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Isotropic-cholesteric phase transition of filamentous virus suspensions as a function of rod length
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The viruses studied are genetically engineered, charged, semiflexible filamentous bacteriophages that are
structurally identical to M13 virus, but differ either in contour length or surface charge. While varying contour
length(L) we assume the persistence len@®) remains constant, and thus we alter the rod flexibilityP).

Surface charge is altered both by changing solupibhand by comparing two viruse§l and M13, which

differ only by the substitution of one charged for one neutral amino acid per virus coat protein. We measure
both the isotropic and cholesteric coexistence concentrations as well as the nematic order parameter after
unwinding the cholesteric phase in a magnetic field as a function of rod surface charge, rod length, solution
ionic strength, and solutiopH. The isotropic-cholesteric transition experimental results agree semiquantita-
tively with theoretical predictions for semiflexible, charged rods at high ionic strength, but disagree at low
ionic strength.
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I. INTRODUCTION merically calculated the concentrations of the coexisting
) o . . isotropic and nematic phases as well as the order parameter
_For a suspension of rigid rodlike particles, Onsager deterpf the coexisting nematic phase for arbitrary flexibility using
mined that hard-core interactions alone are sufficient for inKhokhlov-Semenov theory6]. For rigid rods, the limit of
ducing an entropy-driven phase transition from an isotropicstability of the isotropic phase is predicted to be4/b,
phase, in which the particles are randomly oriented, to ayherec; is the number density arto= 712D /4, the average
nematic phase, in which the orientation of the particles isexcluded volume in the isotropic phaigg. For flexible rods,
distributed about a preferred directipt]. When the rodlike  Khokhlov-Semenov theory predicts that slight semiflexibility
particles are semiflexible and/or charged, like many biopolywill increase the stability of the isotropic phase by increasing
mers such as DNA and F-actin, the properties of the phasgc,, and will narrow the-N coexistence region. Flexibility is
transition can differ significantly from those predicted for glso predicted to significantly lower the nematic order pa-
hard, rigid rods. Small amounts of flexibility are predicted rameter at coexistence. The nematic order parangditethe
[2] and observed3,4] to increase the stability of the isotro- second moment of the orientational distribution function of
pic phase and lead to a less ordered nematic phase. In thise rods,f(6), or S=2/ P,[cod 6)]f(6)d6, whereP, is the
paper, we study the effects of flexibility on the isotropic- second Legendre polynomial. For a completely aligned nem-
nematic (l'N) transition USing SUSpenSionS of the rodlike atic S=1, whereas for an isotropic phaSe 0. For r|g|d rods
charged, semiflexible M13 virus and M13 virus length-the predicted nematic order parameter at coexistenc® is
mutants. By varying the contour length) of our experi-  =0.79 [8]. The predictions from the Khokhlov-Semenov
mental charged rods while maintaining a constant persistena@eory show quantitative agreement with the measui¥bid
length (P), we change the rod flexibilityL/P). The persis- transition for suspensions of charged semiflexible viidis
tence length is defined as the length over which tangent veeharged polymer xanthan, and neutral polymer PEB@].
tors along a polymer are correlatfsl. In our experiments, Electrostatic interactions are incorporated into the On-
the flexibility of the rods remains within the semiflexible sager model by rescaling the bare rod diamé¢o a larger
limit, where P~ L. The effect of surface charge on thd\  effective diameteD+ which depends on the ionic properties
transition of charged rods is also investigated. Surface chargsf the particle and the solutiofi,9]. D is calculated from
is varied by modifying both the surface chemistry of the rodsthe second virial coefficient of Onsager’s free energy equa-
and the solution chemistry, by changipi. tion for charged rigid rods. In Fig. 1, we pl@.; as de-
While Onsager developed the original theory for thescribed by Stroobantst al.[9] as functions of ionic strength
isotropic-nematic transition of hard and charged rigid rodlikeand rod surface charge. The nonlinear Poisson-Boltzmann
particles, Khokhlov and Semenov were responsible for incorequation used in the Stroobants description Dpf was
porating flexibility into this theory{2]. They extended On- solved numerically using the approximations developed by
sager’s theory to include systems of semiflexible rods with @hilip and Wooding10]. With increasing ionic strengti) o
large length(L) to diameter(D) aspect ratiqL/D) and arbi-  decreases approaching the bare rod diameter. Past experi-
trary persistence length. They explicitly calculated the equiments have shown thdd.; accurately describes the ionic
librium properties of thd-N phase transition in the limit of strength dependence of the\ transition offd virus suspen-
very flexibleL/P>1 and very rigidL/P<1 rods and inter- sions [3]. For highly charged rods, the effect of surface
polated between the two limits to find the properties of semicharge orD is small as the nonlinear nature of the Poisson-
flexible rod phase behavior. Shortly afterwards, Chen nuBoltzmann equation leads to counterion condensation near
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perse suspensions of charged semiflexible rodikeirus,
] wild type M13 virus, and mutants of M13 virus which differ
from the wild type only by their contour length. In solution,
(a)10e”/nm — these particles exhibit isotropic, cholestefar chiral nem-
'f (b) 7e-/nm - ] atic), and smectic phasd8,15-17. Suspensions did have
- been previously shown to exhibit daN transition which
agrees with theoretical predictions for semiflexible rods with
an effective diameteD [3]. M13 virus is structurally iden-
tical to fd virus, differing only in surface charge, making
these two particles an ideal system for studying the influence
1 10 100 1000 of bare surface charge on the isotropic-nematic transition.
lonic strength [mM] Additionally, by comparing thé-N phase behavior of each
of the M13 mutants, which except for length are structurally
FIG. 1. (Color onling Effective diameter as a function of ionic jqentical, and therefore by assumption have the same persis-
strength and surface charge. With increasing ionic streBgip- o ce length, we measure the influence of flexibility, defined
proaches the bare diameter fof (M13) D=6.6 nm. The effective  oq the ratiol /P on this transition. Thoughd and M13 ex-
2'2[7?;? _'|:°‘h2?3:3;225(’:&?66(3::;2? Ofem?r:n' /e /nm, tﬁnd hibit a cholesteric phase, the free energy difference between
‘ g es are the same as those MEgs holesteric and the nematic phase is much smaller than
sured for(a) fd at pH 8.2, (b) M13 atpH 8.2 orfd atpH 5.2, and the difference between the isotropic and nematic phgss
(c) M13 atpH 5.2. At these surface charge densitiBg is insen- . ) .
sitive to variation in charge. Thls allows us to compare our results to theoretlcgl predic-
tions for thel-N transition. We refer to the cholesteric phase

