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Multifunctional human serum albumin
in the surface-enhanced Raman spectroscopy
of porphyrin: demetalation promoter,
molecular spacer and stabilizer
Guoqing Jia,a,b Zhaochi Feng,a Chunying Weia† and Can Lia∗

Human serum albumin (HSA), a model protein, was introduced to the surface-enhanced Raman spectroscopy (SERS) of cationic
porphyrin 5,10,15,20-tetrakis(1-methyl-4-pyridyl)-21H,23H-porphine (H2TMPyP4). HSA was found to have a great influence
not only on Ag nanoparticle aggregation state but also on the interaction between Ag nanoparticle and H2TMPyP4 molecules.
In the (H2TMPyP4-Ag colloid)/HSA system, addition of H2TMPyP4 to Ag colloid led to a quick Ag colloid aggregation, and
subsequent HSA addition could stabilize this system. The SERS spectrum was dominated by a combination of Ag(II)TMPyP4 and
free base H2TMPyP4. More interestingly, a photoinduced demetalation of Ag(II)TMPyP4 to free base H2TMPyP4 was observed
in the (H2TMPyP4-Ag colloid)/HSA system. This demetalation process was partially reversible when the laser was turned off or
the laser power was reduced. In this case, HSA acts as both a stabilizer and a demetalation promoter. In the (HSA-H2TMPyP4)/Ag
colloid system, when H2TMPyP4 was premixed with HSA prior to the Ag colloid addition, no obvious Ag colloid aggregation
appeared, and the SERS spectrum was just characteristic of free base H2TMPyP4. In this case, HSA is proposed to function as
both a stabilizer and a molecular spacer. Copyright c© 2010 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Porphyrins and their derivatives have received great attention
owing to their potential applications in photodynamic therapy
(PDT) of cancer.[1] For example, cationic porphyrin 5,10,15,20-
tetrakis(1-methyl-4-pyridyl)-21H,23H-porphine (H2TMPyP4) has
been shown to be an effective telomerase inhibitor by an
in vitro assay in intact MCF7 human breast carcinoma cells.[2] An
investigation of porphyrin should be carried out at extremely low
concentration in order to prevent them from self-aggregating and
to mimic their physiological condition. For this purpose, surface-
enhanced Raman spectroscopy (SERS) is a promising spectroscopic
approach.[3] However, free base porphyrin is prone to metalation
via incorporation of a silver ion from the silver colloid surface
into the porphyrin core, thus forming metalated porphyrin when
free base porphyrin is introduced to an SERS active system.[4] The
metalation of free base H2TMPyP4 in the SERS experiment with
Ag colloid substrate has been systematically studied by Procházka
et al.[5 – 10] They found three porphyrin species in SERS active
system and also established the characteristic SERS marker bands:
free base H2TMPyP4 (330, 965 + 1000, 1337 + 1360, 1550 cm−1),
H2TMPyP4 metalated by cationic silver, Ag(II)TMPyP4 (395, 1010,
1340, 1545 cm−1) and H2TMPyP4 metalated by neutral silver,
Ag(0)TMPyP4 (385, 1365 and 1565 cm−1).

The metalation of H2TMPyP4 in Ag colloid severely affects
the direct SERS detection of unperturbed free base H2TMPyP4
in analytical application. Therefore, there has been consider-
able interest in the development of methods to prevent free
base H2TMPyP4 from metalation during SERS measurement.

Modification of Ag colloids by molecular spacer[11 – 14] and im-
mobilization of Ag nanoparticles[15,16] are effective ways to get the
SERS spectrum of unperturbed free base H2TMPyP4.

