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contact and hence the formation of 
strong and stable bonds between the 
polymer and the surface. Among sessile 
organi sms, mussels routinely attach to 
diverse underwater surfaces by secreting 
a complex fl uid that consists of adhesive 
proteins, which eventually harden into a 
solid byssus. [ 1 ]  The catecholic amino acid 
known as Dopa (3,4-dihydroxyphenyl-L-
alanine) is a key chemical signature of 
mussel adhesive proteins and implicated 
in promoting underwater interfacial adhe-
sion, as well as bulk cohesion, via a variety 
of adaptive surface interactions and cova-
lent crosslinking reactions, e.g., diDopa [ 2 ]  
and cysteinyl DOPA. [ 3 ]  Catechol, a weak 
diprotic acid with p K  a1  and p K  a2  of ≈9.4 
and ≈13.7, respectively, [ 4 ]  exhibits high 
affi nity for wet mineral and metal oxide 
surfaces. [ 5 ]  It forms bidentate innersphere 
complexes on the {001} facets of TiO 2  
(anatase) between Ti(IV) atoms and its 
two  o -hydroxyl groups, [ 6 ]  whereas catechol 
interacts only through weaker hydrogen-
bonds on mica. [ 7 ]  As a result, the adhe-
sion of the mussel foot protein (mfp-3) 
to mica is signifi cantly weaker than to 
TiO 2  (0.09 vs 0.51 µJ × m −2   mol  Dopa  −1 ), 

due to hydrogen bonds competing with water molecules for 
adsorption on the mica surface sites. Single-molecule atomic 
force microscopy measurements [ 7a ]  previously revealed a dis-
sociation energy of 22 kcal mol −1  for Dopa in contact with wet 
TiO 2 , which constitutes one of the strongest reversible binding 
interactions known. Tyrosine (Tyr) binding to the same surface 
is much weaker, suggesting that the two  o -hydroxyl groups in 
Dopa provide signifi cantly stronger binding than a single OH 
group. Therefore, converting Tyr side chains to Dopa is a crucial 
step in the maturation of adhesive mfps and, more generally, 
for the formulation of mussel inspired synthetic adhesives. [ 8 ]  

 Dopa-containing mfp-3S [ 9 ]  is the most abundant directly 
extractable protein from mussel adhesive plaques of the Cali-
fornia mussel ( Mytilus californianus ). Mfp-3S is capable of pro-
moting both adhesion and cohesion within the adhesive plaque 
and provides an effi cient shielding environment against Dopa 
oxidation by dint of its abundant aromatic and hydrophobic 
residues (Tyr+Dopa+Trp ≈35%). Another intriguing aspect of 
mfp-3S is its ability to form single-component coacervates [ 10 ]  
– the fi rst direct evidence of mussels using coacervation as a 
delivery strategy. To date, among all mfps tested, mfp-3S is the 
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  1.     Introduction 

 The adhesion of polymers to wet surfaces is frustrated by a 
weak boundary layer of adsorbed water that obstructs molecular 
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only protein that displays this ability. A biological model of coac-
ervation as a delivery strategy for underwater adhesives has also 
been proposed for the sandcastle worm ( Phragmatopoma cali-
fornica ) (complex coacervation between two oppositely charged 
proteins), [ 11 ]  and may be more widespread among other fouling 
species than previously thought. [ 12 ]  On the technological side, 
numerous reports have proposed to process and deliver syn-
thetic adhesives/coatings as complex coacervates. [ 13 ]  

