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Abstract

The adsorption of gelatin chains on polystyrene (PS) latex nanoparticles was investigated by a combination of static and dynamic laser

light scattering (LLS). The average mass of gelatin adsorbed on each nanoparticle (madsorbed) was calculated from the absolute scattered

intensity, while the hydrodynamic volume (Vshell) of the adsorbed gelatin layer was obtained by dynamic LLS. In pure water, due to long-

range electrostatic interaction, gelatin can act as stabilizer or flocculants, depending on the length, type and concentration of gelatin chains

used. We found that in pure water, Vshell / madsorbed; while in 2 wt% formamide aqueous solution, Vshell / ðmadsorbedÞ
2; indicating the shifting

of the dominate interaction from electrostatic to hydrophobic. The adsorption was saturated at ,2 mg/m2, nearly independent of pH and

temperature. For a saturated adsorption, Vshell increases as the gelatin chain length increases. Our results indicate that the B-type gelatin with

a lower molar mass and the pH range 7–9 are better choices for the stabilization of the nanoparticles in pure water. q 2002 Elsevier Science

Ltd All rights reserved.
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1. Introduction

Gelatin is a mixture of multiple polypeptide strands

arising from the breakdown of the ordered, helical

mammalian proteins and collagens [1,2]. Its gelation at

room temperature and a relatively low concentration is well

known [3]. Since the very beginning of photographic

industry, gelatin has been utilized as a colloidal protective

agent [4]. Nowadays, synthetic polymers have made great

progress but gelatin as a abundant kind of proteins is still

widely used in food and pharmaceutical industries because

of its special gelling, binding, and thickening properties [5,

6]. Gelatin has previously been extensively investigated,

including its sol–gel transition [7,8], phase behavior [6,9,

10], aggregation/complexation [11–13], adsorption [5,

14–18], the immunization applications [19,20], purification

[21], and the stabilization of colloid particles [22].

It has been recognized that the adsorption of gelatin, an

amphoteric polyelectrolytes, on a charged surface is

particularly complicated because a gelatin chain contains

both anionic and cationic groups. The adsorption could be

driven by electrostatic or/and by hydrophobic interaction,

depending on the nature of surface and the medium.

Moreover, gelatin chains can strongly interact with each

other in water by hydrogen bond between amino and

carboxylic groups on the chain backbone. Many previous

studies were mainly focused on the effect of the ionic

strength, pH and surface charge on the adsorption of gelatin

[5,15,17,18]. Buffer solutions and low molar mass electro-

lytes were often used to maintain the ionic strength and pH.

In order to simplify the problem and to have a better

understanding of the stabilization mechanism, we designed

an LLS investigation on the adsorption of different types of

gelatins on surfactant-free and narrowly distributed poly-

styrene nanoparticles. Using small particles enabled us to

observe a larger relative size change after the adsorption so

that the results are much more reliable. The emphasis of our

study was to understand the difference between the

adsorption processes driven by electrostatic and hydro-

phobic interactions.
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2. Experimental

2.1. Sample preparation

Deionized water with a resistivity of 18 MV cm was

used. Narrowly distributed surfactant-free polystyrene

nanoparticles with a nominal average diameter of ,44 nm

and a polydispersity index of ,1.03 ^ 0.01 was purchased

from Seradyn. According to the manufacture, an ion-

exchange process was used to remove surfactant, alkysul-

fonate, used in the microemulsion polymerization, which

has been confirmed by electrophoretic laser light scattering

(LLS). Diluting the dispersion and increasing its pH up to 11

had no effect on their stability because of negatively charged

sulfate groups on the nanoparticle surface. The nanoparticle

dispersion had a z-potential of , 2 40 mV. Four gelatin

samples provided by BASF were used. Two of them were

alkali-processed, respectively, denoted as gelatin-B1 and

gelatin-B2. The other two were acid-processed, respect-

ively, denoted as gelatin-A1 and gelatin-A2. Their molecu-

lar parameters are summarized in Table 1. Note that GPC

and LLS led to different values of Mw. It has been known

that GPC only gives an apparent value of Mw of gelatins

[23]. The isoelectric points (IEP) of A- and B-type gelatins

are pH ,8.9 ^ 0.1 and pH ,4.9 ^ 0.1, respectively, [1].

All the gelatin samples were used without further

purification.

