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Abstract

High-performance liquid chromatography (HPLC) with UV, circular dichroism (CD) and intrinsic fluorescence detection was applied
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o monitor conformational properties of recombinant human interferon�2b when performing size exclusion chromatography (SEC)
eversed-phase HPLC (RP-HPLC). In this way native conditions during SEC and structural changes of the protein during RP-H
emonstrated. These results were confirmed by stand-alone fluorescence and CD measurements. With respect to HPLC tande

he fluorescence detector compared favourably to the UV and CD detector regarding linearity, sensitivity and selectivity. SEC com
ntrinsic fluorescence scanning detection permits conformational analysis of small amounts of aggregates in the presence of e

onomeric protein. In conclusion, HPLC with on-line UV and intrinsic fluorescence detection provides a promising concept for a
he amount and conformational properties of a biopharmaceutical and its impurities.
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. Introduction

High-performance liquid chromatography (HPLC) is a
idely used technique for investigating the content and purity
f medicinal products including biopharmaceutical proteins

1–3]. A major difference between protein-based and small-
olecule pharmaceuticals is that the bioactivity of proteins
ot only relies on the primary molecular structure but also on
higher order structure, i.e., molecular conformation. This

resents difficulties in the development of content assays for
iological molecules based on HPLC. An ideal content assay
hould provide information on the correct conformation of
he protein as well. Although suitable tools are available for

∗ Corresponding author. Tel.: +31 30 2743701; fax: +31 30 2744421.
E-mail address:peter.jongen@rivm.nl (P.M.J.M. Jongen).

characterising primary structural aspects of proteins (e.g
quencing, mass spectrometry, HPLC, electrophoresis),
tools as such cannot reveal whether the protein is in the
rect, folded structure. However, higher order structura
pects can be revealed by spectroscopic technologies s
nuclear magnetic resonance, Fourier transform infrared
cular dichroism (CD) and intrinsic fluorescence or to so
extent by assays based on biological responses.

In combination with UV-detection HPLC is a separat
method that provides a powerful means for character
the homogeneity of protein samples. Reversed-phase H
(RP-HPLC) is suited for this purpose because of its
resolution. RP-HPLC separates proteins based on subt
ferences in hydrophobicity. Small to mid sized proteins
to 25 kDa) which differ by a single amino acid residue
often be separated by this method. Therefore, RP-HPL
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often applied for quantification of pharmaceutical proteins
and for the analysis of closely related protein variants or
degradation products (e.g., oxidised, deamidated)[1–3]. In
this way, RP-HPLC plays an important role in research &
development, production and quality control of biopharma-
ceuticals. RP-HPLC requires the use of an organic modifier
(usually acetonitrile (ACN)) and ion-pairing agent (usually
trifluoroacetic acid (TFA)) to achieve optimal separation con-
ditions[4]. Unfortunately, typical RP-HPLC conditions could
affect the conformation of the protein[5] so the detector re-
sponse does not necessarily represent the amount of bioactive
compound. Another type of HPLC commonly applied for
analysing biopharmaceuticals is size exclusion chromatog-
raphy (SEC). In this case proteins are separated on size and
shape. SEC may be used for the quantification of proteins but
it is normally applied to determine the native size of the pro-
tein and to reveal possible multimers and aggregates[6–8].
In contrast to RP-HPLC, SEC is performed under separation
conditions which are expected not to affect the higher order
structure of the protein.

In the present study we envisaged that the combination of
structural specific separation and conformation selective de-
tection offers possibilities for improved assay designs. In the
first series of experiments, we investigated the possibilities to
detect conformational properties of recombinant interferon-
alfa 2b (IFN-�2b) on line during SEC and RP-HPLC. A
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plied solutions contained approximately 7.19 mg/ml IFN-
�2b. The recombinantN-methionyl human growth hormone
(Met-hGH, order 6907) preparation ‘Somatrem’ (sampled
by health authorities from an illegal distribution channel)
contained approximately 4 IU (1.3 mg) lyophilised Met-hGH
per vial. The anti tetanus immunoglobulin (TIG) preparation
‘Tetaquin’ (Sanquin, The Netherlands) contained 10–18%
protein, predominantly (>90%) TIG. The human serum al-
bumin (HSA) preparation ‘Cealb’ (Sanquin, The Nether-
lands) contained 20% protein predominantly (>95%) albu-
min. Phosphate buffered saline, pH 7.2 (PBS), consisted of
8 mM Na2HPO4, 2 mM NaH2PO4 and 154 mM NaCl. Sol-
vents for chromatography were HPLC grade and salts were
analytical grade chemicals.

