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Abstract: Surface-enhanced Raman spectroscopy (SERS) is increasingly being used for 

biosensing because of its high sensitivity and low detection limit, which are made possible by 

the unique Raman ‘fingerprint’ spectra from the biomolecules. Here we propose a novel SERS 

method for the fast, sensitive, and reliable quantitative analysis of haptoglobin (Hp), an acute 

phase plasma glycoprotein that is widely gaining application as a prognostic ovarian cancer 

biomarker. We exploited the peroxidase activity of the hemoglobin–haptoglobin (Hb–Hp) 

complex formed by the selective and specific binding of Hp to free Hb to catalyze the reaction 

of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate and hydrogen peroxide to result in the final 

product of strongly SERS-active TMB2+. We observed a linear increase in the SERS signal of 

TMB2+ with increasing concentrations of Hb–Hp complex from 50 nM to 34 µM. Based on this 

concentration-dependent SERS spectrum, we quantified Hp in clinical samples. We observed 

that our inference about the prognosis of the disease coincided with the histology data and that 

our method was much more sensitive than the enzyme-linked immunosorbent assay method. 

Keywords: SERS-based biosensing, hemoglobin–haptoglobin complex, ovarian cancer, 

biomarker detection, 3,3′,5,5′-tetramethylbenzidine, peroxidase active substrates

Introduction
Haptoglobin (Hp) belongs to a family of acute phase serum glycoproteins. It is majorly 

generated by hepatocytes in the liver and in little amounts by the skin, kidneys, and lung. 

Under normal conditions, it is either absent or present at very low levels. However, 

Hp can increase significantly in response to acute infection, inflammation, or trauma. 

Recent studies have shown that Hp has been elevated in the sera and ascetic fluid of 

preoperative ovarian cancer patients, and a decrease was observed in patients under-

going chemotherapy.1 Conventional methods involving enzyme-catalyzed assays, 

like enzyme-linked immunosorbent assay (ELISA),2 are commonly followed for the 

detection and quantification of Hp in clinical laboratories. In ELISA, the activity of the 

enzyme attached to anti-Hp antibody can consequently be measured by means of its 

reaction with a chromogenic substrate to generate a measurable signal, which can be 

correlated to the amount of Hp present in a sample. Other than ELISA, electrochemical 

impedance spectroscopy,3 time-resolved immune fluorometry,4 labor-intensive electro-

phoresis, chromogen staining,5 or chemiluminescent imaging6 have also been reported 

for Hp quantification. All these methods are very much time consuming and labor 

intensive for clinical applications. This necessitates the development of a simple, 

robust, and antibody-free analytical method that can help clinicians in detecting and 

quantifying Hp protein in a short time. When colorimetry kits are commercially avail-

able to quantify Hp, exploiting the peroxidase activity of the hemoglobin–haptoglobin 

(Hb–Hp) complex,7 the sensitivity may not be sufficient to help in exact quantification 
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of the Hp protein, which results in uncertainty in categorically 

predicting whether the patient is borderline or in the acute 

phase. This calls for an ultrasensitive and easily quantifiable 

method to detect Hp.

Surface-enhanced Raman spectroscopy (SERS), a power-

ful emerging vibrational spectroscopy technique, has been 

realized as an ultrasensitive bioassay platform in recent years 

because of its advantages, such as enhanced Raman signals 

by ten to 14 orders of magnitude when Raman active mole-

cule is in close proximity to nanoroughened metal surface 

and ultrahigh sensitivity and specificity, which are made 

possible by molecular fingerprint information.8–12 Over the 

last few decades, SERS has been successfully used for the 

detection and quantification of many protein biomarkers 

by tagging the antibodies to highly Raman-active mole-

cules like malachite green isothiocyanate; crystal violet; 

rhodamine-6G; cyanine derivatives such as Cy3, Cy5, and 

DTTC;12–16 4-mercaptobenzoic acid; p-aminothiophenol; and 

many more.17,18 Recently, SERS has been introduced into 

enzyme-catalyzed reactions following the fact that many 

of the substrates break down into products that are Raman 

active. Some of the substrates whose enzyme-catalyzed 

products possess high Raman scattering cross-sections 

are O-phenylenediamine,19 biphenyl-4,4′-dithiol,20 and 

5-bromo-4-chloro-3-indolyl phosphate.21 In our study, after 

testing various peroxidase substrates and their corresponding 

products for SERS activity, we found the substrate 3,3′,5,5′-
tetramethylbenzidine (TMB) to give a strongly SERS-active 

