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6 ABSTRACT: Supramolecular nanostructures with tunable prop-
7 erties can have applications in medicine, pharmacy, and
8 biotechnology. In this work, we show that the self-assembly
9 behavior of peptide amphiphiles (PAs) can be effectively tuned by
10 replacing the carboxylic acids exposed to the aqueous media with
11 isosteres, functionalities that share key physical or chemical
12 properties with another chemical group. Transmission electron
13 microscopy, atomic force microscopy, and small-angle X-ray
14 scattering studies indicated that the nanostructure’s morphologies
15 are responsive to the ionization states of the side chains, which are
16 related to their pKa values. Circular dichroism studies revealed the
17 effect of the isosteres on the internal arrangement of the nanostructures. The interactions between diverse surfaces and the
18 nanostructures and the effect of salt concentration and temperature were assessed to further understand the properties of these self-
19 assembled systems. These results indicate that isosteric replacements allow the pH control of supramolecular morphology by
20 manipulating the pKa of the charged groups located on the nanostructure’s surface. Theoretical studies were performed to
21 understand the morphological transitions that the nanostructures underwent in response to pH changes, suggesting that the
22 transitions result from alterations in the Coulomb forces between PA molecules. This work provides a strategy for designing
23 biomaterials that can maintain or change behaviors based on the pH differences found within cells and tissues.

1. INTRODUCTION

24 The self-assembly process consists of the spontaneous
25 organization of small building blocks into highly ordered
26 supramolecular structures.1−3 Among the reported self-assem-
27 bling molecules, peptide amphiphiles (PAs) have become
28 particularly attractive due to their potential therapeutic
29 applications, including drug and protein delivery,4−6 regener-
30 ative medicine,1,7−9 and nanodrugs to treat cancer and bacterial
31 infections.10−12 Two decades ago, the Stupp laboratory
32 developed a class of PAs that assemble into high-aspect ratio
33 nanofilaments.13 These PA molecules are composed of a
34 hydrophobic alkyl tail connected to a peptide sequence that
35 can form β-sheet interactions and a charged portion to enhance
36 water solubility. These PA nanostructures have also been
37 designed to display a bioactive epitope for targeting or cell
38 signaling.13−15

39 To control these supramolecular assemblies, it is necessary to
40 understand how the PAs respond to pH, salt concentration,
41 solvent, or heat changes. Seminal studies from the groups of
42 Stupp,16,17 Meijer,18 Goldberger,19,20 and Guler21,22 have
43 highlighted the effects of pH, media, and processing on the
44 supramolecular architecture. Meanwhile, Shen and co-workers23

45 have shown that a decrease in electrostatic repulsions shifts the

46morphology from micelles to fibers. Furthermore, Zaldivar et
47al.24 combined experiments with a molecular theory (herein
48termed asMOLT) to demonstrate that controlling the pH of the
49solution triggers a micelle−fiber−lamella transition.
50Thus, to enhance the function in operando, it is necessary to
51understand the effect of external conditions on the character-
52istics of a supramolecular system. This information can then be
53used to enhance the stability of the nanostructure against an
54external stimulus (pH, temperature, and ionic strength) or to
55create nanostructures that respond to environmental cues (i.e.,
56supramolecular transition at a desired location).25−27 An
57unexplored strategy to achieve such control is the use of
58isosteric replacements. Isosteres are used in medicinal chemistry
59to modulate physicochemical characteristics such as size,
60electronegativity, and topology,28 solubility, and metabolism.29

61In this work, we havemergedmedicinal chemistry with materials
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62 science to develop novel self-assembling materials. We
63 hypothesized that the pKa values of solvent-exposed charged
64 groups should influence the supramolecular morphology and
65 stability in response to pH. We synthesized six PA molecules
66 with anionic headgroups of various pKa values to assess their self-
67 assembly properties under diverse conditions. All PA molecules
68 had the same hydrophobic segment (C16) covalently conjugated
69 to an amino acid sequence (V2A2), which has been previously
70 shown to promote the formation of elongated nanostructures at
71 physiological pH.23 Through detailed experimental character-
72 ization and theoretical modeling of these six anionic PAs, we
73 systematically investigated how groups with different pKa values
74 respond to the environment (i.e., pH, salt concentration, surface
75 charge) and the effect they exert on the supramolecular
76 behavior.

