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Abstract
Molecular weight will not only affect cytotoxicity, viscosity and other basic properties of molecules in physical and chemical fields, but also influence its efficiency of 
drug delivery in nanomaterial fields. It is of great importance to measure the molecular weight of a substance. In this study, we proposed a new method to directly 
determine the molecular weights of polymers with linear and repeated molecular structures. An empirical molecular weight formula of * /o n oM M L L=  is the basic 
knowledge of this new method. The parameters of the repeated molecular unit weight (Mo) and (Lo) can be calculated according to the polymer’s molecular formula. 
If the individual molecule length of Ln  can be measured with the instrument of Atomic Force Microscopy (AFM), the molecular weight of W can be obtained with 
the parameters of Ln, Mo and Lo according to the formula of * /o n oM M L L= . Chitosan with different molecular weights were chosen to value our new proposed 
method. Our results imply that the molecular weight of chitosan obtained with the new method is reasonable. Moreover, the distributions of molecular weight and 
molecular lengths can also be acquired at the same time with this novel method. 

Introduction
 Molecular weight (MW),   the  mass  of one mole of a substance, 

decides not only the basic properties of molecules (such as 
conformation [1], solubility, viscosity [2] and cytotoxicity [3]),  but 
also the formations and strengths of their hydrogels of the molecules 
[1], and even the releasing rates of drugs carried by the molecules [4]. 
To obtain this basic information of molecules, people calculate the 
molecular weight with molecular formula. But this method is invalid to 
determine the molecular weight of polymers since they are polydisperse 
(consisting of species with different molecular weight), then some 
techniques were invented to determine the molecular weight of 
polymer. The common used methods include the technique of intrinsic 
viscosity method [5,6] depended on the Mark-Houwink and thermal 
coefficients, light scattering method with a light beam scattered by fluid 
and into a detector [7], size-exclusion chromatography (SEC) method 
which is independent of elution position, sedimentation analysis 
[8,9] based on the assumption of validity of the first and second 
laws of thermodynamics, and also Gel permeation chromatography 
method(GPC) [10,11] used to determine the polydispersity index 
and the viscosity molecular weight of polymer. Another method has 
been reported to calculate the molecular weight with the techniques 
of Langmur-Blodget [12] and Atomic Force Microscopy (AFM) [13], 
where the solution concentration, the volume, transfer area and some 
other parameters are needed.

In this study, we proposed a simple novel method which can be 
used to determine the molecular weight of some linear molecules of 
polymer directly, which means the molecular weight could be obtained 
without some empirical parameters. As a successful example, the 
molecular weights of three kinds of chitosan were measured with the 
imaging function of AFM, and it was found that the molecular weight 
obtained in our experiment agreed well with that got by former method 
of Gel Permeation Chromatography [14] as expected.

Principle and Method
The principle of this novel directly determining the molecular 

weight method based on the knowledge of the empirical formula of
* /o n oM M L L= , where M is the relative molecular weight, Ln length is 

the length of an individual filament, Lo is the length of a monomer or 
a repeating unit of the polymer and Mo is the molecular weight of the 
monomer or the repeating unit. Since Lo and Mo can be calculated from 
the molecular formula of the polymer, the relative molecular weight M 
can be calculated if you get the length value of Ln.                  

To get the data of Ln, four steps of work should be done in this novel 
method of directly determining the molecular weight. 1) Prepare some 
samples with filament structure of polymer on substrate. In order to get 
the filament structure of polymer, a solution of certain concentration 
should be prepared (the concentration should be low enough to form 
filament structure of the polymer) first, then drop several micro litter 
of the solution on substrate surface and dry it if you wish to image it 
in air. 2) Image the filament structure with AFM. As an analyses tool, 
imaging is the basic function of AFM. One can select tapping mode, 
magnetic mode or contact mode to obtain the topography images of 
the polymer filaments in air or in liquid. Generally speaking, the more 
filaments you get, the more precise molecular weight you will obtain. 
3) Measure the length (Ln) of all the filaments. Some software can be 
used to help you to measure the length of the filaments, example as 
the commercial software of Scanning Probe Image Processor or other 
software supported by the manufactures of AFM. Statistical length 

