( chloride) 1.0 +9.9
L-Lys 100 +0.6 Na(I)( chloride) 5.0 +0.21
L-Gly 50 +1.8 Pb(1I) (acetate) 10 +0.11
L-Thr 50 -1.2 Ba(II) (chloride) 5.0 -0.05
L-Val 50 -2.4 K(T) (iodide) 5.0 +0.4
[Fe(CN)g1*- 8.0 +1.3
Table 2 Determination results for synthetic samples
Sample Components of synthetic sample Found Recovery (%) RSD (%)
(x 107 mol/L) (n=5, pg/mL) (n=5) (n=5)
1 FeCl;(5)-NaCI(5)- L-Trp* (10)- 2.60 89.7 0.42
L-Asp®(10)-HSA(3)
2 MgS0,(5)- L-Tyr*(10)- L-Met*(10)- 2.89 96.2 0.50
L-Lys*(10)-HSA*(3)
3 MgS0,4(5)- L-Lys®(10)- L-Gly*(10)- 2.60 94.7 0.38

L-Thr*(10)-HSA®(3)

¢ The unit of concentration is pg/mlL.
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Table 3 Analytical results for human serum samples
RSS method of K;[ Fe(CN)s] CBB-250 method
Sample Concentration determined Content RSD . Content RSD
(pg/ml) (mg/mL) (%, n=5) (mg/mL) (%, n=5)
1 1.30 65.0 2.5 70.4 2.3
1.24 62.0 3.3 63.6 2.7
3 1.35 63.5 3.1 64.6 3.2
Mechanism of enhanced resonance scattering
' €
Some references have been pointed out that the ¢ a

Rayleigh scattering formula is suitable to the no absorption
molecular scattering or the scattering of small particle in
molecular size, and not for the colloid, frog, microemul-
sion and so on.'>!® The molecular scattering is based on
the fluctuation theory of density in physics. The Mie scat-
tering formula is suitable to the spherical particle, and is
very complexity. We have known that the absorption of
aqueous nanoparticle system is different from molecular
absorption in spectrophotometric analysis, owing to the
interface formation and resonance scattering, such as met-
al nanoparticle in liquid, some supramolecule in water,
bubble, frog and microemulsion etc. It was demonstrated
that the ultimate cause is the interface formation of
nanoparticle and supramolecule in large size, to enhance
scattering signal.'*?* In the absence of K[ Fe(CN)g1,
HSA micromolecule produces very weak resonance light
scattering, owing to the interface between HSA particle
and water phase is not clear although HSA size (about 40
nm) is large. In the presence of K;[Fe(CN)¢], the
HSA™* and[Fe(CN)s]*~ combine into [Fe(CN)g]3" -
HSA™* by means of electrostatic force . The nanoparticle
or supramolecular of {[ Fe (CN )¢ 13- HSA™* }, was
formed by means of intermolecular forces (Fig. 5). The
multilayer [ Fe(CN)g]*~ molecules covers the surface of
HSA micromolecule (Fig. 6). Of course, small nanopar-
ticle of {[ Fe(CN)g]2 HSA™* }, may aggregate to big
particle, owing to its high surface energy.? The size of
{[Fe-(CN)s13~HSA™* | , nanoparticle is in the range of
73—300 nm, and larger than that of HSA. The interface
between {[ Fe (CN )¢ 13" HSA™* }, particle and water
phase is more clear. So that it exhibits strong resonance
scattering. No TEM of HSA was observed, owing to the
low electron density of C, O, N and H. But Fe’* has
high electron density. And the TEM of {[ Fe-
(CN)6]3~HSA™* |, particle was recorded as in Fig. 5.

*

O represents [Fe(CN)¢]%

Fig. 6 Diagram of {[Fe(CN)]3~ HSA™* |, nanoparticle.

Conclusion

The TEM demonstrates that there are {[ Fe-
(CN)g I3 HSA™* |, nanoparticles or supramolecules.
The formation of nanoparticle in big size results to en-
hance signal of resonance scattering. The resonance scat-
tering peak at 351 nm is produced mainly by the Xe lamp
and inelastic absorption of [ Fe(CN)g]*~ molecule or sur-
face [ Fe(CN)g]*>~ molecule on the nanoparticle. There is
no quanta colored effect resulting to a characteristic reso-
nance scattering peak.'®2"2 A new resonance scattering
spectral method for the determination of HSA in human
serum has been proposed with satisfactory results.
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