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Abstract:  

 Polyion complex formation between negatively charged polysaccharide, xanthan, and 

positively charged silica nanoparticles, Ludox CL, was investigated in an acetate buffer at pH 

5.0. Appreciable precipitate was found in the composition range cx/cSiNP from 0.056 to 0.58, 

where cx and cSiNP are the mass concentrations of xanthan and silica nanoparticles, respectively.  

The sign change of the ζ potential for the mixed solutions was observed in the cx/cSiNP range.  

Significantly high scattering intensity was detected for the mixed solutions in a wider cx/cSiNP 

range, clearly showing the complex formation.  The scattering profile measured by the small-

angle X-ray scattering revealed that silica nanoparticles were packed loosely in the complex 

both when xanthan forms double helix and single chain conformations. 

 
1. Introduction 

 Xanthan is an anionic polysaccharide which forms double helical structure in a dry 

sample,[1-5] crystalline state,[6] and aqueous solution[7-9] at finite ionic strength.  It thus behaves 

as a rigid rodlike chain with the Kuhn segment length LK, a measure of the chain stiffness,[10] 

of 240 nm in 100 mM aqueous NaCl.[11]   The double helical structure deforms to the single 

chain in low ionic strength aqueous solution with raising temperature[12-15] with slow 

kinetics.[16]   

 Xanthan can interact with positively charged silica nanoparticles (SiNPs) revealed by 

rheological properties.[17]  Some applications have been considered for the SiNP-xanthan 
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complex as an oil spill dispersant[18] or a stabilizer of foam fluid[19] whereas fundamental studies 

of the complex formation is still limited.  We thus investigated intermolecular interactions of 

an alumina coated SiNP and xanthan in a buffer with low ionic strength to reveal the complex 

formation behavior of SiNP and xanthan. 

 

2. Experimental Section 

2.1. Sample and Solution Preparation 

 A xanthan sample purchased from TCI was sonicated to scission the main chain with 

keeping the double helical structure.  It was further fractionated and purified in the manner 

reported previously.[16]  The resulting sodium salt xanthan sample designated as X367k was 

characterized by using a size-exclusion chromatography with light scattering and refractive 

index detectors as in the case of our recent study.[16]  The weight-average molar mass Mw and 

the dispersity index Đ (≡ Mw / Mn, with Mn being the number average molar mass) were 

determined to be 367 kg mol−1 and 1.2, respectively.  The acetate/pyruvate ratio was 1.5 

determined from 1H NMR in our previous study.[16]  SiNPs with alumina coating, Ludox CL, 

dispersed in water (~ 30 wt%) at pH = 4.5, were purchased from Sigma Aldrich.  This SiNP has 

mean radius of 8.6 nm[20] and positive ζ potential when pH is between 4 and 8,[20, 21] but actual 

charge number is difficult to be determined.   The actual concentration cSiNP of the SiNP was 

estimated from the weight of the residue after lyophilization.    

 The X367k sample was dissolved in 10 mM acetate buffer at pH 5.0 including 10 mM 

NaCl to prepare the solution with the xanthan mass concentration 2cx, twice the concentration 

of the mixed solution. We chose the buffer instead of aqueous NaCl because the original Ludox 

CL has weak acidic pH of 4.5.  The purchased aqueous SiNP solution (~30 wt%) was diluted 

with the same buffer to obtain the solution with 2cSiNP.  The two solutions were incubated at a 

certain temperature Tmix of room temperature (~ 25 °C) or 80 °C, at which xanthan conformation 

is double helix or mostly single chain, respectively.  The solutions with the equivalent volume 
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were mixed at Tmix just before (~ 10 min) the following measurements to prepare mixed solution 

with cx and cSiNP since it is known that the complex formation for SiNP-collagen system takes 

around 10 min.[22]   

 

2.2. Electropholetic Light Scattering (ELS) 

 ELS measurement was carried out for SiNP and mixed solutions by using an Otsuka 

zeta potential analyzer ELSZ-2 to determine the ζ potential assuming the equation for the 

spherical particle.  Each measurement was examined at the temperature Tmeas = Tmix (20 °C or 

80 °C) and changed to the other temperature (80 °C or 20 °C).   

 

2.3. Circular Dichroism (CD) 

 CD measurement was examined by using a JASCO J-720WO spectropolarimeter.  

Rectangular quartz cells with the optical path length of 2 mm or 10 mm were set in a 

thermostated cell holder.  Mixed and measurement temperatures are the same as the ELS 

measurement. 

