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ABSTRACT: The association of poly(N-isopropylacrylamide) (PNIPAM) above its low critical solution
temperature (LCST, ~32 °C) leads to stable aggregates instead of the expected precipitation, which could
be attributed to the microphase inversion of the PNIPAM chains. A laser light scattering study showed
that the lower association temperature and higher PNIPAM concentration resulted in larger low density
interchain aggregates with a cluster structure, while the higher association temperature and lower
PNIPAM concentration led to spherical aggregates formed mainly through the packing of individual
collapsed chains. Above ~32 °C, the intrachain coil-to-globule transition competes with the interchain
association. Gelatin was encaptured/complexed into the PNIPAM aggregates and the complexation was
completely reversible as the temperature varied. The PNIPAM/gelatin complexes with the highest molar
mass and density were formed when the PNIPAM/gelatin weight ratio was in the range 1—-2 and the
temperature was close to ~32 °C. This would be the optimum condition for the concentration of a dilute
protein solution followes by the ultracentrifugation of the PNIPAM-protein complexes.

Introduction

Protein a natural polyelectrolyte interacts strongly
with both synthetic and other natural polyelectrolytes
of opposite charge. Extensive studies have been devoted
to the formation and structures of the protein/poly-
electrolytes complexes in order to have a better under-
standing of the interaction of proteins inside living
cells.1710 Depending on the charge density, charge
distribution, chain length, chain conformation, ionic
strength, and pH, the interaction between proteins and
polymers may result in soluble complexes, complex
coacervation,~13 or amorphous precipitates.#~16 Such
interactions could be used to separate different proteins
and to concentrate a dilute protein solution.1”—20

On the other hand, poly(N-isopropylacrylamide)
(PNIPAM) a special kind of thermally sensitive water-
soluble neutral polymer has a convenient lower critical
solution temperature (LCST) at ~32 °C; it exists as
individual chains with a coil conformation at tempera-
tures lower than ~32 °C, but undergoes a sharp coil-
to-globule transition at higher temperatures to form
inter- and intrachain associations.?%2? It is this conve-
nient LCST together with its unique solution and gel
properties that have recently attracted much atten-
tion.23=27 It would be interesting to use these convenient
LCST properties to complex PNIPAM with proteins at
the temperatures slightly higher than ~32 °C. However,
to our knowledge, this has not yet been carefully
studied.

In this paper, we present a systematical study of the
complexation between gelatin and PNIPAM in dilute
solution by a combination of static and dynamic laser
light scattering, wherein the complexation was induced
by the phase transition of PNIPAM at temperatures
slightly higher than ~32 °C. One of the envisioned
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applications of this study is to concentrate a dilute
protein or DNA solution by using ultracentrifugation
because the complexation will lead to large protein/
PNIPAM aggregates.?® The use of PNIPAM is advanta-
geous because of its relatively low complexation tem-
perature and because the complexation is completely
reversible when the temperature is decreased to room
temperature or below.

Experimental Section

Sample Preparation. Poly(N-isopropylacrylamide) (PNI-
PAM) was prepared by radical polymerization in tetrahydro-
furan.?® Two PNIPAM samples (My, = 4.0 x 10* and 8.44 x
10% g/mol) were used. The gelatin sample (courtesy of BASF)
had a weight average molar mass of 1.36 x 10° g/mol. The
PNIPAM and gelatin samples were dissolved in deionized
water. To have a complete dissolution of gelatin, 2% of
formamide was added into water to break interchain hydrogen
bonding. The concentrations of the PNIPAM and gelatin
solutions were in the range 2.5 x 107 °to 5 x 1074 g/mL. All
the solutions used for laser light scattering were clarified by
a 0.5 um Millipore filter to remove dust.

Laser Light Scattering (LLS). We used a modified
commercial laser light scattering (LLS) spectrometer (ALV/
SP-150) equipped with a solid-state laser (ADLAS DPY425I1,
output power ~ 400 mW at 4 = 532 nm) as the light source
and an ALV-5000 multi-z digital correlator. The details of the
LLS instrumentation and theory can be found elsewhere.30:3!
In static LLS, the angular and concentration dependence of
the time-average scattering intensity led to the weight average
molar mass M,, and the radius of gyration [Rs?[F*? (or written
as [Ry[). It should be noted that in this study, the solutions
were so dilute and the second virial coefficient (A;) was so
small that the extroplation to the zero concentration was not
necessary. In dynamic LLS, the Laplace inversion or cumulant
analysis of the measured intensity—intensity time correlation
function resulted in the translational diffusion coefficient
distribution G(D), or further to the hydrodynamic size distri-
bution f(Rp) by using the Stokes—Einstein equation, D = kgT/
(6yRp) with kg, 17, and T the Boltmann constant, the solution
viscosity and the absolutely temperature, respectively.
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Figure 1. Hydrodynamic radius distributions of PNIPAM,
gelatin, and the mixture of PNIPAM and gelatin at 25 °C,
where the concentrations of both PNIPAM and gelatin were 1
x 1074 g/mL and the concentrations of the PNIPAM and
gelatin in the mixture were 2 x 10™ and 1 x 1074 g/mL,
respectively.
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Figure 2. Time dependence of the average hydrodynamic
radius [R,Oof the PNIPAM aggregates after the temperature
was suddenly increased from 25 to 33 °C, where the PNIPAM
concentration was 2 x 1074 g/mL.