The gelatin stock solution was prepared by two different

methods. In the first, a proper amount of gelatin was

dissolved in pure water at 40 8C. The dilute gelatin solutions

were kept at 40 8C for at least one day to ensure a complete

dissolution. The gelatin/nanoparticle mixtures were stirred

with magneton and kept in the temperature range 35–40 8C

for one more day before the LLS measurements. In the other

method, gelatin was first dissolved in a small amount of

formamide at 25 8C, which was then transferred into a fifty-

time volume of water. For all the gelatin/nanoparticle

mixtures, the nanoparticle concentration was kept at

10 mg/ml and the gelatin/nanoparticle weight ratio was in

the range 0.01–3.00. All the gelatin/nanoparticle disper-

sions were clarified by 0.5 mm millipore Millex filters.

2.2. Laser light scattering

The LLS spectrometer (ALV/SP-125) has been described

earlier [24]. The specific refractive index increment

ðdn=dCÞ was determined by using a novel and precise

differential refractometer [25]. In static LLS, the angular

dependence of the absolute excess time-averaged scattered

intensity Rvv(u ), known as the Rayleigh ratio, was

measured. For a very dilute solution, the weight average

molar mass (Mw) is related to Rvv(u ) by [26]
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where K 0 ¼ 4p2n2=ðNAvl
4
0Þ and q ¼ ð4pn=l0Þsinðu=2Þ with

NAv, n and l0 being the Avogadro’ constant, the solvent

refractive index and the laser wavelength in vacuum,

respectively, and kR2
gl

1=2
z (or simply kRgl) is the z-average

root-mean-square radius of gyration. In this study, the

mixture was so diluted that the extrapolation of ½RvvðuÞ�C!0

was not necessary. Note that the light scattered from each

nanoparticle was so strong that the intensities of the light

scattered from water and individual non-adsorbed gelatin

chains free in water could be neglected. For the adsorption,

it is reasonable to consider the particle adsorbed with gelatin

as a polymeric core-shell nanostructure, we were able to use

a simple weight additive method to calculate dn=dC [27],

i.e.
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where xgelatin ¼ mgelatin=ðmadsorbed þ mparticleÞ with mparticle

and madsorbed being the macroscopic masses of the particles

and the adsorbed gelatin chains, respectively. Therefore, the

weight concentration (C ) of the particles adsorbed with

gelatin is ðmparticle þ madsorbedÞ=V; or written as, ð1 þ

madsorbed=mparticleÞCparticle; where Cparticle½¼ mparticle=V� is

the particle concentration before the adsorption. The

measured specific refractive index increments of the gelatin

chains and the particles in water are 0.167 and 0.256 ml/g,

Table 1

Characterization and molecular parameters of four gelatin samples used at 25 8C

Sample Gelatin-B1 Gelatin-B2 Gelatin-A1 Gelatin-A2

Mw,GPC (g/mol) 136,000 456,000 92,000 215,000

Mn,GPC (g/mol) 56,100 60,600 39,700 83,000

Mw,LLS,formamide (g/mol) 81,000 650,000 20,000 125,000

kRhlformamide (nm) 10.2 30.7 15 11.7

kRglformamide (nm) 15 48 27 23

kRhlwaterþformamide (nm) 10.5 32 14 12.2

kRglwaterþformamide (nm) 25 50 23 27

Relative width of G(G ) 0.24 0.26 0.22 0.22

pHgelatin solution ,6.1 ,6.0 ,6.3 ,6.2
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respectively. A combination of Eqs. (1) and (2) leads to

ðMwÞPSþgelatin ¼
½RvvðuÞ�particleþgelatin

K½ðdn=dCÞ2particleþgelatin�Cparticleþgelatin

ð3Þ

where ½RvvðqÞ�particleþgelatin and ðMwÞparticleþgelatin 	

½¼ ð1 þ madsorbed=mparticleÞðMwÞparticle� are the Rayleigh

ratio and the weight average molar mass of the particles

after the adsorption, respectively, and ðMwÞparticle 	

½¼ ½RvvðqÞ�particle=½ðK
0ðdn=dCÞ2particleCparticle�� is the weight

average molar mass of the particles before the adsorption.

Eq. (3) can be rearranged as

madsorbed

mparticle
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ðdn=dCÞparticle
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where ½RvvðuÞ�particle is a constant for a given Cparticle, dn=dC

can be independently measured. madsorbed/mparticle can be

determined from ½RvvðuÞ�particleþgelatin measured in static

LLS. Since knowing the average mass and size of each

particle, we are able to convert mgelatin/mparticle to the

average mass of the adsorbed gelatin chains (kml) per

particle or the adsorption density ksl defined as ksl ¼
kml=ð4pkRh;ol

2Þ; where kRh,ol is the average hydrodynamic

radius of the particles before the adsorption. The estimate

additional error of using Eq. (4) on the basis of the

uncertainties of the measurement is about ^5%.