2. EXPERIMENTAL SECTION
77 Materials. Solvents and coupling agents were purchased from
78 Fisher Chemical. Fmoc-amino acids and coupling reagents were
79 obtained from P3Bio (Louisville, KY). Fmoc-Rink Amide AM resin
80 (0.61 mmol/g) was purchased from CreoSaulus (Louisville, KY).
81 Fmoc-L-cysteic acid and Fmoc-L-Ser(PO3BzlH)-OH were purchased
82 from Combi-Blocks. Buffers were prepared as shown in Table S1.
83 Synthesis and Characterization of PAs. Isosteric amino acids
84 were synthesized (Scheme S1) and characterized, as described in the
85 Supporting Information (Experimental Procedures section, Figures
86 S1−S4). The PAs were prepared using standard Fmoc solid-phase
87 peptide synthesis (SPPS) on a 0.3 mmol scale on Fmoc-Rink Amide
88 AM resin and using HBTU/DIPEA (or DIC/DIPEA) as coupling
89 reagents, as published or as indicated in the Supporting Information.12

90 The PAs were purified and characterized as reported (Figures S6−
91 S11).12,24 The purities of the fractions containing the desired PAs were
92 confirmed by analytical HPLC (Agilent) using a C18 Kinetex column [5
93 μm XB-C18 100 Å, 250 × 4.6 mm] (Phenomenex). The UV detector

94was set at 220 nm wavelength, and elution was achieved with a linear
95gradient of ACN/H2O (both containing 0.1% ammonium hydroxide)
96from 5 to 95% for 25 min. The fractions with purity >95% were
97combined, the organic solvent was removed under vacuum, the pH was
98adjusted to 7.0 (0.1MHCl or NaOH), and the solution was lyophilized
99(FreeZone, Labconco).
100Self-Assembly. Lyophilized PAs were dissolved in water (2 mg/
101mL), annealed at 80 °C for 2 h, and cooled to room temperature.
102Samples were diluted with the desired media to achieve a final
103concentration of 1 mg/mL and aged for 24 h before testing. The final
104pH was measured using a pH meter. Additional details can be found in
105Scheme S2.
106Transmission Electron Microscopy. The PAs in different pH
107buffers (1 mg/mL) were prepared and aged for 24 h. Approximately, 6
108μL of the sample was applied into a copper grid and allowed to absorb
109for 5 min, covered with a folded piece of filter paper. The excess PA was
110removed by touching the edge of the grid with a clean piece of filter
111paper. Then, 6 μL of the negative stain (NanoVan) was added, and the
112systemwas incubated for 30 s. The excess stain was blotted off as before,
113and the sample was incubated for 5 min. PAs were visualized with a FEI
114Tecnai G2 Spirit transmission electron microscope (120 kV). Images
115were acquired using an AMT digital imaging system.
116Cryogenic Transmission Electron Microscopy. Copper grids
117(300-mesh) with a lacey carbon support (Electron Microscopy
118Sciences) were glow-discharged for 15 s using a PELCO easiGlow
119Glow Discharge Cleaning System (Ted Pella) and used immediately.
120The samples were prepared via plunge freezing using a Vitrobot Mark
121IV (FEI) vitrification robot at room temperature and 90−100%
122humidity. The annealed PA solution (7 μL, 1 mg/mL) was placed on
123the copper grid, blotted, and plunge-frozen into liquid ethane. Samples
124were transferred immediately into a liquid nitrogen bath and held until
125imaging. During imaging, samples were moved into a Gatan 626 cryo-
126holder through a cryo-transfer stage. The study was performed using a
127JEOL 1230 transmission electron microscope working at 100 kV
128accelerating voltage, and the images were obtained with a Gatan 831
129CCD camera.