Corresponding to the above-mentioned metalation of free
base porphyrin, the demetalation of metalloporphyrins, i.e. the
reversible process of metalation, is also a hot research topic.
The photoinduced demetalation reaction of Ag(II)TMPyP4 has
been reported in H2O/CH2Cl2 system[4] and in the presence of
cetyltrimethyl ammonium bromide (CTAB).[17] More recently, the
photodemetalation of metalloporphyrins has been proposed as an
alternative to realize the combined therapeutic of PDT.[18,19] Based
on the combined therapeutic concept, besides the photodynamic
activity of released free base porphyrin, the other photoproduct
is also expected to have a certain biological therapeutic effect.
For example, the antimicrobial effect of the released Ag+ ions is
emphasized for the photolysis of Ag(II)TPP under the dimethyl
sulfoxide (DMSO)/ethanol condition.[19]
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In this article, we report a new finding of the SERS investigation
on the free base H2TMPyP4 in the presence of human serum
albumin (HSA). Upon introducing free base H2TMPyP4 to Ag
colloid, a fast metalation of H2TMPyP4 occurs and Ag(II)TMPyP4
appears. Subsequent HSA addition can effectively prevent further
Ag nanoparticle aggregation, and, more interestingly, HSA can
promote the photoinduced demetalation of Ag(II)TMPyP4. In
contrast, when H2TMPyP4 was premixed with HSA prior to the
Ag colloid addition, there is no apparent aggregation in the
SERS active system. HSA can act as a molecular spacer, and SERS
spectrum is characteristic of unperturbed free base H2TMPyP4.

Materials and Methods

Materials

H2TMPyP4 was purchased in the form of tetra-p-tosylate salt from
Tokyo Kasei Kogyo Co., Ltd., Japan. Crystallized and lyophilized
HSA was commercially available from Sigma. H2TMPyP4 solutions
were prepared using distilled deionized water. HSA solutions were
prepared by dissolving the above lyophilized HSA sample in a
buffer solution consisting of 10 mM Tris–HCl and 100 mM NaCl at
pH 7.4. The concentrations were determined spectrophotometri-
cally on a Jasco-V-550 UV–vis double beam spectrophotometer
with a 1 cm path-length quartz cell by measuring the absorbance
at 278 nm with an extinction coefficient of 3.98 × 104 M−1 cm−1

for HSA[20] and the absorbance at 424 nm with an extinction
coefficient of 2.26 × 105 M−1 cm−1 for H2TMPyP4.[21]

SERS experiment

Ag colloid was prepared by reducing AgNO3 with NaBH4 following
the preparation protocol described in Ref. [22]. Briefly, an aqueous
solution of AgNO3 (22 ml of 1 × 10−3 M) was added dropwise
to ice water cooled aqueous solution of NaBH4 (60 ml of
2 × 10−3 M) under continuous stirring. Stirring was continued
without interruption for another 2 h to adjust the Ag colloid to
room temperature. The resulting silver colloids were bright yellow
with the surface plasmon absorption band centered at 393 nm.

The SERS active system was prepared as follows: (1) (H2TMPyP4-
Ag colloid)/HSA sample: 100 µl H2TMPyP4 (3.36 × 10−6 M) was
mixed with 200 µl Ag colloid, and then 100 µl HSA solution
(8.00 × 10−6 M) was immediately added to the above mixture.
(2) (HSA-H2TMPyP4)/Ag colloid sample: 100 µl H2TMPyP4 (3.36 ×
10−6 M) was premixed with 100 µl HSA solution (8.00 × 10−6 M),
and then 200 µl Ag colloid was immediately added to the
above mixture. (3) (H2TMPyP4-Ag colloid)/buffer solution sample:
100 µl H2TMPyP4 (3.36×10−6 M) was mixed with 200 µl Ag colloid,
and then 100 µl buffer solution consisting of 10 mM Tris–HCl and
100 mM NaCl at pH 7.4 was immediately added to the above
mixture.

SERS spectra were measured using a coherent DPSS 532 Model
200, 532 nm single-frequency laser, which is diode-pumped,
frequency-doubled Nd : YAG laser. The laser power on the sample
is 46 mW unless otherwise mentioned. The Raman signal was
collected with 90◦ geometry. The spectra were dispersed by
a Jobin-Yvon U1000 scanning double monochromator with a
spectral resolution of 4 cm−1. An RCA C31034A photomultiplier
tube was used for detection, with photon-counting electronics for
data acquisition. A micro-positionable quadrant cell holder was
used for a precise positioning of 6 mm cuvette. Each SERS spectrum
took 12 min to acquire. All experiments were performed at 22 ◦C.
The SERS spectra shown in this article are baseline corrected.

