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Sensitive Raman detection of human recombinant
interleukin-6 mediated by DCDR/GERS hybrid
platformst

Emmanuel de la O-Cuevas, {22 [sidro Badillo-Ramirez,® Selene R. Islas,” C. Araujo-
Andrade® and José M. Saniger<’/in%§‘3’*b

Recombinant human interleukin-6 (IL-6) is a key cytokine that plays an important role in the immune system
and inflammatory response, explaining why any modification of its concentration in biological fluids is
considered a signal of a pathological condition. Therefore, it is important to develop alternative, highly
sensitive and reliable analytical methodologies to detect and identify this analyte in biological fluids.
Herein, we present a proof of concept for the development of a new analytical hybrid platform for IL-6
detection that is based on the combination of drop-coating deposition Raman (DCDR) spectroscopy and
graphene-enhanced Raman spectroscopy (GERS) effects. The sensitivity limits for IL-6 detection were
found to be a function of the type of substrate used. When a 1 ulL droplet of IL-6 solution is deposited
and dried on an Si substrate, a DCDR effect occurs, and a detection limit below 1 ng mL™ is obtained;
however, when the same is performed using a hybrid substrate of reduced graphene oxide and silicon
(rGO/Si), the joint action of DCDR and GERS effects results in a detection limit well below 1 pg mL™% It is
important to note that this result implies the absolute mass detection of 1 fg of IL-6. In summary, the
Raman spectroscopy DCDR/GERS analytical platform proposed here allows the reliable identification of,
as well as the very sensitive detection of, IL-6 and promises to improve the performance of clinical
evaluations of this biomarker that are currently in use. In this study, the Raman spectra of IL-6 in powder
and solution, together with the corresponding band assignment, are presented for the first time in the
literature.

sensors and biosensors have been developed for the detection
of this cytokine such as fluorescent microarrays,* electro-
chemical and photoelectrochemical immunoassay,”” and

Interleukin-6 (IL-6) is a multi-functional protein that belongs to
the cytokine family. IL-6 is well known for its role in the
immunological system and inflammatory response, but it also
plays critical roles in major physiological systems, including the
nervous system. Some diseases associated with increased levels
of IL-6 in biological fluid include diabetes, atherosclerosis,
depression, Alzheimer's disease, systemic lupus erythaematous,
multiple myeloma, prostate cancer, Behcet's disease, and
rheumatoid arthritis."*

Presently, enzyme-linked immunosorbent assay (ELISA) is
the main procedure used to detect human recombinant IL-6 in
serum/plasma. Commercial IL-6 Kkits claim a sensitivity of 1 pg
mL "3 Alternative to the ELISA test, in recent years several
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surface plasmon resonance®’ With these strategies a limit of
detection close to the ELISA lower limit is reached, however, the
assembly of the devices is time consuming and requires
sophisticated experimental steps. Nevertheless, due to the
importance of IL-6 as a biological marker in metabolic diseases
and neurological processes, it is of great interest to develop
alternative identification and detection methods that will
represent comparative advantages over the well-established
ELISA procedure. Raman spectroscopy in combination with
surface enhancement methods of biomolecular spectroscopic
responses might be adequate analytical approaches to achieve
this goal.

Raman spectroscopy is a well-suited technique to study
biomolecules such as proteins. This technique provides exten-
sive information about their conformational structural changes
induced by microenvironment conditions, giving a fast
response and using a non-destructive analysis.'** However, it
has limited performance in identifying proteins in solutions
typically lower than 1 mM. To overcome this limitation,
different strategies have been developed. Surface-enhanced
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Raman scattering (SERS) is by far the most used strategy due to
its capability to amplify the Raman signals by factors ranging
from 10* to 10°, and even 10 in the most favourable condi-
tions."»* SERS enhances the Raman scattering of adsorbed
molecules into noble metal nanoparticle substrates by exploit-
ing the increased effective electromagnetic field occurring in
the vicinity of these metal nanoparticles.

