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The synthesis and selected macroscopic properties of a new model system consisting of poly(N-isopropylacrylamide)
(PNIPAM)-coated rod-like fd virus particles are presented. The sticky rod-like colloids can be used to study effect
of particle shape on gelation transition, the structure and viscoelasticity of isotropic and nematic gels, and to make
both open isotropic as well as ordered nematic particle networks. This model system of rod-like colloids, for which
the strength of attraction between the particles is tunable, is obtained by chemically grafting highly monodisperse
rod-like fd virus particles with thermoresponsive polymers, e.g. PNIPAM. At room temperature, suspensions of the
resulting hybrid PNIPAM-fd are fluid sols which are in isotropic or liquid crystalline phases, depending on the particle
concentration and ionic strength. During heating/cooling, the suspensions change reversibly between sol and gel state
near a critical temperature of ~32 °C, close to the lower critical solution temperature of free PNIPAM. The so-called
nematic gel, which exhibits a cholesteric feature, can therefore be easily obtained. The gelation behavior of PNIPAM-fd
system and the structure of the nematic gel have been characterized by rheology, optical microscopy and small-angle
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X-ray scattering.

Introduction

Particle shape has been recognized as an important factor in
the understanding and design of colloidal gels and glasses' that
are ubiquitous in industrial applications and biological systems.>
While the gelation behavior of spherical colloids has been
intensively investigated,* experimental and theoretical studies
concerning gelled systems of anisotropic particles remain limited?
mainly because of the lack of suitable model systems. Some
rod-like particles or polymers such as boehmite rods,” vanadium
pentoxide ribbons,® worm-like micelles,” F-Actin,® microtubules,’
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and rigid polypeptide-poly(y-benzyl-L-glutamate) (PBLG)'° can
gel, but they inherently suffer from polydispersity and irregular
or ill defined surface properties. Consequently, the complex
interplay between particle shape, interparticle interactions, and
gelation behavior is difficult to rationalize. In addition, gelation
of these systems occurs in an uncontrollable and often irreversible
way because extreme conditions are often required, including
high ionic strength,” volatile organic solvents,'® and strong
interparticle attractions,® which do not allow for a subtle control
of the interaction potential and which make systematic investiga-
tions difficult to perform. A good model system that is simple
and easy to handle and that can gel reversibly under mild
conditions is highly relevant.

Besides the intriguing rheological behavior introduced by the
anisotropy of the shape, the gelation of anisotropic particles often
results in so-called lyotropic nematic gels (LNGs) which combine
the spatial particle ordering of the nematic liquid crystals and
the elasticity of a physical gel. This kind of gel with nematic
ordering has been observed with rod-like (bio)polymers,''
micelles, and mineral colloids.>® Small organic gelators can also
form nematic gels by self-assembly into rod-like microfibrils.'?
Similarly, LNGs are easily formed by intermediate peptide fibrils
as observed in the self-assembly of synthetic peptide oligomers,
which have been widely explored recently because of their
similarity to amyloids characteristic of Alzheimer’s and prion
diseases.'? Furthermore, LNGs have other potential applications
as scaffolds for nanomaterials, matrices for separation of chiral
molecules, and orientational templates for biomolecules used
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Scheme 1. Synthesis of fd Viruses Grafted with Poly(/V-isopropylacrylamide) (1) and the Copolymer of N-Isopropylacrylamide and
N-tert-Butylacrylamide (2)
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during spectroscopic studies.'* At the moment, the fundamental
questions seem to be how gelation influences the nematic ordering
of the component particles and how the nematic ordering affects
the viscoelasticity of the subsequent gel. So far, literature focusing
on these questions is limited,® probably because the formation
of the nematic gels, as observed in the aforementioned systems,
is usually accompanied by other phenomena such as phase
separation,® isotropic/nematic transition, "> and simultaneous self-
assembly of the subunits,'? etc.

In this contribution, a model system of sticky colloidal rods
was developed by chemically grafting a thermoresponsive
polymer, e.g. poly(N-isopropylacrylamide), onto highly mono-
disperse fd virus particles (Scheme 1). The fd virus is a rod-like
particle with a length of 880 nm, a diameter of 6.6 nm, and a
persistence length of 2200 nm. Each virus consists of a capsid
of 2700 identical major coat proteins which are arranged helically
along the long axis of the virus. This virus has been used both
as a model colloidal rod and as a template for nanomaterials,
because of its intrinsic monodispersity and well-defined surface
properties.'®!'” Chemical modifications such as dye labeling and
polymer grafting can be applied to this virus by exploiting its
rich surface functional groups.'® This virus shows robust thermal
stability until 90 °C."® The thermoresponsive polymer adopted
here is the well-documented poly(N-isopropylacrylamide)
(PNIPAM), a polymer which undergoes a sharp, thermoinduced
reversible change from coil to globular conformation at a lower
critical solution temperature (Ticst, ~32 °C).° Here we
demonstrate that when PNIPAM is chemically tethered onto the
rod-like fd virus surface, the resulting hybrid PNIPAM—fd
exhibits a reversible gelation behavior in aqueous media by simply
controlling the temperature. Depending on the ionic strength and
particle concentration, both isotropic and nematic gels can be
conveniently obtained. Because of the cholesteric nature of the
liquid crystalline phase of (PNIPAM)—fd suspensions at room
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temperature,'® the cholesteric organization is largely preserved
in the liquid crystalline gel. This offers an easy way to monitor
the evolution of the gel phase and to probe the properties of the
(chiral) nematic gel by polarized optical microscopy (POM) and
small-angle X-ray scattering (SAXS). Measurements of the linear
viscoelastic properties as a function of temperature and frequency
have been used to obtain an accurate determination of the gel
point.