Figure 1. SERS spectra of (H2TMPyP4-Ag colloid)/HSA sample: (A) freshly
prepared (0 min); (B) after 204 min SERS measurement and (C) kept in
dark for 216 min. The Raman difference spectrum (B – A) is obtained by
subtracting curve A from curve B using 1099 cm−1 as internal reference.
λex = 532 nm, laser power: 46 mW.

Transmission electron microscopy

The morphology of Ag nanoparticle in the SERS active system
was examined with transmission electron microscopy (TEM).
TEM images were obtained on Tecnai G2 Spirit (FEI Company)
microscopy with an accelerating voltage of 120 kV.

Results and Discussion

SERS investigation of (H2TMPyP4-Ag colloid)/HSA system

Demetalation of Ag(II)TMPyP4 to free base H2TMPyP4

In the (H2TMPyP4-Ag colloid)/HSA system, addition of H2TMPyP4
to Ag colloid led to a quick Ag colloid aggregation and the color
of system showed a change from bright yellow to dark blue.
HSA was immediately added to the above mixture and the color
of system kept intact. Subsequently, a series of SERS spectra of
(H2TMPyP4-Ag colloid)/HSA were continuously acquired in the
time range from 0 to 204 min. For the purpose of clarity, the first
spectrum (0 min, curve A) and the last spectrum (204 min, curve B)
together with their Raman difference spectrum (curve B – A) are
displayed in Fig. 1. The Raman difference spectrum is obtained by
subtracting the curve A from the curve B using Raman band at
1099 cm−1 as an internal standard reference band.[5,8]

The Raman bands at 330 and 395 cm−1 are characteristic marker
bands of the free base H2TMPyP4 and the metalated Ag(II)TMPyP4,
respectively.[5 – 9] The appearance of strong SERS band centered
at 395 cm−1 in Fig. 1A indicates that the metalation of H2TMPyP4
to Ag(II)TMPyP4 takes place in the SERS active system. Along with
the SERS measurement (Fig. 1A → B), the intensity of the band
at 395 cm−1 is dramatically decreased accompanied by a growth
of the band at 330 cm−1. This change is further reflected in the
positive band at 330 cm−1 and the negative band at 395 cm−1

in the Raman difference spectrum (Fig. 1(B–A)). This strongly
suggests that a partial conversion of Ag(II)TMPyP4 to H2TMPyP4,
i.e. demetalation of Ag(II)TMPyP4, takes place during the SERS
measurement.
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Besides the marker bands at 330 and 395 cm−1, SERS bands in
the high wavenumber region (700–1700 cm−1) further confirm
the demetalation reaction. The Raman bands located in the
950–1020 and 1540–1550 cm−1 regions are originated from
Cα –Cβ , Cα –Cm, Cβ –Cβ stretching vibrations of porphyrin ring
and are sensitive to the porphyrin ring conformation.[5,8,23,24]

More specifically, H2TMPyP4 is featured by the bands around
965 and 1000 cm−1, whereas Ag(II)TMPyP4 is characterized by
the band around 1010 cm−1.[6] Therefore, the positive bands at
967 and 1001 cm−1 and the negative band at 1010 cm−1 in the
Raman difference spectrum are indicative of the transformation
of Ag(II)TMPyP4 into H2TMPyP4 during the SERS measurement.
The increased amount of H2TMPyP4 is also evidenced by the
appearance of the positive band centered at 1551 cm−1 in the
Raman difference spectra.[6] The band at 1139 cm−1, due to
ν(Cα –N) mode, has been used to monitor the metalation process
of H2TMPyP4 when using the 514.5 nm laser line (resonance with
the Q band of porphyrin).[5] The disappearance of this band is
found when all of the H2TMPyP4 molecules are transferred to the
Ag(II)TMPyP4. In our system with 532 nm excitation line, the band
at 1139 cm−1 was also observed. Moreover, this band shows an
increase in the intensity for curve B compared to curve A (positive
band in the Raman difference spectrum), which further supports
the partial demetalation of Ag(II)TMPyP4 to H2TMPyP4 during SERS
measurement. The replacement of the 1337/1360 cm−1 doublet
by one band at 1340 cm−1 is another marker for metalation process
of H2TMPyP4.[5,6] Corresponding to the spectra (curves A and B)
shown in Fig. 1, a downshift of band from 1335 to 1332 cm−1 can
be observed during the demetalation process.

