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Abstract: Hemoglobin (Hb) is a protein and its functional form has a tetrameric structure. This structure is the result of a combination of four sub-units called 
globin and indicates the dynamic interaction between them. Each subunit has a ring-shaped organic molecule called a heme that contains an iron atom; Heme is 
a group that mediates the reversible binding of oxygen by hemoglobin. This research was performed to observe the image of Hb by an atomic force microscope 
(AFM) and measure the physical function of athletes. For this purpose, based on the principle of AFM imaging, the hemoglobin crosslinking method was used 
to measure the morphology and size of cross-linked Hb, glutaraldehyde and Hb diameter were detected to prepare cross-linked Hb samples with different molar 
ratio, the activity of peroxidase was detected by Trinder reaction. The AFM was used to detect the influence of physiological environment changes such as pH, 
temperature, oxygen partial pressure and osmotic pressure on the absorption spectrum of Hb imaging. Results showed that the size of the uncrosslinked Hb was 
6.64 nm. With the increase of the molar ratio of glutaraldehyde to Hb, the number of Hb molecules involved in the crosslinking increased, and the molecular size 
increased. During the crosslinking process, the aggregation of the cross-linked molecules would make the particle size of some Hb molecules reach 80-100 nm. 
The peak height, peak position and peak shape of the characteristic absorption peaks of pH to hemoglobin at 550 and 589 nm occurred. When the temperature 
changes continuously in the range of 30-55℃, the peak height of Hb absorption spectrum of normal red blood cells at 550 nm and 589 nm decreases gradually with 
the increase of temperature, and the peak shape at 610 nm changes obviously at 42℃, which indicates that the molecular structure of Hb changes; the absorption 
spectrum curve of deoxygenation disappears at 500 nm, the oxygen-binding capacity of Hb is very low, and the oxygen affinity and oxygenated hemoglobin are 
low (The concentration of HbO2) decreased, the osmotic pressure increased, the RBC dehydrated, the volume decreased, and the concentration of Hb increased. 
Conclusion: It is more accurate and comprehensive to use AFM to observe athletes' hemoglobin.
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Introduction

The physiological advantage of the presence of he-
moglobin (Hb) in red blood cells is the improvement 
in oxygen delivery to tissues and organs. The solubil-
ity of oxygen in water is very low, so small amounts 
of oxygen are transported through diffusion. Hb allows 
oxygen to be transported more rapidly and efficiently 
than diffusion. Hb is a protein found in red blood cells 
that plays a key role in carrying oxygen and carbon di-
oxide. In the current scientific training, coaches need to 
evaluate the training effect of athletes by understanding 
their physical skill level. Hb can be used as a biochemi-
cal index for coaches to evaluate the physical function, 
nutritional status and exercise load of athletes. Hemo-
globin (Hb), relative molecular weight 65500da), com-
monly known as hemoglobin, is an oligomeric protein 
composed of four peptide chains by a covalent bond. It 
is the main component of red blood cells, accounting 
for about 95% of the dry weight of red blood cells. The 
main physiological function of hemoglobin is to trans-
port oxygen and carbon dioxide, participate in the regu-
lation of acid-base balance in the body (1), so it directly 
affects the metabolism of substance and energy in the 