the colloid surface which renormalizes the bare surfacéS the nematic phase henceforth.
charge to a lesser effective charge, which is nearly indepen- Motivation for these length and surface charge dependent
dent of the bare surface charge. In the nematic phase, tfBéasurements of thieN transition arose because new mea-
effective diameter increases due to an added effect callegtrements of the nematic-smectii-S) transition in this
“twist,” which is characterized by the parametdy Same systenpl9] exhibit measurable surfac_e charge depen-
=k} Dy, Where k1 is the Debye screening length. The dence and ionic str.ength dgpendence which ca_nnot be ac-
effect of twist onDy, however, is predicted to be small for counted for by treating the virus as a hard rod with a diam-
fd [3], and we neglect it here. Studying the influence of ionic€t€r Deir, in contrast to our previous measurements, which
strength and surface charge on thi phase behavior tests if Were limited in range of ionic strengfi6]. The newN-S
D can be accurately used to map charged rod phase behaieasurements inspired a closer look at the abilitpgf to
ior to hard-rod theories. describe the effects of surface charge on It transition.
Onsager’s theory is based on an expansion of the freléw measurements of the-S transition as a function of
energy truncated at the second virial level, so that only twoléngth also indicate that semiflexibility has no measurable
particle interactions are considered. This assumption ha@fféct on theN-S transition for the limited range studied,
been shown to be accurate in the limit of very long rodsWhich is as predicted, but which is in sharp contrast to the
whereL/D >100[11], or for very dilute suspensions. In our large predicted effect of flexibility on theN transition for
experimental system, however, decreasing the ionic strengfh® same range. The measurements presented here of
rapidly decreases our effective aspect ratio to values far bdhe-N transition as a function of charge and flexibility will
low the L/D=100 limit. In order to accurately predict the contribute to the understanding of the relative importance of
phase behavior of rods with an effectively small aspect ratiothese variables in the evolution of the liquid crystalline or-
the theoretical free energy needs to incorporate third anélering of charged semiflexible rodlike particles with concen-
higher virial coefficients. Scaled particle theg8PT), which ~ tration.
incorporates all higher virial coefficients in an approximate
way, is one theory which accomplishes tiii?]. A scaled Il. MATERIALS AND METHODS
particle theory for hard rigid rods was originally developed ) ) .
by Cotter[12]. More recently, we have expanded this theory ~Properties offd and wild type M13 include length.
to include charge and semiflexibilifi3,14. In conjunction ~=0.88um, diameter D=6.6 nm, persistence lengttP
with the Khokhlov-Semenov second virial theory, we use=2.-24#Mm, and molecular weight1=1.64x 10" g/mol [20].
this scaled particle theory to interpret our experimental re£ach virus consists of approximately 2700 coat proteins heli-
sults. coidally wrapped around single stranded DNA. The two vi-
In this paper, we present experimental measurements dfses differ only by one amino acid per coat proteinfdn
the isotropic-nematic phase transition of semiflexiblethis amino acid is the negatively charged aspartat,),
charged colloidal rods as a function of rod length, surfaceand in M13 it is the neutral asparagifesn,) [21]. Thus at
composition, solutiorpH, and solution ionic strength. We near neutrapH, fd has one more negative charge per coat
measure both the coexistence concentrations and the nemaffigotein (3.4+0.1e /protein than M13
order parameter and compare our results to both Onsager@.3+0.1€e7/protein, which results in a net charge differ-
theory, by way of Chen’s numerical calculatigf], and ence of approximately 30%22]. X-ray diffraction studies
scaled particle theory. For our model rods, we use monodisare unable to clearly discern any structural differences be-
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TABLE I. Surface charge ofd and M13 atpH 8.2 and 5.2(A) The charge ofd obtained by titration
experimentg22]. (B) M13 has one less negative amino acid per coat proteinfthahus the surface charge
of M13 can be approximated by subtracting one charge per protein subunit frdthshéace charge values.
(C) Ratio of electrophoretic mobilitym), determined from Fig. 2, of M13 téd. (D) By multiplying the
knownfd charge bym, the linear surface charge density of M13 can be calcula®dF) fd and M13 surface
charge per unit length, respectively.