Role of laser irradiation

The demetalation reaction of metalloporphyrin can be achieved
by different routes such as acid solvolysis,[25] extrinsic ligand-
assistant process[26] and redox routes.[17,19,27] In our case, the acid
solvolysis is unlikely because of the neutral pH. For the extrinsic
ligand-assistant demetalation process, Liu et al.[26] reported that
the demetalation reaction of PbTMPyP could be driven either
by the stronger chelating capacity of EDTA for lead ion or by
the preferential binding process between DNA and free base
porphyrin H2TMPyP4. In order to test whether the demetalation of
Ag(II)TMPyP4 was driven by the addition of HSA, the SERS spectra of
(H2TMPyP4-Ag colloid)/HSA kept in dark for 216 min was measured
(Fig. 1C). The fact that Fig. 1C is quite similar to Fig. 1A indicates
that no demetalation reaction of Ag(II)TMPyP4 takes place. Based
on this result, it is clear that HSA alone, unlike EDTA or DNA, does
not function as the demetalation agent. This result also strongly
indicates that the laser irradiation necessary for SERS measurement
is the key factor in the demetalation of Ag(II)TMPyP4, namely, the
demetalation process is a photoinduced reaction.

In order to further confirm the trigger role of laser irradiation
in the demetalation reaction of Ag(II)TMPyP4, SERS spectra of a
freshly prepared (H2TMPyP4-Ag colloid)/HSA using periodic laser
irradiation were measured. For a better illustration, the intensity
changes of SERS marker bands at 330 cm−1 due to free base
H2TMPyP4 and at 395 cm−1 for Ag(II)TMPyP4 are shown in Fig. 2.
In region I of Fig. 2, the increased intensity of the Raman band
at 330 cm−1 and the concomitant decrease of the band intensity
at 395 cm−1 indicate that the demetalation reaction occurs under
laser irradiation during the SERS measurement. After the collection
of six SERS spectra for 72 min, the laser used for SERS measurement
was turned off and the system was left in dark for 45 min (region

Figure 2. The intensity evolution of marker bands 330 cm−1 (◦) and
395 cm−1 (�) obtained from the time-dependent SERS spectra of
(H2TMPyP4-Ag colloid)/HSA. λex = 532 nm, laser power: 46 mW.

Figure 3. The changes of the intensity ratio of the 330/395 cm−1 versus the
laser power for SERS spectra of (H2TMPyP4-Ag colloid)/HSA. λex = 532 nm.

II, Fig. 2). Subsequently, the second series of SERS measurements
were made (region III, Fig. 2). Comparing the first set of data
for region III with the last set of data for region I, an increased
intensity of the band at 395 cm−1 and a decreased intensity of
the band at 330 cm−1 are observed. This result indicates that the
removal of the irradiation in the region II results in a recovery
of the metalated Ag(II)TMPyP4 from free base H2TMPyP4. Along
with the SERS measurement shown in the region III of Fig. 2, the
demetalation reaction occurs again, where the changes of the
bands at 330 and 395 cm−1 show a trend analogous to those in
the region I.