body, thus affecting the body function and exercise abi-
lity. Therefore, the research on hemoglobin imaging 
of athletes' body function has attracted the attention of 
scientists (2-4). Atomic force microscopy (AFM) can 
be used to measure the shape characteristics of micro-
objects by using the force relationship between atoms. 
Because of its high vertical and horizontal resolution 
and non-destructive testing method, it is recognized 
as an ideal ultra-smooth surface morphology analyzer. 
The research of AFM, which covers all aspects of in-
dustrial production, microelectronics, micro detection, 
nanotechnology and biotechnology, has a wide range of 
application prospects in physics, chemistry, medicine, 
materials science and microelectronics. In this paper, 
the imaging of athletes' body functional hemoglobin is 
observed by atomic force microscope, which overcomes 
the traditional micro-spectrophotometric system's long 
detection time due to the single-channel optical detec-
tion, which is difficult to carry out the spectral detection 
of time resolution requirements and multi-component 
material analysis (5, 6). Endurance exercise can lead to 
the abnormal metabolism of free radicals in the body, 
resulting in protein cross-linking. Therefore, it is more 
effective to detect the cross-linking hemoglobin of dif-
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ferent athletes under the change of physiological envi-
ronment when testing the hemoglobin of athletes' body 
function. AFM technology can detect the spectrum of 
micro samples in the wavelength range of 350-800 nm 
(the shortest detection time is 1 ms), and the wavelength 
resolution is 0.2 nm. AFM technology has the charac-
teristics of high resolution, adjustable integration time, 
high signal-to-noise ratio, small volume and easy ope-
ration. In addition to the optical density measurement, 
spectral absorption measurement and fluorescence mea-
surement of biological tissues, cells, cell products, bac-
teria and parasites, the dynamic study of the changes of 
the molecules in a single living cell with physiological 
and biochemical conditions can be carried out (7), the 
detection of apoptosis process, the monitoring of cell 
discharge (secretion) during the opening and closing of 
cell ion channels, and the monitoring of single living 
cells with multi-molecular probes Cell fluorescence de-
tection and spectral analysis of micro rapid biological 
events (8-11).

Through the measurement of hemoglobin size, the 
activity of cross-linked hemoglobin peroxide and the 
physiological environment inside and outside the cells 
of athletes' body function hemoglobin, it is found that 
the size of hemoglobin is similar to that of X-ray dif-
fraction PH, temperature, oxygen partial pressure, os-
motic pressure and the concentration of 2,3-DPG in red 
blood cells are important factors affecting the structure 
and function of Hb. In this paper, using AFM techno-
logy, combined with the use of microcell culture cell 
to change the physiological environment of cells (pH, 
temperature, oxygen partial pressure, osmotic pressure), 
the continuous and rapid monitoring of the absorption 
spectrum of HB molecules has been realized (12).

Materials and Methods

Experiment principle
According to the basic structure of the AFM sys-

tem, when the light source of the inverted microscope 
irradiates the sample through the focused probe-type 
composite beam, the sample is selectively absorbed. 
According to Lambert-Beer law, the transmittance in 
the range of the incident wavelength is:
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Where, Bγ  is the relative sensitivity of detection, Iγ  
is the intensity of incident light, -10 AI γγ −  is the intensity 
of transmitted light, and γ  ato γ b is the spectral width. 
In the spectrometer, the composite transmission spec-
trum is uniformly expanded on n image sensitive units 
of the linear array multichannel detector. Because the 
spectral width b ad = -γ γ γ（） /n received by a single pixel 
is small enough, dγ  is the monochromatic absorption 
layer at the corresponding position of the spectrum, and 
its absorbance Aγ  is:
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 is the thickness of the absorption layer, γκ  is the 
molar absorption coefficient, and C is the molar concen-
tration of the sample. For a multi-component absorption 
system, the absorbance is additive. If there are n com-

ponents, the total absorbance at a certain wavelength in 
the detection spectrum is:
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The concentration of n components in the system can 
be determined by solving n linear equations. Because 
the CCD spectral detector has a certain dark current out-
put ( )dI γ , the actual absorbance is:
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( )tI γ  is the transmitted light intensity of the sample, 
and ( )rI γ  is the transmitted light intensity of the sample 
generation environment. The optical signal is amplified 
and sent to the A/D synchronous data acquisition card. 
The acquisition is controlled by the synchronous signal 
sent by the CCD, which ensures that the A/D conver-
sion time is always at the flattest part of the CCD out-
put signal, so the collected data is relatively stable. The 
system computer reads the A/D conversion data stored 
in the acquisition card one by one through the ISA bus 
and processes the real-time digital signal according to a 
different analysis and calculation methods It can be used 
for rapid analysis of various micro samples.

Experimental method

Crosslinking of hemoglobin

Preparation of phosphoric acid buffer solution
0.1 mol/L Na2HPO4 solution and 0.1 mol/L KH2PO4 

solution were put into pH 5.6 phosphoric acid buffer 
solution for standby.

Preparation of hemoglobin solution and glutaraldehyde 
(GTA) solution

Take 100 mL of the above prepared phosphoric acid 
buffer solution with pH 5.6, weigh 0.0813 gHb to pre-
pare 100 mL of the solution, that is, 1.25×10-5 mol/L 
hemoglobin solution; the glutaraldehyde concentration 
used in the laboratory is 0.25 g/mL, after four dilutions, 
prepare 100 mL of 2.5×10-4 mol/L solution.