Correspondence to: Dr. Bo Liu, Institute of Photo-biophysics, , School of Physics 
and Electronic, Henan University, Kaifeng, Henan, 475004, P.R. China; Tel: 086-
15938503925; Fax: 086-371-3881602; E-mail: boliu@henu.edu.cn 

Key words: molecular weight, AFM, molecular weight distribution, molecular 
length, chitosan

Received: May 01, 2016; Accepted: May 10, 2016; Published: May 13, 2016

http://pubs.acs.org/doi/abs/10.1021/i360029a008
https://en.wikipedia.org/wiki/Polydispersity_index


Zhang H (2016) Directly determining the molecular weight of chitosan with atomic force microscopy

 Volume 2(3): 123-127Front Nanosci Nanotech, 2016         doi: 10.15761/FNN.1000121

values including the length distribution of the filaments can also be 
calculated with the data of individual length values. 4) Calculate relative 
molecular weight (W) of the polymer with the empirical formula 
of M=Mo*Ln/Lo. Since the unit molecular weight of Mo and the unit 
molecular length of Lo can be obtained from the molecular formula of 
the polymer as introduced in the beginning of the principle, the relative 
molecular weight W is easy to be calculated out. With the relative 
molecular weight W of every filament, the statistical molecular weight 
values including the molecular weight distribution of the filaments can 
be obtained. 

Experimental section 
Chitosan: Chitin is mainly extracted from the skeletal materials 

of crustaceans by acid treatment [15, 16]. chitosan, the fully or 
partially  N-deacetylated derivative of chitin with a typical degree of 
acetylation of less than 0.35 [17], is known to consist of 2-acetamido-2-
deoxy-β-D-glucose through a linkage of β(1→4). The high percentage of 
nitrogen (6.89%) makes chitin and chitosan are of commercial interest 
[18]. Chitosan is highly hydrophobic and is insoluble in water and 
most organic solvents, but it is soluble in dilute acids [17], exampled 
as acetic acid and formic acid aqueous solutions. This natural polymer 
have much more better properties than that of synthetic polymers 
materials [17], such as biocompatibility, biodegradability, non-toxicity, 
adsorption properties, etc. These excellent properties made chitin and 
chitosan not only as absorbable sutures, wound-dressing materials in 
medical field, but also as materials for wastewater treatment in water 
engineering [18,19], which has appealed much more enthusiasms of 
researchers. 

Chitosan is a natural cationic polysaccharide with a large 
molecular weight range. Materials with different molecular weight of 
chitosan have different properties, Such as the antibacterial properties, 
permeation resistance [20,21], the rate of drug loading and releasing 
[22], drug delivery efficiency [23], pollutant removal properties [24]. So 
the measurement of chitosan molecular weight is of great importance. 
The repeated molecular structure of chitosan makes it possible for us 
to put forward this novel method to directly determine its molecular 
weight. The structure of chitosan includes the acetylated part and 
the deacetylated part, and a molecular structure of chitosan repeated 
monomer unit is exhibited in Figure 2. Where the left part is β-(1−4)-
linked 2-amino-2-deoxy-D-glucopyranose unit representing the degree 
of acetylation (DA) of chitosan, and the right is the deacetylated result 
of the left part representing the degree of deacetylation (DD, DD can be 

measured the method of first derivative ultraviolet spectrophotometry 
[25,26] ). The relative molecular weight of the left part and right part of 
chitosan repeated monomer are 203.2 and 161.2 respectively [27], then 
the average molecular weight (Mo) of the monomer was calculated by 
the formula of 161.2 (DD) + 203.2 (1-DD). The length of a monomer 
chitosan unit has been reported as about 0.52 nm [27]. Considering the 
formula of M=Mo*Ln/Lo, the individual filament length of Ln is needed 
to calculate the molecular weight of chitosan. From the experimental 
point of view, chitosan molecules can be exhibited in some filaments or 
fibers form(elongated single strands) [28], then the individual length of 
the filament Ln can be measured if we got the topography image of it. 