Results and Discussion

Figure 1 shows that at 25 °C, both PNIPAM and
gelatin exist as individual chains in water. The average
hydrodynamic radii of gelatin and PNIPAM are ~10 and
~30 nm, respectively. The peak of the PNIPAM/gelatin
mixture is broad and located between the peaks of
individual PNIPAM and gelatin chains, indicating that
no complexation occurred at this temperature. In prin-
ciple, we should observe a bimodal distribution instead
of a broad peak. However, dynamic laser light scattering
does not resolve a mixture of two overlapping peaks.
Size exclusion chromatography (SEC) confirmed that
there was no PNIPAM/gelation complexation at 25 °C.

Figure 2 shows that when the temperature was
“jumped” from 25 to 33 °C, the PNIPAM chains started
to aggregate so that [RyCincreases. The increases of (Ry[]
essentially stopped after half a hour, in contrast to our
expected continuous growth of the aggregates with
eventual precipitation. Clearly, those PNIPAM ag-
gregates are in a metastable state. The question is how
they reached this metastable state without precipita-
tion. PNIPAM is a polymer with a dedicate balance
between its hydrophobic chain backbone and its hydro-
philic carboxy/amide(—CONH-) group. In the phase
transition, the intrachain collapse and the interchain
association compete with each other. After the chains
collapse into globules, the chain mobility or relaxation
becomes very slow because the local chain concentration
inside the globule is as high as 0.4—0.6 g/mL. Further
interchain association becomes difficult because the time
required for the chains inside two globules to diffuse
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Figure 3. Concentration dependence of the average hydro-
dynamic radius [RnCand the averaged radius of gyration Ry
of the PNIPAM aggregates in the metastable state at 33 °C.
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Figure 4. Concentration dependence of the weight averaged
molar mass M,, and the average chain density [p0of the
PNIPAM aggregates in the metastable state at 33 °C.

into each other is much longer than the collision time
of two globules. More important, during the collapse,
more hydrophilic groups stay at the water/polymer
interface, i.e., the surface of the aggregate should be
slightly hydrophilic, which also prevents further inter-
aggregate association. Also, the densities of water and
PNIPAM are so similar that there is nearly no driving
force for sedimentation under normal gravity.

As shown in Figure 3, both [RpCand [Rylincrease as
the PNIPAM concentration (Cpnipam) increases. How-
ever, [RnOis larger, but RyOis smaller, than the
corresponding values (RhO~ 29 nm and Ry~ 45 nm)
of individual PNIPAM chains at 25 °C. This reflects a
combination of the intrachain coil-to-globule transition
and the interchain association. The intrachain collapse
reduces the size of individual chains, while the inter-
chain association leads to large aggregates. From the
definitions of [RyCand Ry[)we know that in comparison
with Rn[] Ryis directly related to the physical space
occupied by the extended polymer chain, so that the
chain collapse can greatly reduce [Rq[Jwhile [Ry[is less
affected by the chain collapse but more influenced by
interchain association. In dilute solution, the intrachain
collapse was so dominant that the interchain aggrega-
tion involved mainly the packing of individual collapsed
chains, resulting in a smaller R4[] As the PNIPAM
concentration increases, the interchain association gradu-
ally occurs prior to the intrachain collapse.

This can be better viewed in Figure 4 in terms of the
concentration dependence of the weight average molar
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Figure 5. Schematic of the intrachain collapse and the
interchain association of the PNIPAM chains in solution when
the temperature is increased higher than its low critical
solution temperature (LCST) of ~32 °C.