Crosslinking treatment of hemoglobin
Take 25 mL of hemoglobin solution prepared above 

Figure 1. A AFM system.
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sample is placed in a special micro cell sample cell desi-
gned by ourselves. The cell sample cell combines with 
thermostat, constant temperature circulating water sup-
ply, constant gas circulation supply and pipette dosing 
pump device to achieve the functions of cell sample 
maintenance, constant temperature, constant gas content 
and culture medium perfusion. During the experiment, 
the physiological environment of red blood cells was set 
as follows:

Change of pH value: adjust the pH value of red blood 
cell suspension to 5.6, 6.2, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8, 
8.0, 9.0, prepare one sample for each pH value.

Change of temperature: take the sample with pH 7.4, 
adjust the temperature of the microcell culture pool to 
change the temperature environment of the normal red 
blood cells through constant temperature circulating 
water supply, and set the temperature every 2℃ in the 
range of 33-43℃ continuous temperature rise.

Change of oxygen partial pressure: for the sample at 
pH 7.4 and 37℃, CO2 gas is continuously introduced 
into the microcell culture cell for 30 min, and the oxygen 
partial pressure is changed to make Hb deoxidize. Two 
states of oxygenation (air > 95%, CO2 < 5%) and deoxy-
genation (CO2 > 95%, air < 5%) were set.

Change of osmotic pressure: for the sample at pH 
7.4 and 37℃, add different amounts of water and 0.3 
mol·L-1 NaCl into the red blood cell culture medium to 
change the osmotic pressure. The set osmotic pressure 
is 438, 618, 711, 742, 798, 948, 1139 Pa.

Under the inverted microscope of AFM, the light 
beam of the tungsten-halogen stabilized current source 
(100 W) of the microscope passes through the aperture 
1 with an adjustable aperture size, and then it is focused 
on the sample by the lens. The transmitted light of the 
sample collected by the objective lens passes through 
the intermediate relay lens and then enters the spectros-
cope through the detection diaphragm 2. The spectros-
cope consists of a reflection grating, which spreads the 
spectrum on the sensitive pixel of the CCD detector. 
The system software is compiled by the Boland Delphi5 
software development system and runs under the multi-
task operating system of Microsoft Windows 2000/98/
NT. The virtual device driver technology is used to rea-
lize the computer control and data acquisition of CCD 
hardware system. The collected signal data is filtered/
corrected by the computer.

During measurement, the sample is placed in a spe-
cial sample tank, and the sample temperature is kept at 
37℃. Adjust the diaphragm 1 so that the incident spot 
diameter is about 10 μL, and only one red blood cell 
is irradiated at a time. With 40× objective lens and 0.2 
mm diaphragm 2 diameter, considering the intermediate 
relay lens (2×), the actual detection micro area diame-
ter is 2.5 μm, then the internal wake-up absorbance of 
single red blood cell (normal diameter is about 7 μm) 
can be measured. Adjust the microscope, select a local 
area of a single red blood cell, set the appropriate CCD 
integration time, and measure. The light intensity ( )tI γ  
of single red blood cells, the light intensity dI  of liquid 
transmission between adjacent cells and the dark output 

dI  generated by the dark current of CCD element were 
measured respectively.

and put them into beakers A, B, C and D respectively, 
add 1.25 mL, 6.25 mL, 12.5 mL and 25 mL of gluta-
raldehyde respectively, so that the molar ratio of gluta-
raldehyde to hemoglobin is 1:1, 5:1, 10:1 and 20:1 res-
pectively. Glutaraldehydecross-linked hemoglobin was 
prepared by magnetic stirring for 2 hours.

Observation of hemoglobin morphology
The glutaraldehyde cross-linked hemoglobin solu-

tion prepared above was used to prepare samples, and 
the size and morphology of hemoglobin were observed 
by AFM.