In dynamic LLS, the cumulant analysis of the measured

intensity–intensity time correlation function Gð2Þðt; uÞ in the

self-beating mode could result in an average line-width kGl
or a line-width distribution [28,29]. For a diffusive

relaxation, ðkGl=q2ÞC!0;q!0 leads to the average transla-

tional diffusion coefficient kDl or further to the averaged

hydrodynamic radius kRhlð¼ kBT=6phkDlÞ; where kB, T

and h are the Boltzmann constant, absolute temperature and

solvent viscosity, respectively. The hydrodynamic volume

(V ) of the PNIPAM layer adsorbed on the particle surface is

related to the size difference (DRh) between the particle after

and before the adsorption by [30]

V ¼ ð4=3Þp ðkRhlo þ DRhÞ
3 2 kRhl

3
o

h i

¼ ð4=3ÞpkRhl
3
of ðDRh=kRhloÞ ð5Þ

where f ðDRh=Rh;oÞ ¼ 3ðDRh=kRhloÞ þ3ðDRh=kRhloÞ2 þðDRh

=kRhloÞ3:It can be seen that using small nanoparticels enabled

us to accurately determine DRh and V.

3. Results and discussion

Fig. 1 shows the adsorption of gelatin-B1 on the

nanoparticles in pure water (pH ,6.5). The thickness of

the adsorbed gelatin layer (DkRhl) increases as the

adsorption increases. Experimentally, we found a maximum

when (madsorbed/mparticle)max was close to ,0.34 or the

adsorption density (s ) reached ,2.5 mg/m2. According to

Table 1, the maximum thickness was still smaller than the

chain size of non-adsorbed gelatin molecules free in

solution, indicating that the adsorption was monolayer. In

pure water (pH ,6.5), the overall B-type gelatin chain is

slightly negatively charged due to the ionization of

carboxylic acid groups. However, the adsorption is not

prevented by the repulsion between negatively charged

particle surface and groups on the gelatin chains. This is

because the gelatin chain also carries positively charged

amide groups. This phenomenon has previously been

reported for both the adsorption and complexation of

gelatin chains in solution [5,12,32–35].

Fig. 2 shows that the average hydrodynamic volume

(Vshell) of the adsorbed gelatin layer (the shell) on each

nanoparticle is a linear function of the amount of the gelatin

adsorbed on the nanoparticle surface. It reveals that the

adsorbed gelatin layer has a constant density of ,0.36 g/

cm3, much higher than the density (,0.03 g/cm3) of

individual swollen gelatin chains free in solution, but

close to that of a collapsed polymer chain [36,37]. In a

Fig. 1. Relative gelatin concentration (Wgelatin-B1/Wparticle) dependence of

hydrodynamic thickness (DkRhl) and the relative adsorption (madsorbed/-

mpartilce) for gelatin-B1 adsorbed on polystyrene nanoparticles in pure water

at 25 8C, where the nanoparticle concentration was kept at

1.00 £ 1025 g/ml. DkRhl ¼ kRhl2 kRhlo with kRhlo and kRhl are the

average hydrodynamic radii of nanoparticles after and before the

adsorption, respectively. Wgelatin-B1 and Wparticle are macroscopic weights

of gelatin and nanoparticles added in the dispersion. madsorbed and mparticle

are the masses of the gelatin chains adsorbed and polystyrene nanoparticles

used.
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previous study of the hydrophobic adsorption of flexible

poly(N-isopropyl acrylamide) (PNIPAM) chains on the

nanoparticles [30], we found that Vshell is proportional

(madsorbed/mparticle) [2]. The difference can be attributed to

the fact that the adsorption of gelatin on the negatively

charged nanoparticles is driven by electrostatic interaction;

namely, such strong electrostatic attraction forces the

gelatin chains to lie flatly on the nanoparticle surface.