end product, TMB2+. In addition, it is also less toxic compared 

with many other substrates tested.22 Therefore, herein, for the 

first time, we used SERS to detect and quantify Hp based on 

the peroxidase activity of Hb–Hp complex to catalyze the 

reaction of TMB and H
2
O

2
. The working principle behind this 

reaction is that free Hb exhibits peroxidase activity, which is 

inhibited at a low pH. Hp present in the specimen combines 

with Hb and at a low pH preserves the peroxidase activity of 

the bound Hb. Preservation of the peroxidase activity of Hb is 

directly proportional to the amount of Hp present in the speci-

men. Hence, the peroxidase-active Hb–Hp complex oxidizes 

the SERS-inactive chromogenic reactant TMB liquid into a 

SERS-active product, TMB2+. We observed a linear increase 

in the SERS signal of TMB2+ with increasing concentrations 

of Hb–Hp complex from 50 nM to 34 µM. Based on this 

concentration-dependent SERS spectrum, we quantified Hp 

in clinical ovarian cyst fluid samples. We observed that our 

inference about the prognosis of the disease coincided with 

that from the histology data, and that our method was much 

more sensitive than the ELISA method.

Experimental procedure
Materials and methods
Chemicals were obtained from Aldrich and used as received. 

Hb, TMB, citric acid, bovine serum albumin (BSA), and 

phosphate-buffered saline were purchased from Sigma-

Aldrich. Hp antigens of human origin were purchased 

from Abcam. Au colloid (60 nm) was obtained from BBI 

Solutions.

Preparation of hb–hp complex
Hp can bind to Hb approximately in the ratio of 1:0.9, based 

on the information provided in previous work.23–25 Hence, 

to prepare a 3.3 mg/mL Hb–Hp complex, 3.3 mg of Hp and 

2.97 mg of Hb was dissolved in 1 mL of 50% fetal BSA 

solution. Using this as stock solution, further dilutions were 

prepared up to 0.01 mg/mL by diluting with 50% fetal BSA 

solution and allowed to react for 30 minutes. The resultant 

Hb–Hp complex was stored at -20°C until required. In the 

case of unknown clinical samples, the highest Hb concen-

tration of 2.97 mg was dissolved into each of the clinical 

samples and allowed to react for 30 minutes. The resultant 

Hb–Hp complex was stored at -20°C until required. Both Hb 

and Hp of human origin were obtained from Sigma-Aldrich 

and Abcam, respectively, as dry powder. The pH of TMB 

substrate was originally around 5.5–6.5. Since for our study 

we needed acidic conditions, we dissolved 0.1 M citric acid 

to lower the pH to around 2.6–2.8.

Peroxidase reaction using hb–hp complex
To perform reactions with different concentrations of 

Hb–Hp complex and for the cyst fluid samples, first, 7.5 µL 

of TMB, which was predissolved with H
2
O

2
 (from Sigma-

Aldrich), with a pH of 2.6–2.8, was taken in an Eppendorf tube. 

To this solution, 1.5 µL of Hb–Hp complex/spiked serum was 

added, and the reaction was allowed to proceed for 2 minutes 

at room temperature after mixing. At the end of 2 minutes, 7.5 

µL of 0.5 M H
2
SO

4
 was added as a stop solution and vortexed 

well to stop the peroxidase reaction. Before taking SERS mea-

surements, 45 µL of 60 nm Au colloid (from BBI Solutions) 

was added to the reaction mixture. SERS measurements were 

taken by dropping 10 µL of the solution mixture on to the glass 

slide, which was protected with a coverslip. 

clinical sample study
In this experiment, cyst fluid samples were used for the study 

from clinical specimens stored at -20°C. Specimens were 

used in accordance with procedures with approval of the 

National Healthcare Group Domain Specific Review Board, 
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National University Hospital, Singapore (Domain Specific 