 Notwithstanding previous work, little effort has been dedi-
cated to understanding and translating Dopa-containing coac-
ervates. Important questions concerning self-coacervation still 
remain and cannot be addressed by investigating the native 
protein. These include (1) the contribution of Dopa to mfp-3S 
coacervation; (2) the infl uence of the primary amino acid 
sequence or composition on coacervation; and (3) the need 
for post-translational conversion of Tyr residues into Dopa 
for maximizing adsorption of the mfp-3S coacervate to wet 
substrates. To address these questions, as well as to provide 
a synthetic platform for potential applications, we designed a 
peptide analogue (mfp3S-pep) comprised of 25 amino acids to 
mimic the native protein. The peptide was then enzymatically 
modifi ed to provide the desired level Tyr to Dopa conversion 
(mfp3S-pep-Dopa), including the ≈10 mol% Dopa content of 
the native protein. [ 3 ]  The coacervation behavior of the modi-
fi ed and unmodifi ed peptides was investigated over a range of 
pH and ionic strength to determine the optimal experimental 
conditions for peptide self-coacervation. Hydroxyapatite (HAP) 
and TiO 2  (anatase) surfaces were used for adsorption studies 
owing to their obvious relevance to biomedical applications. 
Peptide and coacervate adsorption was investigated by quartz 
crystal microbalance with dissipation (QCM-D) and attenuated 
total refl ection-infrared spectroscopy (ATR-IR). Dopamine was 
initially used in the ATR-IR experiments as a model catechol to 
aid in interpreting the IR spectra of the more complex Dopa-
containing peptides and coacervates. mfp-3S-inspired self-
coacervating peptides exhibited strong and irreversible binding 
to hydrated HAP and TiO 2 . Given the established biocompati-
bility [ 14 ]  of mfps, our results suggest promising opportunities 
for the next generation adhesive technologies in tissue engi-
neering, orthopedic, and dental applications.  

  2.     Results and Discussion 

  2.1.     Peptide Design 

 To address questions that would not be possible with a micro-
gram supply of purifi ed native mfps and to explore the poten-
tial of the unique mfp-3S system, we prepared a shorter peptide 
sequence (shown in  Figure    1  ) modeled after the native protein 
by applying the following criteria: All of the charged amino 
acids as well as most aromatic residues including Tyr/Dopa 
in the native sequence were maintained. Furthermore, some 
fl anking residues, such as Gly and Asn, were retained to main-
tain the peptide’s polarity and fl exibility. For ease of synthesis 
and cost effi ciency, the peptide length was limited to about half 
of the native protein mfp-3S. The above mentioned design cri-
teria are based on our knowledge of the protein’s composition/
sequence and property/function relationships. Notably, the 

amphoteric characteristic and the high content of hydrophobic/
aromatic residues, including Dopa, are hallmarks for the adhe-
sion, cohesion, and coacervation performance of mfp-3S. [ 10 ]  
The resulting peptide sequence (mfp3S-pep) exhibited a virtual 
isoelectric point (pI) of 8.3, which was slightly above that of the 
native mfp-3S (pI between 7 and 8). 

    2.2.     Incorporation of Dopa into Peptide Sequence 

 Mushroom tyrosinase is known to  o -hydroxylate peptidyl Tyr 
to Dopa and was hence used to hydroxylate Tyr residues in 
mfp3s-pep. [ 15 ]  This enzymatic reaction is typically conducted 
at pH 7 in a phosphate aqueous buffer. However, the peptide 
had very low solubility under these conditions, therefore, 10% 
acetonitrile was added to improve its solubility without sacri-
fi cing signifi cant enzyme activity. Borate was used to reversibly 
capture Dopa immediately after it formed, hence minimizing 
the formation of undesirable side products such as 3,4,5-tri-
hydroxyphenylalanine (Topa) and Dopaquinone. Reaction 
time and enzyme/substrate ratio were adjusted to achieve 
different Dopa contents. After stopping the reaction by addi-
tion of acetic acid to bring the pH down to 3, modifi ed pep-
tides were subjected to reverse phase HPLC, followed by 
size exclusion chromatography to purify mfp3S-pep with the 
desired Dopa content. Matrix-assisted laser desorption/ioniza-
tion time-of-fl ight mass spectroscopy (MALDI-TOF-MS) was 
used to measure the peptide masses in the eluting fractions 
from HPLC and Shodex (Figure S1, Supporting Information). 
Those fractions with masses matching the calculated desired 
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 Figure 1.    Mussel derived phase-separating adhesive proteins and their 
peptide mimics. Upper: schematic illustration of mfp-3S being delivered 
onto a wet substrate surface in the form of a single-component coacer-
vate followed by its hardening into the mussel’s adhesive plaque together 
with other mfps. Lower: sequences of native mfp-3S and truncated pep-
tide mfp3S-pep with their corresponding pI. Letters in red, blue, and 
green denote aromatic, basic, and acidic amino acids, respectively.
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masses, namely 3119 Da and 3167 Da for peptide comprising 
3 and 6 Dopa units, respectively, were pooled for amino acid 
analysis (Figure S2, Supporting Information). The peptide 
mass increases by 16 Da for each oxygen atom introduced as 
Tyr are converted into Dopa. Thus, the 48 Da mass differences 
in Figure S3 (Supporting Information) refl ect a peptide with no 
Dopa (m/z 3071 Da), 3 Dopa residues (3119 Da), and 6 Dopa 
residues (3167 Da).  

