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PHASE BEHAVIOR OF DODAB AQUEOUS SOLUTIONV. P. Voronov, V. N. Kuryakov, A. R. Muratov *Oil and Gas Researh Institute, Russian Aademy of Sienes119991, Mosow, RussiaReeived May 29, 2012Phase behavior of DODAB aqueous solution, prepared without soniation, was studied by adiabati sanningalorimetry. Measurements revealed four phase transitions with the temperatures 35:2, 39:6, 44:6, and 52:4 ÆCat heating and one transition at the temperature 40:4 ÆC at ooling. The �rst three transitions at heatingour in unilamellar vesiles. The �rst and third transitions orrespond to the subgel�gel and gel�liquid phasetransitions, orresponding enthalpy jumps are equal to 33 and 49 kJ/mol. The seond transition appears aftersome aging and is similar to gel�ripple phase transition in a DPPC solution, with the enthalpy jump under thetransition exeeding 7:4 kJ/mol. The transition ours in unilamellar vesiles. The transition at the temperature52:4 ÆC ours in another subsystem of the solution, whih we believe to be multilamellar vesiles. The enthalpyjump at this transition is equal to 97 kJ/mol, and data analysis suggests that this is a subgel�liquid transition.The phase transition at ooling is the liquid�gel transition in unilamellar vesiles. During the measurements, aslow evolution of the solution ours, onsisting in a hange of onentrations of unilamellar and multilamellarvesiles. This transformation mainly ours at low temperatures.1. INTRODUCTIONPhase behavior of bilayer lipid membranes in wa-ter has been attrating signi�ant attention in the lastdeades. The best studied systems are solutions ofDPPC, DMPC, DOPC, and DODAB [1, 2℄. Diotade-yldimethylammonium bromide (DODAB) is a syn-theti lipid having a polar head group and two tailsonsisting of 18 hains. In the onentration range1�10 mM/L, it forms vesiular solution in water, whihan be prepared by dissolving DODAB powder in hotwater. A vesile is a losed membrane onsisting ofone or several bilayers that surround a volume of sol-vent. Small vesiles are almost spherial due to theelasti energy. Various information about the bilayerstruture was obtained experimentally by X-ray andneutron sattering, nulear magneti resonane, spe-trosopy, and volumetry [1℄. Although the details oftransitions in various lipids are di�erent, the behavioris largely similar for substanes having lose lengths oflipid tails. Despite a large number of papers, impor-tant questions onerning the phase behavior remainunlear.Several phase transitions our in the bilayer in thetemperature range 0�55 ÆC. For example, four transi-*E-mail: muratov�ogri.ru

tions an be observed at heating, they are referred toas sub- , pre-, main, and post-transitions. Suh be-havior is typial of the well-studied solution of DPPC,and we all the bilayer phases the same they are alledin this solution. DPPC has two lipid tails with 16hains and DODAB tails have 18 hains, and there-fore temperatures of transitions in these substanes areslightly di�erent. In most experiments, two transitionswith the temperatures 35Æ and 45 ÆC were observed inDODAB solution, a subgel�gel transition and a gel�liquid transition, whih is alled as main transition [2℄.Bilayer phases have di�erent ordering of moleules. Inthe high-temperature phase, the membrane is liquid; ingel, the phase membrane has a rystalline order lose tohexagonal, and the low-temperature phase is a denserrystalline phase. We note that the struture of anisolated DODAB bilayer is not well studied.In several experiments, an additional phase tran-sition was observed at the temperature 52 ÆC [3�6℄ oronly one transition at the temperature 45 ÆC was reg-istered [7℄ (the main transition). The disrepaniesin the experimental results appear beause the stateof the bilayer depends not only on the DODAB on-entration and temperature but also on the solutionpreparation proedure and aging time at a given tem-perature. Reent measurements [8℄ demonstrated that1258