Review Board reference: D/00/856) committee, with the 

protocol reference number D2007/240. Informed consent 

was obtained from each subject.

raman microscope
SERS measurements were performed in reflection mode 

with a Raman microscope (Renishaw inVia) using a 633 nm 

excitation laser with 5% laser power, a 1,800 line/mm grating, 

and a cooled charge coupled device (-70°C). A 20× objec-

tive lens (NA 0.4) delivered the laser beam and collected the 

back-scattered light. Rayleigh scattering was blocked with a 

notch filter. The laser spot size was ~3 µm with a power of 

0.28 mW. Measurements were performed with a 10-second 

integration time. Measurements were taken at multiple posi-

tions across each SERS region, and data were averaged. 

Background corrections and curve fittings were carried out 

using WiRE 3.2 (Renishaw software). Spectra were back-

ground subtracted by a six-order polynomial fit before the 

curve-fitting procedure. The instrument was calibrated with 

signal from a silicon standard at 520 cm-1.

Ultraviolet-visible absorbance 
measurement
The wavelength-dependent absorption spectrum was mea-

sured using a DU 730 Beckman Coulter spectrophotometer 

system scanning between 250 nm and 800 nm.

Results and discussion
colorimetric detection of hp
Hp has been detected in clinics by traditional enzyme-catalyzed 

reactions that involve the formation of a chromogen as a result 

of the reaction between the substrate and the enzyme. The chro-

mogen is quantified by spectrophotometry based on the inten-

sity of the light transmitted. Several chromogenic reactants that 

undergo instant oxidation by H
2
O

2
 in the presence of peroxidase 

enzymes are commercially available. Of them, TMB is one 

of the most widely used substrates because of its lower toxic-

ity and higher sensitivity than alternative reactants such as 

O-phenylenediamine and 2,2′-azino-bis(3-ethylbenzthiazoline-

6-sulfonic acid).22 Therefore, we used TMB as a peroxidase 

substrate for quantifying Hp via the peroxidase activity of the 

Hb–Hp complex in the presence of H
2
O

2
. 

The Hb–Hp complex-catalyzed oxidation of TMB by 

H
2
O

2
 proceeds via the two-step two-electron reaction, as 

shown in Figure 1A. The first step (one-electron oxidation) 

yields a radical cation, which exists in rapid equilibrium with 

a blue charge transfer complex. Addition of a strong inorganic 

acid such as H
2
SO

4
 can terminate the reaction, yielding the 

yellow TMB2+. At this low pH, the formation of the two-

electron product is favorable. Both charge transfer complex 

and TMB2+ can be quantified by spectrophotometer, thus 

providing a convenient means of detection. Figure 1B repre-

sents the photographic image of the oxidized product TMB2+ 

at different concentrations of Hb–Hp complex. The intensity 

of the yellow color decreases with decreasing concentration 

of the Hb–Hp complex, with almost no color at a concentra-

tion of 5 µM or less. Figure 1C represents the corresponding 

ultraviolet-visible spectra of the TMB2+ at the wavelength 

of 450 nm, which also follows the same trend as the color. 

The lowest detection limit by this method was observed to 

be 5 µM, after which the absorbance was almost the same 

as the blank. This demonstrates that lower concentrations 

of Hp cannot be detected by the colorimetric method, thus 

requiring a highly sensitive method to quantify Hp.

sers detection of hp
As the concentration of Hp in ovarian cyst fluid is used 

as a marker for different types of cancer – in particular, 

ovarian cancer – and is an essential factor for delineating 

cancerous ovaries from normal, there is a necessity for a 

highly sensitive detection and quantification method for 

determining the prognosis of the disease.1,26,27 Since TMB 

is known to possess a strong Raman-scattering property, 

we used Ag nano-island substrate developed by our group28 

(see Figure S1 in Supplementary material for more details). 