  2.3.     Coacervate Characterization by Turbidity Measurements 
and Imaging 

 To confi rm that turbidity ( Figure    2  ) of mfp3S-pep, mfp3S-pep-
3Dopa, and mfp3S-pep-6Dopa was due to coacervation and 
not precipitation, microscopic images of the peptides in dif-
ferent buffers were taken. Spherical droplets in the resulting 
mixtures indicated the existence of liquid microphases in the 
bulk solution, namely, coacervates. A representative image of 
mfp3S-pep coacervate in pH 6.5 buffer at 100 × 10 –3   M  ionic 
strength is shown in Figure  2 f, along with a UV micrograph. 
The blue emission at 450 nm can be attributed to peptidyl-
tryptophan residues and confi rms that the droplets originated 
from mfp3S-pep coacervation (see Figure  1 ). All three peptides 
were able to form single-component coacervates by adjusting 
buffer pH and ionic strength. The general trend of coacervation 

for the three peptides was similar, with the peptide mixtures 
transitioning from solution to coacervate as pH and/or ionic 
strength increased. Whereas at 100 × 10 –3   M  ionic strength, the 
turbidity versus pH profi les of the three peptides were compa-
rable (Figure  2 a), a more distinct separation occurred in the 
low pH range (from pH 3 to 4) at 600 × 10 –3   M  ionic strength. 
We believe that the driving forces for the coacervation of these 
peptides are similar to those of the native protein mfp-3S, [ 10 ]  
and comprise hydrophobic, electrostatic as well as Dopa-medi-
ated H-bonding interactions with other side chains, e.g., Asn 
and Tyr. At low pH, where the peptides are positively charged 
(pI = 8.3), long-range electrostatic repulsions keep peptide 
mole cules apart. As the pH approaches the isoelectric point of 
the peptide and therefore net neutral charge, electrostatic repul-
sion decreases, while hydrophobic interaction and short-range 
electrostatic attraction increase, thereby leading to a net attrac-
tive interaction between the peptide chains and, ultimately, to 
coacervation. 

  Incorporation of Dopa into the peptide had a twofold effect 
on coacervation. First, it rendered the peptide more hydro-
philic, thus decreasing inter/intra molecular hydrophobic 
interactions and helps explain why the peptide with the higher 
Dopa content exhibited lower turbidity at low pH (Figure  2 b). 
Second, at short range, increased H-bonding between Dopa 
residues and peptide backbone/other side chains of the peptide 
(e.g., Asn and Tyr) resulted in increased inter/intramolecular 
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 Figure 2.    Turbidity of mfp3S-pep, mfp3S-pep-3Dopa, mfp3S-pep-6Dopa under different a+c) pH and c) ionic strength conditions. Comparison of 
mfp3S-pep (d) solution and e) coacervate, conditions of which are indicated in (a). f) Representative bright fi eld (top) and UV microscope images 
(bottom) of mfp3S-pep coacervates.
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interactions. Dopa involvement in H-bond formation came into 
play at pH near the peptide pI, where the peptide molecules 
are already driven in close proximity by hydrophobic interac-
tions and short-range electrostatic attractions. At relatively high 
pH, H-bonding from Dopa counter-balanced the partial loss 
of hydrophobic interactions. Therefore, the turbidity values of 
three peptides merged at around pH 8.  

  2.4.     Acidic Version of mfp3S-pep 

 Both mfp3S and the mfp3S-pep contain two negatively charged 
and 3 positively charged side chains (including the N- and 
C-termini), such that the sequences possess a +1 net posi-
tive charge. We tested the hypothesis that this +1 net charge 
helps drive coacervation by binding to aromatic residues via 
a π-cation interaction. [ 16 ]  A new peptide was thus prepared by 
replacing Arg with Asp (pI = 4.2) (Figure S3a, Supporting Infor-
mation), and this acidic version of mfp3s-pep was still able to 
self-coacervate. Not surprisingly, compared with mfp3S and 
mfp3S-pep, the optimum coacervation condition of the acidic 
peptide shifted to lower pH (Figure S3b, Supporting Informa-
tion). This experiment proved that the positive charge of Arg 
in mfp3S-pep is not essential for the formation of a coacer-
vate, and its replacement with an acidic residue, such as Asp, 
could trigger coacervation at acidic conditions. However, at 
pH 4 (close to their pI) and high ionic strength (600 × 10 –3   M ), 
the acidic peptides precipitated instead of coacervating, due to 
stronger intra/intermolecular attractive interactions, namely 
electrostatic, hydrophobic, as well as H-bonding interactions.  