ÆÝÒÔ, òîì 142, âûï. 6 (12), 2012 Phase behavior of DODAB aqueous solutionthere is no transition at 52 ÆC in the DODAB solu-tion prepared without soniation if its onentration isless than 1 mM/L. This transition was observed in thesolution with the onentration 10 mM/L, but it disap-peared after soniation during 5 minutes [5℄ or extru-sion of the solution through the �lter with the hannelsize 400 nm [2; 7℄.Soniation provides a simple way to obtain a repro-duible initial state of lipid dispersion. The drawbakof soniation is that the relation between the result-ing state and the equilibrium state of dispersion is notlear. Moreover, aording to our results, the averagesize of the DODAB vesile after soniation at high tem-peratures is about 30 nm. This makes �nite-size e�etsvery important and, for example, prevents the study ofthe phase transition type, the near-transitional behav-ior, et.In this paper, phase behavior of a DODAB aque-ous solution is studied by adiabati sanning alorime-try. Suh kind of researh is rare reently (see [9℄).In this method, unlike in popular di�erential sanningalorimetry, the temperature san rate an be muhlower, whih allows studying the system near the equi-librium. Sine the enthalpy is a measurable value, it ispossible to determine the latent heat with a higher a-uray. In this paper, a series of ooling�heating ylesof the solution was done during 42 days. The solutionwas ooled to 3 ÆC and 25 ÆC, aged at these tempera-tures, and then heated to 55�60 ÆC. We lassi�ed phasetransitions, determined the transformation of the sys-tem during our measurements, and estimated the en-thalpy jumps at all transitions.2. EXPERIMENTThe design of the adiabati alorimeter setup andthe method of measurements were desribed in detailin [10; 11℄. The volume of a titanium alorimetri ellwas about 6 mL, a steel magneti stirrer was plaed inthe ell. The solution temperature was measured by aplatinum resistor thermometer. The temperature sanrate during the measurements was 1.5�2 K/h. The so-lution was prepared by the �hot-water� method fromDODAB produed by Aros Organis, Belgium, withthe purity 99%, and bidistillated water. DODAB wasplaed in the alorimetri ell with water, having thetemperature about 60 ÆC, and was stirred slowly during1.5 hours. Then the ell was plaed in the alorimeterat room temperature. The volume of the prepared so-lution with the onentration 7.24 mM/L was 5.6 mL.Neither soniation nor extrusion through miro han-
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Fig. 1. Heat apaity of DODAB solution for �ve sansat heating from 3 ÆC to 60 ÆCnels were used at the solution preparation. Before themeasurements, the solution was held at the tempera-ture 3 ÆC for several hours.The presene of several phase transitions in a nar-row temperature range makes the extration of the sin-gular part of enthalpy rather ompliated. To simplifythis proedure, the regular part of the enthalpy was al-ulated from the regular part of heat apaity, whih islose to the heat apaity of water. The singular partof the enthalpy was determined as the integral of thedi�erene between the omplete heat apaity and itsregular part.Figures 1 and 2 present the results of measuringthe heat apaity and the enthalpy of the DODAB so-lution at heating from 3 ÆC. For larity, the heat a-paity urves are shifted by 1 J/K with respet to eahother; they are numbered in the order of measurement.The total measurement time was about 42 days, thedate of measurement is shown on right of the urves.Three peaks in the heat apaity orresponding tothree phase transitions in the solution with the temper-atures 35:2, 44:6, and 52.4 ÆC are present in all urvesin Fig. 1. The values of transition temperatures weredetermined from the maximums of the heat apaity.Curve 1 was measured at permanent stirring of the so-lution. Comparison of the measurement results demon-strated that the stirring does not hange the results,but leads to an inrease in the noise level, and there-fore subsequent measurements were done without mix-ing. Curves 2�5 in Fig. 1 present the heat apaityat temperatures above 25 ÆC. Phase transitions in thesolution were not observed in the temperature range1259
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Fig. 2. Enthalpy of DODAB solution for sans at heat-ing from 3 ÆC to 60 ÆC3�25 ÆC (urve 1 ), where the heat apaity is lose tothe heat apaity of water. Hene, this temperatureregion was passed with the san rate 10 K/h withoutmeasurements at runs 2�5.We an see from Figs. 1 and 2 that the solutionevolves during the 42 days of measurements. Anoma-lies of the heat apaity in the region below 50 ÆC in-rease, whereas the anomaly at 52.4 ÆC dereases. Inaddition, a new phase transition at the temperature39.6 ÆC appears in urves 2�5.All anomalies of the heat apaity below 50 ÆC rep-resent a sequene of phase transitions in one statistialsubsystem. To prove this, it su�es to plot the resaledenthalpy �Hs = �Hn=�Hn(T = 47 ÆC), where �Hnis the enthalpy in urve n (see Fig. 3). Curves in thisplot oinide below 50 ÆC (exept in the temperaturerange 40�45 ÆC; see below) and diverge above 52.4 ÆC.Aording to known results [2℄, this subsystem is unil-amellar vesiles (ULV). This means that the transitionsat temperatures below 50 ÆC are suessive transitionsin unilamellar vesiles. The enthalpy of unilamellarvesiles varies proportionally to the amount of suhvesiles in the solution. Analogously to transitions inDPPC, these transitions an be identi�ed as subgel�geland gel�liquid transitions (see [1, 2℄).The heat apaity anomaly at 52.4 ÆC orrespondsto a transition in another subsystem. It is known thatmultilamellar vesiles (MLV) appear in DODAB solu-tion as the onentration inreases above 10 mM/L [6℄.Most probably, the transition at 52.4 ÆC is a phase tran-