We were not able to monitor stable SERS spectra upon 

peroxidase reaction by different concentrations of Hb–Hp 

complex. This was later confirmed to be an auto-oxidation 

effect due to continuous oxidation by Ag metal in the pres-

ence of H
2
O

2
, even in the absence of Hb–Hp complex. Upon 

repeating the experiments to collect multiple spectra, the 

signal intensity decreased drastically. This phenomenon 

of auto-oxidation of gold and silver was previously estab-

lished by different research groups.29,30 Hence, we chose to 

use the aqueous gold colloid with an average particle size 

of 60 nm with the oxidized product TMB2+ to enhance the 

Raman signal, and used the ultrasensitive SERS modality 

to quantify the peroxidase activity of Hb–Hp complex and 

thus the concentration of Hp. Figure 2A represents the SERS 

spectra of the substrate TMB and its oxidized version TMB2+. 

Peaks at 1,191, 1,337, and 1,605 cm-1 were identified as the 

characteristic SERS bands of TMB2+, as shown in Figure 2B. 

The peak at 1,191 cm-1 represents the characteristic -CH3 

bending mode, whereas peaks at 1,337 and 1,605 cm-1 cor-

respond to inter-ring stretching and a combination of ring 
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Figure 1 (A) experimental setup and reaction scheme for the hb–hp enzyme-catalyzed peroxidase reaction of TMB to TMB2+. (B) Optical image of the fixed concentration 
of chromogenic reactant with different concentrations of hb–hp complex, starting from 31 µM hb–hp in the left to 0 µM hb–hp (blank) in the right. (C) The correlation 
of hb–hp complex concentration and UV absorbance data at 450 nm. (D) The calibration plot shows the UV absorbance data for various concentrations of hb–hp complex 
as mentioned, with the linear regression following the equation y=0.0182x, with R² value of 0.96.
Abbreviations: hb, hemoglobin; hp, haptoglobin; TMB, 3,3′,5,5′-tetramethylbenzidine; UV, ultraviolet.

stretching and CH bending vibrations, respectively.30 With 

increasing concentrations of Hb–Hp complex, the SERS 

signal intensity from TMB2+ also increased, and there was 

a linear correlation between the SERS signal intensity and 

Hp concentration from 50 nM to 30 µM (see Figure 2C). We 

observed the lowest detection limit to be 50 nM, which is 100 

times better than that observed with a colorimetric method. 

This confirms the sensitivity of SERS over ultraviolet absor-

bance/colorimetric methods. In order to determine whether 

the pH environment has any effect on the signal intensity 

of TMB2+, we measured SERS activity of the TMB2+ with 

the same concentration of Hb–Hp complex at different pH 

conditions. Based on our experiment, we found that only in 

acidic conditions (pH=2.6) is TMB2+ SERS signal stronger, 
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followed by neutral pH (pH=7), and, finally, at high pH 

conditions (pH10), no SERS activity was found, due to the 

absence of TMB2+ charge transfer complex (see Figure S2). 

This confirms that only at low pH conditions is stable TMB2+ 

product formed. Please refer to Figures S3 and S4 to further 

ascertain that  Hb–Hp complex alone does not show SERS 

signal, and in the absence of Hb no peroxidase reaction can 

take place, and hence no TMB2+ formation.

Quantification of Hp in clinical ovarian 
cyst fluid samples
As the product of the enzymatic reaction resulted in a 

concentration-dependent increase in SERS signal intensity, 

of the three peaks that were used to identify TMB2+, we chose 

the SERS intensity at the steadily increasing prominent peak 

1,605 cm-1 to plot a standard calibration plot22 (see Figure S5).  

The calibration plot shows linear regression with an R2 value 

of 0.98. Four unknown clinical ovarian cyst fluid samples 

were tested for concentration of Hp using the aforementioned 

method. The SERS intensity data of the unknown samples 

containing different concentrations of Hp are interpolated 

into the calibration plot as shown in Figure 3. The resultant 

Hp concentrations were calculated as shown in Table 1, on 

the basis of the previously described linear calibration curve 

(Y=2,159X+1,613). 

