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Hemoglobin conformation detection by Raman spectroscopy  
on single human red blood cells captured in a microfluidic chip
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e analysis of cells and tissues in situ, microfluidic devices 
een developed over the past decades.1 Recently, optical and 
al research methods have been integrated with microfluidics 

rms, enabling innovative research. For example, the rheological 
rties of single-cell membranes have been used to analyze 
ty2 by evaluating the adhesion and deformability of red blood 
RBCs) in physiological flows.3 These microfluidic platforms 
ually made of polydimethylsiloxane (PDMS) as a construction 
ial because it is inexpensive and easy to attach to another 
S part or glass material to form microfluidic channels.4 As is 
n, Raman spectroscopy, as a type of vibrational spectroscopy, 
d to measure the difference in energy between incident and 
tically scattered photons due to molecular vibrations5,6 and 
 effective for visualizing and analyzing intrinsic biochemical 

es.7 Coupled with data analysis tools, this technique has 
e an effective method for cell phenotyping. For instance, 

s on single-cell Raman spectroscopy have shown that cell 
can be distinguished for the analysis of cancer cells8 with 
onfidence and high distinguishability in different stages of 

sease. Furthermore, many cells can be analyzed by statistical 
ds such as principal component analysis, support vector 

ines, decision trees and linear discriminant analysis.
e combination of microfluidic systems with Raman spectro
 is widely used for molecular detection and in situ analysis 
logical samples.9,10 Microfluidic devices help achieve accuracy 
eproducibility of results. The microfluidic-based SERS 
rm starts with the construction of microfluidic devices through 
fabrication, and over time, several strategies have been 
yed to efficiently generate SERS effects in microfluidic 
s. Typical applications include analyte detection, SERS-

based cell analysis, cell cytometry, liquid chromatography and the 
construction of integrated microassay platforms.11–13 It has also been 
demonstrated that the free-form segmented reflector system for 
SERS suppresses unwanted background noise, which inherently 
conforms to the ray-tracing simulation results.14 In the field of 
Raman-activated cell sorting, various systems have been 
demonstrated15,16 to efficiently implement ‘trap-free’ continuous 
flows for cell sorting using Raman signals. In some cases, ultrafast 
microscopy has also been used instead of the spectroscopic method 
for cell phenotyping.17 Furthermore, soft tubular microfluidics 
and label-free SERS have the potential to detect cells of interest 
in a dynamic fluid environment.18

In this study, a microfluidic chip was developed that allows 
recording changes in the morphology and state of hemoglobin 
during erythrocyte trapping. The chip is designed to be capable 
of: (1) trapping cells, (2) optically monitoring changes in RBC 
morphology and (3) tracking changes in molecular composition.

A fabricated PDMS chip is shown in Figure 1 along with its 
3D model, where the red arrows indicate the direction of flow of 
RBC suspension. The PDMS microfluidic chip was fabricated 
using a typical soft lithography technique and glued to a glass 
substrate. Photolithography and molding were carried out with a 
negative photoresist SU-8 2025 (25 mm height). We used Sylgard 
186 Silicone Elastomer Kit to fabricate a PDMS slab using a 
standard manufacturing and packaging process for PDMS 
microfluidics, as shown in Figure 2. Figure 3 shows the COMSOL 
simulation of the velocity gradient distribution and two RBCs 
trapped in the mid-section cavity of the chamber.

To validate the microfluidics platform, several generations of 
design and fabrication were carried out and tested using a 
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aman spectrum of a single erythrocyte captured by a 
fluidic chip was recorded to determine the conformation 
oglobin under conditions similar to the hemodynamics 

lood vessel. Amplitude changes in the Raman spectrum 
5, 1375, 1552, 1620, 1585 and 1637 cm−1 reflect changes 
2 due to O2 binding to hemoglobin heme.

ords: microfluidics, Raman spectroscopy, RBC, erythrocyte, hemoglobin, conformation.
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suspension of human RBCs. Through the use of a combination 
of PDMS and glass, the chip is transparent for optical monitoring. 
Raman spectroscopy makes it possible to study changes in the 
internal composition of single RBCs at the molecular level by 
detecting the porphyrin ring of hemoglobin heme in the spectra. 
As a proof of concept, we have shown that the prototype device can 
study the live responses of individual cells to various bio/chemo/
physical stimuli.

Raman microspectroscopy was used to study the conformation 
of RBC hemoglobin heme in a glass–PDMS microfluidic chip.† 
Interaction with chemical bonds causes an energy shift in the 
scattered light. The resulting Raman spectrum consists of a set of 
bands, since each band corresponds to a specific chemical bond 
or group of bonds. The Raman spectrum of erythrocytes basically 
coincides with the spectrum of hemoglobin heme due to the large 
amount of hemoglobin in this cell and the high intensity of the 
heme Raman spectrum. Figure 4† shows three examples of Raman 
spectra of single intact erythrocytes after baseline subtraction. 
Raman bands correspond to heme (Table 1), and the presence of 
bands corresponding to both oxygenated and deoxygenated forms 
of heme means that the hemoglobin of these cells is in a partially 
oxygenated state.