Following SERS approaches, Wang and co-workers have re-
ported two strategies for the detection of IL-6 through the
employment of gold/silver nanoshells with optimized plasmon
resonance, allowing to detect IL-6 with femtogram sensi-
tivity.'»*> However, these strategies are time consuming and
involve complex nano-manufacturing procedures, in order to
obtain reproducible results. Additionally, SERS has some prac-
tical limitations, such as those related to the difficulty in
preparing substrates with reproducible amplification factors,
the deformation of spectral profiles of molecules adsorbed on
the metal nanoparticles, and the molecular instability induced
by local enhancement of the electromagnetic field."® These
aforementioned drawbacks justify the search for alternative
approaches with the ability to increase the Raman signal while
avoiding the SERS limitations.

In recent years, drop-coating deposition Raman (DCDR)
spectroscopy became an interesting and simple method to
increase the effective sensitivity of the Raman response in the
detection of biomolecules at low concentrations (<0.1 mM)*”*®
DCDR is based on the placement and subsequent drying
process of a small drop of a sample solution on the surface of
a suitable substrate. The drying process occurs through radial
capillary flow that carries the dissolved or dispersed molecules
to the outer edge of the initial droplet, forming an external ring
where the sample is concentrated.'” Thus, the Raman spectra
collected from this ring shows an important increase in the
band intensities compared with the conventional spectra ob-
tained from the non-dried drop solution. Substrates with
different degrees of hydrophobicity, such as a polished metallic
surface, CaF,, and Teflon, are frequently used for DCDR."” The
significant amplification factors obtained using this approach
(10? to 10?), together with the relative simplicity of the method
and preservation of the spectral profiles of the samples, are
some reasons why DCDR is becoming widely used to study
biomolecules.*®

Another attractive approach for Raman signal amplification
is graphene-enhanced Raman scattering (GERS), which is based
on using graphenic material substrates such as pristine gra-
phene (G), graphene oxide (GO) or reduced graphene oxide
(rGO) as surface enhancers.>* In GERS, the graphenic material
is placed on a solid substrate, such as Si or Si/SiO,, and then the
solution with the sample of interest is adsorbed onto the
prepared graphenic substrate. The interaction between the
sample and the graphenic sheets frequently results in the
amplification of the Raman scattering of the adsorbed mole-
cule, through a chemical effect resulting in increased effective
polarization of the adsorbed molecule. Both the aromatic
molecular groups of the molecules interacting with GO or rGO
sp” carbon atoms, through - interactions, as well as the polar
interactions among oxygenated functional groups, should be
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responsible for the changes in the system's polarization.**>*
Although the GERS enhancement factor is frequently relatively
low (approximately 10%), in some cases, detection limits of
approximately 10 % to 10~ '° M have been reported for dyes with
strong m-m interactions with graphene.” Considering that
graphenic substrates have several important practical advan-
tages, such as substrate uniformity and reproducibility, clean-
liness, low or null spectral deformation, and the preservation of
the molecule stability, GERS has become an important alter-
native to detect biomolecules.?>?¢

Taking advantage of these features, GERS biosensing has
been used in the recent years to detect various target biomole-
cules related to the diagnosis of diseases, as well as in cell
imaging.”” GERS immunoassays have been performed using
hybrid materials based on noble metal, metal oxides, and gra-
phenic substrates. In recent reports, Bagheri and co-workers
developed Co3;0,-G-modified carbon paste electrodes for
selective detection of atropine in biological fluids.?® In addition,
Yoon and co-workers employed a non-covalently functionalized
GO sheet on a patterned Au surface to isolate circulating tumor
cells from blood samples of pancreatic, breast, and lung cancer
patients.*

In this study, we present an easy methodology, combining
both DCDR and GERS amplification approaches for the highly
sensitive detection of human recombinant IL-6 at a very low
concentration. The presence of IL-6 was easily detected when
a drop of a 1 pL solution with an initial concentration of 1 pg
mL ™" was deposited and allowed to dry onto a hybrid substrate
of rGO/Si. Under these experimental conditions, it can be stated
that the absolute mass detection of IL-6 was lower than 1 fg
(around 10~*° mol).