Figure 1. (A) Chemical structures of the PAs studied in this work. The chemical structure of the six different R groups and the nomenclature used for
the derived PAs are shown: C16V2A2E2 (PA-COOH), C16V2A2(SO3H)2 (PA-SO3H), C16V2A2(OPO3H2)2 (PA-OPO3H2), C16V2A2(CONHCN)2
(PA-CONHCN), C16V2A2(CONHSO2CH3)2 (PA-CONHSO2CH3), and C16V2A2(CONHSO2CF3)2 (PA-CONHSO2CF3). (B) Cryo-TEM images
of PAs. Black lines in the lower right corner of cryo-TEM images represent the scale bars (100 nm). Original figures are shown in Figure S3. (C) SAXS
curves of PAs self-assembled in water. The gray points represent the raw data, and the red curves show the best fit obtained by a model of an infinite
ribbon with a rectangular core−shell cross-section (see text and the Supporting Information). All samples were prepared inMilli-Q water, at 1 mg/mL,
and the pH was adjusted to 7.4.
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130 Experimental details for small-angle X-ray scattering (SAXS),
131 circular dichroism (CD), atomic force microscopy (AFM), in situ
132 AFM, and infrared (IR) spectroscopy can be found in the Supporting
133 Information section.

3. RESULTS AND DISCUSSION

134 PA Design and Characterization. Our objective was to
135 assess the effect of carboxylic acid isosteres on supramolecular
136 self-assembly. We prepared six PAs,12,30 composed of an alkyl
137 chain (C16), a β-sheet promoting sequence (V2A2), and a

f1 138 hydrophilic headgroup (R) (Figure 1A). The charged group, R,
139 was either a carboxylic acid (PA-COOH, pKa≈ 4.8)31 or one of
140 its isosteres: sulfonic acid (PA-SO3H, reported pKa ranges from
141 −1 to −6),32−34 phosphoric acid (PA-OPO3H2, pKa1 ≈ 2.1,
142 pKa2 ≈ 7.2−8.5),28,35 cyanamide (PA-CONHCN, pKa = 3.8),36

143 methyl sulfonamide (PA-CONHSO2CH3, pKa = 4.94),28 or
144 trifluoromethyl sulfonamide (PA-CONHSO2CF3, pKa = 3.04
145 calculated with MarvinSketch37).
146 The PAs were dissolved in water (pH adjusted to 7.4), and
147 their supramolecular shape was studied by cryogenic trans-
148 mission electron microscopy (cryo-TEM), AFM, and small-
149 angle X-ray scattering (SAXS). Cryo-TEM shows that PA-
150 COOH, PA-SO3H, PA-OPO3H2, and PA-CONHCN formed
151 elongated twisted ribbons (Figures 1B and S12). PA-COOH
152 exhibited the widest ribbons (width ∼31 nm), while narrower
153 ones were observed for PA-SO3H, PA-OPO3H2, and PA-
154 CONHCN (width 15−17 nm). On the other hand, PA-
155 CONHSO2CH3 and PA-CONHSO2CF3 assembled into thin
156 ribbons (or nanofibers), with diameters of ∼11 nm. The
157 difference in width seems to be related to the bulkiness of the
158 side chain (except for PA-SO3H, Table S2). AFM also showed
159 the presence of elongated nanostructures (Figure S13).
160 The SAXS curves of all the PAs presented low-angle (Guinier)
161 regions with slopes between −1 and −1.5, which is a key
162 signature of high-aspect ratio objects.38,39 The SAXS data were
163 modeled using a core−shell ribbon model (details can be found
164 in the Supporting Information). The analysis indicates that PA-
165 COOH forms the widest nanostructures (∼26 nm), while the
166 other PAs exhibited lower values (13−19 nm). The results are

t1 167 summarized in Tables 1 and S2 and S3. The height of the
168 nanostructures was similar in SAXS and AFM, ranging from 4.3
169 to 7.8 nm.
170 pH Effect on the Morphology and Secondary
171 Structure. Next, we studied the effect of pH (1, 4, 6, and 9)
172 on self-assembly by TEM. At pH = 1, PA-COOH formed
173 amorphous aggregates that may be attributed to the carboxylic
174 acid pKa (∼4.8), which makes the PA heads neutral at pH = 1
175 (pH 1: ∼0.016% ionization). The decrease in the electrostatic
176 repulsion between PA molecules leads to the formation of
177 aggregates. At pH = 4 (∼15.85% ionization), PA-COOH
178 formed a mixture of short ribbons and micelles, while twisted
179 ribbons were seen at pH 6 and 9. PA-SO3H formed elongated