Results and Discussion

Grafting fd Virus with Thermoresponsive Polymer. fd virus
can be grown and collected in hundreds of milligrams following
standard biochemical protocols using the XL-1 blue strain of E.
coli as the host bacteria.>' Poly(N-isopropylacrylamide) (PNIPAM)
oligomer and the copolymer of N-isopropylacrylamide (NIPAM)
and N-tert-butylacrylamide (NBA) (polymer 1 and 2 in Scheme
1), both of which contain a carboxyl group at one end, were
synthesized by radical polymerization with AIBN as the initiator
and 3-mercaptopropionic acid (MPA) as the chain transfer agent.”
The carboxyl end groups are introduced by MPA and converted
into the succinimidyl ester by esterification with N-hydroxysuc-
cunimide after activation with N,N-dicyclohexylcarbodiimide.
The activated polymer was then grafted to the surface of fd virus
through the reaction of the end succinimidyl group of the polymers
with the amino groups on the protein surface of the viruses.
About 300 polymer chains with a number average molecular
weight (M) of 7k were grafted onto each rod, corresponding to
a grafting density of 0.1 PNIPAM/nm?. This amount of PNPAM
is sufficient to completely cover the virus surface.”* An extensive
purification procedure was applied to remove any free polymer.*
PNIPAM—fd was subjected to different experiments, while only
gel point determination was performed on fd grafted with the
copolymer 2.%*

Phase Behavior of PNIPAM—fd at Room Temperature.
Rod-like particles like fd viruses are well-known to form
concentration-dependent liquid crystalline phases (LC).'®?> The
isotropic/nematic (I/N) phase transition of fd virus follows
Onsager’s theory and the concentration, Cj_y, at which an I/N
transition occurs, increases as a function of the ionic strength (1)
as 1/Dggeirostatic \where DEgelrostatic jg an effective diameter defined
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Figure 1. (A) Phase diagram of PNIPAM—fd system at room temperature (in the sol state). The line is only to guide the eye. Full circles refer to
the highest measured concentrations where the isotropic liquid phase is still observed. Solid squares represent concentrations where the (chiral) nematic
phase is observed. Inset: Typical fingerprint texture of the cholesteric phase observed by optical microscopy between crossed polarizers in a suspension
of I=5mM, C =20 mg mL"! (the scale bar indicates 100 um). (B) Transmittance versus temperature during reversible gelation of the suspensions
of fd virus grafted with the thermoresponsive polymer 1 (circles) or 2 (squares). Full symbols: heating; open symbols: cooling. The virus concentration
is 3.5 mg mL ! (in isotropic liquid phase at room temperature, I = 110 mM); the heating/cooling speed is 1 °C per 30 min. Inset: sol and gel of
fd viruses grafted with polymer 1. (C) Schematic representation of the different effective diameters and their variation upon changing experimental
conditions. Black line: DEY™"; red dash line: Dgeos@ie; I: jonic strength with I*~ 20 mM; T: temperature with 7% ~32 °C.

by the surrounding electrical double layer (Figure 1C).>* At layers. A systematic investigation of these phenomena is being
physiological pH, fd virus bears a high negative surface charge carried out since this might shed some light about the origin of
density (~10 e/nm),?® resulting in strong electrostatic repulsions the supramolecular helical organization of fd virus**?” and many
which lead to the colloidal stability of the virus suspensions. For other rigid macromolecules such as DNA,® rod-like polypep-
polymer—fd systems, an additional soft-repulsion is introduced tides,'® and celluloses.?’
by the grafted polymer layer in good solvents. Above a given Reversible Gelation of fd Grafted with Thermoresponsive
ionic strength /, the electrical double layer is confined underneath Polymers. Upon heating above a critical temperature, 7%, the
the polymer layer and the effective diameter of the hybrid rods PNIPAM—fd suspension undergoes a sharp transition from a sol
is defined solely by the thickness of the grafted polymer (DRg¥™er, to a gel as inferred from the light transmittance and the mechanical
Figure 1C). C;—y becomes then independent of /7, as revealed by properties of the system (Figure 1B). The gelation is reversible,
the phase behavior of fd grafted with poly(ethylene glycol) (PEG) and the gel turns back to a fluid state by decreasing the temperature.
of molecular weight Sk (PEG5k—fd).>* Determination of the I/N From the test tube inversion method and the measurement of the
transition for the current PNIPAM—fd suspensions at room transmittance, 7% is estimated to be in the temperature range of
temperature evidence that C;_y varies for / < 20 mM while it 32—35 °C, close to Ty cst for the free PNIPAM (Figure 1B).”
is essentially independent of 7 for / > 20 mM (Figure 1A), which For T > T#*, the role of the grafted PNIPAM on fd surface
is very similar to PEG5k—fd. C;—x ~ 17 mg mL™" is found for changes as PNIPAM chains shrink into globular conformation
I =110 mM and this is much lower than bare fd (~24—25 mg and their hydrophobic nature dominates interparticle interactions
mL™") and close to PEG5k—fd (~15 mg mL ") at the same ionic (Figure 1C). The strong hydrophobic attraction between the
strength.” collapsed PNIPAM layers drives the system into the gel state,
Similar to PEG5k —fd and bare fd, the mesophase observed for even in salt free suspensions above a concentration of 2 mg
the current system is a cholesteric phase in which the director mL~". This indicates a strong interparticle attraction when T >
(average rod orientation) follows a helical path in space, resulting T*. The critical concentration, C*, above which space-filling gel
in a characteristic stripe-like “fingerprint” texture (inset of Figure forms, weakly decreases with increasing ionic strength, as for
1A). We also noted that pure nematic phases are observed in instance when / = 110 mM, C* is found to be 1 mg mL~".>* The
some samples especial]y at hlgh rod concentrations and ionic corresponding minimum effective volume fraction for gelation,
strengths, in contrast with PEG5k—fd and bare fd for which only ¢*, is estimated to be 0.002 by assuming the effective diameter
the cholgsteric phase is observed. The origin of this pure ner.nat.ic (27) (a) Tombolato, F.; Ferrarini, A.: Grelet, E. Phys. Rev. Lett. 2006, 96,
phase might be related to slow particle reordering in the liquid 258302. (b) Tomar, S.; Green, M. M.; Day, L. A. J. Am. Chem. Soc. 2007, 129,
crystalline phase or interactions between the grafted PNIPAM 3367-3375. (c) Kohlstedt, K. L.; Solis, F. .; Vernizzi, G.; de la Cruz, M. O. Phys.