A B C D E F
pH fd e~/ M13 e /subunit mobility ratio  M13 € /subunit fd e/nm M13e /nm
subunit  (charge offd minus 1) mM13/mfd  (electrophoresis
8.2 3.4+0.1 24+0.1 0.67 2.3+0.05 10 7
5.2 23%0.1 1.3+0.1 0.5 1.2+0.05 7 3.6

tween M13 andd [23]. The M13 length-mutants share the the samples contain abot#t20% (by mas$ 1.2 um rods.
same properties as wild type M13, varying only in length and All samples were dialyzed against a 20 mM Tris-HCI
molecular weight, which scales linearly with length. The buffer atpH 8.2 or a 20 mM sodium acetate buffer adjusted
M13 mutant have lengths of 1;@n, 0.64um, and 0.39um.  With acetic acid tgpH 5.2. To vary ionic strength, NaCl was
Wild type M13,fd, and M13K07(the 1.2um mutant phage added to the buffering solution. The values for surf_ace
were grown using standard techniquéed]. The other two  charge offd and M13 atpH 8.2 andpH 5.2 are presented in
mutant phages were grown using the phagemid method[able_l. The surface charge fuf was determined by titration
which produces bidisperse solutions of the phagemid and th@xPeriment§22], and the surface charge of M13 was calcu-
M13KO07 helper phagg24]. We chose two plasmid DNA lated in two ways, both starting from the knovieh surfapg
sequences, PGTN284665bp and LITMUS38 (2820bp charge. One way is to compare the molecular composition of
(New England Biolabs, Cambridge, MAo form our ph- fd and M13, ar_1d th_e second is to use the fact that becaqse
agemids of length 0.64im and 0.39um, respectively. M13 andfd are |dent|_(:_§1I except for thglr surface charge, their
Sample polydispersity was checked using gel e|ectrophoreS@eCtrophoretlc mobllltles are propo_ruonal to the net surface
on the intact virus and on the viral DNA. Except for the charge[27]. In Fig. 2, we show using agarose gel electro-
phagemid solutions, which contained approximately 20% b}phore5|s of intact virus thafd migrates 200% faster than
mass helper phage M13K07, the virus solutions were highiyM13 atpH 5.2 and 150% faster giH 8.2. Note in Table |
monodisperse as indicated by sharp electrophoresis bandsWe show that the surface charge of M13pM 8.2 is the