  2.5.     Mfp3S-pep with Randomized Sequences 

 In order to investigate the role of the primary amino acid 
sequence on the peptide coacervation behavior, the sequence 
of mfp3S-pep was randomized and three new peptides, termed 
mfp3S-pep-random #1, #2, and #3, were generated as shown 
in Figure S4 (Supporting Information). Mfp3S-pep-random #1 
and #3’s solubilities in 10 × 10 –3   M  acetic acid were 0.2 mg mL –1  
and ≈1 mg mL –1 , respectively, which were both less soluble than 
mfp3S-pep. Under the experimental conditions used for mfp3S 
and mfp3S-pep, neither mfp3S-pep-random #1 nor #3 could 
form a coacervate. Only mfp3S-pep-random #2 showed similar 
coacervation behavior to mfp3S-pep under the tested conditions. 
In order to determine whether mfp3-pep and its randomized 
versions varied signifi cantly in their secondary structures, we 
conducted circular dichroism (CD) measurements (Figure S5, 
Supporting Information). Mfp3s-pep-random #1 spectrum 
exhibited a signifi cantly different spectral signature from the 
other peptides, with features characteristic of β-sheet. On the 
other hand, a random coil dominates the others, mfp3s-pep, 
random #2 and #3. The broad and rarely encountered posi-
tive peak centered at 230 nm in all 4 peptides’ spectra, can be 
attribu ted to the high content of Tyr. [ 17 ]  These CD results are 
broadly consistent with the predicted conformation using the 
I-Tasser homology modeling package [ 18 ]  (Figure S6, Supporting 
Information): Mfp3s-pep-random #1 shows the highest ten-
dency of forming β-sheet in the region enriched with aromatic 

residues, whereas the other peptides were mainly predicted to 
adopt random coil conformation. The tightly packed region of 
β-sheet in mfp3s-pep-random #1 could be due to enhanced local 
π–π and quadrupole interactions, [ 19 ]  which is also consistent 
with its lowest solubility in aqueous solution and its highest ten-
dency to precipitate among all 4 peptides. A more comprehen-
sive structural study of the peptides is in progress. The above 
results provide useful insights for designing self-coacervating 
peptides: the fl anking distribution of small amino acids, such 
as glycine and asparagine, around tyrosine residues is essen-
tial to trigger the coacervate formation, since these side chains 
enhance the fl exibility of the peptide backbone. [ 20 ]   

  2.6.     Mfp3S-pep and mfp3S-pep-3Dopa Adsorption Behavior on 
HAP and TiO 2  Surfaces by QCM-D 

 QCM-D was used to study the peptide adsorption behavior to 
HAP and TiO 2  surfaces ( Figure    3  ). We compared the adsorp-
tion behavior of mfp3S-pep and mfp3S-pep-3Dopa solutions 
at 0.1 mg mL –1  in 100 × 10 –3   M  acetic acid on TiO 2  (Figure  3 a) 
and HAP (Figure  3 b) surfaces. Mfp3S-pep-3Dopa was chosen 
because its Dopa content is similar to that of the native pro-
tein (≈10 mol%). The ultimate adsorption in terms of fre-
quency change of two peptides on each surface was similar 
(Δ F  = −20 Hz), with negligible desorption when rinsing the 
surfaces with buffer. Interestingly, mfp3S-pep-3Dopa showed 
faster initial (≈1 min) adsorption (14.3 Δ F  min –1  on TiO 2 ; 
16.7 Δ F  min –1  on HAP) than mfp3S-pep (3.7 Δ F  min –1  on TiO 2 ; 
5.3 Δ F  min –1  on HAP) (see the insets in Figure  3 a,b), indicating 
that Dopa accelerates the kinetics of adsorption on these two sur-
faces. We attribute this behavior to the longer binding lifetime 
of Dopa bidentate chelation and bidentate hydrogen-bonding 
on TiO 2  and HAP, respectively, as compared with monodentate 
binding by Tyr. [ 21 ]  