Rev. Lett. 2007, 99, 030602.
(28) Stanley, C. B.; Hong, H.; Strey, H. H. Biophys. J. 2005, 89, 2552-2557.
(26) Zimmermann, K.; Hagedorn, H.; Heuck, C. C.; Hinrichsen, M.; Ludwig, (29) Revol, J.-F.; Godbout, L.; Dong, X.-M.; Gray, D. G. Lig. Cryst. 1994,
H. J. Biol. Chem. 1986, 261, 1653-1655. 16, 127-134.
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(Defp) of the PNIPAM—fd in gel phase (Figure 1C), Degr = Dygre
+ 4R,, in which Dy, is the diameter of bare fd (6.6 nm) and R,
is the radius of gyration of the collapsed PNIPAM (with R,
estimated to be 1 nm for collapsed PNIPAM of M, 7k*°). For
otherrod systems, ¢* > 0.003 has been reported.> The somewhat
lower ¢* of PNIPAM—fd benefits from its much longer contour
length.

The gelation temperature can be tuned by grafting a copolymer
of NIPAM with other hydrophobic or hydrophilic monomers.
For example, the copolymer of NIPAM and N-fert-butylacry-
lamide (polymer 2 in Scheme 1) has Tjcst ~22 °C and the T*
of fd grafted with polymer 2 is observed to be about ~21 °C
(Figure 1B).>* Note that some hysteresis in the heating/cooling
cycle is observed for both systems (Figure 1B), which is
attributable to the hysteresis inherent in the thermoreversible
behavior of polymer 1 or 2.*! The appearance of the gel varies
from translucent to turbid with increasing concentration. The gel
formed at particle concentrations below 30 mg mL~! remains
sufficiently transparent to visible light to allow for the investigation
of the gelation with polarized optical microscopy (POM).

Rheological Characterization of Gelation Behavior of
PNIPAM—fd Suspensions. Dynamic oscillatory experiments
were performed on PNIPAM—fd suspensions at different
temperatures in the linear viscoelastic region. Concerning the
definition of a gel, the Winter and Chambon method was adopted
(see Supporting Information for a brief description of this method
and terminology).* Thermally induced gelation is compared for
two samples with the same virus concentration, 8.5 mg mL™!,
but at two different ionic strengths / = 5 mM and 110 mM.

At I = 5 mM, the suspension is in the cholesteric liquid
crystalline phase and birefringence is observed between crossed
polarizers when 7' < T* (inset in Figure 3A), whereas at / = 110
mM the system is in the isotropic liquid phase. In this way, two
systems with the same particle number density but with a different
microstructure are realized by simply varying the ionic strength.
This structure difference is clearly responsible for the different
rheological behavior of the two suspensions (T < T%), as
summarized in Figure 2. Before gelation, the storage modulus
G' and loss modulus G" of the suspension at / = 110 mM is
dependent on the frequency (w) as G'(G") ~ " with n ~ 0.5,
which is in a good agreement with theory.** In contrast, a less
regular tendency is observed for I/ = 5 mM, probably because
of the existence of polydomains in the liquid crystalline phase.
Above a critical temperature, G' and G" of both systems become
independent of frequency, with G’ higher than G", which is a
typical feature of gels.** The critical temperature at which gelation
occurs, 7%, can be deduced following Winter and Chambon
method.***? T =35.2 and 33.2 °C are obtained for the suspension
at/=>5 and 110 mM, respectively, which provide a more accurate
measure compared to the value obtained by the test tube inversion
method.

Further investigation reveals that at the same frequency, the
storage modulus G’ of the suspension at / = 5 mM (in nematic
phase) is higher than at / = 110 mM (in isotropic liquid phase)
before gelation while opposite trend is observed after gelation
(Figure 2C). The weaker screening of the electrostatic interactions
of rods at I = 5 mM leads to a larger effective diameter and
hence a higher effective particle volume fraction than at / = 110
mM (Figure 1C). This results in a higher modulus of the
suspension at / = 5 mM in the sol state. As detailed in the

(30) Wu, C.; Wang, X. H. Phys. Rev. Lett. 1998, 80, 4092.