Characteristic bands of stretching vibrations of the heme of 
hemoglobin were found in the region of 1000–1700 cm−1 of the 
Raman spectrum of erythrocytes (see Figure 4). The bands at 1550, 
1585 and 1637 cm−1 refer to vibrations of methine bridges, the 
peaks at 1335 and 1375 cm−1 illustrate symmetrical vibrations of the 
pyrrole rings, and the peak at 1172 cm−1 is due to asymmetric 
vibrations of the pyrrole rings. We have found that with an increase 
in pO2 in media in the range from 5.0 to 159.6  mm  Hg, the 
amplitude of the bands at 1355, 1375, 1552 and 1637 cm−1 of the 
Raman spectrum changes. These changes correspond to the 
deformation of the heme porphyrin ring due to the binding of 
oxygen to the iron ion in the heme center. The position of the 
peaks at 1355–1375 cm−1 is sensitive to the presence of the ligand. 
The binding of oxygen pulls the electron density off the pyrrole 
rings and causes the peak to shift to 1375 cm−1. The high-frequency 
group of peaks is sensitive to the spin state of iron (the size of the 
iron ion) and the diameter of the porphyrin ring. If the diameter of 
the iron increases due to the high spin state of iron in deoxygenated 
hemoglobin, then the ring is deformed, the bond lengths increase, 
and the position of the band shifts to a lower frequency.

This result indicates that the Raman spectroscopy data obtained 
during the movement and arrest of erythrocytes can be used to 
assess not only the change in the hemoglobin heme conformation 
upon O2 binding, but also the redistribution of cells with oxidized 

(a) (b)

Figure  1  (a) Ready-to-use PDMS chip with RBC suspension and 0.6 mm 
syringe needle shown for scale. (b) 3D model of the chip consisting of a PDMS 
slab (light blue) mounted on a glass slide (light brown) with microfluidic 
channels filled with RBC suspension (red). Red arrows indicate the direction 
of flow.

Table  1  Assignment of Raman bands in the hemoglobin spectrum.19–22

Raman shift /cm−1 Chemical bonds Band sensitivity

1640 CaCm, CaCmH, CaCb Redox and spin state of Fe, ligand 
binding

1580 –1588 CaCm, CaCmH Spin state of heme Fe, porphirin 
ring diameter

1552 CaCm, CaCmH Spin state of heme Fe, porphirin 
ring diameter

1375 CaCb, CaN, NCaN Redox state of Fe, ligand binding 
(for HbO2)

1355 CaCb, CaN, NCaN Redox state of Fe, ligand binding 
(for dHb)

(a)

(d )(b)

(c)
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Figure  2  Device fabrication steps: (a) application of photoresist SU-8 by 
spin-coating; (b) photolithography and development of SU-8 as the mold 
insert; (c) the PDMS molding process; (d ) pulling the PDMS out of the silicon 
wafer, bonding it to a glass slide and attaching the inlet and outlet tubes to 
complete the chip packaging process.

 0
 0  100  200 300 400 500 600

 100

200

300

µm

µm

(a) (b)

0.0
0.1
0.2
0.3
0.4
0.5

0.7
0.8
0.9
1.0

Figure  3  (a) COMSOL simulation of a velocity gradient in the trapping 
chamber (inflow velocity 0.1 m s−1, no-slip boundary condition), with a red 
arrow indicating flow direction; (b) two RBCs trapped in the mid-section 
cavity of the chamber and ready for tests.
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†	 The Raman spectra of RBCs in a Glass (1.01, 0.17 mm) + PDMS (4.87, 
0.13 mm) microfluidic chip were obtained using the complex nanolaboratory 
NTEGRA Spectra (NT-MDT, Russia) and Nova software (NT-MDT, 
Russia). An inverted optical microscope Olympus IX71 was used for laser 
focusing. The NTEGRA spectrometer operated in the confocal mode when 
recording the spectra. Raman scattering was detected by a CCD camera 
cooled by a thermoelectric cooling system (Peltier element) down to −50 °C. 
The incident laser light passed through the glass substrate (1.01 mm), 
then through an RBC (3–5 mm) and through the PDMS chip (4.87 mm). 
RBC spectra were collected using a laser with a wavelength of 532 nm 
and a power of 5.5 mW, a grating of 600 lines mm−1 with a spectral resolution 
of 3.18 cm−1, a ×20 objective with a numerical aperture of 0.45 and a ×100 
objective with a numerical aperture of 0.17. One spectrum was recorded for 
60 s and the baseline was subtracted using the original Pyraman software 
and two peaks at 1530 and 1610 cm−1 for the porphyrin.
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and reduced hemoglobin, as well as to control the redistribution 
of oxygen concentration from cell to cell. The platform allows 
recording the state of hemoglobin in erythrocytes and can be 
improved by additional coating of the trapping layer with silver 
nanoparticles. This will significantly increase the resolution of 
the method and reduce the signal recording time, which is 
important for the functional state of the cell.23,24

Our microfluidic device, coupled with a Raman spectrometer, 
has the potential to sort and study young and old erythrocytes 
(different traps can capture cells of different sizes), as well as 
observe the response of single RBCs to new drugs by washing 
them with a test solution and monitoring the cell responses using 
optical microscopy and Raman spectroscopy.25 Furthermore, the 
design of this microfluidic platform allows research on the 
hydrodynamic behavior of old/abnormal/damaged/infected cells.

G.V.M. and E.U.P. acknowledge the partial support from the 
Russian Science Foundation (grant no. 19-79-30062).
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Figure  4  Photomicrographs of trapped erythrocytes (a)  before and 
(c)  after exposure to laser light; (b)  three examples of Raman spectra of 
single intact erythrocytes after baseline subtraction; (d ) photograph of the 
test bench of the NTEGRA Spectra nanolaboratory controlled by Nova 
software.