2.2. Sample preparation

2.2.1. Stand-alone measurements
Standard solutions of IFN-�2b were diluted with

ACN/water mixtures or ACN/water mixtures in presence of
0.1% TFA (v/v) to protein concentrations of 50�g/ml (fluo-
rescence measurements) and 250�g/ml (CD measurements).
The prepared protein solutions contained 10, 20, 30, 40, 50
and 60% (v/v) of organic solvent, they were kept at room
temperature for 1 h before spectroscopic measurements.
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canning fluorescence and a CD detector were coupled
PLC system with an UV detector that monitors exclusiv

he amount of protein. Far-UV CD spectroscopy enables
tudy the secondary structure elements in the proteins
ntrinsic fluorescence spectroscopy provides compleme
nformation on changes in the local environment of the

atic side chains (tertiary structure). The on-line spe
copic results were compared with stand-alone fluoresc
nd CD measurements to reveal the effect of RP-HPLC
ile phase compositions on the IFN-�2b conformation. Nex

o this, the performances of the fluorescence and CD d
or were compared to those of the UV detector. In the
nd series of experiments HPLC in combination with tan
etection was applied to analyse several biopharmace
reparations on protein aggregates. Eventually, this inv
ation demonstrates the value of tandem detection to eva

he effects of chromatographic conditions on the confo
ion of a biopharmaceutical. This study may contribute to
evelopment of straightforward and fast methods to mo

he content as well as conformational properties of the a
ompound and impurities in biopharmaceutical product

. Experimental

.1. Reagents

The IFN-�2b standard solution (PhEur, CRS, batch
as supplied by the European Directorate for the Q

ty of Medicines (EDQM, Strasbourg, France). The s
.2.2. HPLC measurements
Standard solutions of IFN-�2b were diluted with PBS t

concentration of 100�g/ml before being applied on R
PLC or SEC.

.2.3. Protein aggregates
Soluble aggregates of IFN-�2b were prepared by inc

ating the protein in 50 mM potassium phosphate bu
100�g/ml), pH 8.5, at 40◦C for 7 weeks[9]. For Met-hGH
oluble protein aggregates were prepared by vortexing
ein solutions of 1 mg/ml for 3 min. TIG (10 mg/ml) and HS
10 mg/ml) samples contained detectable levels of solub
regates without pretreatment.

All samples and solutions were filtered before use ov
.45�m filter.

.3. Fluorescence spectroscopy

Fluorescence spectra were obtained with an LS-50B
rofluorometer (Perkin Elmer) at 25◦C in a 1-cm quartz cu
ette (Hellma GmbH, M̈ullheim, Baden, Germany) with
rotein concentration of 50�g/ml. An excitation wavelengt
f 295 nm was used, with a band pass of 2.5 nm for the ex

ion monochromator and 5.0 nm for the emission monoc
ator. When excited at 295 nm, the maximum waveleng

he fluorescence emission spectrum is indicative of the d
f solvent exposure of the side chains of the tryptophan (
esidues. Data were recorded at 1 nm intervals over the
00–500 nm with a scanning speed of 300 nm/min and
ere smoothed after acquisition (five passes). Fluoresc
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spectra were corrected for background signal contributed by
buffer.

2.4. Circular dichroism spectroscopy

Far-UV CD spectra were recorded on a dual-beam
DSM 1000 CD spectrophotometer (On-Line Instrument Sys-
tems, Bogart, GA) at 25◦C. The subtractive double-grating
monochromator was equipped with a fixed disk, holo-
graphic gratings (2400 lines/mm, blaze wavelength 230 nm),
and 1.24-mm slits. The protein concentration used was
250�g/ml. For far-UV CD spectra (250–200 nm), samples
were measured in a 0.05 cm path length 200�l quartz cuvette
(Hellma GmbH, M̈ullheim, Baden, Germany). All CD spec-
tra resulted from averaging six repeated scans (step resolution
1 nm, 1 s each step). Subsequently, spectra were background-
corrected and smoothed. The measured signals were con-
verted to molar absorbance difference (�ε in M−1 cm−1),
based on a mean residual weight of 110 Da per amino acid
residue.