36
g |
g \
A, 33
o \
v
30
g 45 \
=]
A_ 40 T
[ \
Vo35 °
30 35 40 45
T/°C

Figure 6. Temperature dependence of the average hydrody-
namic radius [Rpand the averaged radius of gyration [RyCof
the PNIPAM aggregates, where the PNIPAM concentration
was 5 x 1075 g/mL.

mass My, and the averaged chain density [pCof the
aggregates. In comparison with that of individual
chains, the higher values of My, clearly demonstrate the
interchain association. The average number of the
PNIPAM chains inside each aggregate was in the range
40—140. The decreases of both My, and [p0at higher
concentrations shows that the aggregation of the
PNIPAM chains gradually switched from a dominant
intrachain collapse to a dominant interchain association,
as schematically shown in Figure 5.

Further, note that the ratio of Ry[[RnUincreases
slightly from 0.68 to 0.88. It is known that for a uniform
nondraining sphere, [RyR,O~ 0.774; and for coiled
polymer chains, RygIR,~ 1.5. In a very dilute solution,
the collapse of individual chains led to a “molten”
globule structure, resembling a core—shell structure
with a uniform core, but a loose shell, so that [Ry[RyC
< 0.774.3233 The slight increase of Ry[IRpCfurther
indicates that for the PNIPAM concentration, the in-
trachain-collapse dominated initial stage led to a denser
core, while for the high concentration, the mixture of
the interchain association and the intrachain collapse
resulted in a cluster structure of low density.

Figure 6 shows that both [RyCand [Rn[bf the PNIPAM
aggregates decrease as the temperature increases when
the temperature “jumps” from 25 °C to a higher tem-
perature because the PNIPAM chains shrink at higher
temperatures. On the other hand, Figure 7 shows that
M, decreases, but [plincreases, as the temperature
increases. As stated before, in the aggregation process,
the interchain association makes the aggregates larger,
while the intrachain coil-to-globule transition results in
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Figure 7. Temperature dependence of the averaged molar
mass (Mw) and the average chain density ([(p0) of the PNIPAM
aggregates, where the PNIPAM concentration was 5 x 107°
g/mL.

Table 1. Concentration and Temperature Dependence of
the PNIPAM Aggregation?

T CeNiPAM Rp0 RO Ry Mw L0
(°C) (g/mL) (nm) (nm) RO (g/mol)  Nagg (g/cmd)

25 10x104 31 46 148 7.7 x 10° 1 001
20x 10 29 44 152 7.2 x 10° 1 001
50x 10 28 43 154 7.6 x 10° 1 001

33 25x10° 44 30 0.68 55x10° 65 0.26
5.0 x 1075 47 36 076 9.7 x 107 114 0.37
1.0 x 1074 50 39 078 1.0x 108 123 0.32
20x 10 52 41 079 12x108 141 0.34
5.0x 10* 56 44 079 9.1 x10" 107 0.21
99 x 104 58 51 088 75x107 89 0.15

35 25x10° 35 28 0.80 4.8x107 57 044
50x10°° 41 35 0.85 8.6 x10" 102 0.49
10x 104 44 38 0.86 1.1x10%8 126 0.51
20x 10 43 35 081 1.1x108 129 0.55
50 x 10 43 36 0.84 83x107 98 041
9.9 x 1074 47 41 0.87 65x107 77 0.25

40 25x10° 31 25 081 39x107 46 052
50x 107° 39 33 085 83x107 99 0.55
10x 1074 41 35 0.85 9.2x10" 109 0.53
2.0 x10* 40 37 092 1.0x10®8 123 0.62
50x 10 41 35 085 73x107 87 042
99 x 1074 43 37 086 6.0x107 71 0.30

45 25x10° 31 23 074 35x107 42 0.46
50x107° 36 30 083 72x107 85 0.61
1.0 x 1074 41 33 080 87x10” 104 0.50
2.0x10* 40 33 0.82 94x10" 111 0.58
5.0 x 104 40 34 085 6.5x107 77 0.40
9.9 x 1074 43 38 088 52x107 61 0.26

a Relative errors: [Rnl] £2%; R0 £5%; Mw, £5%; [pL) £10%.

smaller aggregates. After a jump to a higher tempera-
ture, the interchain association is relatively less likely
than intrachain collapse. After individual chains col-
lapse into small globules, further interchain association
stops or at least becomes extremely slow, resulting in
smaller aggregates with a higher density. All the results
related to the concentration and temperature depen-
dence of the PNIPAM aggregates are listed in Table 1.