Experimental
Materials

Lyophilized interleukin-6, sodium citrate, and phosphate-
buffered solution (PBS; 0.1 M) were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Graphene oxide in water
dispersion a concentration of 4 mg mL ™' was purchased from
Graphenea (San Sebastian, Spain).

Synthesis of reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) was prepared from a commercial
GO dispersion using sodium citrate as the reducing agent under
reflux, following the method of Z. Zhang et al.*’ Briefly, 25 mL of
GO dispersion (0.1 mg mL~ ') was mixed with sodium citrate (30
mg) at room temperature, and then the solution was main-
tained in reflux at 80 °C under stirring for 3 hours, resulting in
a colour change of the solution from brown to dark. After the
reduction, the rGO sheets were separated by centrifugation at
14 000 rpm and washed three times with deionized water to
remove excess citrate. Finally, the 0.1 mg mL " rGO dispersion
was stored for further use. The synthesis of rGO was confirmed
by Raman, FTIR and UV-Vis spectroscopies (see Fig. S1 to S3 in
ESIt).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Raman spectrum of powdered lyophilized interleukin-6.

Preparation of rGO films

Silicon (Si) wafer was used as a substrate for the deposition of
rGO thin films. The rGO films were grown onto Si by immersing
a small piece of Si wafer for 1 hour in 4 mL of the prepared rGO
dispersion. The rGO/Si substrate was finally dried at room
temperature and stored in a desiccator until use. The deposition
of rGO onto the Si substrate was confirmed by Raman (see
Fig. S1 in ESI¥).

Deposition of IL-6 solutions

IL-6 solutions were prepared by dissolving 10 pg of powdered IL-
6 in 10 mL of PBS buffer solution (0.1 M; pH 7.5, 25 °C). This
stock solution was then used to prepare three different IL-6/PBS
solutions with concentrations of 1 pg mL ™", 1 ng mL ™" and 1 pg
mL ™", which were used for the detection tests. One droplet of 1
uL for each IL-6/PBS solution was drop coated onto both Si and
rGO/Si substrates and was dried in a desiccator for 40 min.

Raman measurements

Raman spectra were recorded using a WITec Alpha 300 Series
Raman-AFM (WITec GmbH, Ulm, Germany) and 672-lines
per mm grating with a 100x Zeiss objective (0.9 NA). An
Nd:YVO4 green laser with a wavelength of 532 nm was used as
an excitation source with 3.56 mW of laser power. Punctual
Raman spectra, with 4 s of integration time and 20 accumula-
tions, were acquired in the “coffee ring” formed for each drop
coated on the corresponding Si or rGO/Si substrate. The sample
was focused using the oscilloscope mode until a proper signal
was achieved, and then 12 spectra were acquired at different
points and averaged.

Pre-processing spectra and data analysis

Each collected Raman spectrum was cosmic ray removed,
baseline corrected and averaged. To observe the amplification
effect of the Raman signal for each substrate, a numerical
comparison of the relative intensities between different chosen

This journal is © The Royal Society of Chemistry 2019
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bands was made; spectral normalization was previously per-
formed for this comparison.

Results
Powdered IL-6 Raman spectrum

Human interleukin-6 is a multifunctional protein with
a molecular weight of 21 kDa with a-helical conformation
consisting of 184 amino acids with two potential sites of N-
glycosylation and four cysteine residues. The IL-6 amino acid

sequence is as follow:**

MNSFSTSAFGPVAFSLGLLLVLPAAFPAPVPPGEDSKD
VAAPHRQPLTSSERIDKQIRYILDGISALRKETCNKSN
MCESSKEALAENNLNLPKMAEKDGCFQSGFNEETC
LVKIITGLLEFEVYLEYLQNRFESSEEQARAVQMSTKV
LIQFLQKKAKNLDAITTPDPTTNASLLTKLQAQNQW
LQDMTTHLILRSFKEFLQSSLRALRQM

To the best of our knowledge, the single Raman spectrum of
IL-6 has not been published previously in the scientific litera-
ture. Fig. 1 shows the Raman spectrum of powdered lyophilized
IL-6 mounted onto the pure Si substrate. The corresponding
wavenumber positions of the main bands are indicated in the
figure.