Materials and processing
Chitosan samples were all prepared from the Chitopharm® product 

provided by Cognis Deutschland GmbH & Co. (Düsseldorf, Germany). 
The low molecular weight of chitosan was obtained by treating the 
Chitopharm® product in two steps, the first step is treating the product 
with nitrous acid [29] to depolymerize first, and the second step is 
treating the product with acetic acid anhydride [30] to increase the 
Degree of Deacetylation (DD). Two kinds of chitosan samples were 
selected in our experiment, they are chitosan of high molecular weight 
(H-CS: MW = 126.2 kDa, DD = 84%) and chitosan of low molecular 
weight (L-CS: MW = 69.8 kDa, DD = 78%). The MW of all samples 
was verified by GPC using dextran standards. The DD of all samples 
was verified by first derivative ultraviolet spectrophotometry [25,26]. 
Acetic acid used in this experiment was purchased from HaoHua 
corporations, China. The purity of the acetic acid is 99.5 in percent. 
Sodium hydroxide with the purity of 96 in percent was purchased 
from Kermel Corporations, China. Deioned water with resistivity of 
18.23 MΩ·cm was produced using GT-8L ion exchange system (LeiCi 
corporations). All substrates used in experiment were mica with 
freshly-cleaved surface (Ted Pella, Inc.).

Sample preparation
The same methods for samples preparation of H-CS and L-CS are 

described as follows: The aqueous solutions of 0.2 M CH3COOH/0.1M 
CH3COONa was prepared as the solvent of chitosan, and then 
adjusted to a pH value of 4.6 with sodium hydroxide and acetic acid 
aqueous solution. Chitosan was dissolved in the solvent to prepare 0.2 
g/L chitosan solution. After 3 hours magnetic stirring, the chitosan 
solution was diluted to 0.0005 g/L by three steps. The first step was to 
drop 100 µL 0.2 g/L chitosan solution into 900 µL acetic acid aqueous 
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     1)                          2)                                 3)                                                          4) 
Figure 1. Principle of the novel method, and here are four steps in the new method. 1) Low concentration of sample solution should be prepared, and then dropping some solution on a 
substrate with smooth surface to prepare samples, 2) Imaging the sample with AFM in air or in liquid to acquiring the topography images of the sample on substrate, 3) Measuring the lengths 
of the filaments in the AFM topography images and analyzing them. The black curve is the fitting curve of the length data. 4) Calculating the molecular weight of sample with an empirical 
formula. The black curve is the fitting curve of the molecular weight data. 
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solution, and 5 minutes mechanical shaking to get the 0.02 g/L chitosan 
solution. The second step was similar to that of the first step, that is 
to say, we put 100 µL0.02 g/L chitosan solution into 900 µL acetic 
acid aqueous solution, and mechanical stirred it for 5 minutes to get 
the 0.002 g/L chitosan solution. The third diluted step was add 250 
µL0.002 g/L chitosan solution to 750 µL acetic acid aqueous solution, 
and 5 minutes mechanical stirring to get the 0.00005 g/L chitosan 
solution. This low concentration ensured that some filaments structure 
of chitosan can be founded on substrate. The last step to prepare 
the chitosan sample before AFM imaging was to drop 10 μL 0.0005 
g/L the new prepared chitosan solution on a freshly cleaved mica 
substrate immediately and air-dried 30-60 minutes. The reason why 
we dropping the chitosan solution on a mica surface immediately after 
the solution preparation is that there is no time for chitosan molecules 
to assemble into longer filaments or other structures. That is to say, 
our experiments ensured that the measured molecular lengths are their 
original data of the chitosan molecules before their self-assembling 
process. All experiments were carried out in grade 1,000 ultra-clean 
room condition at room temperature.

