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Abstract To identify and eliminate the inner filter effects
(IFEs), prepositive and side cells containing absorbents are
fixed beside the fluorescer contained cell. In this way,
excitation and emission lights can be quenched by primary
and secondary outer filter effects respectively, depending on
absorbent concentration and cell length. Herein the quench-
ing of emission fluorescence caused by IFEs can be equally
reduced by outer filter effects (OFEs) and the interference
of IFEs was eliminated. This approach was experimentally
used for identifying the interaction mode and mechanism
between BSA and nanoAg. Results showed that the
quenching of BSA fluorescence and synchronous fluores-
cence mainly attributes to IFEs, instead of static/dynamic
fluorescent quenching. In view of the above, the elimina-
tion of the interference of IFEs by the design of OFEs plays
an important part in the precise application of fluorescence
detector.
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Introduction

Fluorescence-based strategies can be employed to analyze
the interaction (kinetic parameters and mechanisms) be-
tween analytes, depending on whether any analyte is a
fluorescer [1-4]. However, if analytes have strong absorp-
tions, the interference of the inner filter effects (IFEs)
cannot be ignored and eliminated [5-8]. Different from
static/dynamic fluorescent quenching, the IFEs can quench
the fluorescence signals by absorbing either the excitation
light (primary IFE) or the emission light (secondary IFE) of
the fluorescer [5, 6]. So it is not desirable to confuse the
IFEs with static/dynamic fluorescent quenching.

Though IFEs have shown a few advantages in detecting
chemicals with characteristic absorption [8—11], in most
cases, they just bring in more useless interferences [5, 6, 8].
Some studies have been performed to correct the observed
quenching data for IFEs by means of the mathematical
corrections developed from optics phenomena and empir-
ical equations [5, 12—14]. However, these methods are lack
of flexibility in dealing with complex systems and have
complex procedures, and unavailable parameters. IFEs
correction based on geometric parameters in typical instru-
ments was also performed to simplify empirical equations
and improve the accuracy of corresponding results [6, 15,
16], but the determination of geometric parameters makes
IFEs correction be more complex. Though mirror coating
cells and special instruments (simultaneously measured
absorbance and fluorescence) show good results [5, 17,
18], there are still many constraints for their widest
application. Therefore, the correction of IFEs is in need of
simple and efficient ways.

The aim of this thesis is to develop analogous techniques
suitable for the correction of IFEs in a conventional
fluorescence cell (Fig. 1a). To implement either version of
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IFEs, two more cells containing absorbent are fixed in the
light path and the original cell just contains fluorescer (see
Fig. 1b). In this case, the excitation and/or emission lights
can also be absorbed by absorbent. We define these
phenomenons as the outer filter effects (OFEs), in which
the primary OFE refers to the absorption of excitation light
and the secondary OFE refers to the absorption of emission
light. By altering absorbent concentrations in the front and
side cells, the excitation light and emission light can be
equally reduced by OFEs as that caused by IFEs. This
strategy is experimentally applied to analyze the interac-
tions between nanoAg and bovine serum albumin (BSA)
and eliminate the IFEs of nanoAg to BSA.

Theory

The theory of identify and eliminate IFEs is well estab-
lished. To quantitatively interpret our theory, we derive
equations suitable for the conventional cell and the
combined cells. The light intensity at the A of excitation
is Iy and uniformly distributed, and no scattering of the
excitation light is also assumed.

Correction of the Primary IFE by Primary OFE

When fluorescer and absorbent are added into the conven-
tional fluorescence cell, according to Beer-Lambert’s law
[5, 8], the excitation light intensity in the cross section of
exciting light is uniformly distributed and the integral
intensity is

IX — IO e—E['Cl‘Xe—EaL'ax (1)

where subscripts f and a stand for fluorescer and absorbent,
respectively. € is the specific molar absorptivity at the A of
excitation, ¢ is the concentration, and x is the distance

between the cross section and the incident surface (see
Fig. 1a). The generated fluorescence intensity is propor-
tional to the light absorbed by the fluorescer [5, 8]:

Fx = el (1 — eigfcfdx) (2)

where subscript ¢ stands for the fluorescence quantum
efficiency, and dy is the width of the cross section.
Therefore, from Egs. 1 and 2

Fy = ol (1 — e—Efodx) = qplpe e (] — e_gfcfdx)
= oplp(1 — e—Efodr)e—Efoxe—-acax
— Foefsfcm:effacax
(3)

When absorbent and fluorescer are separately added into
combined cells (Fig. 1b), the excitation light intensity and
fluorescence intensity of each cross section are also
uniformly distributed but decreased by primary OFE based
on the following formulas:

! —ereex ﬂsac,/M
I = Ipe e TG (4)

! — el — ~,
Fx :F(]e Ercrx, gac,M (5)

where subscript M stands for the length of the prepositive
cell.