Hemoglobin cross-linked hemoglobin peroxidase acti-
vity determination

Calibration of hydrogen peroxide concentration

Preparation of potassium permanganate solution
Weigh about 1.6 g of KMnO4 into the beaker, add 

500 mL of water, cover the watch glass, heat it to boi-
ling, keep it slightly boiling for 1h, filter it with glass 
sand core funnel after cooling to remove MnO2 impuri-
ties, and then store the solution in 500 mL brown bottle, 
which can be directly used for calibration.

Calibration of potassium permanganate solution
Weigh a certain amount of Na2C2O4 into a conical 

flask, add 40 mL of water, then add 10 mL, 3 mol/L of 
H2SO4 solution (12 mL of sulfuric acid + 63 mL of wa-
ter, namely pH2SO4=1.84 g/mL), heat to 75-85℃ (the 
temperature when the steam starts to flow), and titrate 
with KMnO4 solution to be calibrated when it is hot. 
Then the concentration of potassium permanganate is:

4
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n
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m
=
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V

×

× ×
2 4（N O） 2               {5}

Determination of H2O2 content in dioxygen water
Pipette 1.00 mL of hydrogen peroxide into a 250 

mL volumetric flask, add water to dilute and set the 
scale, shake it well, pipette 20.00 mL into a 250 mL 
conical flask, add 2-3 drops of 1 mol/L MnSO4 solution 
of 3mol/L of H2SO4 phase, titrate it with KMnO4 stan-
dard solution until it is reddish, do not fade within half 
a minute as the titration endpoint, and conduct parallel 
determination for three times. Then the content of H2O2 
is:

2 2

4

(H O ) / (g/ 100ml)
(cV)KMnO 5 34.02 100

1000 1.00 2 20.00 / 250.00

p
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=
× × ×

       {6}

2 2(H O )p  was used in laboratory = 33.16g/100mL = 
9.75 mol/L

Preparation of H2O2 solution
Measure 3.83 mL H2O2 (p = 33.16/100mL) in a 250 

mL volumetric flask with a pipette, add distilled water 
to the scale, and then 0.15M H2O2 solution is obtained.

Determination of pH, temperature, oxygen partial 
pressure and osmotic pressure

Blood samples were taken from the vein blood of 
healthy people confirmed by physical examination. The 
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Results

Morphology and size of cross-linked hemoglobin
Atomic force microscopy showed that the molecular 

size of uncross-linked hemoglobin was about 6.64 nm 
(Figure 2-1), which was similar to the result of X-ray 
diffraction; it was the image with the molar ratio of glu-
taraldehyde to the hemoglobin of 1:1, and the particle 
size of uncross-linked hemoglobin was similar to that 
of uncross-linked hemoglobin, and the number of mole-
cules with intermolecular cross-linking was less.

The molar ratios of glutaraldehyde to hemoglobin in 
Figures 2-3, 2-4 and 2-5 are 2:1, 10:1 and 20:1, respec-
tively. When the molar ratio is 2:1, the particle size of 
cross-linked Hb is mostly kept at 20-30 nm; when the 
molar ratio is 10:1, the particle size below 30 nm ac-
counts for the majority; when the molar ratio is 20:1, the 
cross-linked molecule diameter is about 30 nm; with the 
increase of the molar ratio, the cross-linked hemoglobin 
molecular size changes little, but the number of cross-
linked molecules increases; the agglomeration of cross-
linked molecules will make the particle size of some Hb 
molecules increase during the crosslinking process up 
to 80-100 nm.

With the increase of the molar ratio of glutaraldehyde 
to hemoglobin, the probability of binding between gluta-
raldehyde and hemoglobin molecules increases, and the 
number of Hb molecules participating in cross-linking 
increases. The size of the observed molecules increases 
with the aggregation of the cross-linked hemoglobin 
molecules. Because each glutaraldehyde molecule can 
intelligently cross-link two hemoglobin branches, the 
diameter of the cross-linked molecules will not increase 
indefinitely, which can be verified by the observation 
results of AFM.