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Fig. 3. Resaled enthalpy �Hs from the previousplotsition in MLVs. It is not a transition of ULVs to MLVs,as it was supposed in [6℄, beause the urves in Fig. 3should then oinide everywhere. We note that thephase transition at 52.4 ÆC has not been observed or hasbeen strongly suppressed in solutions prepared with ul-trasoni mixing or extrusion [5; 7℄. Apparently, intensemixing destroys the MLVs present in bare solution.The type of polymorphism analogous to the one ob-served in DODAB was reported in [12℄. In both ases,the solution onsisted of two subsystems with di�er-ent sequenes of phase transitions. A transformationof the solution from one state to another ours duringannealing at low temperatures.In our ase, the bare solution ontains both ULVsand MLVs. During the measurements in the solutionwith onentration 7.24 mM/L, the fration of ULVsinreases and the fration of MLVs dereases, whihresults in the orresponding hange of the solution en-thalpy (see Fig. 4). Our experimental data an be su-essfully desribed under the assumption that DODABis ontained in solution in two subsystems. The �t ofenthalpy data allows determining the onentrations ofthe ULV phase in solution and the values of the en-thalpy jumps at all phase transitions. For �ve experi-mental runs, these onentrations are equal to 60, 68,78, 90, and 94%; the mean-square error of these val-ues is 2.2%. The enthalpy jumps at transitions withthe temperatures 35:2, 44:6 and 52.4 ÆC at heating areequal to 33� 1:5, 49� 1:5, and 97� 4:4 kJ/mol.A weak phase transition at the temperature 39.6 ÆC1260
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Fig. 4. Evolution of sum of the enthalpy jumps at threetransitions in ULV and the jump at the transition inMLV. Curves are presented to demonstrate the ten-deny of variationappears at heating in urves 2�5. This transitionstrongly resembles the transition from gel to a ripplephase in DPPC. As shown in Fig. 2, the enthalpy jumpat this transition inreases with time, whereas the en-thalpy jump at the temperature 52.4 ÆC dereases. Inthe last run, the enthalpy jump on the gel�ripple phasetransition is equal to 0.3 J, whereas the enthalpy jumpat the transition at 52.4 ÆC was 0.2 J, and thereforetransition at the temperature 39.6 ÆC ours in ULVsubsystem. We an see that the enthalpy urves inFig. 3 do not oinide in the temperature range of theripple phase stability. This means that the gel�ripplephase transition ours only in a part of ULVs. A-ording to our data, the ratio of the enthalpy jump atthis transition to the jump at the gel�liquid transitionis equal to 0:15, whih is lose to the value of the en-thalpy jumps ratio at gel�ripple phase and gel�liquidtransitions for DPPC [9℄, equal to 0.14. If the observedphase transition in DODAB is a gel�ripple phase tran-sition, the theories of this transition, based on takingthe interation between di�erent bilayers into aountare not appliable in this ase.At ooling of the solution starting from 60 ÆC, wherethe bilayer is in liquid phase, the only phase transi-tion at the temperature 40.4 ÆC was always observed(Fig. 5). A lose value of this transition temperaturewas obtained by other authors [4; 7℄, who used signi�-antly higher rates of temperature variation. Sine theULV phase onentration was varying during the ex-perimental yle 3 ÆC�57 ÆC�3 ÆC, another experimen-tal run was done to study the state of the system below
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Fig. 6. Heat apaity of the solution at the additionalsan with ooling to 25 ÆC40.4 ÆC at ooling. This yle inluded intermediateooling of the solution from 60 ÆC to 25 ÆC and sub-sequent heating to the initial temperature (see Figs. 6and 7).Curve 1 in Fig. 6 oinides with urve 4 in Fig. 1.After ooling to 25 ÆC, the solution was aged at thistemperature for 6 days. Aording to our observa-tions, the main hange in frations of the ULV andMLV phases in the solution ours at low temperatures.At heating from 25 ÆC to 60 ÆC (urve 3 ), the only1261