The effect of laser power on the demetalation reaction was
also investigated. To avoid complication arising from the change
of overall SERS intensity derived from the change of the laser
power, the intensity ratio of 330/395 cm−1 (I330/I395) instead of
the absolute intensity of these two bands was used. Figure 3
shows the laser power dependent change of I330/I395 as a
function of acquisition time. In region I, with the laser power
at 46 mW, the intensity ratio (I330/I395) increases with increasing
acquisition time, indicating that the photoinduced demetalation
of Ag(II)TMPyP4 occurs. Followed by this process, the laser power

J. Raman Spectrosc. (2010) Copyright c© 2010 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/jrs
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Figure 4. TEM images of (A) (H2TMPyP4-Ag colloid)/HSA and (B) (HSA-H2TMPyP4)/Ag colloid samples before and after SERS experiment.

is reduced to 10 mW (region II) and the value of I330/I395 shows
an apparent decrease, which implies that the partial metalation
reaction takes place again when the laser power decreased.
These results indicate that the photoinduced demetalation is
dependent not only on the irradiation time but also on the laser
power.

Role of HSA

In contrast to the above (H2TMPyP4-Ag colloid)/HSA system, time-
dependent SERS spectra of (H2TMPyP4-Ag colloid)/buffer solution
system, i.e. in the absence of HSA, show the slight decrease in the
intensity ratio of the bands at 330/395 cm−1 (data not shown). This
indicates that further metalation reaction of H2TMPyP4 takes place.
Therefore, it can be concluded that HSA is a crucial participant
for the photoinduced demetalation reaction in (H2TMPyP4-Ag
colloid)/HSA system. In addition, (H2TMPyP4-Ag colloid)/buffer
solution system shows low stability with fast aggregation and
subsequent precipitation [Figure S1 (Supporting Information),
sample d]. This leads to the low signal-to-noise ratio of SERS
spectra and the absence of Tyndall effect (Figure S1, sample d).
Correlated with the good signal-to-noise ratio of SERS spectra
(Fig. 1) and the obvious Tyndall effect (Figure S1, sample b), it is
deduced that HSA can function as a stabilizer to effectively stabilize
the SERS active system in the case of (H2TMPyP4-Ag colloid)/HSA.
This result is further supported by the TEM images (Fig. 4A). It
is clear that morphologies of the silver nanoparticle are similar
before and after SERS measurement.

As mentioned above, the demetalation of metalloporphyrin can
also take place via redox routes. In the case of silver porphyrin, this
process can be expressed as follows[17,27]:

Ag(II)TMPyP4 + e− + 2H+ −−−→ H2TMPyP4 + Ag+

It is obvious that the presence of electron and proton is
a requirement for the demetalation of silver porphyrin. More
specifically, the gain of the electron of the central silver is
considered as the primary step for the demetalation reaction.[19,27]

Under the electron-rich reducing condition, the Ag2+ in the
Ag(II)TMPyP4 is reduced to Ag+. The diameter of Ag2+ is 0.89 Å
but that of Ag+ ion is 1.26 Å. The volume of the Ag+ is too large
to accommodate itself in the porphyrin core and consequently
the release of Ag+ occurs. Kunkely and Vogler[19] suggest
that this reduction step is accomplished by a photoinduced
electron transfer from the porphyrin ligand to the metal center.
Subsequently, the oxidized porphyrin ligand radical anion is
trapped by reductant and proton, and forms the free base
porphyrin. In our case, it is understandable that the aqueous
buffer solution used in the experiment can function as the main
proton source. HSA is supposed to serve as a reductant to interact
with the oxidized porphyrin ligand radical anion, as 76 of the 585
HSA amino acid residues are readily susceptible to oxidation (1
Trp, 6 Met, 16 His, 18 Tyr and 35 Cys).[28]

Based on the above discussion, a schematic representation of
the SERS active system of (H2TMPyP4-Ag colloid)/HSA is shown
in Scheme 1A. First, HSA acts as a stabilizer to stabilize SERS
active system. Second, HSA, as a demetalation promoter, plays

www.interscience.wiley.com/journal/jrs Copyright c© 2010 John Wiley & Sons, Ltd. J. Raman Spectrosc. (2010)
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Scheme 1. Schematic representation of SERS active system of (A) (H2TMPyP4-Ag colloid)/HSA and (B) (HSA-H2TMPyP4)/Ag colloid.