Figure 8 shows that for a given PNIPAM concentra-
tion, the complexation of gelatin and PNIPAM at 40 °C
increases as the gelatin concentration increases. At the
same time, [RyJRn0increases only slightly from 0.74
t0 0.86, but [p[decreases sharply from 0.32 to 0.07 g/cm?,
indicating that when more hydrophilic gelatin chains
were complexed with PNIPAM, the structure of the
resultant complexes changed gradually from a compact
globule to a loose cluster. The complexation between
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Figure 8. Gelatin concentration dependence of the hydrody-
namic radius distribution f(R,) and the weight averaged molar
mass M,, of the PNIPAM/gelatin complexes formed at 40 °C,
where the PNIPAM concentration was kept at 1 x 10~ g/mL.
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Figure 9. PNIPAM concentration dependence of the average
hydrodynamic radius IRnJand the average radius of gyration
[Ry[of the PNIPAM/gelatin complexes formed at 40 °C, where
the gelatin concentration was kept at 1 x 10~* g/mL.

gelatin and PNIPAM can be attributed to interchain
hydrogen bonding above ~32 °C. The complexation was
completely reversible when the temperature was brought
back to 25 °C or below.

Figure 9 shows that if the gelatin concentration was
kept at 1 x 107* g/mL, the increase of the PNIPAM
concentration resulted in a more complicated picture;
i.e., both Ry[land [Ry[bf the gelatin/PNIPAM complexes
gradually increased until the PNIPAM concentration
reached ~10~* g/mL; a further increase of the PNIPAM
concentration led to smaller PNIPAM/gelatin complexes,
which is attributed to the competition between the
association and collapse of the PNIPAM chains, because
on one hand, a higher PNIPAM concentration led to
larger aggregates on the basis of Figure 2; and on the
other hand, more PNIPAM chains inside the complex
resulted in a large shrinking force and a more compact
structure. Figure 10 shows a better view of the com-
plexation in terms of the change of My, and [pCof the
gelatin/PNIPAM complexes. My, shows the same trend
as the size of the complexes, but [plincreases as the
PNIPAM concentration increases, indicating a more
collapsed structure due to the precence of more PNIPAM
chains. The ratio of [Ry[RL= 0.77—0.84 indicates that
the complexes are nearly spherical.

Figure 11 shows that for a fixed PNIPAM and gelatin
concentration, an increase of temperature led to smaller
PNIPAM/gelatin complexes. This shows that in order
to form larger gelatin/PNIPAM complexes, the optimum
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Figure 10. PNIPAM concentration dependence of the weight
averaged molar mass My, and the average chain density [p[of

the PNIPAM/gelatin complexes formed at 40 °C, where the
gelatin concentration was kept at 1 x 10~ g/mL.
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Figure 11. Temperature dependence of the average hydro-
dynamic radius [RpJand the average radius of gyration Ry
of the PNIPAM/gelatin complexes, where the concentration of
both PNIPAM and gelatin were fixed at 1 x 10~* g/mL.

temperature should be as close to the LCST (~32 °C)
as possible. In this way, the intrachain collapse slows
down and the PNIPAM chains have more time to
undergo interchain association before they are “frozen”
by the chain collapse. By contrast, after a jump to a
higher temperature, most of the PNIPAM chains un-
dergo intrachain collapse prior to the interchain as-
sociation so that smaller complexes are formed, which
is also reflected in the temperature dependence of My,
as shown in Figure 12. Note that in Figure 12, [p0is
nearly independent of the temperature, revealing that
[p0is mainly influenced by the concentration of gelatin
and PNIPAM.

Considering both the collapse and association of the
PNIPAM chains, we expect the short chains to be very
mobile and the self-wrapping of short chains into a
compact globule would be more difficult. Therefore,
using the low molar mass PNIPAM sample would result
in larger aggregates and complexes. The results sum-
marized in Table 2 clearly support our speculation. To
concentrate a protein solution by ultracentrifugation,
we need to find an optimum experimental condition at
which the molar mass and density of the resultant
PNIPAM/protein complexes should be as high as pos-
sible. Figure 13 shows that for the PNIPAM/gelatin
ratio in the range 1—2 and the temperature close to the
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Figure 12. Temperature dependence of the weight averaged
molar mass M,, and the average chain density [pof the
PNIPAM/gelatin complexes, where the concentrations of both
PNIPAM and gelatin were fixed at 1 x 107 g/mL.
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Table 2. Concentration Dependence of the PNIPAM
Aggregates and the PNIPAM/Gelatin Complexes at 33 °C,
Where PNIPAM Has a Lower Weight Average Molar
Mass of My, = 4 x 104 g/mol, T =33 °C

Cenipam Cgelatin Rn0 RO Ry Mw 0

(g/mL) (g/mL) (nm) (nm) [RnO (g/mol) (g/cm3)
25x107° — 87 83 095 1.9x10%® 0.11
5.0 x 1074 — 106 104 0.98 4.2 x 108 0.14
1.0 x 1074 — 120 109 091 35x 108 0.08
20 x 10 - 125 130 1.04 3.6 x 108 0.07
50x 107° - 139 160 1.15 1.4 x 108 0.02