2.5. HPLC

2.5.1. Instrumentation
HPLC experiments were performed on two different sys-

tems. The first one included a Jasco AS-950 Intelligent sam-
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(300 mm× 7.8 mm, 5�m, 125Å). The elution was per-
formed with PBS at a flow rate of 0.8 ml/min and 25◦C.
TIG and HSA containing soluble aggregates were applied to
a TSKGel G3000SWXL column (600 mm× 7.8 mm, 5�m,
250Å) and eluted as described in the PhEur 2002[10,11].

2.5.3. Reversed-phase HPLC
IFN-�2b (0.5, 1.5, 3.0, 6.0, 8.0 and 10�g) was applied

to a Vydac 218TP54 C18 column (250 mm× 4.6 mm, 5�m,
300Å), equilibrated with 38% ACN (v/v) and 0.1% TFA
(v/v). RP-HPLC was performed at 25◦C with a gradient of
ACN from 38 to 70% in presence of 0.1% TFA at 1 ml/min
as described by Buchheit et al.[2].

3. Results

3.1. Effect of RP-HPLC conditions on IFN-α2b

To validate the use of fluorescence and CD detection for
the purpose of monitoring conformational changes, stand-
alone experiments were performed. In addition, the effect of
common RP-HPLC mobile phase compositions on the molec-
ular conformation (secondary and tertiary structure) of IFN-
�2b was investigated. Therefore, intrinsic fluorescence and
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ler, Jasco PU-980 Intelligent HPLC pump, Jasco LG-98
ernary gradient unit, Alltech on-line degassing system, S
ra Physics SP8790 column oven, Jasco MD-2010 Plus
iwavelength detector, Jasco CD-1595 detector. The H
ystem was controlled by Borwin software version 1.5.
etection was performed at 214 nm, CD detection at 22
gain 10×). The CD 220 nm signal peak area was relate
he UV 214 nm signal peak area in order to normalise
rotein concentration.

The second HPLC system was an Agilent 1100 syste
luding a G1379A micro vacuum degasser, G1312A bi
ump, G1329A auto-sampler, G1330B auto-sampler the
tat, G1316A thermostatted column compartment, G13
iode array detector and G1321A fluorescence scannin

ector. This Agilent HPLC system was operated by Ch
tation software. UV detection was performed at 214
uorescence emission detection at 338 nm (SEC) or 34
RP-HPLC) with an excitation wavelength of 295 nm. T
uorescence spectra were measured at 1 nm intervals ov
ange 320–400 nm with a scanning speed of 80 nm/s (P
ain 11).

.5.2. Size exclusion chromatography
IFN-�2b (0.5, 1.5, 3.0, 6.0, 8.0 and 10�g) was applied t
TSKgel G3000SWXL column (300 mm× 7.8 mm, 5�m,

50Å), equilibrated with PBS. The elution was perform
ith the equilibration buffer at a flow rate of 0.8 ml/min a
5◦C.

IFN-�2b and Met-hGH containing soluble protein
regates were applied to a TSKGel G2000SWXL column
ar-UV CD spectra of IFN-�2b in presence of ACN or AC
nd 0.1% TFA were measured. The concentrations of th
anic solvent were 0, 10, 20, 30, 40, 50 and 60% (v/v).

.1.1. Stand-alone fluorescence measurements
The intrinsic Trp fluorescence spectrum of IFN-�2b in

BS and in absence of organic solvent (native conditi
evealed that the fluorescence emission maximum (Fmax) was
38 nm (Fig. 1). This indicates that the Trp residues w
artially buried in the hydrophobic core of the protein. T
aximum remained approximately the same for the pro
p to ACN concentrations of 20%. At higher concentrat
f ACN, Fmax increased to 342 nm suggesting a chang
more polar environment for the emitting Trp residue

FN-�2b. This red-shift ofFmax also occurred as a result
ncubation of the protein with increasing concentration
CN in presence of 0.1% TFA (from 338 to 342.5 nm)
as noticed that the fluorescence intensity increased a
oncentration of the organic solvent increased (not sho