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4832Fig. 7. Enthalpy of the solution at the additional sanwith ooling to 25 ÆCphase transition at the temperature 44.6 ÆC, oinidingwith the temperature of ripple phase�liquid transitionin urve 1 was observed. The heat apaity anomaly at52.4 ÆC was not observed, and therefore the rystallinephase did not appear in MLVs at the ooling of the so-lution to 25 ÆC. Most probably, the reason is that theorresponding transition in the MLV phase has veryslow kinetis, analogously to the transition gel�subgelin ULV at ooling [2; 6; 9℄.The absolute value of the enthalpy jump at ooling(urve 2 in Fig. 7) oinides with the enthalpy jumpat the subsequent heating of the solution from 25 ÆC(urve 3 ) and is equal to the sum of the enthalpy jumpsat the gel�ripple phase and ripple phase�liquid transi-tions at heating from 3 ÆC (urve 1 ). The temperatureremained above 25 ÆC during the yle and the ULVphase onentration did not hange. Thus, we see thatthe transformation of the ULV to the MLV phase o-urs mainly at low temperatures.We onlude that the transition at 40.4 ÆC at ool-ing is a phase transition in ULVs from a liquid phaseto gel. The value of the transition temperature was thesame and pratially independent of the ooling rate,and therefore this temperature is lose to the tempera-ture of stability loss of the bilayer liquid phase in ULVs.Thus, the liquid phase in ULVs an be overooled by4.2 ÆC. We note that the observed transition tempera-ture 40.4 ÆC at ooling is lose to the temperature of thephase transition ourring at heating in ULVs, whih isequal to 39.6 ÆC. In all measurement yles, these tem-peratures were onstant.

3. LIGHT SCATTERINGTo verify some of the above statements, an addi-tional light sattering study of the DODAB aqueoussolution was ful�lled. The solution with the same on-entration 7 mM/L was prepared in the same way asfor the alorimetri study. Before the measurements,the solution was ooled to 0 degrees and aged at thistemperature for one hour.Figure 8 presents the sattered light intensity of thesolution as a funtion of temperature at the heatingand subsequent ooling of the system. The measuredsattered light intensity jumps at the temperatures or-responding to phase transitions. In priniple, inter-preting the light sattering data is di�ult beause thesattered intensity depends on numerous details. Ingeneral, the intensity of sattered light is a dereas-ing funtion of the temperature. We believe that thisbehavior is a result of a derease in the di�erene be-tween the refrative indies of DODAB and water atheating. The refrative index of water an be writtenapproximately as nw � 1:332� 0:000167 (T � 20) [13℄.The DODAB refrative index is equal to 1:42 at 20 ÆCand its derivative with respet to the temperature is� �0:00055.The refrative index of DODAB in rystallinephases is larger than in the liquid phase. This resultsin drops of the sattered light intensity at the temper-atures orresponding to phase transitions. At ooling,the phase transition at 40 ÆC appears as an inreasein intensity. We note that the observed behavior atheating is well reproduible, but the peuliarity at thephase transition at ooling an look like a drop witha subsequent inrease in intensity. Thus, the subgel�gel and gel�liquid phase transitions in ULV and thesubgel�liquid transition in MLV at heating as well asthe phase transition at ooling are easily observed bylight sattering measurements. The transition at 40 ÆCat heating is weak and is not learly seen. The value ofthe intensity drop at 52.4 ÆC is approximately equal to70% of the total intensity derease in the relevant tem-perature range. The fration of the MLV subsystem inthe solution is therefore large.Curve 3 in Fig. 8 presents the sattered light in-tensity of the same sample, obtained after the ultra-soni stirring of the solution at the temperature 75 ÆCduring 5 minutes. The total intensity is signi�antlylower. The phase transition at 52.4 ÆC is hardly visi-ble beause the orresponding (MLV) subsystem is de-stroyed. We note that we did not observe the transi-tion at 52.4 ÆC in the dilute DODAB solution with theonentration 0.7 mM/L, whih means that the MLV1262
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Fig. 9. Light sattering intensity and size of vesilesas a funtion of temperature. Open irles present thehydrodynami radius of partile, obtained at heatingsubsystem does not appear in the low-onentration so-lution (see urve 4 ).Dynami light sattering of the solution was per-formed on a photon orrelation spetrometer Photoor-Complex [14℄ at a sattering angle 90 degrees. Themeasurement results are presented in Fig. 9. Typially,the size distribution has two maximums, orrespondingto small and large vesiles. The size values at the max-imums derease as the temperature inreases. We be-