Our results also showed that when longer gelatin chains

(gelatin-B2) were used, the adsorption saturation was

reached at a much lower gelatin/particle weight ratio. The

adsorbed gelatin layer was thicker for a given amount of the

adsorption (madsrobed/mparticle), indicating that longer gelatin

chains can form larger loops on the surface and were more

effective in the surface coverage. It should be stated that in

water solutions the adsorption of longer gelatin chains often

resulted in the flocculation, other than the stabilization, of

the nanoparticles in the dispersion because strong and long

range electrostatic interaction between the nanoparticles

and gelatin chains made the longer gelatin chains to act as

‘bridges’ even though the nanoparticle concentration was as

low as 1.00 £ 1025 g/ml [38,39]. The flocculation became

more obvious when the cationic A-type gelatin chains at pH

,6.5 was used.

In order to reduce the electrostatic interaction, low molar

mass salts, such as NaCl and KSCN, are often used to screen

out the electrostatic interaction and break hydrogen bonding

[11,40,41]. However, we found that KSCN and other added

salts induced the flocculation, i.e. the salt-out effect, because

the nanoparticles are stabilized by electrostatic interaction.

We were caught between the screening of electrostatic

interaction and the stabilization of the nanoparticles. We

also found that the variation of pH had nearly no help in

stabilizing the gelatin/nanoparticle mixture. Finally, we

used formamide, an organic co-solvent, because it is a good

solvent for gelatin at room temperature [40,41]. Our results

showed that all the four gelatin samples could form

concentrated formamide solutions up to 10% at ,22 8C

without gelation, which is attributed to a similarity between

formamide and the peptide linkages in the chain backbone

of gelatin; namely, formamide can interact with gelatin by a

rather specific and chalated solvation in terms of a cyclic

dimerization of carboxylic acids and amides [38]. The

characterization of all the gelatin samples in formamide

were also summarized in Table 1. The formamide solution

was diluted with an excess of water to form a gelatin

aqueous solution with only 2 wt% of formamide. The LLS

results of the four gelatins in the water/formamide mixture

are also listed in Table 1. The results in pure formamide and

the water/formamide mixture are comparable. The ratios of

kRgl=kRhl , 1:5 indicate that the gelatin chains have a coil

conformation.

Fig. 3 shows that in the presence of 2 wt% formamide,

the gelatin chains adsorbed on the nanoparticle were much

more extended in comparison with Fig. 1. The chelation

between the gelatin chain and formamide makes gelatin act

as a neutral polymer. It switches the main driving force of

the adsorption from electrostatic to hydrophobic. Fig. 3 also

shows that the adsorption was nearly independent of the

mixing temperature. For the longer chain gelatin-B, the

maximum thickness of the adsorbed gelatin layer reached

Fig. 2. Relative adsorption (madsorbed/mpartilce) dependence of average

hydrodynamic volume (Vshell) of the gelatin layer adsorbed on each

polystyrene nanoparticle in pure water at 25 8C, where the nanoparticle

concentration was kept at 1.00 £ 1025 g/ml, Vshell ¼ ð4p=3ÞðkRhl
3 2

kRhl
3
oÞ with kRhlo and kRhl being the average hydrodynamic radii of

polystyrene nanoparticles before and after the adsorption of gelatin. Other

variables are the same as in Fig. 1.

Fig. 3. Relative gelatin concentration (Wgelatin-B1/Wparticle) dependence of

hydrodynamic thickness (DkRhl) and the relative adsorption (madsorbed/-

mparticle) for gelatin-B1 adsorbed on polystyrene nanoparticles at 25 8C in

2 wt% formamide aqueous solution, where the nanoparticle concentration

was kept at 1.00 £ 1025 g/ml. Other variables are the same as in Fig. 1.

T. Hu et al. / Polymer 43 (2002) 5545–55505548



,40 nm at mpolymer/mparticle , 0.45. The variation of pH in

the range 6.0–8.5 had no detectable influences on the

adsorption, indicating that electrostatic interaction was

suppressed in the presence of only 2 wt% formamide.

There was nearly no difference between the adsorption of

the A- and B-type gelatins in the water/formamide mixture.

Fig. 4 shows a better view of the nature of the adsorption;

namely, Vshell is proportional to (madsorbed/mparticle)
2 for all

the four gelatin samples, a characteristics of the hydro-

phobic adsorption of long linear polymer chains on surface.

Note that madsorbed is proportional to the average number

(nchain) of the gelatin chains adsorbed on each nanoparticle

and mparticle is a constant. Also note that the volume per

adsorbed chain (vchain) is proportional to Vshell/nchain.