Determination of hemoglobin and cross-linked he-
moglobin peroxide activity

H2O2, 4-AAP and phenol (phenol) react in the ratio 
of 2:1:1 in Trinder color reaction. There was a charac-

teristic absorption peak at 505 nm. By measuring the 
absorbance of the substance at, the amount of waking 
substance generated can be calculated, thus the amount 
of H2O2 consumed can be obtained. During the reaction, 
excess of 4-AAP and phenol are allowed to fully carry 
out the reaction. When the absorbance of the generated 
wake-up is no longer increased, it can be considered that 
H2O2 completely reacts to generate wake-up substances. 
When the amount of H2O2 is not enough, the amount of 
wake-up products should be directly proportional to the 
amount of H2O2 added to the reaction system. The rela-
tionship can be determined by working images. Each 
scanning point is regarded as a time mode, and absor-
bance no longer increases with time. The absorbance at 
505 nm and the corresponding amount of H2O2 added 
are as follows.

When the added H2O2 is not higher than 20 
μL, the absorbance at 500.0 nm and the amount of 
H2O2 are basically in accordance with the formula: 

0.1395 0.2849y x= − . The linear correlation coefficient 
R = 0.9989 can be obtained from 2 0.9976R = , so there 

Figure 2. Morphology and size change of cross-linked hemoglo-
bin.

V(H2O2) (μl) Absorption
10 1.148
15 1.852
20 2.521
25 3.295
30 3.985
35 4.225
40 4.877

Table 1. Relationship between the Absorption 
of product and the Amount of H2O2.

Figure 3. UV-Vs spectrum of Trinder reaction catalyzed by hemo-
globin [phenlo) = 1.12 mM; (25℃) [H2O2) = 0.125 mM; 0.250 
mM; 0.375 mM; 0.500 mM; 0.625 mM; 0.750 mM; [4-AAP) = 
1.00 mM.

Figure 4. Work curve of H2O2 by Table 1.
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is a linear relationship between absorbance and H2O2 at 
a lower concentration. The reaction rate of H2O2 can be 
calculated from the change rate of absorption intensity. 
The molar absorption coefficient of the Quinone pro-
ducts absorbed by light is calculated as follows:

3 1 1
3

0 650 5 20 10
1 0 125 10

A . . L mol cm
bc .

− −
−∂ = = = × ⋅ ⋅

× ×
     {7}

The effect of pH on the absorption spectrum of Hb
There are characteristic absorption peaks near 550 

nm (α value) and 589 nm (β value) of hemoglobin solu-
tion in human erythrocytes. The height of absorption 
peak is not only related to the concentration of hemo-
globin solution in erythrocytes but also related to the 
physical and chemical properties of hemoglobin (such 
as solubility, stability, oxidation state, etc.), and the 
position of absorption peak is related to the oxygen-
carrying condition of hemoglobin.

When the pH value of the medium is low, the vo-
lume of the cell expands due to water absorption and 
the concentration of hemoglobin decreases accordingly. 
Therefore, the height of the characteristic absorption 
peaks at 550 nm and 589 nm is very low at low pH (see 
Table 2 and Figure 5). There is a significant difference 
between the two absorption peaks of hemoglobin with 
pH value between 5.6 and 7.2 and those with pH va-
lue equal to 7.4. However, there is no simple inverse 
relationship between the two absorption peak heights 
of hemoglobin and the change of RBC volume (i.e. the 
corresponding hemoglobin concentration change). In 
addition, when the pH value is equal to 5.6, the peaks 
of α and β shift from 550 nm-587 nm to 548 nm-585 
nm when the pH value is equal to 7.4. This also shows 
that the decrease of hemoglobin absorption peak is 
the change of hemoglobin configuration caused by the 
decrease of hemoglobin concentration. First of all, the 
decrease of pH value of medium results in the decrease 
of RBC deformability, the change of hemoglobin confi-
guration, the decrease of absorption peak height and the 
left shift of α and β peaks. When the pH value is equal 
to 7.6, the peaks of α and β do not shift to the left (Table 
2), and the oxygen-carrying capacity of hemoglobin 
almost does not decline. The value of the increase of 
hemoglobin absorption peak caused by the increase of 
hemoglobin concentration in red blood cells exceeds the 
value of the decrease of absorption peak caused by the 
decrease of hemoglobin oxygen-carrying capacity. The-