lieve that small vesiles are unilamellar. Large vesilesan be both ULV and MLV, they remain in the solutionafter soniation, when the MLV subsystem pratiallydisappears. The sattered light intensity strongly de-pends on the sattering angle, whih proves that theobserved slow mode in the dynami measurements isindeed the di�usion of large vesiles.We note that the evolution of the solution ourringin alorimetri measurements was not observed in ourlight sattering study. We suppose that this evolutionis a result of the hange of ion onentration in solvent,whih takes plae in alorimetri ell.4. CONCLUSIONWe have for the �rst time used the adiabati san-ning alorimetry to study the phase behavior of aDODAB aqueous solution prepared without soniation.Measurements revealed four phase transitions at heat-ing with the temperatures 35:2, 39:6, 44:6, and 52.4 ÆCand one phase transition at ooling at the tempera-ture 40.4 ÆC. In general, suh behavior is analogous tothe behavior of the well-studied DPPC solution. The�rst three transitions at heating our in ULVs. The�rst and third transitions orrespond to the subgel�gel and gel(ripple phase)�liquid transitions; the en-thalpy jumps at these transitions are 33 � 1:5 and49 � 1:5 kJ/mol. The seond phase transition at thetemperature 39.6 ÆC was not observed in fresh solution,but it appears later. The enthalpy jump at this transi-tion exeeds 7:4 kJ/mol. The ratio of this jump to theenthalpy jump at the gel�liquid transition is approxi-mately equal to 0:15, whih is lose to the enthalpyjump ratio at gel�ripple phase and gel�liquid transi-tions for the DPPC solution, equal to 0:14 [9℄. Thisphase transition ours in ULVs.The transition at the temperature 52.4 ÆC oursin another statistial subsystem of the solution, andwe believe that this is the MLVs. The enthalpy jumpat this transition is equal to 97� 4:4 kJ/mol, and theanalysis of our observations suggests that it is mostprobably a subgel�liquid phase transition. Both themain transition in ULVs and the subgel�liquid transi-tion in MLVs are �rst-order phase transitions; the �rstof them an be overooled by 4.2 ÆC. Most probably,the subgel�gel transition in the ULV phase is also a�rst-order phase transition, beause �tting of the heatapaity for a ritial behavior provides the exponentvalue larger than unity. Sine the gel�ripple phase tran-sition in ULVs is weak, it is impossible to determine itsorder from our data.1263



V. P. Voronov, V. N. Kuryakov, A. R. Muratov ÆÝÒÔ, òîì 142, âûï. 6 (12), 2012Only one phase transition was observed at ooling ofthe solution from 60 ÆC. This transition at 40.4 ÆC is aliquid�gel transition in ULVs. The absolute value of theenthalpy jump at this transition is equal to the enthalpyjump at the gel�liquid phase transition at heating ifthe ULV onentration remains onstant. Transitionsto the subgel phase in unilamellar and multilamellarvesiles at ooling have a large relaxation time, whihdoes not allow observing them by adiabati alorime-try. These transitions an be observed at heating from3 ÆC, when the relaxation time is small. Slow evolu-tion of the solution prepared without intense mixingours during the measurements proess. It onsists ina hange of onentrations of unilamellar and multil-amellar vesiles. The fration of the unilamellar phasein the DODAB solution with onentration 7.24 mM/Linreased from 60 to 94% during the 42 days of mea-surements.In general, the phase state of DODAB solution re-veals a strong hysteresis and depends not only on theonentration and temperature but also on the samplepreparation protool and the history of temperaturevariation. It follows that the phase behavior dependson the temperature range and the temperature hangerate at the measurement proess. At ooling, the gel�subgel transition in ULVs and the liquid�subgel tran-sition in MLVs allow large overooling and have slowkinetis. To observe the omplete phase behavior ofthe solution with four phase transitions, it was nees-sary to use runs with ooling to the temperature 3 ÆCand aging of the solution at low temperatures for hours.For runs in the temperature range 20�60 ÆC, only thetransition between gel and the liquid phase in ULVs antypially be observed.The use of ultrasoni mixing or extrusion allows ob-taining a reproduible uniform state of lipid solution,but in general this state is far from equilibrium and re-laxes very slowly. This fat and �nite-size e�ets makethe study of near-transitional behavior in soniated sys-tems senseless.
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