180nanostructures at all pH values (Figure 2B). This can be
181explained by considering the pKa of the sulfonate group (<0),
182which enables the isostere to be fully deprotonated at all pH
183values investigated. PA-OPO3H2 also showed short fiber-like
184structures at pH= 1 but high-aspect ratio nanostructures at pH=
1854, presumably because the headgroup is negatively charged at
186the latter pH (pKa1 ∼ 2.1). At pH = 6, twisted ribbons are
187present. Furthermore, we observed that PA-OPO3H2 displayed
188some shorter ribbons at pH 9. This may be related to the partial
189deprotonation of the second hydroxyl group on the phosphoric
190acid (pKa2 ∼ 7.2), which could increase Coulomb repulsions
191that disrupt the ribbons. To confirm this observation, we
192performed TEM at pH 11 and 12 (Figure S14). We observed
193long and short elongated structures, which further suggests that
194the increased repulsion caused by the second deprotonation
195prevents the formation of long ribbons. PA-CONHCN, PA-
196CONHSO2CH3, and PA-CONHSO2CF3 also show shorter
197structures at pH = 1. This is more evident in PA-
198CONHSO2CH3, which possesses a pKa of ∼4.9. At pH 4, 6,
199and 9, these PAs formed twisted ribbons or fibers, although in
200some cases, it was difficult to detect twisting in the
201nanostructures.
202We performed in situ AFM on four of the PAs to understand if
203a pre-formed morphology will respond to changes in pH. As can
204be seen in Figure S15, PA-COOH, PA-SO3H, PA-OPO3H2,
205and PA-CONHCN all formed fibers at pH 6, consistent with the
206cryo-TEM data (although some short fibers were also seen in
207this experiment). When the pH was lowered to 1, the PAs with
208pKa < pH changed shape, giving rise to short supramolecular
209structures. The observed results are consistent with those of pH
2101 cryo-TEM.
211Next, we studied PA-COOH, PA-SO3H, and PA-OPO3H2
212using SAXS (Figure S16; pH 1, 6, and 9). We selected these
213three PAs because of their pKa differences. At pH 1, PA-COOH
214and PA-OPO3H2 showed Guinier regions with slopes around
215−2, a signature of flat assemblies (the cryo-TEM shows small
216structures). At pH 6, the slope of PA-COOH is around −2 (but
217not as pronounced as in the previous case), but forPA-OPO3H2,
218the slope is closer to −1 than −2. At pH = 9, both PA-COOH
219and PA-OPO3H2 exhibited curves with slopes close to−1 in the
220low-angle region, indicating the formation of high-aspect ratio
221assemblies. On the other hand, PA-SO3H exhibited a slope of
222−1 at all pH values, which is consistent with the unaltered long-
223ribbon morphology (Figure 2B). Thus, the pH studies by TEM
224and SAXS indicated that the lower the pKa of the headgroup, the
225stronger its ability to prevent supramolecular transitions.
226In addition, we studied how pH can alter the secondary
227structure of the assemblies (Figure 2, right-side column). The
228CD spectra of elongated PA nanostructures typically present β-
229sheet positive bands at ∼200 nm and negative ones around 220
230nm.13,16 The changes in the secondary structure could indicate
231an internal rearrangement, which can be associated with

Table 1. Width of PAs Measured by SAXS, AFM, and Cryo-TEM

AFM (nm)

PA cryo-TEM (nm) SAXS (nm) width height

PA-COOH 31.4 ± 8.6 25.7 ± 0.4 32.0 ± 4.6 6.8 ± 1.3
PA-SO3H 15.8 ± 5.4 12.7 ± 0.2 15.5 ± 0.9 6.1 ± 0.6
PA-OPO3H2 17.5 ± 4.1 18.6 ± 0.6 24.9 ± 4.1 6.4 ± 0.4
PA-CONHCN 15.3 ± 2.4 15.3 ± 0.1 17.6 ± 0.2 6.2 ± 0.6
PA-CONHSO2CH3 9.9 ± 1.4 14.6 ± 0.3 13.5 ± 4.0 5.5 ± 0.2
PA-CONHSO2CF3 11.1 ± 1.6 12.0 ± 1.8 12.8 ± 0.8 4.3 ± 0.5
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232 morphological and/or assembly−disassembly transitions.18,40