Since Trp fluorescence is highly sensitive to solvent
itions, the effect of the RP-HPLC mobile phases on
uorescence was examined by carrying out studies witN-
cetyltryptophanamide (NATA) under these conditions (
ot shown). NATA is a low molecular weight compou
ontaining the Trp structure. Fluorescence spectra of N
n presence of ACN or ACN and 0.1% TFA showed
imilar increase of fluorescence intensity as was obse
or IFN-�2b when the concentrations of the organic m
ers were increased. Furthermore, a decrease ofFmax from
57 to approximately 350 nm was measured for NATA
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Fig. 1. Effect of concentration (A) acetonitrile and (B) acetonitrile in pres-
ence of 0.1% TFA on the intrinsic fluorescence emission maximum of IFN-
�2b.

a result of the increasing hydrophobicity of the solvents.
This was in contrast to what was observed for IFN-�2b
which means that the increase ofFmax observed for the
protein in presence of increasing amounts of RP-HPLC or-
ganic modifier indeed reflects modifications of the protein
structure.

3.1.2. Stand-alone CD measurements
Far-UV CD-spectra of IFN-�2b in presence of 0–60%

ACN are shown inFig. 2A. These spectra were taken to ob-
tain information about the secondary structure of the protein.
In absence of organic modifier (native conditions) the CD
spectrum of IFN-�2b showed a�ε-minimum around 211 and
222 nm. The shape of the spectrum indicated that IFN-�2b
mainly consists of�-helices. This is in agreement with the
3D-structure of IFN-�2b published in protein databases. The
spectra of IFN-�2b in presence of 30% ACN and higher con-
centrations exhibited a decrease of the overall broad negative
�ε-intensity indicating partial denaturation of the protein. In
presence of 60% ACN it appeared that all�-helices were lost
and anti-parallel�-sheets remained[12].

The far-UV CD spectra of IFN-�2b in presence of 10%
ACN and 0.1% TFA revealed a shift of the�ε-minimum
from 222 to 224 nm and a broadening of the negative�ε-
intensity (Fig. 2B). When higher concentrations of ACN in
p
i 4 nm.
T ructure
d

Fig. 2. Far-UV CD spectra of IFN-�2b (A) in presence of 0, 10, 20, 30, 40,
50 and 60% acetonitrile and (B) in presence of 0 (dotted line), 10, 20, 30,
40, 50 and 60% acetonitrile and 0.1% TFA.

3.1.3. HPLC in combination with tandem-detection
0.5–10�g IFN-�2b applied to SEC eluted isocratically

with PBS around 14 min (not shown). IFN-�2b applied to
RP-HPLC eluted between 30 and 34 min (depending on the
HPLC system used) at approximately 50% ACN and 0.1%
TFA (Fig. 3). As expected, for both SEC and RP-HPLC, a
positive UV and intrinsic fluorescence emission signal and
negative CD signal were obtained (Fig. 3). The corresponding
peak areas were proportional to the amount of protein applied
(Table 1).

By using a scanning fluorescence detector it was not only
possible to monitor one or more fluorescence emission wave-
lengths but also to measure fluorescence spectra on-line. In
this way theFmaxvalues could be revealed. The averageFmax
over the range 0.5–10�g IFN-�2b obtained with SEC and
RP-HPLC was determined to 338.8 and 344.2 nm, respec-
tively (Table 1). Any changes in Trp fluorescence reflect an
resence of 0.1% TFA were applied the negative�ε-intensity
ncreased at 211 nm and to a smaller extent also at 22
hese increases suggest subtle changes in secondary st
istinct from those in the absence of TFA.
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Fig. 3. HPLC UV (A), CD (B) and intrinsic fluorescence (C) profile of 0.5,
3.0 and 10.0�g IFN-�2b applied to RP-HPLC. (A) and (B) were obtained
by the Jasco HPLC system, (C) was obtained by the Agilent HPLC system.

alteration in the environment of the residue. This means that
the tertiary protein structure during SEC differs from that
during RP-HPLC. The average CD220/UV214 peak area ratio
over the range 0.5–10�g IFN-�2b applied to SEC appeared
to be similar to the ratio obtained with RP-HPLC, taking
into account that the standard deviation was relatively high
(Table 1).