By altering the concentration of absorbent and the length of
the prepositive cell, the integral fluorescence intensity can be
absorbed in the same degree as conventional mode. It is
inconvenient to alter cell length and thus the adjustment of
absorbent concentration is more suitable. When M=1/2L,
ca = ¢, the fluorescence intensities of the middle sections
are equal (Fig. 2a) and the absorbents in both modes have
the same spatial effects (see supporting information). Even
so, the difference between the primary IFE and primary OFE
(Sa # Sg, SA = Sp + S1, S = Sp + S;) must be consid-

Fig. 1 IFEs in conventional A) B) Excitation
fluorescence cell (a) and OFEs
in combined cells (b), shown in
two dimensions with cell height Excitation
ignored
Y L
vy v Emission Absorbent Emission
: Fluorscer ]
. - “
X| 5 + x| * Fluorscer e
+ Absorbent . e
. H =
ﬁbcn’-.---c-c---c--- e X swsssscsnsannse -«
:‘#' .............. » -
dy dy

@ Springer



J Fluoresc (2011) 21:1249-1254

1251

F A)

1/2L L

Fig. 2 a Influence of IFEs and OFEs on the generated fluorescence

intensities (a) and detected fluorescence intensities (b) in conventional

fluorescence cell and combined cells. Conditions: M=1/2L; N=1/2L;
/

Ca=C)

ered. When S; and S, are treated as triangles while S, is
treated as trapezium, error for primary IFE correction can be
expressed as:
S —Sa S-S
Ss Ss
%LF() (] _ 67% EfoL> _ %LFOefequef% £aCal (l _ 67% _acaL)

%L (Foe’% il 4 Fye—ererl o3 g“"aL)

(6)

In most cases fluorescer has lower concentration and
thus less absorption to excitation light intensity, so
Fye~¢ril is approximately equals to F.

Equation 6 can be simplified into

Sp—Sa (1 —etaal)

Sp 4emr =il

(7)

The error depends largely on el and the correlation
between them is list in Table 1A. Lower primary OFE
means a minor error and higher primary OFE results in a
major error. And in case the influence of primary IFE dose
not exceed 30%, the error between primary IFE and
primary OFE can be ignored.

Correction of the Secondary IFE by Secondary OFE

Secondary IFE does not affect the emission process [5, 6].
However, before reaching to the detector, the fluorescence
signal is weakened by secondary IFE to varying degrees. In
conventional mode, the fluorescence intensity in every
cross section paralleling with the detector has identical
distribution and just relates to x. The integral fluorescence
intensity of each cross-section is:

L Fx LF\f
Fy:/ H—dx:/ —dx (8)
0 HL o L

The fluorescence intensities in the same cross-section are
decreased to the same extent by fluorescer and absorbent,

so F), is used to evaluate secondary IFE. The detected
fluorescence intensity of the cross section is in accordance
with the following formula:

/ N y _ U N
Ey = kF e 5T e 5 9)

where subscript « stands for the fluorescence conversion
factor, ¢ is the specific molar absorptivity at the A of
emission.

In correction mode, the fluorescence intensity in every
cross section that parallel with the detector also has
identical distribution and be weaken by primary OFE.

/

Y LF,
F = H—dx = —=d 10
= e [ e 1o

, o "
E, =«Fe £ty g EaCa N (11)

where subscript N stands for the length of cell.