  Figure  3 c,d shows the adsorption and desorption behavior 
of mfp3S-pep and mfp3S-pep-3Dopa coacervates formed at pH 
6.5 buffer and 100 × 10 –3   M  ionic strength on TiO 2  and HAP 
surfaces. Both coacervates attained similar maximum adsorp-
tion plateaus (Δ F  between −70 and −80 Hz), showing a greater 
adsorptive ability (about fourfold increase in frequency change) 
than their corresponding peptide solutions. The other signifi -
cant distinction between the two coacervates occurred upon 
rinsing with buffer. The desorbed mass, which is associated 
with an increase in frequency in QCM experiments, was neg-
ligible for the Dopa-containing coacervate, whereas mfp3-pep 
coacervate was substantially desorbed from both TiO 2  and 
HAP. We attribute the different adsorption behavior to stronger 
interfacial bonding between the Dopa-containing coacervate 
and the substrates, as well as to enhanced Dopa-mediated 
intra/intermolecular H-bonding interactions within the coacer-
vate adsorbed layer.  

  2.7.     Adsorption Studies on TiO 2  and HAP by ATR-IR 
Spectroscopy 

  Figure    4   shows a schematic diagram of the fl ow cell setup used 
in ATR-IR adsorption experiments. A fi eld emission scanning 
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electron microscope (FESEM) image of the ≈100 nm thick HAP 
nanoparticle fi lm used in this work is also presented along with 
the chemical structure of dopamine, the catechol model com-
pound used to assign catechol vibrational modes in ATR-IR 
adsorption investigations of more complex peptide and coacer-
vates. Micrographs of the ≈100 nm TiO 2  (anatase) nanoparticle 
fi lm have been reported previously. [ 22 ]  

  The ATR-IR spectrum of 100 mg mL –1  dopamine in 
100 × 10 –3   M  acetic acid solution on the bare ZnSe prism was 

compared to those of dopamine adsorbed on nanoparticu-
late fi lm of TiO 2  and HAP from more dilute solutions (0.1, 
0.5, 1, and 10 mg mL –1 ) (Figure S8, Supporting Information). 
The absorbance increased with dopamine concentration and 
was already detectable on TiO 2  at the lowest concentration of 
0.1 mg mL –1 . Weaker, yet discernible absorbance was recorded 
on HAP at 0.5 mg mL –1  dopamine concentration. Of particular 
interest is the doublet observed on the TiO 2  surface at 1492 and 
1274 cm −1  arising from  ν (CC) of the aromatic ring and  ν (CO) 
modes, respectively, which is indicative of catechol-Ti(IV) biden-
tate binuclear coordinative bond. [ 23 ]  Dopamine has been shown 
to complex metal cations and metal oxides via either a mono-
dentate coordination (one catechol OH group binds to a surface 
metal ion, whereas the second OH group forms a hydrogen 
bond to the adjacent metal ion) or bidentate coordination known 
as chelation. [ 6c ,   24 ]  Such bands were not observed in the spectra 
of dopamine in solution and adsorbed on HAP. The ATR-IR 
spectra of dopamine adsorbed on HAP showed similarities in 
terms of bands number and position to the spectrum of cat-
echol in solution. The major absorbance peaks at 1520, 1286, 
and ≈1250 cm −1  were thus assigned to the  ν (CC)+ δ (CH) and 
 ν (CO) modes of catechol in solution. Although the HAP particle 
size was on average eightfold larger than that of TiO 2  (<200 vs 
<25 nm), thus consequently exhibiting a smaller surface area, 
the catechol absorption on HAP was of considerable intensity, 
indicating its high affi nity for HAP. The binding of catechol 
species to HAP has been previously ascribed to the formation 
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 Figure 3.    Adsorption behavior of mfp3S-pep and mfp3S-pep-3Dopa on TiO 2  and HAP surfaces by QCM. a) solution on TiO 2  surface; b) solution on 
HAP surface; c) coacervate on TiO 2  surface; d) coacervate on HAP surface. Inset fi gures in (a) and (b) show the initial adsorption. The concentration 
of peptides and coacervates was 0.1 mg mL –1 , and buffers were 100 × 10 –3   M  acetic acid for peptides and PBS at pH 6.5 and 100 × 10 –3   M  ionic strength 
for coacervates.