(31) (a) Cheng, H.; Shen, L.; Wu, C. Macromolecules 2006, 39, 2325-2329.
(b) Zhu, P. W.; Napper, D. H. J. Colloid Interface Sci. 1996, 177, 343-352.
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Macromolecules 1986, 19, 2146-2149.
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Figure 2. Dynamic frequency sweep experiments at different temper-
atures of two PNIPAM—fd suspensions at the same virus concentration,
C = 8.5 mg mL™', but at different ionic strengths of / = 110 mM and
at / = 5 mM. They are in the isotropic liquid and nematic phases,
respectively. (A) I = 110 mM and at a strain of 2.5%, (B) I = 5 mM
and at a strain of 0.8%. Full symbols: storage modulus G'; open symbols:
loss modulus G". (C) Storage modulus (G") as a function of temperature,
recorded at a frequency of 1 rad s™'. Full triangles: sample at / = 110
mM; open squares: sample at / = 5 mM.

following section, the gel at / = 5 mM is indeed a nematic gel
with an oriented network which may yield to applied stress more
easily than the random entangled network at / = 110 mM.
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Figure 3. (A and B): Fingerprint texture characteristic of the cholesteric phase observed by polarizing microscopy before and after gelation. Dark
lines correspond to regions where the rods are perpendicular to the plane of the figure and bright lines correspond to regions where rods are in the
plane of figure. The cholesteric pitch corresponds to two bright and two dark lines. The scale bar indicates 100 um. Sample: / = 5 mM, C = 13.6
mg mL~". Inset: Observation of the sol and gel between crossed polarizers. (C) Schematic representation of the rod orientation in the sol and gel
states. (D) Intensity versus scattering vector q from SAXS experiments at different temperatures. Sample: / = 110 mM and C = 68 mg mL™". (E)
Birefringence An at different temperatures. Sample: / = 60 mM and C = 22 mg mL~'. The sample was aligned by a magnetic field before heating.
Square: An at room temperature (23 °C) before heating; circle: An at 40 °C; triangle: An after cooling back to 23 °C. The values in the parenthesis

are the corresponding orientational order parameter S.

The above discussions do not take into account the effect of
the ionic strength on the 7} csr of the free PN IPAM.>3 However,
in the range of monovalent salt concentration (I < 110 mM) used
in this work, any shift in T;csr can be neglected.>

Thermoreversible Liquid Crystalline (L.C) Gel of Intriguing
Microstructure. The gel at /=5 mM shows birefringence under
cross polarizers (inset of Figure 3B), indicating that a thermo-
reversible LC gel forms. Thus, the particle ordering in the LC
phase at room temperature is maintained during gelation. In
addition, if the sol is in the cholesteric phase, the fingerprint
texture can still be observed in the gel (Figure 3A,B), within
which the helical arrangement of the rods is largely kept. However,
investigation of the heating process with POM reveals that the
pitch in the gel becomes inhomogeneous (Figure 3B). After
cooling back to room temperature, a homogeneous pitch recovers

slowly on a time scale of several hours. The inhomogeneous
pitchin the gel indicates reordering of the rods and heterogenizing
of the inter-rod distance in the nematic gel, although an averaged
orientation still exists (Figure 3C). This can also be evidenced
with small-angle X-ray scattering (SAXS) measurements (Figure
3D), where the characteristic peak of the nematic phase (structure
factor) of anisotropic colloids at room temperature flattens out
into a broad peak after gelation. Yet the peak recovers upon
cooling.

In a magnetic field, fd virus in suspensions can be aligned
parallel to the field because of its diamagnetic anisotropy, which

(33) (a) Zhang, Y. J.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. J. Am. Chem.
Soc. 2005, 127, 14505-14510. (b) Freitag, R.; Garret-Flaudy, F. Langmuir 2002,
18, 3434-3440.
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offers an easy way to tune the ordering of the particles.** By
combining this magnetic alignment effect with gelation, one can
control the particle ordering in the gel. For this, a suspension of
PNIPAM—fd was first aligned in a magnetic field of 7 T, resulting
in a monodomain of pure nematic phase in which all of the rods
point to an average direction. The well-oriented sample was
removed from the magnetic field and then subjected to the thermal
process. Quick heating was adopted, aiming to freeze the
monodomain of pure nematic phase and to get LC gels with
relatively homogeneous structure. During gelation, the birefrin-
gence An was measured using a Berek compensator (Figure
3E).>* The orientational order parameter S quantifying the degree
of alignment (—1/2 < § <1), is related to An by An/C = SAng,/
Co, where Ang,/Cy and C are specific birefringence of perfectly
aligned particles and concentration respectively. By assuming
that Ang,/Cy of PNIPAM—{d is similar to bare fd suspensions
for which 3.8 x 107> mL mg™" is reported,® the orientational
order parameter S can be estimated and the result is included in
Figure 3E. Upon heating, S decreases from 0.71 to 0.56, indicating
that the alignment in the gel sate decreases but is still maintained
to a significant degree. After cooling to room temperature, S
increases back to 0.67.

Summary and Conclusions

End-functionalized thermoresponsive polymers such as poly(N-
isopropylacrylamide) (PNIPAM) have been synthesized and

(34) Torbet, J.; Maret, G. Biopolymers 1981, 20, 2657-2669.
(35) Purdy, K. R.; Dogic, Z.; Fraden, S.; Ruhm, A.; Lurio, L.; Mochrie, S. G.J.
Phys. Rev. E 2003, 67, 031708.