Measurements
The AFM images of morphologies for all chitosan samples were 

collected using a commercial AFM (Solver p47-h, NT-MDT, Moscow, 
Russia) with a scanner of 7130. AFM probe of RTESP-300 (Veeco, 
U.S.A) with rectangular cantilevers (spring constant (k) is about 40 N/m 
and tip curvature radius is about 8 nm) was used. Tapping mode (TM-
AFM) was performed in air conditions with resonant frequency about 
300 kHz and scanning frequencies of 1-2 Hz. Feedback parameters 
were optimized to ensure acquiring good image with minimal loading 
forces from the probe tip to the chitosan sample surface. AFM images 
with 512×512 pixels were obtained at different sample positions to 

acquire more filaments nanostructures of chitosan sample. In the end, 
all the acquired AFM topography images were analyzed and the lengths 
of the filaments were measured with the commercial software named 
Scanning Probe Image Processor (SPIPTM) (Image Metrology ApS, 
version 5.13, Lyngby, Denmark). All of the experiments were carried 
out at room temperature with the relative humidity ranged from 15% 
to 45%.

Results and discussions
Figure 3a shows a typical AFM topography image of H-CS chitosan 

in the form of filaments on mica surface obtained in our experiment, 
where the filaments of chitosan are in different lengths and shapes. 
All the filaments are not twinned with each other due to the low 
concentration of the chitosan solution used, which is beneficial to 
measuring the length of every individual filament. 114 filaments were 
measured and the lengths of them are distributed in figure 3b. When 
the individual length value of chitosan filament LnH and the parameters 
of monomer H-CS (length of Lo (0.52 nm) and molecular weight MoH 
(161.2×0.84+203.2×0.16 DA) were considered, the molecular weight 
of H-CS can be calculated with the formula of * /oH nH oM M L L= . The 
calculated molecular weights of H-CS are described in figure 3c, and 
the peak value (MC-H) of their Gaussian fit curve is 109.590 ± 36.299 
kDa. Comparing with the result (MH=126.2 kDa) from traditional 
measuring method of GPC, The range of MC-H includes the value of MH. 
The reasons why the molecular weight of chitosan acquired from two 
methods are not exactly equal to each other maybe lie in three main 
facts. The first one is that the DD value measured with first derivative 
ultraviolet spectrophotometry [25,26] might not exactly equal to 
its real value since different methods have different influence on the 
results of DD values [26]. The second reason maybe that the value of 
Lo estimated from the structure of chitosan molecular is not exactly 
equal to the monomer molecular length value used in the experimental 
section of AFM measurement due to the influences from thermal 
or other environmental parameters. The third reason could be that 
the sampling numbers of chitosan filaments are not enough to get a 
more accurate value of chitosan molecular weight. We thought it was 
acceptable for our measured chitosan molecular weight result since its 
range included the value of MH. In this sense, we concluded that MC-H 
was in agreement with MH, and that is to say, our new proposed method 
to directly determine the molecular weight of chitosan is reasonable.

 Besides the molecular weight of chitosan can be obtained, the 
distributions of the molecular lengths and weights can also be acquired 
during the same experiment with this novel method. The statistical 
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Figure 2. Molecular structure of chitosan repeated monomer unit, and this monomer 
structure of chitosan includes the acetylated (DA) part and the deacetylated (DD) part. 
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Figure 3. Experimental results of H-CS and the statistical data of H-CS molecules. a) Typical topography images of individual H-CS molecules (with the scanning area of 2,650 nm × 2,080 
nm), where the molecules are in the shape of separated filaments. b) Statistical distribution of the lengths of chitosan filaments versus their percentages. The black curve is the Gaussian fit 
curve, and the peak value of the Gaussian curve is 342.1 ± 128.3 nm. c) Statistical distribution of the molecular weights of chitosan versus their percentages. The black curve is the Gaussian 
fit curve, and the peak value of the Gaussian curve is 109.590 ± 36.299 kDa.
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data in figure 3b show that the lengths of the filaments (Ln) range from 
100 nm to 1.2 µm, and the peak value of their Gaussian fit curve of 
the filaments lengths is 342.1 ± 128.3 nm. About 70% of the filaments’ 
lengths are in the range of 200 nm to 500 nm. Figure 3c shows the 
distribution of H-CS molecular weight, where more than 70% of the 
chitosan molecules’ weights range from 60 kDa to 150 kDa with the 
maximum range of 20-300 kDa. 