refore, when the pH value is equal to 7.6, the absorption 
peak of hemoglobin is slightly higher than that when the 
pH value is equal to 7.4 (Table 2). When the pH value 
is equal to 7.8 and 8.0, the peaks of α and β shift 1-2 nm 
to the left (Table 2), and the oxygen-carrying capacity 
of hemoglobin decreases to some extent. The increase 
of absorption peak due to the increase of hemoglobin 
concentration is not enough to offset the decrease of 
oxygen-carrying capacity, so it is slightly lower than the 
absorption peak when pH value is equal to 7.4. From pH 
value equal to 7.4 to pH value equal to 8.0, there is no 
significant difference between the two absorption peaks 
of α and β of hemoglobin. When pH value equal to 9.0, 
the two absorption peaks drop sharply to 0.098 and 
0.102 respectively, and there is a significant difference 
compared with pH value equal to 7.4 (see table 2). Due 
to the disturbance of the interaction between the cytos-
keleton and lipid bilayer of the RBC membrane at high 
medium pH (e.g. 9.0), the vesiculation is caused. Some 
phospholipids on lipid bilayer contain some intracellular 
fluids (mainly hemoglobin solution), forming one and 
several microvesicles with a diameter of about 0.15-0.5 
μm, which fall off from the mother cell, resulting in the 
decrease of hemoglobin concentration. In addition, with 
the increase of pH value of the medium, the intracellular 
hemoglobin interacts with the phospholipid cargo pro-
tein skeleton on the cell membrane and adheres to the 
inner side of the cell, which also reduces the hemoglo-
bin concentration in the intracellular solution. However, 
considering that the volume of red blood cells at pH 9.0 
is significantly lower than that at pH 7.4, the oxygen 
release coefficient, oxygen partial pressure and the bin-
ding capacity of hemoglobin and O2 are reduced. Se-
condly, under the condition of low pH value, H+ enters 
into the red blood cell and combines with the negatively 

αPeak βPeak
pH Location(nm) Absorbance Location(nm) Absorbance
5.6 550 0.055 585 0.078
6.2 550 0.025 585 0.069
6.8 550 0.038 585 0.086
7.0 550 0.061 585 0.095
7.2 548 0.071 589 0.158
7.4 550 0.125 587 0.198
7.6 550 0.156 589 0.201
7.8 549 0.125 589 0.185
8.0 549 0.108 589 0.156
9.0 548 0.098 585 0.102

Table 2. pH value of different media human red blood cells.

Figure 5. The pH value of different media human red blood cells.
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charged hemoglobin molecule to shift the balance of Hb 
+ H+ = Hb-H+ to the right, reduce the zeta potential 
of hemoglobin and the stability of hemoglobin, cause 
the aggregation and precipitation of hemoglobin in the 
red blood cell, reduce the stability of hemoglobin, cause 
the aggregation and precipitation of hemoglobin in the 
red blood cell, and reduce the oxygen-carrying capacity 
of hemoglobin. Thirdly, when the pH value is equal to 
7.4, the formation rate of metal hemoglobin (met Hb) is 
inhibited. When the pH value is greater than or less than 
7.4, the formation rate of met Hb is accelerated, and the 
formation of oxygen and hemoglobin is also reduced.

When the pH value of the medium is greater than 
7.4, on the one hand, the volume of red blood cells will 
shrink due to water loss, and the concentration of he-
moglobin in the cells will increase, which will increase 
the absorption peak height of hemoglobin; on the other 
hand, with the increase of pH value, the deformabi-
lity of red blood cells will decrease, and the oxygen-
carrying capacity of hemoglobin will be smaller, so the 
concentration of hemoglobin should not be too small. 
Therefore, the main reason for the sharp decrease of 
the absorption peak height is obviously not the change 
of hemoglobin concentration, but the decrease of its 
oxygen-carrying capacity. It can be seen from Table 2 
and Figure 5 that when the pH value is equal to 9.0, the 
α and β peaks move left to 548 nm and 585 nm respecti-
vely, which is equivalent to the absorption peak position 
when the pH value of the medium is equal to 7.2.