In both mode, the integral fluorescence intensities
in the conventional right angle cells are equal
(F)L = [y Fydy = [} Fdy = F,L), thus F,=F,. When
N=1/2L, ¢, = ¢}, absorbents in both modes also have
identical spatial effects (see supporting information) and
the fluorescence intensities from the middle sections are
equal (see Fig. 2b). However, there is a difference
between the secondary IFEs of both modes
(S, #8Sg, S, =S, + S/, Sy =S, +S). By approxima-
tion as that performed on primary IFE/OFE, error for
secondary IFE correction can be expressed as:

S. =8, (1—etaal)
BT Oa _LTe (12)
SB Qo7 aCal

The error depends on e teal | Lower secondary IFE
means a minor error and higher secondary IFE means a
major error (see Table 1B). When the influence of
secondary IFE is lower than 30%, the differences between
secondary IFE and secondary OFE can also be ignored.

Materials and Methods
Experimental Reagents

Bovine serum albumin (BSA, electrophoretic pure) pur-
chased from Sinopharm Chemical Reagent Co., Ltd. was
dissolved in ultrapure water to form a 1.0x107> mol L™'
solution and preserved at 0—4 °C. Analytical reagents
Sodium citrate and silver nitrate were purchased from
Sinopharm Chemical Reagent Co., Ltd.
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Table 1 Errors for primary IFE
(A) and secondary IFE (B)
correction by primary and
secondary OFEs. Conditions:

Degrees of primary IFE
M=1/2L; N=1/2L; ¢, = c, £ primary

I .
—3€aCal

e

Error
B

0.01%

Errors for primary IFE correction (M=1/2L, ¢, = c})

10% 20% 30% 40% 50%
0.90 0.80 0.70 0.60 0.50
0.28% 1.25% 3.21% 6.66% 12.5%

Errors for secondary IFE correction (N=1/2L, ¢, = c})

Degrees of primary IFE
—L cyL

e 2

Error

0.01%

10% 20% 30% 40% 50%
0.90 0.80 0.70 0.60 0.50
0.28% 1.25% 3.21% 6.66% 12.5%

Experimental Apparatus

KQ-100E ultrasonic cleaner (Kunshan, Jiangsu, China),
electric-heated thermostatic water bath (Jintan, Jiangsu,
China) and electric blender (Xiaoyang, Jiangsu, China)
were used for sample preparation. Sample analysis was
performed with an FL-4600 fluorescence spectrophotome-
ter (Hitachi, Japan) and a UV-2450 spectrophotometer
(Shimadzu, Japan).

Experimental Procedures

NanoAg with a mean particle size of 40-50 nm was
prepared by chemical reduction method using sodium
citrate as reductant and preserved at 0—4 °C in the dark.
For further prepared details, please see references [19, 20].
To evaluate the influence of IFEs on the interaction
between nanoAg and BSA, the reduction of BSA fluores-
cence and synchronous fluorescence by nanoAg in tradi-
tional mode (single right angle cell) and in the proposed
mode (combined cells) was measured.

1000 1 BSA

800

600

400 1

Flourescence intensity

200

0 T T T T T T
280 320 360 400 440 480
Wavelength (nm)

Fig. 3 The fluorescence emission spectra of BSA with and without
nanoAg. Conditions: BSA 1.0 107° mol L™'; NanoAg 2.0x10 6 g L™";
excitation wavelength 275.0 nm; scan range 285.0-550.0 nmy; slit width
5.0 nm; scan rate 300.0 nm/min; temperature 25 °C
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Results and Discussion
Fluorescence and Absorption Spectra of BSA and NanoAg

The fluorescence emission spectra (at A.,=275.0 nm) of
BSA, nanoAg and BSA-nanoAg are obtained in Fig. 3. It
can be seen that BSA has a typical fluorescence peak at
338.0 nm while nanoAg has no fluorescence. The signal of
BSA fluorescence is mainly from its intrinsic fluorophore:
tryptophan and tyrosine residues [21-23]. By analyzing the
variation of this peak, we can obtain information about the
interactions between BSA and nanoAg. When nanoAg is
added, the fluorescence intensity of BSA is quenched to
certain extent but there was no significant A, shift.