The band assignment of IL-6 was made following the well-
established criteria for the assignment of protein bands,”*
and the detailed assignment is presented in Table 1. The Raman
spectrum of IL-6 shows bands at 938, 1261 and 1655 cm™ " due
to the C-C stretching of the backbone structure, amide III and
amide I, respectively, corresponding to the typical a-helix
secondary structure conformation of IL-6.

In addition, conventional residues of amino acids, such as
the band at 708 cm ™", indicates the C-S stretching of cysteine
residues in the IL-6 structure (see Fig. S4; ESIt). Therefore, the
conformational structure of IL-6 was corroborated using Raman
spectroscopy.**

Enhancing the Raman detection sensitivity of IL-6

DCDR detection of IL-6. To know the feasibility of the DCDR
method for the sensitive detection of IL-6, samples containing 1
pgmL™", 1 ng mL ™" and 1 pg mL~" of IL-6 in PBS solution were
dropped onto a polished Si substrate. The deposited droplet was
dried under room temperature conditions, and the formation of
a coffee-like ring was observed by optical microscopy (see Fig. S5
and S6; ESIT).

Fig. 2 shows the comparative averaged Raman spectrum of
each drop at three different concentrations. It is important to
highlight that the Raman bands are sharper and better resolved
than those of the powdered sample (Fig. 1), indicating that IL-6
in the coffee ring has a solution-like spectral shape, which is
a well-established characteristic of biomolecules present in
these rings.*>*

The decrease in the Raman band intensity as a function of
the concentration of the IL-6 solution droplet is evident from
Fig. 2.

RSC Adv., 2019, 9, 12269-12275 | 12271
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Table 1 Raman band assignments of powdered lyophilized interleukin-6

Wavenumber

(em™) Band assignment

708 C-S stretching vibration of cysteine residues®”

854 Tyrosine, ring breathing vibration®**

880 Tryptophan, bending ring**3>*”

938 C-C stretching backbone for a-helix conformation®*3%3%37

1003 Phenylalanine, ring breathing vibration®***-*>~7

1033 C-H in-plane bending mode of phenylalanine®*3>*°

1066 C-C skeletal stretching for random secondary conformation®*3>%74°

1128 C-N stretching®33>1°

1205 Ring deformation of tyrosine and phenylalanine?*3>-37:4

1261 Amide III with a-helix conformation, involves C-N stretching, N-H in-
plane bending vibration of the peptide bond and contributions from C,—
C stretching and C=0 in-plane bending modes®*337

1342 C,-H deformation®3*-¢37

1448 CH, and CHj; bending vibrations®*3?383¢

1549 Amide II vibration: N-H in-plane bending and C-N stretching of the
trans peptide group®**?%

1607 Aromatic ring vibration of tyrosine and phenylalanine®*-**3”

1655 Amide I with a-helix conformation; C=0 stretching mode, C-N
stretching, C,~C-N bending and N-H in-plane bending of peptide
groupssz—ss,ss

2907 Aliphatic C-H stretching®3~*%°

2960 Symmetric and asymmetric C-H stretching modes®****°

3330 N-H symmetric stretching®*-*1°

However, to obtain a numerical value of the band intensity
reduction for each concentration, a comparison of the intensi-
ties is shown in Table 2. Knowing that the relative decrease of
the IL-6 solution concentration is three orders of magnitude for
the 1 ng mL ™" sample and six orders of magnitude for the 1 pg
mL~' sample, the corresponding spectral band intensities
should be reduced in a similar proportion. However, the actual
decrease in the intensities for the samples of 1 ng mL ™" and 1
pg mL " is approximately 3 and 44-fold, respectively (see Tables
2 and 3), indicating that enhancement of the sensitivity asso-
ciated with the DCDR process occurs.