In a bidisperse system of long and short rods, it is preSame as the surface chargefdfat pH 5.2.
dicted that when isotropic and nematic phases are in coexist- All measurements were done at room temperature. The
ence, the longer rods will strongly partition into the nematicVirus concentrations were measured by absorption spectro-
phase[25,2§. Using this fractionation effect, we attempted pH 8.2 pH 5.2
to purify the bidisperse suspensions of the phagemid and Ioadingmw
M13KO07 helper phage. We observed partitioning of the long wells ol i s
rods into the nematic phase by DNA agarose gel electro- . 3
phoresigtwo to three times more long rods in the cholesteric
phase than in the isotropic phase, in qualitative agreement _ | i
with Lekkerkerkeret al. [25]), but were unable to success- electrophoretic B
fully measure a difference in long rod concentrations in the iraetot D
isotropic phase after successive iterations of fractionation. l

—

The effect of fractionation on the coexistence concentrations .
was assayed by comparing the isotropic and nematic concen-
trations of coexisting samplggbout 50% of each phase in fd M13 i M13
one sample with the highest concentrations for which the

samples remained completely isotropic and the lowest con-

Ce_ntratlons f_or which the samples remained completely nemgodium acetate, and aH 8.2 the buffer was 40 mM tris-acetate-
atic, reSpe,Ct'Vely' The iny difference ,We observed Wa,s th DTA (TAE). Gels were run at-1.0% agarose concentration and
the nematic concentration measured in coexistence with the 3 5 \//cm for 4 h. Samples were placed in loading wells at a

isotropic phase was consistently about 5-10 % lower thaRqncentration of approximately 0.3 mg/mL. M13 afthave the

the nematic concentration measured when the sample wagme length(L=0.88 um) and diameteD=6.6 nm), and differ
100% nematic. The lower concentrations in the coexistingnly in surface charge. The ratio of electrophoretic migration dis-
nematic phases are due to the partitioned long rods underg@mces between M13 arid within each gel is therefore equal to the
ing the I-N phase transition at lower mass concentrationsratio of the surface charge. The electrophoresis bandsdfaat
Because the effect of bidispersity is small, we report thepH 5.2 and M13 apH 8.2 are not at the same migration distance,
phase behavior for the 0.38m and 0.64um rods at the because the absolute migration distance is also a function of the
limits of the coexistence region with the understanding thabuffer ions.

FIG. 2. Agarose gel electrophoresis fof and M13 virus at
H 8.2(gel D) andpH 5.2(gel 2. At pH 5.2 the buffer was 40 mM
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FIG. 3. Isotropic-nematic coexistence concentrations as a func-
tion of M13 mutant contour length at 5 mM and 110 mM ionic FIG. 4. Dimensionless concentration of the isotropic phase in
strengths apH 8.2. Open symbols represent the coexisting isotro-coexistence with the nematic phase as a function of M13 mutant
pic phase and solid symbols the nematic phase. Shaded areas arecatour length for three ionic strengths aH 8.2. The con-
guide to the eye indicating the coexistence regions. For rigid rodsgentration is defined as  bguCi=(7/4)Degl®N;/V
the coexistence concentratiops<1/L at a constant ionic strength =25.4p; (mg/mL)L (um)Dgg (wm). Scale on the top of the graph
(constantDgg). Deviations from this relationship are most likely identifies the flexibility in terms of/P with P=2.2 um. If the rods
due to rod flexibility. are rigid, the phase behavior is predicted to be independent of
length (Onsager (dashed ling Semiflexible rods show increasing
: : : : : betC; with increasing flexibility as predicted by Khokhlov-Semenov