Zhang et al.

grafted to rod-like colloidal virus particles. The resulting system
combines the thermoresponsiveness of PNIPAM and the perfect
monodispersity and rod-like shape of the fd virus. This system
exhibits reversible gelation behavior upon changing the tem-
perature. The gelation temperature can be tuned by grafting
polymers with different lower critical solution temperatures.
Isotropic and (chiral) nematic gels are easily obtained by varying
the ionic strength or the particle concentration. If the rod-like
particles in the suspension are first aligned by magnetic field and
then subjected to heating, macroscopically oriented gels can be
obtained. Combination of ionic strength, particle concentration,
polymer structure, temperature, and magnetic field represents a
powerful way to tune the gelation behavior and the resulting
properties of the current system. Moreover, because of the
monodispersity of the particles, theoretical models can be applied
to understand the phase and rheological behaviors.
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1. Materials and instrumental

1.1 Materials

All chemicals were obtained from Sigma-Aldrich except otherwise noted. N-isopropylacrylamide
(NIPAM) was recrystallized from hexane three times; N-tert-butylacrylamide (NBA) was
recrystallized from 1:1 benzene/acetone three times; 2,2’-Azoisobutyronitrile (AIBN) was
recrystallized from ethanol twice. 3-Mercaptopropionic acid (MPA), N-hydroxysuccunimide
(NHS), N,N-dicyclohexylcarbodiimide (DCC), tert-butylalcohol, anhydrous diethyl ether,
methylene chloride were used as received. Other solvents and agents are in the highest purity
available commercially and water from a Milli Q system (>18.2 m€, Millipore) was used. The
buffer mentioned in the text is Tris-HCI buffer (20 mM Tris, pH 8.2), the ionic strength (I) of which
was adjusted by adding varying amount of NaCl.

1.2 Instrumental

'"H spectra were recorded from CDCl; solutions on Varian Inova 400 spectrometer. UV spectra
were recorded using a Varian Cary 50BIO spectrophotometer. For other instruments, see the

respective section.

T IFF, Institut Weiche Materie, Forschungszentrum Jiilich.
T Centre de Recherche Paul Pascal, CNRS-Université Bordeaux 1.
§ Department of Chemical Engineering, K.U. Leuven.
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2. Synthesis

2.1 Synthesis of end-functionalized polymers

Following the method of Hoffman and Takei,' poly(N-isopropylacrylamide) oligomer and
copolymer of NIPAM and NBA, both of which contain a carboxyl group at one end, were
synthesized by radical polymerization with AIBN as the initiator and MPA as the chain transfer
agent. The carboxyl end groups are introduced by MPA and converted into succinimidyl ester by
esterification with NHS after activation with DCC.

Carboxyl group terminated poly(N-isopropylacrylamide)(PNIPAM, polymer 1 in the main text)
Based on the recipe in ref. 1a, the molar ratio, [NIPAM]:[MPA]:.[AIBN] = 100:2:0.25 was used,
targeting a molecular weight of ca. 7k. An Erlenmeyer flask was charged with 50 mL
tert-butylalcohol, to which 11.30 g NIPAM was added. To the resulted solution were added 173 pL.
MPA and 41 mg AIBN. After AIBN was dissolved, the clear solution was transferred into a Schlenk
flask and degassed by freeze-thaw cycles under vacuum for at least three times. The polymerization
was carried out at 60°C for 6 hrs. After that, the reaction mixture was concentrated by a rotary
evaporator and the concentrate was poured into anhydrous diethyl ether. The precipitate was
collected by centrifuge at low speed and dried in vacuum. The product was further purified by
dissolving in THF and precipitating in diethyl ether for three times followed by a final drying step.
A whitish gel-like product was obtained with a yield of 65%, taking into account the lost during
purification. The NMR spectrum of the polymer in CDCl; is consistent with the literature?.
Carboxyl group terminated poly(N-isopropylacrylamide-co-N-tert-butylacrylamide)(PNIBA,
polymer 2 in the main text) The molar ratio of the monomers, [NIPAM]:[NBA], is 4:1 and the
[Monomer]:[MPA]:.JAIBN] is 100:2:0.25, targeting also a molecular weight of ca. 7k. A similar
procedure as described above was used. Briefly, to 100 mL tert-butylalcohol were added 15.60 g
NIPAM, 4.40 g NBA, 346 uL. MPA and 82 mg AIBN. The resulted solution was degassed for at
least three times. The polymerization was carried out at 60°C for 6 hrs. The product was purified
and collected by dissolving in THF and precipitating in diethyl ether. The dried product is a white
loosen chunk. A yield of 52% was estimated. The final oligomer contains ca. 30% NBA, as
estimated from 'H NMR integrals of diagnostic peaks ((CHs);C- at 1.31 ppm for NBA and

(CHj3),CH- at 1.12 ppm for NIPAM).
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Activation of the carboxyl terminated polymer with N-hydroxysuccunimide The above carboxyl
terminated polymers (4g) were dissolved in anhydrous methylene chloride (40 mL). The solution
was cooled in ice-H,O bath. NHS (0.23 g, 2 mmol) was added to the cooled solution. After NHS
dissolved, 0.412 g (2 mmol) DCC was added. The final solution was slowly warmed to room
temperature and kept stirring for 4 hrs. The solid (insoluble dicyclohexylurea) was removed by
filtering. The clear filtrate (~ 40 mL) was poured into 200 mL anhydrous diethyl ether. The
precipitate was collected by centrifugation and dried under vacuum. White solids were obtained.
The presence of NHS ester was confirmed via UV absorption (A p.x = 259 nm in a 0.1 N NH4-OH
solution).3

2.2 Grafting fd virus with end-functionalized polymers

Preparation of fd virus fd virus was grown and purified following standard biochemical protocols
using the XL-1 blue strain of E. coli as the host bacteria.* The yield is ca. 15 mg of fd per liter of
infected bacteria dispersion, and the virus was typically grown in 6 L batches. The virus particles
were purified by repeated centrifugation (108,800 g for 5 hrs) and finally redispersed in a 10 mM
NaHCO; buffer with 15% (v/v) ethanol and kept refrigerated at +5 °C to prevent bacteria
propagation. Virus suspension was further centrifuged at 5180 g for half an hour to remove any
potential bacteria right before using. The concentration of the virus suspension was determined
photometrically with the extinction coefficient of 3.84 mg™' cm” at 269 nm’. The absorption ratio at
269 nm and 244 nm (Ayee/Ara4) Was used to assess the purity of fd. A ratio of 1.41 indicates a rate of
impurity less than 1%.