To understand the quenching mechanism of BSA in
depth, the influence of IFEs brought by nanoAg should be
determined firstly. Ignoring IFEs and directly ascribing the
relevant mechanism to static/dynamic fluorescent quench-
ing is obviously not desirable. From the absorption spectra
of nanoAg and BSA (Fig. 4), we find BSA has a
characteristic absorption peak around 278.0 nm while
nanoAg has one peak around 445.0 nm. Studies have

0.25 1 BSA

0.20

0.15

Absorbance

0.10
NanoAg

0.05

0.00 T T T T T T
300 375 450 525 600 675
Wavelength (nm)

Fig. 4 The UV-visible absorption spectra of BSA and NanoAg.
Conditions: BSA 5.0x107° mol L™'; NanoAg 1.0x10°° g L™'; scan
range 200.0-700.0 nm; scan speed 200.0 nm/s; sampling interval
0.2 s; temperature 25 °C
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Fig. 5 Influence of NanoAg dose on the fluorescence spectra of BSA in
traditional and calibration modes. Conditions: BSA 1.0x10® mol L!;
excitation wavelength 275.0 nm; emission wavelength 338.0 nm; slit
width 5.0 nm; temperature 25 °C

confirmed that the characteristic peak for BSA is
corresponding to the aromatic ring amino acids and the
absorption peak of nanoAg originates from its colloidal
state [24, 25]. Comparing the absorption and fluorescence
emission spectra of BSA and nanoAg, we also find the
absorption spectrum of nanoAg show partial overlap with
the absorption and fluorescence spectra of BSA. Thus both
excitation light and the excitation-induced emission light
from BSA can be absorbed by nanoAg, and it is difficult to
ignore the IFEs brought by nanoAg.

Influence of NanoAg on the Fluorescence Spectra of BSA
in Traditional Mode and Calibration Mode

Figure 5 shows the influence of nanoAg on the fluores-
cence spectra of BSA in traditional mode and calibration
mode using an excitation wavelength at 275.0 nm. In
traditional mode, the emission intensity of BSA reduces
successively with the increase of nanoAg and fluores-
cence quenching happens to BSA. Due to the interfering
of nanoAg, it needs to eliminate the influence of IFEs
before analyzing the quenching mechanism of BSA
fluorescence. In calibration mode, the emission intensity
of BSA also reduces gradually with the increased nanoAg
(the IFEs brought by nanoAg are directly verified).
Comparing these results, we find there is a smaller
difference between signals of the two modes at the same
nanoAg concentrations and both curves have consistent
trends. Consequently, IFEs play a leading role in the
quenching of BSA fluorescence in the studied concentra-
tion range of nanoAg.

Influence of NanoAg on the Synchronous Fluorescence
of BSA in Traditional Mode and Calibration Mode

The fluorescence characteristic of BSA depends primarily
on its tryptophan and tyrosine residues and can be analyzed
by synchronous fluorescence spectroscopy [21, 22]. There-
fore, evaluating the influence of nanoAg dose on the

Fig. 6 The synchronous fluo-
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synchronous fluorescence of BSA also help investigating
the quenching mechanism of BSA fluorescence. When the
interval (A=A - Aem) between excitation and emission
wavelengths is fixed, the fluorescence spectroscopy of
tryptophan (A=60 nm) and tyrosine (A=15 nm) residues
in BSA were obtained. Corresponding results show that
tryptophan residues in BSA have a typical fluorescence
peak around 338.0 nm (Fig. 6a) while tyrosine has a typical
fluorescence peak around 299.0 nm (Fig. 6b). In traditional
and calibration mode, the synchronous fluorescence for
tryptophan and tyrosine both reduce successively with the
increase of nanoAg and fluorescence quenching also
happens (Fig. 6¢c and d). The synchronous fluorescence
for tryptophan and tyrosine also show the consistent trends
as that of BSA fluorescence. These also conclude that IFEs
are the main reasons for the quenching of BSA synchro-
nous fluorescence.

Conclusions

The work proves that it is feasible to calibrate the
interference of IFEs in conventional cell using combined
cells and outer filter effects. By altering absorbent
concentrations in prepositive and side cells, the quench-
ing of excitation and emission lights caused by the
primary IFE and secondary IFE can be equally reduced
by OFEs. The convenient correction method was
directly used to evaluate the quenching mechanism of
nanoAg to the fluorescence and synchronous fluores-
cence of BSA. Corresponding results make it clear that
the IFEs caused by nanoAg, other than the static/
dynamic fluorescent quenching, are the main reasons
for the quenching of BSA fluorescence and synchronous
fluorescence. The above strategy can also be applied to
many different systems where the components have
absorptions to the excitation and/or emission wave-
lengths of fluorescer.
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