3.2. Performance of HPLC detectors

The UV, CD and fluorescence emission signals were lin-
ear over the range 0.5–10�g IFN-�2b (Table 1). This means
that the corresponding detectors are applicable for analysing
common biopharmaceutical products. However, within the

concentration range investigated the CD signal appeared to
show a poorer linearity compared to that of the UV and flu-
orescence emission signal. Furthermore, the UV signal mea-
sured by the Agilent PDA detector showed a better linearity
and sensitivity than that of the UV signal measured by the
Jasco PDA detector. The LOD of the UV, CD and intrinsic
fluorescence detection was estimated to be 5–10, 100 and 1 ng
of IFN-�2b, respectively (Table 1). This indicated that CD
detection is less sensitive than UV and fluorescence detection.
The overview presented inTable 1shows a clear relationship
between the sensitivity of a detector (LOD) and the linearity
(R2).

CD detection is more selective than UV detection because
only chiral compounds are detected. This also implies that
less matrix interference will occur. Intrinsic fluorescence de-
tection was more sensitive than UV detection. Moreover it
has a higher selectivity than UV detection as only specific
fluorescent compounds are detected. This selectivity is de-
pendent on the selected excitation wavelength.

3.3. Protein aggregates

The intrinsic fluorescence behaviour of various protein
aggregates has been investigated and compared to that of
the corresponding native protein (Table 2). Therefore, IFN-
�2b, Met-hGH, TIG and HSA samples containing significant
a bined
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s otein
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t tions
o -
mounts of aggregates have been applied to SEC com
ith a fluorescence scanning detector. In all chromatog

he aggregates eluted in peaks well separated before the
ompounds. The aggregate fluorescence spectra of IFN�2b,
et-hGH and TIG revealed a shift of theFmax. In case o

FN-�2b (Fig. 4) and TIG, theFmax of the aggregates w
igher compared to that of the corresponding native pro
his indicated a change to a more polar environment fo
mitting Trp residues in the aggregates. IFN-�2b dimers (re

ention at 11 min), which elute between aggregate (7.5
nd monomer (12 min) peaks, revealed a similarFmax as was

ound for the monomer. For Met-hGH theFmax of the aggre
ates was lower indicating a more hydrophobic surroun

or the Trp residues. For HSA, the native protein and its
regates showed similarFmax values.

. Discussion

Physicochemical methods have been successfully ap
o determine the structural identity, purity, integrity and
ility of various biopharmaceuticals[3,13–18]. Our aim was

o study the possibilities of HPLC combined with UV, C
nd intrinsic fluorescence (tandem) detection for mon

ng conformational properties of several biopharmace
als. Whereas CD detection monitors the secondary pr
tructure, fluorescence detection monitors the tertiary pr
tructure. We used RP-HPLC and SEC to test this tandem
em and to reveal the effects of chromatographic condi
n the protein conformation of IFN-�2b. Stand-alone fluo



50 D.M.A.M. Luykx et al. / J. Chromatogr. B 821 (2005) 45–52

Table 1
Overview of the various results obtained by UV, CD and intrinsic fluorescence detection when 0.5–10�g IFN-�2b was applied to SEC and RP-HPLC; regression
statistics, CD220/UV214 ratio,Fmax and LOD

Equation R2 CD220/UV214 ratio Fmax (nm) LOD (ng)

SEC
Jasco

UV (214 nm) y= 999211x+ 154385 0.9949 10
CD (220 nm) y= 6747x+ 2363 0.9912 0.0072± 0.0004 100

Agilent
UV (214 nm) y= 828.9x− 164.9 0.9997 5
Fluor. (338 nm) y= 166.1x− 20.7 0.9999 338.8± 0.8 1

RP-HPLC
Jasco

UV (214 nm) y= 818078x+ 27241 0.9973 10
CD (220 nm) y= 5193x+ 1495 0.9886 0.0070± 0.0006 100

Agilent
UV (214 nm) y= 1117.6x− 27.9 1 5
Fluor. (342 nm) y= 222.0x+ 4.6 0.9999 344.2± 1.2 1

rescence and CD measurements were done to evaluate the
results obtained by HPLC detection.