Grafting fd virus with polymers Mass ratio of fd to the polymer was kept at 1:10 for the maximum
grafting density. Due to the slow dissolution of PNIPAM or the copolymer and the vulnerability of
NHS ester to hydrolysis, the following protocol was deployed. Fd virus was dispersed in phosphate
buffer (110 mM, pH = 8.2) to form suspensions of 2 mg mL". The suspension (10 mL) was cooled
in an ice-water bath and then was added to 200 mg activated polymer. The reaction container was
kept in the ice-water bath until most of the polymer was dissolved. Finally, the mixture was kept at
room temperature overnight.

Careful purification procedure was performed to remove any free polymers. After the above

grafting reaction, the mixture was subjected to several rounds of centrifugation/redispersing in the
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targeting buffer at 10°C (centrifugation: 108,800 g for at least 8 hrs). At each round, the supernatant
was collected to monitor the transmittance versus temperature with the homemade scanning
Michelson differential interferometer setup in order to detect any residual free polymer (see next
section). It was found that no change of the transmittance with temperature can be detected after the
fourth round of centrifugation. To be sure, five rounds of centrifugation/redispersing were usually
carried out. After this procedure, the suspension was further dialyzed with a cellulose membrane
tubling of MWCO 30k (Spectra). Hereafter we refer to fd grafted with PNIPAM as PNIPAM-fd.
PNIPAM-fd was subjected to different experiments while only gel point determination was

performed on fd grafted with PNIBA (PNIBA-fd).

3. Characterization

3.1 Characterization of the end-functionalized polymers

Molecular weight The number average molecular weight (M,) of the carboxyl terminated
PNIPAM was estimated by end functional group titration. For this, the carboxyl terminated
polymer (0.25 g) was dissolved in water overnight and cooled at 10°C. The solution was titrated
with 0.1 N NaOH to obtain the molar amount of the carboxyl groups. Then M, was calculated by
assuming that each polymer contains one carboxyl group.' M, ~ 6865 g/mol was obtained. No
attempt was preformed to determine the molecular weight distribution of the polymer, which is
expected to be moderately narrow since chain transfer polymerization was used.'

Determination of the lower critical solution temperature (T.cst) of the carboxyl-terminated
polymers The evolution of the transmittance with temperature of the polymer solutions was
monitored on a homemade scanning Michelson differential interferometer with a laser source of
633 nm and a programmable temperature control unit with an accuracy of +0.01 °C.° The
carboxyl-terminated polymers were dissolved in water at T = 10°C overnight, resulting in clear
solution of 0.06% (m/v). The temperature was increased/decreased by steps of 1°C per 30 mins.
Trcst Was taken as the temperature at which a sharp decrease in the transmittance occurs upon
heating. T cst = 22°C and 33°C was obtained for PNIBA and PNIPAM respectively (Figure S1).
Note that some hysteresis was observed in the heating/cooling cycle, which is also reported in the

literature.’
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Figure S1. Transmittance versus temperature of the carboxyl-terminated polymer solutions. The
concentration is 0.06% (m/v); the heating/cooling speed is 1°C per 30 mins. Circles: carboxyl
group terminated poly(N-isopropylacrylamide) (PNIPAM); Squares: carboxyl group terminated
poly(N-isopropylacrylamide-co-N-tert-butylacrylamide) (PNIBA); Full symbols: heating; Open

symbols: cooling.

3.2 Characterization of fd grafted with polymers

SDS-PAGE  The main component of fd virus is a rod-like protein capsid, consisting of 2700
identical coat proteins—g8p. The solvent exposed part of g8p offers amino functional groups for
grafting with polymers. With these properties, SDS-PAGE is a convenient way to analyze the
chemical modification of fd virus.

SDS-PAGE was performed following the standard Laemmli method.® A gel with a density of 18%
was used. Wild type or modified fd viruses were denatured in the buffer containing 1.6% SDS, 1%
B-mercaptoethanol, 12.5% glycerol, 0.0025% bromophenol blue and 50mM Tris-HCI (pH 7.6)
(final concentration). The resulting mixture of major coat proteins g8p, minor proteins, phage DNA
and other agents were loaded onto the gel which was run under a buffer condition of 1% SDS, 1.92
mM glycine, 250 mM Tris (final concentrations). Commercially available molecular weight

markers (Amersham Biosciences) were applied to one lane of the gel in order to estimate the
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apparent molecular weight. Gels were stained with Coomassie Brilliant Blue R-250 for visualizing

the protein bands.
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Figure S2. SDS-PAGE of PNIPAM-fd and wild type fd. Lane 1: molecular weight markers (x 10° g

mol™); Lane 2: PNIPAM-fd; Lane 3: wild type fd.