RT%tg/mf_try with the optical densithd) of the virus being theory calculated by Chesolid line). Scaled particle theory at 100

269 nm — 3-84 for a path length of 1 cm. The nematic order o yic strength(SPT110 and at 10 mM ionic strengttSPT10Q
parameter was obtained by unwinding and aligning the chog,gicates thabggc, depends or/Deg.

lesteric phase in a 2T permanent magi$AM-2 Humming-
bird Instruments, Arlington, MA 024428] and measuring in Fig. 4, wherebgc; is plotted as a function of length. The
the sample birefringence. At 2T, the magnetic field has ancrease irbgc; with length is in agreement with predictions
negligible effect on nematic orderin@9,3d. The nematic  for rods of increasing flexibilitfL/P), as shown by the the-
order parameters were calculated from the optical birefringretical curves from Khokhlov-Semenov theory and from
gence measurements obtained with a Berek compensator USpT for semiflexible rods with a persistence lengthPof
ing the equationAng,S=An, where Ang, is the saturation =2 2 ,m. At high ionic strength(l >60 mM) we see good
birefringence. The value foAng,/p=3.8X 10° (mL/MQ),  agreement with Khokhlov-Semenov theory calculated nu-
wherep is the concentration of virus ifmg/mL), as deter-  merically by Cher(solid line) [6]. However, with decreasing
mined forfd via x-ray diffraction[13]. ionic strength, we measure an increase in the flexibility de-
pendence obguc;. Subsequently, Khokhlov-Semenov theory
only qualitatively describes the experimental results at low

ll. RESULTS ionic strength. Agreement of the hard-rod Khokhlov-
A. Effect of length and flexibility on the isotropic-nematic Semenov th?‘”.y with our data is better at high ionic strength
transition than at low ionic strength because the range of electrostatic

_ interactions is weaker and/ D is large, making the second
Figure 3 presents the length dependence ofliNecoex-  yirial approximation valid.

istence concentrations at higth10 mM) and low (5 mM) To interpret the observed increase in flexibility depen-
ionic strength. For rigid rod&erC;, the dimensionless con- dence of the phase transition with decreasing ionic strength,
centration of the isotropic phase in coexistence with the nemye turn to the scaled particle theory. The method for deter-
atic phase, is predicted to be a constanici=3.29 [31],  mining the scaled particle theoretical coexistence concentra-
wherebgg=(m/4)L?Dert andc;=piNa/M. In ¢, p; is the iS0-  tions and nematic order parameters is described elsewhere
tropic mass density\, is Avogadro’s number, anl is the  [14]. In Fig. 4, we present the predicted SPT isotropic coex-
molecular weight. Because the molecular weight is proporistence concentrations for rods with a diameter of 10.4 nm
tional to viral lengthM=M,L/L,, with M,,; andL,, equal (110 mM ionic strength and 29.4 nm(10 mM ionic

to the molecular weight and length of wild strength. At high ionic strength, SPT shows fair agreement
type  M13.  Thus  beiCi=piLDexl (7/4)L,yNa/M]  with experimental results, and the theoretical curvebigc;
=25p; (mg/mL)L (um)Dess (um). Therefore, for rigid rods, is close to that predicted by Chen for the infinitely long rod
pi=constL/Dgy, and at constant ionic strengiftonstant limit. Additionally, we observe in Fig. 4 that SPT indeed
Des) p; should be proportional to 1/ However, we observe predicts a small dependencelific; on L/Dg, in contrast to
that at a given ionic strength, the slopeppirersus 1L isnot  the L/Dyy independent second virial theory. This suggests
linear in Fig. 3, but instead increases with rod length, correthat the effective aspect ratio of the rods, which decreases
sponding to an increase c;. This is shown more clearly with ionic strength, has a small effect on thé\ transition