 

2.4. Static and Dynamic Light Scattering (SLS and DLS) 

 Both SLS and DLS measurements were made for the 4 times diluted solutions of that 

described in section 2.1 with an ALV/SLS/DLS-5000 light scattering photometer ranging in the 

scattering angle from 40° to 150° at 25 °C, corresponding to the magnitude q of the scattering 

vector from 0.01 to 0.03 nm−1.  Vertically polarized incident light was used from an Nd:YAG 

laser (250 mW) with the wavelength λ0 in vacuum being 532 nm.  It should be noted that the 

measurement at 80 °C was difficult with our equipment.  The excess scattering intensity Rq at 

q was determined from SLS measurements.  DLS measurements give the intensity 

autocorrelation function which was analyzed by the CONTIN method to evaluate the spectrum 
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A(RH,app) at the apparent hydrodynamic radius RH,app calculated from the relaxation time at finite 

q and concentrations by means of the Stokes–Einstein equation with the solvent viscosity and 

temperature.   

 

 

2.5. Small-angle X-ray Scattering (SAXS) 

 SAXS measurement was made for X367k, Ludox CL, and the mixed solution at the 

BL40B2 beamline in SPring-8.  The wavelength λ0 of the incident X-ray was set to be 0.1 nm.  

The scattered X-ray was detected by the PILATUS 3 2M.  The sample-to-detector length 

(camera length) was about 4 m. Silver behenate was used to determine the beam center and the 

accurate camera length.  The scattering intensity I(q) of the scattered X-ray at q was calculated 

from the 2D image with the SAngler software.[23]  The I(q) data were calibrated by the intensity 

of the direct beam measured between sample and the detector to compensate the fluctuation of 

the incident light and the transparency of the solution.  Both the solutions and the buffer were 

measured with exactly the same quartz capillary cell (2 mmφ).  The excess scattering intensity 

ΔI(q) was estimated as the difference in I(q) between the solution and the solvent. 

 

3. Results and Discussion 

 Figure 1 shows a photograph for the mixed solutions of Ludox CL and X367k in the 

buffer at room temperature in which cSiNP was set to be 0.6 mg cm−3.  Appreciable precipitant 

was found for the solutions ranging in the concentration ratio cx/cSiNP between 0.056 and 0.58.  

Precipitation is generally found for polyion complexes around the charge neutralization 

composition because excessive charge can stabilize the nano-sized complex.  Indeed, the ζ 

potential for the mixed solutions plotted against the composition cx/cSiNP in Figure 2 has positive 

values for cx/cSiNP < 0.03 and negative values for cx/cSiNP > 0.4, independent of the mixed and 

measurement temperatures (Tmix and Tmeas). 
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Figure 1. Photograph of mixed solutions of Ludox CL and xanthan in the pH 5.0 acetate 

buffer at indicated cx/cSiNP with cSiNP = 0.6 mg cm−3. 

 

 

Figure 2. cx/cSiNP dependence of the ζ-potential for the mixed solutions of X367k and Ludox 

CL in the acetate buffer at indicated mixted temperature Tmix and the measurement temperature 

Tmeas. A red dashed curve is eyeguides.  cSiNP = 0.6 mg cm−3. 

 

 To confirm the conformation of xanthan in the complex, CD spectra for xanthan with 

or without Ludox CL in the acetate buffer are compared in Figure 3.   The ordinate specific 

ellipticity [θʹ], the ellipticity divided by the optical path length and cx reflects the (side chain) 
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conformation of xanthan.  Indeed, the [θʹ] data for λ0 < 225 nm are appreciably different at the 

two measurement temperatures Tmeas, at which xanthan forms double helical structure at 20 °C 

and most components become single chain at 80 °C.[16]  It can be seen from the figure that both 

the CD spectra are completely independent of cSiNP, indicating that complex formation between 

xanthan and SiNP does not cause appreciable difference in the conformation of xanthan. 

 

Figure 3. CD spectra for xanthan in the presence of SiNP with indicated cx/cSiNP. cSiNP was set 

to be 0.6 mg cm−3. (a) Tmix = 20 °C, Tmeas = 20 °C. (b) Tmix = 20 °C, Tmeas = 80 °C. Blue dashed 

curves denote the CD spectra for xanthan without SiNP.  