Table 1 shows the comparison of ELISA results (refer to 

Figure S6 for ELISA calibration plot) with those of SERS 

data obtained from the four clinical samples with their cor-

responding histological data. Results of Hp concentration in 

the clinical samples are tabulated in Table 1 together with the 

inference from the histology data. From the table, it is clear 

that an SERS-based antibody-free method could quantify 

overall Hp present in the clinical sample irrespective of its 

phenotype – ie, Hp(1–1), Hp(2–1), and Hp(2–2)1 – whereas 

a commercial ELISA kit is capable of quantifying just one 

specific phenotype, due to the use of corresponding mono-

clonal antibody. We assume that this could be the reason 

behind the difference in Hp values between ELISA and SERS 

methods. Extensive analysis by SERS for a vast amount of 

clinical samples is needed to ascertain the actual cutoff Hp 

concentration above which it is considered malignant and 

below it is benign. Currently, based on our results, we purely 

speculate that the cutoff Hp concentration may be in the 

range of 23–28 µM.1 We arrived at this range based on the 

very few clinical samples we have tested in which the benign 

samples had an Hp concentration in the range of 15–20 µM, 

whereas for the malignant samples, the Hp concentration 
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Figure 2 (A) scheme for sers measurement. (B) comparison of the sers spectra 
for both reactant TMB and product TMB2+. (C) hp concentration-dependent sers 
spectra of TMB2+.
Abbreviations: sers, surface-enhanced raman spectroscopy; TMB, 3,3′,5,5′- 
tetra methylbenzidine; hp, haptoglobin.
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was 29 µM and above. In order to obtain irrefutable data, 

we need to study a large clinical sample size to arrive at the 

actual cutoff value. Currently, this work is ongoing. The 

highlights of this method include short measurement times 

of less than 10 minutes and the ability to be measured on a 

portable compact Raman system. This type of bioassay can 

be extremely useful in operation theaters where the surgeons 

performing ovarian cystectomy can verify their intraopera-

tive suspicion of malignancy. Ovarian malignancy is unex-

pectedly encountered in 1%–14% of patients undergoing 

laparoscopic cystectomy.31 For patients who are still young 

and want to maintain their fertility, this method will be highly 

useful for deciding upon suitable surgical procedures. With 

a benchtop portable Raman system (Figure S7), the prospect 

of translatability of this method to clinics is very high.

Conclusion
Here we demonstrated a method for enhancing the sensitivity 

and reliability of quantitative analysis of acute phase protein 

and ovarian cancer biomarker Hp protein. This method incor-

porates SERS methodology into the conventional enzyme-

catalyzed colorimetric bioassay to develop a more robust 

and efficient analytical protocol. This method utilizes the 

peroxidase activity of Hb–Hp complex to catalyze the reac-

tion of the substrate TMB in the presence of H
2
O

2
, resulting 

in the final product TMB2+, which exhibits very good SERS 

activity. We observed a linear increase in the SERS signal 

of TMB2+ with increasing concentrations of Hb–Hp complex 

from 50 nM to 34 µM. Based on this concentration-dependent 

SERS spectrum, we quantified Hp in clinical samples.  

We observed that our inference about the prognosis of the 

disease coincided with the inference from histology data. In 

summary, we were able to successfully convert the existing 

colorimetric assay into an SERS-based quantitative analysis of 

Hp protein within a short reaction time, which has the potential 

to be used for clinical prognosis of ovarian cancers.
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Supplementary materials
For surface-enhanced Raman spectroscopy (SERS) mea-

surements, two methods were employed: one is substrate based 

and the second is metal colloid based. For SERS substrate, we 

used our previously established Ag nano-island on Si wafer, 

with the average particle size in the range of 25–50 nm.1 For 

the metal colloids, we used commercially available 60 nm Au 

colloids. Figure S1 shows the scanning electron microscope 

(SEM) image of both substrate and metal colloids.

Experiments were done to know whether the pH 

environment has any effect on the signal intensity of 3,3′,5,5′-
tetramethylbenzidine (TMB2+). We measured SERS activity 

of TMB2+ with the same concentration of Hb–Hp complex 

at different pH conditions. Based on our experiment, we 

found that only in acidic conditions (pH=2.6) is TMB2+ SERS 

signal stronger, followed by neutral pH (pH=7), and, finally, 

at high pH conditions (pH10), no SERS activity was found, 

due to the absence of TMB2+ charge transfer complex (see 

Figure S5). This confirms that only at low pH conditions is 

stable TMB2+ product formed.