061703-4



ISOTROPIC-CHOLESTERIC PHASE TRANSITION OF. PHYSICAL REVIEW E 70, 061703(2004

06 T r . T .
lfmM 0.00 018 LP o036 054
i g ;g ‘ r ‘
A 1o o9r T
04} .
o A 0.8 Onsager % J
[= N
I
= e2p 1 0.7 3
__________________________________ S
0.6}
0.0 1 1 1 O
016 024 032 040 048 056
up 0.5
FIG. 5. Width, (p,—pi)/p;, of the coexistence region as a func- 0.0 04 08 12
tion of rod flexibility L/P. Results are plotted for three ionic rod length [um]

strengthg10 mM, 60 mM, and 110 mi Solid line is due to Chen

for rods with P=2.2 um [6]. Dotted and dashed lines are due to FIG. 6. (Color onling Nematic order parameter at coexistence
scaled particle theory for M13 rods)=7e/nm) with a hard diam- @S a function of rod length for four different ionic strengths. Solid
eterDgy at 110 mM(SPT110 and 10 mM(SPT10 ionic strength, ~ black line represents the theoretical calculation by Ci&grior the
respectively. For rigid rods, the Onsager prediction forliéeco- ~ order parameter as a function of flexibiliti./P) indicated by the

existence width is 0.291,8]. The width of the coexistence region Scale on the top of the graph. The dashed line is the theoretical
should decrease with increasing flexibility. nematic order parameter for rigid rodSs0.79 [1,8]. The scaled

particle curvegdotted line$ are calculated as ifilL3] for virus rods

concentration. However, the/ D+ dependence predicted by at 110 mM(SPT110 and 5 mM(SPT5 ionic strength. Theoretical
SPT is opposite the trend experimentally observed; increasurves were calculated for rods with a persistence length ofr@.2
ing Des, by lowering ionic strength, increases the measured’he measured order parameter decreases with increasing particle
beiic; but lowers the scaled particle theoby,c;. We argue length at high ionic strength, but remains constant at low ionic
that this discrepancy between scaled particle theory and estrength.
perimental results at low ionic strength is due to the approxi-
mate treatment of electrostatics By, which is used not apparent that there is any flexibility or ionic strength depen-
only as the theoretical hard rod diameter in SPT but als@ence in the width measurements.
scales the experimental coexistence concentrations gyom The nematic order parameter obtained from measure-
beiiCi. Dert is determined from using the second virial coeffi- ments of the birefringence of the magnetically unwound and
cient, and therefore is not necessarily accurate beyond thaligned cholesteric phase in coexistence with the isotropic
limit, i.e., at low ionic strength. We note that the rescaledphase is presented in Fig. 6. We observe that at high ionic
experimental coexistence concentration®c;, are ex- strengths, the nematic order parameter decreases with in-
tremely sensitive to the value dd. used to rescale the creasing lengthincreasing flexibility in qualitative agree-
measured coexistence concentratignsDifferences inDgt  ment with Khokhlov-Semenov theory calculated by Chen
are translated linearly to changes in the experimenta} by  [6]. With decreasing ionic strength, however, the measured
DerCi=25p; (Mg/mL)L (um)Deg (um). However, the pre- nematic order parameter increases, approaching Onsager’s
dicted effect of changind./Dek on begCi, as shown by the rigid-rod predictions, due to increasing the range of electro-
SPT curves in Fig. 4, is much smaller than the measuregtatic interactions. This has also been observeddorirus
change inbegC; With ionic strength. Agreement between SPT suspensiongl3]. Furthermore, at very low ionic strength
and our experimental results improves if the effective diam-mM ionic strength the nematic order parameter becomes
eter at low ionic strength is smaller than predicted at théndependent of rod length and equal to the predicted rigid
second virial limit. rod value ofS=0.8. Scaled particle theory, as illustrated in