 

 As mentioned above, the mixed solution of SiNP and xanthan was turbid when 0.056 < 

cx/cSiNP < 0.58.  Considering that the electrostatic attraction is the dominant force to form the 

precipitation, complex formation can be still significant with excess amount of xanthan (cx/cSiNP 

> 0.58).  Dynamic light scattering is one of the powerful methods to detect such small 

aggregates.  Typical results for the DLS measurements are therefore displayed in Figure 4 in 

which the apparent spectrum A(RH,app), which is proportional to the scattering intensity of each 

component, is plotted against the apparent hydrodynamic radius RH,app.  The bimodal peak for 

Ludox CL indicates slight number of huge aggregates of the SiNP in the buffer while the weight 

fraction of the aggregates is negligibly small.  Furthermore, the averaged apparent 
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hydrodynamic radius 𝑅𝑅H,app,s���������� for the small component (54 nm) is much larger than the average 

radius of 8.6 nm,[20] suggesting aggregates consisting in the order of 100 nanoparticles. 

Consequently, the reduced scattering intensity Rq,s for the small component estimated from Rq 

and the area ratio of the spectrum in the manner reported previously[24] are plotted in Figure 5.  

This Guinier plots has significantly large slope at low q region, showing that the radius of 

gyration Rg is larger than 100 nm, and hence, only few data points are evaluated in the Guinier 

region of q Rg < 1.3, indicating that accurate scattering intensity at q = 0 and Rg cannot be 

determined from the current light scattering data.  On the other hand, the spectra for the mixed 

solutions have mostly monomodal peak for all investigated cx/cSiNP.  Very small peak around 

20 nm can be assigned to dispersed SiNPs.  This is most likely because of the much higher 

scattering intensity of the mixed solutions as shown in Figure 5.   

 

 

Figure 4. The distribution of the apparent hydrodynamic radius A(RH,app) obtained by DLS for 

the mixed solutions of Ludox CL and X367k in the acetate buffer (cSiNP = 0.15 mg cm−3) at 

25 °C detected at the indicated scattering angle. (a) Ludox CL only, (b) cx/cSiNP = 4.1. 
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Figure 5. Guinier plots for the mixed solutions of Ludox CL and X367k at indicated in the 

acetate buffer (cSiNP = 0.15 mg cm−3) at 25 °C.   

 

Figure 6 illustrates the composition (cx/cSiNP) dependence of Rq at the lowest q of 0.0108 

nm−1 and the averaged apparent hydrodynamic radius 𝑅𝑅H,app��������  (or 𝑅𝑅H,app,s����������  for the small 

component).  The scattering intensity increases rapidly with lowering cx/cSiNP for all the mixed 

solutions.  The Rq value at the lowest q in Figure 6(a) corresponds to the molar mass in the 

range of 105 kg mol−1 assuming that all components are included in the polyion complexes and 

the resulting complexes have the differential refractive index increment of 0.1 cm3g−1.  The 

dashed red line in the panel corresponding to the molar mass of double helical xanthan is also 

much smaller than the data points.  Taking into consideration that the lowest cx/cSiNP 

investigated is still higher than those for that observing the precipitation, the downward 

curvature is consistent with the light scattering results for the polyion complex composed of 

various kinds of polycations and polyanions.[25, 26]  Similar tendency was observed for the 

𝑅𝑅H,app�������� (or 𝑅𝑅H,app,s����������)  data while they are much larger than the double helical xanthan molecules; 

the dashed line in Figure 6(b) calculated from the cylinder model[27] with the parameters by 

Sato et al. [11] 
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Figure 6. Analyzed light scattering data for (a) cx/cSiNP dependence of Rq (or Rq,s) at q = 0.0108 

nm−1 with cSiNP = 0.15 mg cm−3.  Dashed line, calculated scattering intensity from xanthan 

molecularly dispersed in the buffer.  (b) cx/cSiNP dependence of 𝑅𝑅H,app�������� (or 𝑅𝑅H,app,s����������).  Dashed 

line is the calculated values for double helical xanthan (see text). 

 

 Aggregation structure of nanoparticles can be more affectable to the scattering profiles 

in the higher q range.   The excess scattering intensity ∆𝐼𝐼SiNP(𝑞𝑞, 𝑐𝑐SiNP) for Ludox CL is plotted 

against q in Figure 7.  If we assume Ludox CL in the acetate buffer can be modeled by the 

polydisperse sphere with log-normal distribution, the form factor is written as 

 

 𝑃𝑃(𝑞𝑞) = ∫ Φ2(𝑞𝑞𝑞𝑞)𝑤𝑤(𝑞𝑞)𝑞𝑞3d𝑞𝑞∞
0

∫ 𝑤𝑤(𝑞𝑞)𝑞𝑞3d𝑞𝑞∞
0

  (1) 