233 PA-COOH lacked a secondary structure at pH 1 and 4 but
234 exhibited β-sheets peaks at pH 6 and 9. This correlates with
235 TEM and SAXS, where irregular aggregates are seen at pH 1 and
236 4, while twisted ribbons are present at pH 6 and 9. Supporting
237 what was observed by TEM and SAXS, the CD spectra of PA-
238 SO3H remained almost unaltered from pH 1 to 9. PA-OPO3H2

239 presented β-sheet peaks at pH 4 and 6 (long ribbons by TEM)
f2 240 and no clear CD features at pH 1. At pH 9, the CD spectra ofPA-

241 OPO3H2 were consistent with a random coil (negative peak
242 below 200 nm).18 As previously described, PA-OPO3H2

243 exhibited shorter ribbons due to the strong intermolecular
244 repulsions at high pH. The remaining PAs, PA-CONHCN, PA-
245 CONHSO2CH3, and PA-CONHSO2CF3, exhibited poorly

246defined β-sheet peaks at pH 1 but well-defined peaks at higher
247pH (elongated nanostructures by TEM). Notably, these three
248PAs formed some fiber-like structures at the lowest pH even in
249the absence of β-sheet signature peaks. Furthermore, the
250maxima of the three PAs did not increase with pH, indicating
251that other factors, besides pKa, affect the internal arrangement.
252We also performed infrared (IR) spectroscopy studies on the
253PAs, as detailed in Figures S17 and S18.We were able to observe
254peaks that can be ascribed to β-sheet signals.
255As described, some PAs form aggregates when pKa < pH. This
256can be caused by (1) the collapse of the nanostructures as they
257lose colloidal stability at low pH or (2) by the agglomeration of
258the molecules into disordered aggregates due to reduced water
259solubility. The first hypothesis is supported by a theoretical

Figure 2. TEM images (first four columns) and CD spectra (right-hand column) of (A) PA-COOH, (B) PA-SO3H, (C) PA-OPO3H2, (D) PA-
CONHSO2CH3, (E) PA-CONHSO2CF3, and (F) PA-CONHCN at pH = 1, 4, 6, and 9 from left to right. Samples were prepared at 1 mg/mL and
aged for 24 h.
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260 model (see below) that predicts that PA nanostructures lose
261 colloidal stability (i.e., aggregation is thermodynamically
262 favored) at pH values similar to those where aggregates are
263 observed in the TEM images (Figure 2). This is consistent with
264 the fact that the nanostructures of PA-COOH at pH 4 and PA-
265 OPO3H2 at pH 1 seem to be composed of aggregated lamellar
266 objects. Note that it is unlikely that the aggregates observed for
267 PA-COOH at pH 1 are the result of a ribbon-to-micelle
268 transition, since this transition takes place with increased PA
269 charge (more repulsions).24,41 As a general rule, it can be said
270 that when pH > pKa of the headgroups, β-sheet features are
271 found by CD and elongated nanostructures are observed by
272 TEM and AFM. In contrast, when pH < pKa of the headgroups,
273 there is a lack of secondary structure and aggregates are formed.
274 Other factors, besides pKa (i.e., hydrogen bonds provided by the
275 side chains, bulkiness of the side chain, and hydrophobicity)

276may play a key role in the formation and structure of the
277supramolecular assemblies.
278Effect of Charge Screening. We selected four of the PAs
279and studied if the ionic strength of the media affects the
280supramolecular morphology. The addition of NaCl (200 nM) to
281a pH 7 solution did not affect the shape of the nanostructures
282formed by PA-COOH, PA-SO3H, and PA-CONHCN (Figure
283S19). However, PA-OPO3H2 showed needle-like structures,
284slightly shorter than what was observed before (Figure S20).
285Next, we performed cryo-TEM and AFM at pH 10 without and
286 f3with the addition of NaCl. As can be seen in Figures 3 and S21,
287the PAs maintained their elongated morphology. PA-OPO3H2