The width of the coexistence regioim,—p;)/p;, was also  Fig. 6, predicts that the nematic order parameter is largely
measured and is presented in Fig. 5. At low ionic strengthindependent of ionic strength. This suggests that the effective
the coexistence width qualitatively follows the decrease exaspect ratio of the rods, which decreases with ionic strength,
pected for increasing flexibility shown by the solid line due does not effect the nematic ordering. In addition, SPT agrees
to Chen[6]. For most rod lengths, the value for the coexist-with the experimental measurements at high ionic strength
ence width is larger than predicted by both Khokhlov-better than Khokhlov-Semenov theory.
Semenov theory and by scaled particle theory. At short rod Another possible explanation for an increase in nematic
lengths, this discrepancy is most likely due to the intrinsicorder parameter with decreasing ionic strength is electro-
bidispersity of the suspensions, which acts to widen the costatic stiffening. If the interparticle interactions are domi-
existence regior[25]. A slow increase in the coexistence nated by electrostatics, the flexibility of the rods might be
concentrations with timgpossibly due to bacterial growth screened. This effective “electrostatic persistence lengh”
[30] contributes to the large error bars, making comparisorwhich makes a charged polymer more rigid when in solution,
to predictions difficult. Above 10 mM ionic strength, where is a dominant effect in determining the flexibility of charged
we see strong agreement between measurements of the dexible polymers withL/P> 1. However, for the semiflex-
existence concentrations and theoretical predictions, it is ndable M13 andfd, P, is predicted to be less than 1% larger
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o ) ) FIG. 8. (Color onling Width of the isotropic-nematic coexist-
~ FIG. 7. Coexisting isotropic phase concentratipn®s a func-  gnce region for wild type M13 anfdl rods at three different surface
tion of particle surface charge for three ionic strengths, 10 mM, GOcharges as a function of ionic strength. Both M13 ddchave a
mM, and 110 mM. Sol_id symbols are Wil_d type M13 and open length ofL=0.88 um. Solid symbols are giH 5.2 and open sym-
symbols arefd suspensions. Suspensiphi is labeled above the 5 are apH 8.2 for M13 (circles andfd (squares suspensions.
graph for M13 andd samples. Solid line is from scaled particle g)iq jine is from scaled particle theory for hard semiflexible rods
theory for semiflexible hard rods with a diame®gs andL/P it | /p=0.4 and is independent of rod surface charge. The On-
=0.4. The charge dependence of the phase transition is well dggager prediction for thé-N coexistence width in dimensionless
scribed by theory for ionic strengths of 60 mM and 110 mM. units of be for hard rigid rods ig4.19-3.29/3.29=0.291,8]. The
coexistence width does not clearly show any charge dependence.
than the bare persistence len{®2]. Additionally, the results
for the coexistence concentrations presented in Fig. 4 indi-

cate that with decreasing ionic strength, the measured coex- 09 T T
istence concentrations deviate further from Onsager’s rigid- T (a) o Mis.
rod predictions. Thus the measured coexistence osl .
concentrations and nematic order parameters exhibit contra- s t .
dictory trends, away from Onsager’s rigid rod prediction ver- 07 i E -
sus towards Onsager’s rigid rod prediction, respectively, with s E ] ]
decreasing ionic strength. Therefore, electrostatic stiffening 06 L
of the polymer cannot account for the observed high values L i u
of the order parameter at low ionic strength. Neither scaled 05 . L .
. L . . . 0. €0 90 120

particle theory nor variation in the electrostatic persistence 1.0 lonic Strength [mM]
length satisfactorily explain the low ionic strength data. ' (b)

B. Effect of viral surface charge on the isotropic-nematic oslk

transition s

In this section, we compare the phase behavior of M13 =110 mM
virus to that offd virus as a function of surface charge and 0.6} o M13 1
ionic strength. Recall that these particles have the same . = fd
length L=0.88um and persistence lengtR=2.2 um. In (C)' ' ' ; '
Fig. 7, we present measurements of the isotropic coexistence 1.0} ] a -
concentrations as a function of viral surface charge at high 5“ s BS W
and low ionic strength. The theoretical curve is from scaled s i'l
particle theory for charged, semiflexible rods withP=0.4. 0.8l |
We only present the theoretical results from scaled particle =10 mM
theory in this section as this theory should more accurately o M13
describe the finite-length rod phase behavior than the second 0.6 ) ) )
virial theory. In Fig. 7, we confirm that the charge depen- ) 20 40 60 80 100