 Φ(𝑥𝑥) = 3(sin𝑥𝑥−𝑥𝑥 cos𝑥𝑥)
𝑥𝑥3

  (2) 

 𝑤𝑤(𝑅𝑅) = 1
√2𝜋𝜋𝜎𝜎R𝑞𝑞

exp �− [ln(𝑞𝑞 𝑞𝑞m⁄ )]2

2𝜎𝜎R2
�  (3) 

 

where Rm and σR are the parameters of the radius dispersion.  If we choose Rm = 8.9 nm and 𝜎𝜎R 

= 0.15, the calculated P(q) multiplied by a certain constant well reproduce the experimental 



  

10 
 

data for Ludox CL in the range of q > 0.3 nm−1.  The much smaller Rm value comparing with 

RH,app indicates that scattering profile in the q range of SAXS mainly reflects the dispersed 

SiNPs.  The upward deviation of the experimental data is most likely because of the aggregation 

of Ludox CL as in the case of the above-mentioned aggregation behavior observed by SLS and 

DLS.  It should be noted that substantially the same q-dependence was observed at pH 7 (not 

shown here).  Triangles show the excess scattering intensity ∆𝐼𝐼x(𝑞𝑞, 𝑐𝑐x) of xanthan solution with 

the concentration cx. These concentrations correspond to cx/cSiNP = 8.4.  The scattering intensity 

for the xanthan at the two temperatures can be explained by the wormlike chain model as 

described in our previous report.[16]   

 

 

Figure 7. Scattering profile for Ludox CL (circles) compared with those for xanthan at 20 °C 

(blue triangles) and 80 °C (red triangles).  
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   The scattering intensity ∆𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎(𝒒𝒒, 𝒄𝒄𝑺𝑺𝒎𝒎𝑺𝑺𝑺𝑺, 𝒄𝒄𝒎𝒎) of the mixed solutions were appreciably 

stronger than the SiNPs in the low-q region.  To discuss this, we introduce the following excess 

scattering factor SE(q),  

 

 𝑆𝑆E(𝑞𝑞) = ∆𝐼𝐼mix(𝑞𝑞,𝑐𝑐SiNP,𝑐𝑐x)
∆𝐼𝐼SiNP(𝑞𝑞,𝑐𝑐SiNP)+∆𝐼𝐼x(𝑞𝑞,𝑐𝑐x)  (4) 

 

If SiNPs were dispersed in the buffer, SE(q) could reduce the structure factor.   Here, we 

estimated the scattering intensity of each component ∆𝑰𝑰𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒(𝒒𝒒, 𝒄𝒄𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒) and ∆𝑰𝑰𝐱𝐱(𝒒𝒒, 𝒄𝒄𝐱𝐱) from the 

data in Figure 7 assuming that they are proportional to the concentration in the q range 

investigated; this may be reasonable because we have checked concentration dependence of the 

scattering intensity of Ludox CL was negligibly small[20].  The evaluated SE(q) data for different 

conditions are shown in Figure 8.   In any cases, SE(q) is independent of the concentration of 

xanthan, increases with lowering q in the low q range, and simply approaches unity where q > 

0.3 nm−1.  The high scattering intensity in the lowest q region reflects the polyion complex 

formation of xanthan and Ludox CL.  Almost no cx/cSiNP dependence of SE(q) may be attributed 

to that the size of the aggregates does not affect the scattering profile in the q region from our 

SAXS measurements.  However, no region with SE(q) < 0.8 was observed while such region 

was found for negatively charged SiNP with single chain collagen.[20]  Taking into consideration 

that such region is related to the densely packed SiNPs, which was estimated from the 

theoretical analysis in terms of the sticky hard sphere model,[28] the current SE(q) result suggests 

the Ludox CL particles are loosely packed in the aggregate in the both case that xanthan 

conformation is single chain or double helix. 
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Figure 8. Excess scattering factor SE(q) for indicated cx/cSiNP at different mixed and 

measurement temperatures, Tmix and Tmeas, respectively.  

 

7. Conclusion 

 In this paper, we investigated polyion complex formation of negatively charged double 

helical polysaccharide, xanthan, and a positively charged silica nanoparticle, Ludox CL in the 

acetate buffer at pH 5.0.  While xanthan conformation detected by the CD measurement is 

independent of the concentration of Ludox CL, light scattering intensity became significantly 

increased with approaching the composition cx/cSiNP where the ζ potential is inverted.  The 

scattering profile observed by the small angle X-ray scattering supports these results while the 

silica nanoparticles do not form densely packed structure. 
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