288still showed the presence of some shorter fibers, presumably due
289to electrostatic repulsions due to the deprotonated headgroups,
290but the addition of NaCl seemed to increase the length of the
291fibers. This can be rationalized by the fact that the negative
292charges may be more sensitive to the higher ionic content in the

Figure 3. Cryo-TEM images of (A,E) PA-COOH; (B,F) PA-SO3H; (C,G) PA-OPO3H2; and (D,H) PA-CONHCN at pH 10 (50 mM glycine−32
mM NaOH buffer; 1 mg/mL concentration) without and with NaCl (200 mM), respectively. Scale bar: 100 nm.

Figure 4. (A−C) AFM images and (D−F) TEM images (scale bar 500 nm) of PA-OPO3H2 on the positively charged mica (top) or grid (bottom) at
pH 1, 6, and 9, respectively.
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293 solution. The results described here indicated that in general, the
294 salt concentration does not have a significant effect on the
295 morphology of the nanostructures formed by the PA-isosteres
296 under the tested conditions.24

297 Structural Studies on Charged Surfaces. Next, we
298 decided to assess how a positively charged surface affects
299 supramolecular morphology by altering the mica (used in AFM)
300 and the grid (TEM) (details can be found in the Supporting
301 Information). We studied PA-COOH, PA-SO3H, and PA-
302 OPO3H2 due to their diverse pKa values. We found that at pH 1,
303 PA-COOH assembles into short ribbons (Figure S22) instead of
304 aggregates (Figure 2A). This is possibly due to the electrostatic
305 interactions with the cationic surfaces, which were not present
306 before functionalization. At pH 6 and 9, we saw elongated
307 nanostructures. PA-SO3H provided elongated structures at all
308 the pH values (Figure S23), also consistent with the earlier TEM
309 study (Figure 2B), although at pH 9, we still observed some
310 short, entangled ribbons by AFM. PA-OPO3H2 presented
311 shorter fibers (and perhaps some aggregates) at pH 1 and 9

f4 312 (compare Figures 2C and 4) but elongated objects at pH 6.
313 Altogether, the results of the study show that surface charge has a
314 minimal effect on the supramolecular shape of the PAs.
315 Effect of Temperature. Then, we performed variable-
316 temperature SAXS (25−90 °C, pH = 7.4) to evaluate the
317 thermal stability of selected nanostructures (Figure S24). The
318 stability rank was PA-SO3H∼ PA-OPO3H2 < PA-CONHCN <
319 PA-COOH (see the Supporting Information for details). Based
320 on the results, we hypothesize that the stability is related to the
321 width of the self-assembled structures (PA-COOH is the
322 widest). A potential explanation is that thinner ribbons possess
323 fewer molecules within its cross-section, which translates to less
324 interactions (fewer hydrogen bonds), leading to a decrease in
325 stability. An alternative explanation is related to the increased
326 motion of water at higher temperatures. Higher temperature
327 weakens hydrogen bonding42,43 between the PAs and the water
328 molecules leading to a decrease in charge screening. This
329 increases the charge repulsion, causing a morphological
330 transition. Since PA-COOH is the molecule with the least
331 potential for hydrogen bonding in the headgroups, it may have
332 fewer associated water molecules. This results in less charge
333 screening and a less-noticeable temperature-induced change.
334 PA-SO3H and PA-OPO3H2 should have a higher number of
335 associated water molecules. The reduced charge screening, due
336 to water movement, will increase the repulsive forces, promoting
337 a morphological transition. Based on the NaCl experiments
338 described earlier, we theorize that the thermal stability of the
339 nanostructures is related to the cross-section of the PAs.