Therefore, on the basis of the experimental results, we

have Vshell / nchain
2 and vchain / nchain. It is reasonable to

assume that the total number of the adsorbing sites available

on each particle remains a constant. For each adsorption

point, there exists a dynamic equilibrium between the

adsorption and desorption. When more polymer chains are

presented in the dispersion, it is more likely that the

adsorbing site released by one adsorbed chain is occupied

by another non-adsorbed chain originally free in the

dispersion. Therefore, the average number of the adsorbing

sites per chain on the surface decreases as the gelatin

concentration increases. In this way, the average chain

segment length between two neighboring adsorbing sites,

i.e. the length of a ‘loop’, increases with the gelatin

concentration. This explains why vchain increase with nchain.

In the case of electrostatic adsorption, the strong attraction

makes the desorption much more difficult so that the volume

per adsorbed gelatin chain remains a constant, independent

of the gelatin concentration. It should be addressed that the

above qualitative discussion is independent of a particular

polymer/particle system. It should be noted that in Fig. 4,

the adsorption of the A-type gelatin leads to the lines

passing the zero point, but not the adsorption of the B-type

gelatin. It indicates that when the adsorption is low, the B-

type gelatin chains are flatly adsorbed on the particle surface

so that they have a very small contribution to kRhl.
Fig. 5 shows that kRhl is less sensitive to pH, but the

adsorption for both the gelatin/nanoparticle mixtures were

higher when pH was too low or too high. It is expected that

at a lower pH, the A-type gelatin chains are cationic,

resulting in a stronger electrostatic attraction between the

chains and negatively charged nanoparticle surface, result-

ing in a stronger adsorption, while at a higher pH, the A-type

gelatin chains are near its isoelectric point so that they are

not stable in water, which normally leads to a high

adsorption [5,14,31]. Note that for gelatin-A2 at pH ,9.7,

the adsorption is much higher, but not kRhl. This indicates

that the adsorption of long gelatin chains on the nanoparticle

Fig. 4. Relative adsorption (madsorbed/mparticle) dependence of average

hydrodynamic volume (Vshell) of the gelatin layer adsorbed on each

polystyrene nanoparticle in a water/formamide (2 wt%) mixture at 25 8C,

where the nanoparticle concentration was kept at 1.00 £ 1025 g/ml. The

lines represent the least square linear fittings of Vshell (nm3) versus

(madsorbed/mparticle)
2. Other variables are the same as in Fig. 1.

Fig. 5. pH dependence of average hydrodynamic gelatin layer thickness

(DkRhl) and relative adsorption (madsorbed/marticle) at 25 8C in a formamide

(2 wt%) aqueous solution, where the concentrations of gelatin and

polystyrene nanoparticles were kept at 2.00 £ 1025 and

1.00 £ 1025 g/ml, respectively. Other variables are the same as in Fig. 1.
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surface resulted in a higher chain density, but not he

thickness of the adsorbed layer. Such a result has an

implication in the formulation of stable nanoparticles

because the adsorbed layer thickness, not the amount of

the adsorbed gelatin, plays a key role in the stabilization.

This result tells us that when one uses A-type gelatin in the

stabilization, pH should be controlled in the range 7–9.

4. Conclusion

Our results showed that in pure water, the adsorption of

gelatin on negatively charged polystyrene nanoparticles was

mainly driven by electrostatic attraction. Such attraction

was so strong that the mixing of the A-type gelatin (cationic

in pure water) with the nanoparticles could easily result in

an interparticle aggregation because one gelatin chain

adsorbed on two nanoparticles can bridge them together,

especially when long gelatin chains were used. On the other

hand, the electrostatic attraction induced the collapse of the

chain on the nanoparticle surface so that the adsorbed

gelatin layer was denser. The addition of 2 wt% formamide

into water could effectively suppress the electrostatic

interaction and break the hydrogen bonding between the

gelatin chains because of a special chelation between

formamide and the carbonic and amide groups on the gelatin

chains. Therefore, the dominant interaction in the adsorp-

tion switched from electrostatic to hydrophobic. Such a

change was evidenced by the change of the scaling between

the relative adsorption (madsorbed/mparticle) and the hydro-

dynamic volume (Vshell) of the gelatin layer on the particle

surface; namely, from Vshell / madsorbed/mparticle to

Vshell / (madsorbed/mparticle)
2, where madsorbed is the average

mass of the gelatin chains adsorbed on each nanoparticle

and mparticle is the average mass per nanoparticle. It is known

that formamide is only minor poisonous and bio-compatible

to organism. Therefore, formamide could be used as an

auxiliary agent of gelatin to stabilize colloidal dispersions in

pharmaceutical and food industry.
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