The function of hemoglobin and band 3 protein on 
the RBC membrane may be the reason why the absorp-
tion peak is higher than that at low pH value when pH 
value is equal to 9.0. In a neutral or acid medium (pH 
value is equal to 5.6-7.2), hemoglobin in RBC has a 
higher affinity with band 3 protein, and the lower the 
pH value of the medium, the greater the affinity, the clo-
ser the binding, and the adhesion to band 3 protein site 
on the surface of the bimolecular membrane, the more 
hemoglobin molecules there are. With the increase of 
pH value, the configuration of the band-3 protein he-
moglobin complex began to change. The smaller the 
binding force between band-3 protein and hemoglobin 
molecule, the hemoglobin gradually separated from the 
band-3 protein. When the pH value is equal to 7.0, the 
binding force between hemoglobin and band 3 protein 
is very small; when the pH value is ≥ 8.0, there is no 
binding force between hemoglobin and band 3 protein 
at all, so the hemoglobin molecules binding with band 
3 protein are all separated. Therefore, when the pH 
value is equal to 9.0, the hemoglobin concentration in 
red blood cells is high when the swing arm is neutral or 
acidic so that the hemoglobin absorption peak when the 
pH value is equal to 9.0 is higher than the hemoglobin 
absorption peak when the pH value is less than 7.5.

In this experiment, the structure and function para-
meters of substances in red blood cells of athletes were 
measured without disturbance, in place and in real-time. 
In particular, the changes in hemoglobin molecular 
structure and oxygen-carrying capacity of athletes' red 
blood cells with medium pH values were reported for 
the first time. It not only provides an important expe-
rimental basis for biomedical research but also further 
proves that the new micro multi-channel spectrophoto-
metry technology is a powerful tool to study the struc-

ture and function of a single living cell.

The influence of temperature on the absorption spec-
trum of Hb

Figure 6 is the least square fitting result of Hb mo-
lecule A550 and A550 when the temperature changes 
continuously from 30℃ to 55℃. With the increase of 
temperature, the peak height of the Hb absorption spec-
trum of normal red blood cells at 550 and 589 nm de-
creased gradually, the concentration of Hb in the cells 
decreased, the amount of Hb oxygen-binding decreased, 
and the function of oxygen delivery weakened. There-
fore, there was a negative correlation between tempe-
rature and oxygen affinity. Figure 7 shows that at 43℃, 
610 nm peak shape has obvious change, indicating that 
the molecular structure of Hb has changed.

The influence of oxygen partial pressure on the ab-
sorption spectrum of Hb

Figure 8 shows the absorption spectra of Hb in oxy-
genation and deoxygenation. The absorption spectrum 
curve of deoxygenation basically disappeared at 500nm, 
the amount of Hb oxygen binding was very low, and the 
oxygen content in cells was very little. This was because 

Figure 6. Absorbance variation with T.

Figure 8. The absorption spectrum of intracellular Hb of oxygena-
ted and deoxygenated states.

Figure 7. The absorption spectrum of intracellular Hb at different 
temperatures.
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the reaction of CO2 and α-amino group in Hb formed a 
salt bond, which made Hb stable in the deoxygenation 
conformation, thus reducing the affinity for oxygen and 
the concentration of HbO2.

The Influence of osmotic pressure on the absorption 
spectrum of Hb

Figure 9 shows the fitting results of the least square 
method for the solubilized osmotic concentration (π) of 
HB molecule A550 and A589 with the change of os-
motic pressure from 160 to 560 mmol·L-1. On the other 
hand, the concentration of Hb is one of the important 
factors that affect the viscosity of RBC. The internal 
viscosity increases exponentially with the increase of 
Hb concentration. The increase of the internal viscosity 
reduces the diffusion speed of Hb convection and O2, 
which leads to a decrease in the oxygen transport func-
tion of RBC. At the same time, a large amount of H+ 
outside the membrane enters into the cell, which stabi-
lizes the deoxidation conformation of the Hb molecule 
and reduces the affinity for oxygen by affecting the salt 
bond inside Hb molecule.