Nevertheless, from direct observation of the spectrum
intensity in Fig. 2, it could be established that under the present

700 IL-6/PBS/1g/mL
——— IL-8/PBS/1ng/mL i
—— IL-6/PBS/1pg/mL

600 >~

200 +

Raman Intensity/Arbitr. Units

100

750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Wavenumber/cm ™!

Fig. 2 Raman spectra of 1 g mL™, 1 ng mL™* and 1 pg mL~* of IL-6
PBS on Si substrates.

12272 | RSC Adv., 2019, 9, 1226912275

condition, the DCDR Raman signal enhancement is not suffi-
cient to detect 1 pg mL ™" of IL-6 solution, which is the claimed
ELISA test detection limit. Therefore, additional improvements
in the Raman detection limit of IL-6 solutions is required to
overcome this situation.

Raman detection of IL-6 on hybrid rGO/Si substrates. GO
and rGO are well-suited materials to fabricate active substrates
for the surface enhancement Raman signals of biomolecules,
the so-called graphene-enhanced Raman scattering (GERS)
effect.***” Thus, to improve the detection limit of IL-6 obtained
by the DCDR effect, hybrid rGO/Si substrates were prepared and
then tested for the detection of IL-6 solutions.

To carry out these tests, 1 uL drops of 1 pg mL™", 1 ng mL ™"
and 1 pg mL~" of IL-6 in PBS solution were deposited onto the
rGO/Si substrates and dried under room temperature condi-
tions before their Raman spectra were recorded. Fig. 3 through
Fig. 5 show the spectra of these samples. For comparative
purposes, the corresponding DCDR spectra of the equivalent
samples deposited on Si substrates are plotted together.

The incipient enhancement of the intensity of the 1 ug mL ™"
IL-6 sample deposited on the hybrid rGO/Si substrate is
observed in Fig. 3, but the signal amplification becomes much

Table 2 Intensities (a.u.) of some Raman bands of IL-6 on Si substrates
Concentration

of IL-6 solution I760 Ti040 L1403 L1465 Iro43
1pug mL ! 261.34 193.94 59.98 195.27 647.74
1ng mL™* 80.53 66.76 22.83 63.99 287.63
1pgmL* 7.21 4.62 1.15 5.25 12.7

This journal is © The Royal Society of Chemistry 2019
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Table 3 Ratio of intensities of the Raman bands of IL-6 on Si substrates
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Bands intensities ratio Ie0/T760 Loao/T1049 I 403/T1403 Laes/Tia6s Ioa3/12043 Average ratio
1pgml /1 ngml™* 3.25 2.91 2.63 3.05 2.26 2.82 + 0.38
1ngml /1 pgml™* 11.17 14.45 19.85 12.19 22.65 16.06 + 4.98
1pgml™'/1 pgml™ 36.25 41.98 52.15 37.19 51.00 43.71 + 7.51

stronger for the samples with a concentration of 1 ng mL ™" and
1 pg mL~" (Fig. 4 and 5). This result is consistent with the
existence of additional Raman signal amplification of the IL-6
solutions when they are deposited onto the hybrid rGO/Si
substrates, which would be associated with GERS
phenomena***°

Interestingly, GERS amplification for biomolecules have
been described mainly for aromatic amino acids and poly-
peptides, where the rGO Raman enhancement was related to
the interactions of both aromatic w-m stacking and the local
electric field from the remaining oxygenated groups on the rGO
sheet.”®?” Coincidentally, in our case, IL-6 presents aromatic
domains and basic amino acid residues that would favor
a strong adsorption to the surface of the RGO sheet. Therefore,
it would seem reasonable to assume that these interactions
would be responsible for the occurrence of the GERS phenom-
enon. However, a deep study about the physicochemical inter-
actions involved in the GERS enhancement is out of the scope of
this work.

Comparing the Raman relative intensities in Fig. 3-5, it is
clear that the Raman signal enhancement on the hybrid
substrates is concentration dependent. This trend presented in
Table 4 where the average of the GERS signal enhancement is
calculated as a function of the IL-6 concentrations.