Intrinsic fluorescence and far-UV CD spectra of IFN-
�2b in presence of commonly used RP-HPLC mobile phases
showed that the tertiary and secondary structures of the pro-
tein were affected (Figs. 1 and 2). Whereas hardly any struc-
tural alterations were observed for the protein in 20% and
lower concentrations of ACN, altering of tertiary structure
and loosening of secondary structure were demonstrated in
30–60% ACN (Figs.1A and2A). Loosening of secondary
structure indicates denaturation of the protein. When the pro-
tein was incubated with 10–60% ACN in presence of 0.1%
TFA the tertiary structure was altered but IFN-�2b was not
denatured (Figs.1B and2B). This means that TFA prevents
protein denaturation by high concentrations of ACN. TFA is
an ion-pairing reagent that sets the low eluent pH and inter-
acts with the polypeptide to enhance the HPLC separation.
It is also known that TFA has denaturing properties[19].
For example, it was demonstrated that TFA (concentrations
around 0.1%) induces extensive unfolding of cytochromec
characterised by a significant breakdown of the secondary
and tertiary structure of the protein[20]. Such an effect was
not observed in the present study for IFN-�2b in presence
of ACN and TFA. Yet the secondary as well as the tertiary
structure of the protein were altered (Figs.1B and2B); a rel-
atively more�-structure was obtained. This may explain to
s
R

T
T tained
v

B )

I
M
T
H

HPLC combined with CD detection was applied to find
out if this method is suitable to monitor secondary struc-
tural changes of IFN-�2b. Therefore, the CD220/UV214 peak
area ratio was determined for the protein when applied to
SEC and RP-HPLC (Table 1). In view of the stand-alone far-
UV CD measurements one would expect a somewhat higher
CD220/UV214peak area ratio with RP-HPLC than SEC, as the
negative�ε-intensity at 220 nm was slightly higher in 50%
ACN and 0.1% TFA (Fig. 2B). However, the CD220/UV214
ratio obtained by RP-HPLC on-line appeared to be somewhat
lower (Table 1). Due to the relatively poor performance of the
CD detector at this low protein concentration level it is not
clear whether these�ε-intensity differences are significant.
It seems that at this point CD detection at 220 nm is only
interesting in case of major secondary structural changes of
the protein. For example, fully denatured proteins (no sec-
ondary structure) would result in very low CD220/UV214 ra-
tios. Therefore, the CD220/UV214 peak area ratio measured
by our HPLC system is not sensitive enough for the detection
of minor secondary structural changes. The lower sensitiv-
ity of the CD detector is due to the fact that CD detection is
based on absorption differences between right and left circu-
larly polarised lights[21]. Although CD detection at several
wavelengths would give more information about the struc-
tural changes of a protein on-line, the sensitivity would still
be not sufficient for analysing low protein doses occurring
i tec-
t rom
2 ry
i
E from
2 cture
o

o-
r spec-
t iary
p C.
ome extent the benefits of TFA for resolution of IFN-�2b in
P-HPLC as was observed by Buchheit et al.[2].

able 2
heFmaxof various native biopharmaceuticals and their aggregates ob
ia SEC with intrinsic fluorescence scanning detection

iopharmaceuticals Fmax native (nm) Fmax aggregates (nm

FN-�2b 339.1± 0.3 342.4± 0.5
et-hGH 339.1± 0.3 337.3± 0.5
IG 338.5± 0.7 340.9± 0.7
SA 342.5± 1.3 342.8± 0.4
n biopharmaceutical products. Next to this, the CD de
or is only capable of monitoring one wavelength and f
20 nm. In view of the far-UV CD spectra it would be ve

nformative to monitor also at lower wavelengths (Figs. 2–4).
ventually, a more sensitive and scanning CD-detector
00 to 250 nm is needed to monitor the secondary stru
f proteins on-line accurately.

With respect to HPLC in combination with intrinsic flu
escence scanning detection, the obtained fluorescence
ra were analysed to retrieve information from the tert
rotein structure of IFN-�2b during SEC and RP-HPL



D.M.A.M. Luykx et al. / J. Chromatogr. B 821 (2005) 45–52 51

Fig. 4. HPLC intrinsic fluorescence profile of 10.0�g IFN-�2b containing aggregates when applied to SEC (A) and the corresponding intrinsic fluorescence
spectrum of IFN-�2b aggregates (B) and native IFN-�2b (C).