In Figure S2, besides the band corresponding to the coat protein—g8p, another band appears at the
position of a higher molecular weight in the lane of PNIPAM-fd, which should be g8p grafted with
PNIPAM. A molecular weight of 7k and 15k can be estimated for g8p and g8p grafted with
PNIPAM respectively.” Assuming that each coat protein grafted with only one PNIPAM, an
apparent molecular weight of ca. 8k for the grafted PNIPAM is obtained, which is comparable to
the value estimated by the end function group titration.

Isotropic-nematic (I-N) phase transition PNIPAM-fd was redispersed in Tris-HCI buffer to form
concentrated suspensions of different ionic strengths (I). The suspensions were kept in a water-bath
of temperature 20°C between crossed polarizers and birefringence was observed. The same

Tris-HCI buffer was added in an amount of 5 pL per step until the birefringence just disappears.
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The concentration of the resulted dispersions, denoted as C,.y, was then determined by assuming
that C.\ is equal to the concentration in the isotropic liquid phase coexisting with the nematic
phase.

Number of PNIPAM polymers per virus Since the refractive index increment (dn/dc) is
proportional to the mass density, the dn/dc difference between the bare virus and the PNIPAM-fd is
due to the grafted polymer. This can be used to estimate the number of grafted polymers on each
virus."” The dn/dc of carboxyl-terminated PNIPAM ((dn/dc),) and fd virus ((dn/dc)y) were
determined with the homemade scanning Michelson differential interferometer at T = 25°C °. As
for PNIPAM-fd system, the concentration of fd virus in PNIPAM-fd suspensions can be easily
obtained by UV absorption (PNIPAM does not absorb in the UV range where fd absorbs). So an
apparent dn/dc can also be determined based on the virus concentration ((dn/dc),yp). The number of

PNIPAM grafted on each virus, N, can be estimated by the following equation':

N (dn/dc),,, —(d/de)s My 1)
(dn/dc), Mp

with Mvid and MVS the molecular weight of fd (1.64 x 107 g mol'l) and of the polymer

respectively.

Four samples with concentrations ranging from 0.001 to 0.005 g mL™" in pure water were prepared
for carboxyl terminated PNIPAM, fd and PNIPAM-fd. The dn/dc values of 0.192, 0.172 and 0.165
mL g are obtained for PNIPAM-fd, fd, PNIPAM respectively. With equation (1), N ~ 300 is
calculated, indicating that only a small portion of the coat proteins (g8p) are grafted with PNIPAM.
This value is of the same order of magnitude as the amount of PEG found in the PEG5k-fd system
(ca. 400 polymer per virus was reported)' and is also consistent with the SDS-PAGE result (see

Figure S2).

Estimation of the effective particle volume Several effective diameters, D , have been
distinguished (See Fig.1C in the main text). The first is the diameter defined by the bare fd and the

grafted polymer layer, Deﬁflymer . The second is the diameter defined by the electrostatic double

layer, DS | For PNIPAM-fd, D™ should equal to the bare diameter of fd (6.6 nm) plus

the thickness of the grafted PNIPAM layer. In this case, two situations emerge. When T < T*,
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De‘;fmymer equals the bare diameter of fd (6.6 nm) plus the 4Ry of the grafted PNIPAM in the coil
conformation. Ry is estimated to be 3 nm for PNIPAM of M,, = 7k."" So De‘#’lymer =Dt +4Ry=19

nm. When T > T%*, De‘;flymer equals the bare diameter of fd plus 4Ry of the grafted PNIPAM in the

globular conformation. Ry is estimated to be 1 nm for M,, of 7k. "'In this case, De‘#’lymer =Dy + 4Ry
= 10 nm. The corresponding volume fraction can be calculated

by ® =C N,Lz(Dy /2)° /M, , with N, being the Avogadro’s number and M, the

w

molecular weight of fd virus.

4. Physical experiments

4.1 Determination of gel point by transmittance change upon varying temperature
Transmittance versus temperature of the suspensions of the virus grafted with polymers was
monitored on the homemade scanning Michelson differential interferometer as described above.’
For this, the dispersion of PNIPAM-fd or PNIBA-fd with a concentration of 3.5 mg mL" and an
ionic strength of 110 mM was subjected to a heating/cooling cycle with a heating/cooling speed of
1°C per 30 mins. The gel point is defined as the temperature at which the transmittance decreases
sharply.

4.2 Determination of gel point by test tube inversion experiments

In order to investigate the influence of ionic strength and concentration on the gel point,
PNIPAM-fd was dispersed in Tris-HCI buffer, resulting in suspensions of different concentrations
and ionic strengths. The glass vials containing these suspensions were immersed in a water bath
with a temperature control with an accuracy of £0.01°C. The temperature was increased from 10°C
to 60°C in steps of 1°C per 10 min, and vice versa. The vials were equilibrated at each temperature
for 30 min and then checked by inverting up down. The gel point, T, is defined as the temperature
at which the dispersion stops flowing and a space-filling gel forms. The critical concentration was
also defined in a similar way.

Two PNIPAM-fd suspensions of different ionic strengths (I) were investigated. One is a salt-free

suspension (suspensions in deionized water), in which strong interparticle electrostatic repulsions
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are expected. Another one is a suspension of I = 110 mM, in which the electrical double layer is
confined into the PNIPAM layer so that the steric repulsion by the polymer in a good solvent (T <
T") is dominant. The results are summarized in Tables 1 and 2. The gelation point weakly depends
on the concentration, especially in the case of salt-free suspension. For both dispersions, there
exists a critical concentration C*, above which gelation occurs. Note that the gel point is consistent
with that determined by the transmittance method (see the main text).