Figure 5. SERS spectra of (HSA-H2TMPyP4)/Ag colloid sample (A) freshly
prepared (0 min) and (B) after 96 min SERS measurement. The Raman
difference spectrum (B – A) is obtained by subtracting curve A from curve
B using 1099 cm−1 as internal reference. The inset shows the intensity
evolution of Raman bands at 330 cm−1 (◦) and 403 cm−1 (�) obtained
from the time-dependent SERS spectra (0–96 min) of (HSA-H2TMPyP4)/Ag
colloid. λex = 532 nm, laser power: 46 mW.

an important role in the photoinduced demetalation reaction of
Ag(II)TMPyP4.

SERS investigation of (HSA-H2TMPyP4)/Ag colloid system

In the (HSA-H2TMPyP4)/Ag colloid system, H2TMPyP4 was pre-
mixed with HSA prior to the Ag colloid addition. In this case,
no obvious Ag colloid aggregation is observed. An SERS spec-
trum of the freshly prepared (HSA-H2TMPyP4)/Ag colloid system
is displayed in Fig. 5A. According to the characteristic SERS bands
at 330 cm−1 and 403 cm−1, it can be concluded that dominant
species in the (HSA-H2TMPyP4)/Ag colloid system is free base
H2TMPyP4.[6,10]

A series of SERS spectra of (HSA-H2TMPyP4)/Ag colloid were
continuously acquired in the time range from 0 to 96 min. The

last SERS spectrum (96 min, Fig. 5B) shows the same spectral
feature as the first one (0 min, Fig. 5A), which results in an
unfeatured Raman difference spectrum (Fig. 5(B–A) and Figure
S2). The intensity of SERS bands at 330 and 403 cm−1 (Fig. 5, inset)
is almost constant during the SERS measurements. These results
demonstrate that there is no substantial spectral change during
the SERS measurement of the (HSA-H2TMPyP4)/Ag colloid system.
In other words, neither metalation nor demetalation occurs in
the (HSA-H2TMPyP4)/Ag colloid system, which forms a sharp
contrast with the (H2TMPyP4-Ag colloid)/HSA system. Based on
these results, we propose that, in the case of (HSA-H2TMPyP4)/Ag
colloid system, HSA acts as a molecular spacer to prevent the
direct interaction between free base H2TMPyP4 and the Ag colloid
surface, and thus the unperturbed free base H2TMPyP4 contributes
to the SERS spectrum. In this point, Vlčková et al.[29] reported that
synthetic polypeptides could play a similar role to obtain the SERS
spectrum of unperturbed porphyrin.

As shown in Fig. 4B, the TEM images of the (HSA-H2TMPyP4)/Ag
colloid system are almost unchanged before and after the
SERS measurement and show morphologies similar to the Ag
colloid itself (Figure S3). In addition, the Tyndall effect of the
(HSA-H2TMPyP4)/Ag colloid system (Figure S1, sample c) is also
unaffected by long-time SERS measurement. The good signal-to-
noise ratio of SERS spectra (Fig. 5) together with the results of the
TEM and Tyndall effect experiment further confirms the stabilizer
role of HSA played in the SERS active system. As summarized
in Scheme 1B, HSA behaves as both a molecular spacer and a
stabilizer in the (HSA-H2TMPyP4)/Ag colloid system.

Conclusion

In summary, a multifunctional HSA has been observed in the
SERS investigation of H2TMPyP4. HSA, as a stabilizer, makes the
SERS active system in its presence to show high stability and
good signal-to-noise ratio SERS spectra. For the (H2TMPyP4-Ag
colloid)/HSA system, HSA can also function as a critical promoter
in the photoinduced demetalation of Ag(II)TMPyP4. However, in
the case of (HSA-H2TMPyP4)/Ag colloid system, HSA is an effective
molecular spacer to obtain high-quality SERS spectra of free base
H2TMPyP4. Our findings provide new insights into the SERS study
of porphyrin.
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