In order to verify our new method, the lower molecular weight of 
chitosan (L-CS, ML = 69.8 KDa, DD = 87%) was used to carry out the 
same experiments and the same data processing method with that of 
H-CS. Figure 4 a is a typical AFM topography image of L-CS on mica 
surface, where the chitosan molecules were in the form of separated 
filaments with different shapes as expected. We selected the same 
number of L-CS filaments as that of H-CS to analyses their lengths 
and molecular weights. That is to say, the lengths of 114 filaments were 
measured and analyzed in figure 4 b. The individual length value of L-CS 
filament Ln, the length of monomer L-CS (Lo = 0.52 nm), and molecular 
weight MoL (161.2×0.78+203.2×0.22 DA) were used to calculate the 
molecular weight of H-CS with the formula of * /oH nH oM M L L= .The 
calculated molecular weights of H-CS are described in figure 4c, and 
the peak value (MC-L) of their Gaussian fit curve is 63.659 ± 20.102 
kDa. Comparing with the result (ML = 69.8 kDa) from the traditional 
method of GPC, the range of MC-L includes the value of ML. So it can 
be said that our determined value of MC-L agrees well with that of 
ML, even if these calculated molecular weights of chitosan acquired 
from two methods are not exactly equal to each other. The reasons 
for the difference between MC-L and ML maybe the same with that of 
the difference between MC-H and MH, which means that the value of 
DD, Lo and the sampling numbers of chitosan filaments will lead to 
the deviation between MC-L and ML. We thought it was reasonable for 
our measured chitosan molecular weight result of MC-L since its range 
included the value of ML.

Moreover, the lengths of the L-CS filaments range from 50 nm 
to 650 nm according to figure 4b, and about 80% of them belong to 
a small range of 100 nm to 300 nm. The average length of the L-CS 
filaments is 185.0 ± 79.3 nm. The statistical data of molecular weight 
were illustrated in figure 4c, where the molecular weights of the L-CS 
filaments range from 0 to 205 kDa, but more than 80% of the filaments 
are in the range of 25 kDa to 100 kDa. 
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            a)                     b)                             c) 
Figure 4. Experimental results of L-CS and the statistical data of L-CS molecules. a) Typical topography images of individual L-CS molecules (with the scanning area of 2,650 nm × 
2,080 nm), where the molecules are in the shape of separated filaments. The black curve is the Gaussian fit curve, and the peak value of the Gaussian curve is 185.0 ± 79.3 nm. c) Statisti-
cal distribution of the molecular weights of chitosan versus their percentages. The black curve is the Gaussian fit curve, and the peak value of the Gaussian curve is 63.659 ± 20.102 kDa.

Conclusions
We proposed a new method to directly determine the molecular 

weight of polymer with linear molecular structure and repeated units. 
The principle of the novel method was introduced firstly in this study, 
and then two kinds of chitosan with different molecular weights 
and DD were used to exam the reliability of this new method. The 
calculated molecular weights acquired from this method tell us that not 
only the range of MC-H includes the molecular weight of MH obtained 
from a traditional measuring method of GPC, but also the range of 
MC-L includes the molecular weight of ML obtained from the method 
of GPC. The agreements of MC-H with MH, and MC-L with ML made us 
drawing the conclusion that our new proposed method can be used 
to directly determine the molecular weight of chitosan. Moreover, the 
AFM topography images and the distributions of chitosan can also be 
obtained during once experiment. Chitosan is only a representative 
of linear polysaccharide with repeated molecular structure, and it 
can be speculated that this new method can be used to determine the 
length, molecular weight and their distributions of all the other linear 
polysaccharide with repeated molecular structure, and even all the 
linear polymers with repeated molecular structures. Further works will 
be done to verify our prediction.  
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