340Molecular Theory of PA Aggregation.We used a MOLT
341approach to explain if the observed morphologies are the result
342of the competition between hydrophobic attractive interactions
343and a decrease in Coulomb repulsions (see Figure S25 and
344associated text for details). We hypothesized that at low pH, the
345ribbons “stick together” because the acidic groups of the PAs are
346protonated, making the Coulomb repulsions negligible. To test
347the hypothesis, we calculated the free energy of two approaching
348ribbons as a function of pH. The free energy estimation was
349done using our previously reported model,24 which explicitly
350incorporates the molecular details of the PAs (molecular
351structure, conformations, volume and charge distribution, and
352inter- and intramolecular interactions) and the properties of the
353 f5solution (pH and ionic strength). Figure 5A shows the free
354energy per unit area of two lamellar ribbons formed by PA-
355COOH, ΔΩ*, as a function of the distance between them, d.
356The free energy is defined with respect to that of two lamellas
357infinitely separated, ΔΩ* =Ω*(d) −Ω*(d→∞). For pH ≥ 6,
358the free energy increases as the ribbons approach, indicating that
359the formation of a superaggregate of ribbons is unstable. For pH
360≤ 5, the free energy reaches a global minimum at d ∼ 5.5 nm,
361which indicates that the aggregated state is stable.
362The model predicts a transition from isolated ribbons to
363ribbon aggregates at pH ∼ 5. We speculate that ribbon
364aggregation can lead to amorphous aggregates or precipitation.
365To support this interpretation, we show in the inset of Figure 5A
366our prediction for the fraction of charged carboxylate groups, α =
367[PACOO−]/([PACOOH] + [PACOO−]), as a function of pH.
368The fraction was using the approach reported in our previous
369work.24 At low pH, all carboxylate groups are uncharged (α∼ 0,
370inset of Figure 5A), and the ribbons stick together due to
371hydrophobic attractions. An increase in pH increases the
372fraction of charged carboxylates (see α in the inset), and
373consequently, the Coulomb repulsions disfavor the PA
374nanostructures closely approaching each other. At pH ∼ 6 (α
375∼ 0.5), the repulsions are high enough to balance the
376hydrophobic attractions, and the aggregate becomes “unstable”.
377Note that the pKa is higher within the individual elongated
378ribbons (apparent pKa ∼ 6, see the inset of Figure 5A) than in
379bulk solution (pKa ∼ 4.8). This pKa shift is due to a charge
380regulation effect that has been reported in the literature.24

381All PAs showed the same behavior as PA-COOH except for
382PA-SO3H, which possesses pKa < pH (Figures 5B,C and S26D−
383F). In general, the PAs are predicted to transition from ribbons
384to aggregates (or micelles) with decreasing pH. The pH at which
385this transition occurs depends on the apparent pKa of each PA;
386see inset plots in Figures 5 and S26. Note that the pKa of all PAs
387experiences a shift due to the charge regulation effects explained

Figure 5. Free energy per unit of area, ΔΩ*, of two ribbons of (A) PA-COOH, (B) PA-SO3H, and (C) PA-OPO3H2 as a function of the distance
between them, d, at different pH values.ΔΩ* is defined with respect to the free energy of two infinitely separated ribbons. The insets show the fraction
of carboxylate groups, sulfonate groups, and phosphonate groups that are deprotonated, α, as a function of pH. The salt concentration was set to 0.1M
in all calculations.
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388 above. The ribbon aggregates of PA-SO3H are not favored for all
389 pH values (Figure 5B) because pKa < pH.

32 This ensures that all
390 sulfonic groups are deprotonated, that is, α ∼ 1 for all pH
391 (negative pKa values will not affect our calculations), ensuring
392 that the Coulomb repulsions dominate over the hydrophobic
393 attractive interactions (preventing aggregation).
394 Structural Properties of the Twisted Ribbons.We have
395 shown that PA-COOH, PA-SO3H, and PA-OPO3H2 self-
396 assembled into twisted ribbons at pH > pKa (Figure 2, PA-
397 CONHCN also formed twisted ribbons, while the other two PAs
398 formed thin ribbons or nanofibers). These structures possess

f6 399 characteristic width (W) and twisting pitch (P). Figure 6A

400 shows the cryo-TEM of PA-COOH. The aggregates formed by
401 these PAs present some polydispersity in both width and period,
402 with values around 10−60 and 150−500 nm, respectively.
403 Remarkably, these parameters are not independent of each
404 other. Figure 6B shows P as a function ofW for ribbons formed
405 by PA-COOH, PA-SO3H, and PA-OPO3H2 in PBS buffer (pH
406 = 7.4). P andW were measured from several cryo-TEM images
407 using ImageJ software.44 The plot suggests that there is an
408 approximately linear correlation between P and W. This
409 correlation has not been reported before for PAs, but it has
410 been previously observed in related self-assembled systems.45−47