Further, to ascertain whether Hb–Hp complex provides 

any interference with SERS signal that adds up to TMB2+ 

signal, we tested two samples – one with TMB peroxidase 

reactant and the second without TMB – and allowed the 

enzymatic reaction to take place. Finally, both samples were 

measured for SERS activity in the presence of Au colloids. 

As shown in Figure S6, Hb–Hp complex does not show any 

Raman activity; hence, no SERS signal is observed, whereas 

the sample with TMB showed strong SERS activity due to 

the formation of TMB2+. Similarly, we have experimentally 

confirmed that there is no competing peroxidase reaction 

possible in the absence of Hp through any other biological 

agent present in the cyst fluid (see Figure S7). Here, we 

tested the reaction mixture with cyst fluid and peroxidase-

reactant TMB with H
2
O

2
 in the presence and absence of Hb 

to form Hb–Hp complex. Our results showed that only the 

sample with Hb in it could undergo peroxidase reaction to 

form Raman-active TMB2+ due to the formation of Hb–Hp 

complex. The second sample without Hb did not undergo a 

peroxidase reaction. 

We derived the calibration plot using different concentra-

tions of hemoglobin–haptoglobin (Hb–Hp) complex with a 

fixed concentration of peroxidase substrate and H
2
O

2
 and 

recording the corresponding SERS intensity of the product 

peak at 1,605 cm-1 obtained by the peroxidase reaction in 

the presence of Hb–Hp complex. As shown in Figure S5, 

we have a calibration plot with linear regression with an R2 

value of 0.98.

A commercial enzyme-linked immunosorbent assay 

(ELISA) kit was purchased from Abcam for Hp quantifica-

tion. Following the standard protocol given in the ELISA 

kit, a calibration plot was prepared based on the ultraviolet 

Figure S1 Field emission scanning electron microscope image of surface-enhanced 
raman spectroscopy substrates used in the study.
Notes: (A) ag nano-island substrate fabricated by e-beam evaporation method. 
(B) aqueous au colloid with 60 nm average diameter.2

Figure S2 comparison of the sers spectra for TMB2+ at different pH conditions. From the study, we confirmed that TMB2+ shows strong sers activity only at low ph 
(acidic) conditions.
Abbreviations: sers, surface-enhanced raman spectroscopy; TMB, 3,3′,5,5′-tetramethylbenzidine; hb, hemoglobin; hp, haptoglobin.
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Figure S6 enzyme-linked immunosorbent assay calibration plot interpolated with 
clinical cyst fluid data.

Figure S3 Comparison of the SERS spectra for Hb–Hp complex in the presence and absence of TMB peroxidase reactant. From the study, it is confirmed that Hb–Hp 
complex in the presence of au colloid does not have any raman activity; hence, no sers signal is observed.
Abbreviations: sers, surface-enhanced raman spectroscopy; hb, hemoglobin; hp, haptoglobin; TMB, 3,3′,5,5′-tetramethylbenzidine.

Figure S4 Comparison of the SERS spectra for ovarian cyst fluid in the presence and absence of Hb (to form Hb–Hp complex) in reaction with TMB peroxidase reactant. 
From the spectrum, it is clear that no biological agent is involved in the peroxidase reaction other than hb–hp complex.
Abbreviations: sers, surface-enhanced raman spectroscopy; hb, hemoglobin; hp, haptoglobin; TMB, 3,3′,5,5′-tetramethylbenzidine.

Figure S5 calibration plot for different concentrations of hp present in the hb–hp 
complex based on the intensity of 1,605 cm-1peak.
Abbreviations: conc, concentration; hp, haptoglobin; hb, hemoglobin.
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absorbance data, please refer to Figure S6. Finally, clinical 

cyst fluid samples were run in the same way, and the data 

were interpolated into the ELISA calibration plot to derive 

the concentration of Hp present in the various cyst fluid 

samples. In order to use it at the bedside, a portable Raman 

microscope system was developed by our group for fast and 

reliable SERS-based detection and quantification of Hp in 

ovarian cyst fluid so that our method could be translated to 

clinical application. As an initial step, we have designed and 

assembled our in-house portable compact Raman system, as 

shown in Figure S7.
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