When 0.5–10�g IFN-�2b was applied to SEC with PBS
as mobile phase, theFmax was 338.8± 0.8 nm (Table 1).
This Fmax resembles theFmax (338 nm) obtained by stand-
alone fluorescence measurements on IFN-�2b in PBS (Fig. 1)
and it confirms the native conditions applied with SEC. The
Fmax of IFN-�2b applied to RP-HPLC was determined to be
344.2± 1.2 nm (Table 1). Taking into account that the pro-
tein eluted at approximately 50% ACN in presence of 0.1%
TFA, the correspondingFmax obtained by stand-alone mea-
surements was 342.5 nm (Fig. 1B). Additional experiments
with the fluorescence detector in a stand-alone setting (data
not shown) revealed that theFmax was 344 nm. This suggests
slight differences between calibration of the spectrofluorom-
eter and fluorescence scanning detector. In any case, these
Fmaxvalues indicate that the tertiary protein structure of IFN-
�2b was affected by the RP-HPLC conditions. Overall, the
results obtained by HPLC in combination with fluorescence
scanning detection correlate with the results obtained by the
stand-alone measurements. Therefore, this HPLC set up is
suitable to monitor structural changes of the protein on-line
and reveals information about the folded state of the applied
protein; native, structurally altered or denatured. In the latter
case theFmax value would exceed 350 nm[13,15]. Next to

the structural information obtained by HPLC-fluorescence,
this detection mode showed other advantages compared to
HPLC-UV. As shown by the LOD value inTable 1, intrin-
sic fluorescence detection appeared to be more sensitive than
UV detection in the analysis of IFN-�2b. In general, the in-
trinsic fluorescence intensity is dependent on the amount and
location of the Trp residues in the protein molecule. In case
of IFN-�2b two Trp residues are present per molecule. If no
Trp residue would be present in a protein molecule one can
consider to excite at 280 nm. In this way theFmax of the flu-
orescence emission spectrum is indicative of the degree of
solvent exposure of the side-chains of tyrosine[22]. Another
practical advantage of HPLC-fluorescence above HPLC-UV
is the higher selectivity of intrinsic fluorescence detection
(seeFig. 3A and C). In general, matrix compounds such as
pharmaceutical excipients and buffer components do not in-
terfere in the intrinsic fluorescence chromatogram. Therefore,
more simple chromatograms will be obtained and peaks can
be easily attributed to be proteinaceous compounds or not.

HPLC combined with intrinsic fluorescence scanning de-
tection has also been applied to reveal possible fluorescence
differences on-line between a native protein and its aggre-
gates (Fig. 4). In case of protein aggregation a shift of the
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Fmax to lower wavelengths was expected as relatively more
Trp residues would be surrounded by other protein molecules
resulting in a more hydrophobic environment. This was ob-
served in the case of Met-hGH aggregates. Whereas theFmax
of the aggregates was 337.3 nm, theFmaxof the native protein
was 339.1 nm (Table 2). Human growth hormone is known
to be highly resistant to denaturation and to form easily as-
sociated states[23,24]. In contrast to Met-hGH, for IFN-�2b
(Fig. 4) and TIG theFmax of the aggregates was higher than
that of its native protein. This could indicate another mech-
anism of aggregation. It is known that aggregation not only
results from interaction of protein molecules in the native
state but also from the interaction of protein molecules in the
unfolded state with another unfolded protein[25]. In case of
protein unfolding theFmax will increase as the emitting Trp
residues will be more exposed to the solvent (more polar en-
vironment). In case of HSA theFmax of native HSA equals
that of its aggregates. This is probably due to the location
and amount of Trp residues present in HSA and the relatively
large size of the native molecule. HSA contains only a single
Trp residue that is found to be deeply buried in the protein
[26]. In this way the Trp environment is not easily affected by
processes that occur on the more outer part of the molecule.
Probably the HSA aggregates were formed via accumulation
of native protein molecules as a shift of theFmaxwas probably
observed in case the HSA molecules were first unfolded.
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