411 There is reasonable consensus in the literature that the
412 twisting of self-assembled ribbons arises mainly from chiral
413 interactions between the building blocks,48,49 with a minor but
414 not always negligible contribution from electrostatic interac-
415 tions.50−52 The degree of twisting is mainly defined by the
416 competition between a chiral interaction that defines an optimal
417 angle a0 between two consecutive molecules and an elastic
418 resistance. As a result, an equilibrium angle a* (a* < a0) between
419 consecutive molecules arises and propagates in one direction. In
420 PAs, the chiral interactions are presumably influenced by the
421 stereochemistry of the side chains, while the elastic resistance is
422 due to the tail−tail hydrophobic attraction that is maximized in
423 the untwisted ribbon. Recently, Zhang et al.45 showed that the
424 positive correlation between the period (P) and width (W) can
425 be understood and quantitatively predicted by a mechanical
426 model that considers such chiral interactions.
427 Helicoid-shaped ribbons are chiral nanostructures that have
428 either right-handed or left-handed twisting. We used AFM to
429 determine the direction of rotation of the ribbons (Figures S27
430 and S28). The analysis of AFM images supports the hypothesis
431 of the chiral origin of the twisting for two reasons. First, all the
432 ribbons formed by a given PA present the same chirality, which
433 is expected if the twisting arises from the molecular chirality (we
434 used only L-amino acids). Second, making isosteric replace-
435 ments in the PA did not change the macromolecular chirality.

436This result suggests that the replacements do not significantly
437affect the packing of consecutive molecules due to peptide−
438peptide hydrogen bonds. This conclusion is valid for the PAs
439analyzed herein because their acidic groups have similar
440molecular volumes.

4. CONCLUSIONS
441We have prepared PAs that contain the same hydrophobic tail
442and peptide core but possess different anionic groups
443(carboxylic acid, sulfonic acid, phosphoric acid, methyl
444sulfonamide, methyl sulfonamide, trifluoromethyl sulfonamide,
445and cyanamide) to investigate the effect of isosteric replacement
446(pKa) on self-assembly. Our data indicate that the self-assembly
447behavior of PAs is dependent on the pKa of the ionizable groups.
448Changes in the solution pH can trigger structural rearrange-
449ments at the supramolecular level. However, if the pKa value is
450below the solution’s pH, the supramolecular morphology will
451not change. Theoretical studies indicate that this morphological
452transition is related to changes in the Coulomb repulsions
453among self-assembled PA nanostructures. The aggregation of
454these nanostructures occurs when electrostatic repulsions are
455overcome by hydrophobic attractions. The study on the
456nanostructure’s twisting property indicates that the isosteric
457replacement does not change the macromolecular chirality. The
458property of headgroups is found to influence the width and
459twisting of the assembled ribbons and the secondary structure.
460Moreover, the nanostructures’ thermal stability is related to the
461morphology of assemblies and physicochemical characters of the
462headgroups. This information will be valuable to the develop-
463ment of supramolecular nanostructures with pH-responsive or
464pH- and thermal-resistant properties, thus expanding the
465potential applications of PA-based nanosystems. Potential future
466uses of this technology include nanocarriers for oral drug
467delivery and shape-changing nanostructures to achieve
468enhanced cell binding, fast clearance, or burst drug release.
469For example, since its shape is unaltered at low pH (such as the
470environment of the digestive system), PA-SO3H-based
471nanostructures may be an intriguing option for oral delivery.
472Meanwhile, the other PAs could change their supramolecular
473structure in the intestine, pancreas, or duodenum (areas with
474different pH values), releasing drugs or exposing signaling
475ligands upon conformational changes.
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