1.0 x 104 2.8x 107> 108 101 0.94 3.1 x10%® 0.10
10x 10% 54x10° 140 132 0.94 3.2x10%8 0.05
1.0x107% 1.0x10™* 156 148 0.95 4.1 x 108 0.04
1.0x 10 20x10% 197 214 1.09 2.1 x10® 0.01

25x107° 1.0x 107 89 85 096 4.2x 107 0.02
53x107° 10x10™* 124 117 0.94 24 x 108 0.05
10x 104 1.0x 10 156 148 0.95 4.1 x 108 0.04
20x10™ 10x10™% 161 154 0.96 3.0x 108 0.03

LCST, M,[p0 has the highest value, favorable for
separation by ultracentrifugation. The lower tempera-
ture is also favorable for preserving proteins and DNAs
in their native states.

The details of the static and dynamic LLS results are
summarized in Table 3. The ratios of RylIRnOof the
gelatin/PNIPAM aggregates are very close to ~0.8,
except for a few cases, indicating that the complexes are
uniform, nondraining and spherical. The chain density
of all the aggregates is in the range 0.04—0.36 g/cm3,
much lower than the density of bulk polymers (~1
g/cm?), which is reasonable because a large amount of
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Table 3. Concentration and Temperature Dependence of
PMIPAM/Gelatin Complexes

T  Cenipam Cgel Rn0 RO Rgld My 0
(°C)  (g/mL) (9/mL) (nm) (nm) RO (g/mol) (g/cm3)

33 1.0x10* 25x10> 48 37 0.77 7.9 x 10" 0.28
10x 10 50x10° 60 51 0.85 1.4 x 10® 0.26
1.0x 10 1.0x10* 80 70 0.88 2.1 x 10® 0.16
10x 1074 2.0x 1074 145 147 1.01 1.4 x 108 0.02

25x107° 1.0x 104 37 29 0.78 7.5x 10® 0.06
50x107% 1.0x10% 77 64 0.83 1.4 x 108 0.12
1.0x 10 1.0x10* 80 70 0.88 2.1 x 108 0.16
20x 10 10x10% 55 47 0.85 9.8 x 10”7 0.23
35 1.0x10* 25x10"> 41 30 0.73 53 x 10" 0.30
1.0x 107 5.0x 1075 54 44 0.81 1.0 x 108 0.25
10x10™% 1.0x10* 71 61 0.86 1.6 x 108 0.18
1.0x 1074 2.0 x 1074 112 84 0.75 1.4 x 108 0.04

25x107° 1.0x10% 34 25 0.74 57 x 10® 0.06
50x10% 1.0x 10* 67 62 092 9.8 x 10" 0.13
10x10% 1.0x10* 71 61 0.86 1.6 x 108 0.18
20x10™ 1.0x 10 48 39 0.81 6.7 x 107 0.24
40 1.0x10% 25x10°5 37 28 0.76 4.2 x 107 0.33
1.0x10™* 5.0x 1075 49 40 0.82 8.2 x 10" 0.28
10x 10 1.0x10* 65 55 0.85 1.2 x 10® 0.17
1.0x 10 20x 10 96 82 0.85 1.6 x 108 0.07

25x10° 1.0x 10 31 22 0.71 45x 10® 0.06
50x10% 1.0x10* 62 45 0.72 7.3 x 10”7 0.12
10x 10 1.0x10* 65 55 0.85 1.2 x 10® 0.17
20x 10 1.0x10% 45 36 0.80 6.2 x 107 0.27
45 10x10% 25x105 35 27 0.77 40x 107 0.36
1.0x10™* 5.0 x 1075 47 35 0.74 7.0 x 10" 0.27
1.0x 10 1.0x10* 62 50 0.81 1.1 x 10® 0.18
1.0x 10 20x10* 89 73 0.82 1.6 x 108 0.09

25x107% 1.0 x 10 31 23 0.74 2.8 x 10° 0.04
50x10° 1.0x 10* 58 52 0.90 7.5 x 10" 0.15

1.0x 10 1.0x10* 62 50 0.81 1.1 x 10® 0.18
20x 10 1.0x10“ 45 37 0.82 6.3 x 107 0.27

water is still enclosed inside the complexes. The com-
plexes formed at higher temperatures have a more
compact structure with a higher chain density due to
the collapse of the PNIPAM chains. The lower density
of the gelatin/PNIPAM complexes indicates that the
hydrophilic gelatin chains inside the complexes partially
prevent the collapse of the PNIPAM chains, resulting
in a relatively looser cluster structure.
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