Furthermore, the relatively high intensities of the Raman
spectrum bands in Fig. 5 make it possible to assert that IL-6 is
clearly detectable at concentrations of 1 pg mL~" and even at
slightly lower concentrations. In addition, is important to note
that the absolute mass of IL-6 detected in the present

12009 corsin-spesiumL 4

| SiIL-6/PBS/1 w/mL

1000
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Raman Intensity/Arbitr. Units
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2\ " ENURC SRS rowY \ ¢ S W P,
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Wavenumber/cm'

Fig. 3 Raman spectra of 1 ug mL™* IL-6/PBS dropped on both rGO/Si
and Si substrates.

This journal is © The Royal Society of Chemistry 2019

experimental conditions is 1 fg because this is precisely the
mass present in 1 uL of a solution of 1 pg mL ™"

At this point, it is important to note that the normal IL-6
concentration in healthy people is in the 1 pg mL™" range,
while the median of the reported IL-6 serum levels in cancer
patients is 6.95 pg mL™ " (range: 0.2-78.5 pg mL ™~ ').*»

In summary, the detection limit obtained using rGO/Si
substrates is adequate for the clinical diagnosis of patholog-
ical conditions. Moreover, our DCDR/GERS hybrid platform
shows higher detection limit that the ELISA test and their

1200 -— rGO/Si/IL-6/PBS/1ng/mL
[~ Si/IL-6/PBS/1ng/mL
1000
2
5 800
3 g
2z
;% 600 —
=
8 §
§ 400 B T
o
200
B8 5|3 23 ]
0 A Am _.__....A_...‘ _k .

1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
Wavenumber/cm™'

Fig. 4 Raman spectra of 1 ng mL™ IL-6/PBS dropped on both rGO/Si
and Si substrates.

700
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Fig. 5 Raman spectra of 1 pg mL™* IL-6/PBS dropped on both rGO/Si
and Si substrates.
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Table 4 Intensities of some Raman bands of IL-6 on rGO/Si and Si
supports

Concentration of IL-6 Lo Lioso  Tiaos  Tiaes  Iooas
1pgmL !

Si 261.34 98.88 115.37 195.27 647.74
rGO 299.48 272.06 137.23 289.64 1159.36
Band intensity ratio (rGO/Si)  1.14  2.75  1.18  1.48 1.79
Average band intensity ratio 1.67 £ 0.66

1ng mL !

Si 80.53 66.76 22.83 63.69 287.63
rGO 369.85 292.59 103.91 404.95 1258.67
Band intensity ratio (rGO/Si)  4.59  4.38 4,55  6.35 4.38
Average band intensity ratio 4.85 + 0.84

1pg mL !

Si 7.21 4.62 1.15 5.25 12.70
rGO 181.35 158.65 46.47 189.38 683.09
Band intensity ratio (rGO/Si) 25.15 34.33 40.41 36.07  53.79

Average band intensity ratio 37.95 + 10.46

performance is similar, and even better, that others systems
developed following SERS strategies.'*** In advantage to SERS,
our hybrid substrate is of easy fabrication; does not require any
type of functionalization; and provides a label-free response and
undisturbed Raman band spectra. In our opinion, all these
features make this experimental arrangement a good prospect
for clinical use.

Conclusions

Hybrid rGO/Si substrates show good performance for the
detection and identification of IL-6 samples in PBS solution,
reaching detection limits below 1 pg mL™". An absolute mass as
low as 1 fg of IL-6 was detected under the present experimental
conditions.

This high sensitivity results from the combination of DCDR
and GERS effects. The sharp and well-resolved Raman bands of
samples deposited on Si and rGO/Si substrates indicate that IL-
6, in both cases, is in a solution-like state.

Similar spectral profiles were observed for IL-6 in the form of
powder or solution deposited onto both substrate types.
Consequently, the DCDR/GERS-mediated Raman spectroscopy
platforms proposed in this work allow for the reliable identifi-
cation, as well as very sensitive detection, of IL-6.

The Raman spectrum of powdered human recombinant IL-6,
with its corresponding band assignments, is presented for the
first time.
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