Discussion

Compared with an electron microscope, AFM has 
many advantages: for example, sample preparation is 
simple, sample conductivity can be suitable for the ins-
trument; the operating environment is not limited, that 
is, it can be carried out in vacuum or the atmosphere, and 
the surface roughness value of the measured area can be 
calculated (13). Since the first atomic force microscope 
came out in the 1980s, its resolution and stability have 
been greatly improved, and its application range is wide 
(14). In addition, there are some other techniques to de-
tect the hemoglobin in blood components (15, 16, 17, 
18). Here, the morphology and size of hemoglobin and 
cross-linked hemoglobin were studied by AFM. The size 
of the uncross-linked hemoglobin was 6.64 nm, which 
was close to the reported value in the literature. When 
the molar ratio of glutaraldehyde to hemoglobin was 
less than 1, the hemoglobin was mainly intra-molecular 
cross-linked, and the cross-linked blood-red egg was not 
easy to occur when the molar ratio was greater than 1 In 
the process of cross-linking, the aggregation of cross-
linked molecules will make the particle size of some 
Hb molecules reach about 80 nm. The results showed 
that the specific activity of cross-linked Hb decreased 
with the increase of the molar ratio of glutaraldehyde to 
Hb. However, when the molar ratio of glutaraldehyde to 
hemoglobin is 20:1, the specific activity of peroxidase 
of cross-linked hemoglobin can still reach more than 
80% of that of uncross-linked hemoglobin; the cyclic 

voltammogram of hemoglobin has good symmetry, 
which shows that the conversion between Fe3+ and Fe2+ 
is reversible, and the activity of hemoglobin may also 
be related to the conversion between Fe3+ and Fe2+. At 
the same time, pH, temperature, oxygen partial pressure 
and osmotic pressure are all important factors affecting 
the molecular structure and function of Hb (19). Com-
pared with pH values of 7.4, 9.0 and 5.5 respectively, 
when pH value is equal to 9.0, α and β peaks move left 
to 548 nm and 585 nm respectively, which is the same 
as the absorption peak position when pH value is equal 
to 7.2. The peak height, peak position and peak shape 
of hemoglobin absorption spectrum image at 550-589 
nm have different processes change of degree. When the 
temperature changes continuously from 30℃ to 55℃, 
the least square fitting results of the change of Hb mo-
lecules A550 and A589 show that with the increase of 
temperature, the peak height at 550 and 589 nm of Hb 
absorption spectrum of normal red blood cells gradually 
decreases, the concentration of Hb in cells decreases, 
the amount of HB oxygen-binding decreases, and the 
function of oxygen delivery weakens; the salt bond is 
formed by the reaction of CO2 with an α-amino group 
in Hb, which makes Hb stable in the deoxygenation 
conformation, thus reducing the effect of The concen-
tration of HbO2 decreased with the decrease of oxygen 
affinity, and the peak of absorption spectrum disappea-
red at 500 nm. The amount of HbO2 binding was very 
low, and the oxygen content in cells was very small. The 
results of the least-square fitting of the concentration of 
A550 and A589 of Hb molecules with the change of 
osmotic pressure (π) were from 160 to 560 mmol·L-1. 
With the increase in the concentration of Hb, the inter-
nal viscosity increased exponentially. The increase of 
the internal viscosity decreased the diffusion rate of Hb 
convection and O2. It can be seen that hemoglobin can 
measure various indexes of athletes' physical function 
and play an important role in athletes' physical function 
(20, 21). In addition to the subject matter, imaging have 
been widely used in many other subjects (22-40).

Atomic force microscopy (AFM) is an advanced 
technology for rapid and accurate qualitative, quan-
titative or local location analysis of cell components 
at the level of complete cells. It advances qualitative 
cytochemical methods to the research scope of digital 
local quantitative. AFM studies the size of cross-linked 
hemoglobin. When the molar ratio of glutaraldehyde 
to hemoglobin is less than 1, the hemoglobin is mainly 
intra-molecular cross-linked; when the molar ratio is 
greater than 2, with the increase of the molar ratio, the 
molecular particle size changes little, but the number of 
cross-linked molecules increases; during the process of 
crosslinking, the agglomeration of cross-linked mole-
cules will make the particle size of some Hb molecules 
increase. The results of AFM showed that when the pH, 
temperature, oxygen partial pressure and osmotic pres-
sure of RBC changed, the height, position and shape of 
the characteristic absorption peaks at 550 and 589 nm 
changed in varying degrees, which indicated that the 
change of physiological environment causes the change 
of molecular concentration and molecular structure of 
hemoglobin (Hb). The abnormal structure of oxygen 
delivery volume affects its oxygen affinity, which has 
important guiding significance for clinical diagnosis 

Figure 9. Absorbance variations with osmotic pressure.
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and treatment. Therefore, the absorption spectrum curve 
of hemoglobin can be effectively observed by AFM to 
measure the physical function of athletes.
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