dence of thd-N coexistence concentrations is accurately de- virus concentration [mg/mi]

scribed by Sca"?d particle theory at h'gh lonic str.engths. FIG. 9. Order parameter of the nematic ph&ae coexisting
However, t_he _efflcacy_ e aS ameans f_or Incorporatlng_ aII_ with the isotropic phase as a function of ionic strendth as a
electrostatic interactions again _d|m|n|_she_s at Iovx_/ I0NICfynction of concentration at 110 mM ionic strength am)l as a
strength(l <60 mM), as seen previously in Fig. 4 and in Fig. fynction of concentration at 10 mM ionic strengthi 8.2. Values
6. for M13 were obtained by birefringence measurements and values
Figure 8 presents the width of the coexistence region as fr fd were obtained previously by x-ray diffracti¢h3]. Solid lines
function of charge and ionic strength. The width of the co-are scaled particle theory for semiflexible hard rods of diani2ggr
existence region is independent of the surface charge of thendL/P=0.4. The order parameters for M13 agree with those mea-
rods and agree@vithin large error barswith scaled particle sured forfd independent of concentration and ionic strength.
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theory predictions. Both the measured coexistence concen- IV. CONCLUSION
trations and coexistence widths show that the effect of sur- o .
face charge on the electrostatic interactions which drive the At h'.gh lonic strengths, where_ the range of Qlectro_statm
I-N phase transition are weak, which is consistent with thdnteractions is small and./De is large, the isotropic-
idea of charge renormalization incorporated into the calculal®matic transition of the experimental system of charged
tions of Deg. semiflexible bacteriophages is well described by Khokhlov-
Nematic order parameters obtained from measurements gfemenov theory for semiflexible charged rods. Increasing
the birefringence of magnetically unwound and aligned choflexibility increases the coexistence concentratidngc
lesteric samples of M13 giH 8.2 are compared to previous (Fig. 4 and lowers the nematic order paramefeig. 6). In
measurements ofd suspension nematic order parametersthe region of high ionic strengtiD.s accurately describes
measured via x-ray diffraction techniques, alsopit 8.2  both the charge dependence and ionic strength dependence of
[13], in Fig. 9. Recall that the nematic order parametefdof the isotropic-nematic phase transitidfig. 7). At low ionic
is known to be proportional to the birefringence of the sus-strength, however, we find that theN coexistence concen-
pension by the relationshig=An/Ang,, where Any,=3.8 trations and the nematic order parameter do not agree with
X 107> mL/mg [13]. The order parameter of M13 was mea- theoretical predictions from either Onsager’s second virial
sured atli-N coexistence as a function of ionic strength, andtheory or scaled particle theory. At low ionic strength, the
deep within the nematic phase for highl0 mM) and low  flexibility dependence of the nematic order parameter is
(10 mM) ionic strength. Thec_JretlcaI predictions from scaled_much weaker than expect&Big. 6), but the flexibility de-
particle theory for the nematic order parameter of hard semipendence of the coexistence concentrations is much stronger
flexible rods withL/P=0.4 are also shown in Fig. 9. The 4, expectedFig. 4). Because of these contradictory re-

order parameters of M13 arid were found to be equal as a sults, we suggest that the disagreement between theoretical

Iﬁgcélgr?a?:feI?:rt]wlgrsged?%?e?gi %?n;&ztrgg&]ée'ﬂdt'ﬁznpv\%tggt_redictions and experimental data at low ionic strength is due
ticles does not affect nematic ordering. The insensitivity oft.0 the. approximate mcorporanon of the electrostatic interac-
the nematic order parameter to surface charge is consistef"s Into the theoretical free energy \i.

with the surface charge renormalization incorporated into

D¢ calculations(Fig. 1) [3]. The strong agreement of M13 ACKNOWLEDGMENTS

andfd order parameters also indicates that these two differ-
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