Table 1. Gelation behavior of salt-free PNIPAM-fd suspension at different concentrations

C (mgmL") Gelation phenomena Gel point (°C)
7.80 Translucent gel, birefringence 33
3.70 Translucent gel, birefringence 35
2.21 Weak Gel 36
1.85 Weak Gel 38
0.94 No gelation occurs even by heating up to 60 °C —

* Concentration of fd virus in the PNIPAM-fd suspension.

Table 2. Gelation behavior of PNIPAM-fd suspension at I = 110 mM and at different concentrations

C (mg mL'l)* Gelation phenomena Gel point (°C)
7.80 Turbid gel, No birefringence 33
3.91 Translucent gel, No birefringence 33
1.84 Translucent gel, No birefringence 34
0.90 Weak gel 34
0.76 Weak gel / very viscous fluid 34
0.4 No gelation occurs even by heating up to 60 °C —
except that the suspension becomes viscous

* Concentration of fd virus in the PNIPAM-fd suspension.
4.3 Rheological experiments
4.3.1 Background
The gelation behavior of the PNIPAM-fd was subjected to rheological investigation with a
strain-controlled rheometer (ARES, TA instruments, De, USA). The rheometer is equipped with a
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sensitive force rebalanced transducer (100 g.cm torque). A cone and plate geometry was used with
a 50 mm diameter and an angle of 0.04 radian, to ensure a homogenous deformation throughout the
sample. Temperature control was carried out by a Peltier element. The sample was allowed to
equilibrate at each temperature for 60s prior to the measurements. A double vapor lock solvent trap
was used as to minimize solvent evaporation. Strain sweeps at frequencies of 1 and 5 rad/s were
conducted at different temperatures (above and below gel point) to determine the linear regime and
the minimal linearity limit which is obeyed at all temperatures. Subsequently a frequency sweep
was performed at a particular strain % below the minimal linearity limit.

The rheological definition of the gel point is that the relaxation modulus is described by a simple
power law: G(t) = St™.  For the dynamic moduli this implies that, at the gel point, both the storage
(G") and the loss (G") modulus are power laws over the whole frequency range. Hence at the gel
point, the phase angle (3, 6 = tan'l(G"/ G") is independent of frequency. The Winter-Chambon
method consists in monitoring tan(8), or the change of tan(d) (Atan(d)) with respect to frequency.
The latter should be close to zero near the gel point.12

4.3.2 Method for determination of the gel point

To determine the gel point, oscillatory frequency sweep experiments were performed at a strain%
in the linear regime for different temperatures. Figure S3 shows tan(d) as a function of frequency
for a 3 mg mL™' PNIPAM-fd suspension. In the sol state, the inertial contribution of the instrument
to the measurements limits the frequency range to about 10 rad/s. At temperatures 27 to 32°C the
sample is in the isotropic sol state, the slope of tan(d) is negative and depends on the frequency.
Between 32 and 33°C the modulus increases and tan(d) becomes independent of frequency,

identifying the critical gel point.
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Figure S3. Oscillatory frequency sweeps at a strain of 1% and at different temperatures for a

3 mg mL™' PNIPAM-fd suspension at I = 110 mM.

Moreover, the transition to the gel state is also characterized by an increase of the magnitude of
storage moduli and a decrease of the phase angle. Figure S4 shows absolute values of G' and phase
angle (8) as a function of temperature for a 3 mg mL™' PNIPAM-fd suspension. There is a large

increase in G' and a drop in & in the range of 32 to 33°C.
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Figure S4. Storage moduli (G') and phase angle (3) versus temperature for 1% strain at a

frequency of 1 rad/s. The sample is the same as described in Figure S3.

The accurate gelation points were determined by plotting Atan(d) against the temperature for the
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two PNIPAM-fd suspensions described in the main text (C = 8.5 mg mL", I =5 mM and 110 mM
respectively). The gel points are determined by taking the temperature at which Atan(d) is zero. In

the case of 110 mM the gel point is at 33.2°C and for SmM it is 35.2°C.
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Figure S5. Atan(8) (at 1 rad/s) vs temperature for PNIPAM-fd suspensions of C = 8.5mg mL"
and at [ =5 mM or 110 mM.

4.4 SAXS experiment

A lab SAXS setup (NanoStar Bruker AXS) was used. The beam of the anode x-ray generator had a
size of about 500 um and a wavelength of 1.54 A. The sample-to-detector distance was 1.1 m. The
temperature was controlled by a water circulating bath incorporated into the sample holder.

PNIPAM-fd suspensions were injected into 1.5 mm quartz x-ray capillaries and sealed by flame.

4.5 Optical microscopy

Birefringence was checked with an Olympus BX51 optical microscope equipped with cross
polarizers. The PNIPAM-fd suspensions were injected into 1.5 mm cylindrical glass capillaries and
then immersed into the mini water pool of a home-made heating plate. Water was used for
homogeneous heat conducting and for index matching to correct optical distortions produced by the
cylindrical capillary. The images were recorded by a CCD camera.

For magnetic alignment, the capillaries containing the liquid crystalline PNIPAM-fd suspensions
were put into a 7T magnetic filed of an NMR setup for 24 hrs. Alignment of the samples was

checked by optical microscopy. Samples of high degree of alignment were further subjected to

S12



quick heating/cooling, during which the optical retardation, R, was measured with a 3\ Berek
compensator. Birefringence An was then calculated by An = R/d, where d is the sample thickness

within the capillary.13
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