 Figure 4.    Schematic diagram of the fl ow cell and the 3-internal refl ection 
ZnSe prism adopted in this work for ATR-IR measurements of adsorbed 
molecules on a nanoparticle fi lm-coated ZnSe prism. The inset shows 
an FESEM image of an ≈100 nm thick HAP nanoparticle fi lm and the 
chemical structure of dopamine used as a model compound for adsorp-
tion studies of the catechol-containing peptide and its coacervate phase.
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of divalent hydrogen bonds. [ 25 ]  However, water molecules also 
interact with HAP via hydrogen bonding, thus potentially 
competing with catechols via the same bond type. Substantial 
adsorption of catechol to HAP may therefore arise from a diva-
lent hydrogen-bonding formation, which should have a longer 
binding lifetime than the corresponding monovalent bond 
of water molecules. Given the much greater number of water 
mole cules hydrating the HAP surface, it can also be argued that 
other surface-bound structures are likely for catechol interacting 
with HAP. Strong noncovalent π-cation interactions between 
the aromatic ring of catechol and Ca +/2+  ions of HAP are pos-
sible yet rarely considered. Comprehensive quantum mechanic 
calculations have shown that Ca 2+  ions likely do not bind directly 
to the aromatic ring because of the substantial energetic penalty 
of dehydrating a Ca 2+  ion. However, the complex of a Ca 2+  ion 
with its inner hydration shell, Ca 2+ (H 2 O) 6 , can interact electro-
statically with the catechol aromatic ring. [ 26 ]  

  2.7.1.      Adsorption on TiO 2   

 ATR-IR spectra recorded during the time-
course of mfp3S-pep (all at 0.1 mg mL –1 ), 
mfp3S-pep-3Dopa solution, and coacervate 
adsorption to the TiO 2 -coated ZnSe prism 
are shown in  Figure    5  . The infrared spectra 
revealed peptide bonds, namely, amide I 
(≈1650 cm −1 ) and amide II (≈1540 cm −1 ), and 
a major absorbance peaking at 1517 cm −1  
due to the  ν (CC)+ δ (CH) mode of aromatic 
rings. The amide I was the dominant absorp-
tion in the spectra of the adsorbed mfp3S-
pep, whereas amide II region was the most 
intense for mfp3S-pep-3Dopa and its coac-
ervate phase. This difference arises from 
the absorption associated with aromatic 
ring modes at 1517 cm −1 , providing evi-
dence for a greater involvement of Dopa/Tyr 
side chains in the adsorption process of the 
Dopa-bearing peptide and coacervate on the 
metal oxide surface, as compared to mfp3S-
pep. Initially, the absorbance at 1517 cm −1  
for the adsorbed coacervate (Figure  5 c) was 
comparable with that of the amide II mode, 
but after ≈6 min the former increased with 
time to eventually become the dominant 
peak. Concomitantly, a peak due to aromatic 
residues at 1604 cm −1  became apparent after 
10 min of adsorption. [ 27 ]  Other vibrations 
in the ≈1450–1400 cm −1  region are associ-
ated with CH 2  aliphatic vibrations. In the 
catechol-related vibrational region (1300 
to 1200 cm −1 ) a broad band with peaks at 
1279, 1263, and 1243 cm −1  was recorded for 
mfp3S-pep-3Dopa (Figure  5 b). The absorp-
tion peak at 1279 cm −1  is close to the peak 
associated with catechol-Ti(IV) coordination 
mode at 1274 cm −1  as observed for dopamine 
(see Figure S8b, Supporting Information). 

Both peaks originate from the in-plane  δ OH ring modes of 
the tyrosine present in mfp3S-pep-3Dopa. [ 28 ]  The intensity of 
the catechol characteristic region in the adsorbed coacervate is 
markedly more intense than in the case of mfp3S-pep-3Dopa 
(see Figure  5 ), pointing to a greater interaction of the catechol 
residues in the coacervate phase to the substrate. Interestingly, 
the peak at 1249 cm −1  ( δ OH ring mode), which presents a dis-
tinct shoulder at 1279 cm −1 , became dominant in this region 
over time, indicating that tyrosine and Dopa are preferentially 
located in the proximity of the TiO 2  surface as compared to 
other side chains. 

  The 4000–2500 cm −1  spectral region of the broad O H 
stretching band ( ν OH) reveals insightful discrepancies in the 
adsorption mechanism of the mfp3S-pep versus the Dopa-
containing peptide and its coacervate. In particular, the broad 
absorbance of  ν OH increased with time for mfp3S-pep 
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 Figure 5.    ATR-IR spectra of adsorbed a) mfp3S-pep, b) mfp3S-pep-3Dopa, and c) mfp3S-pep-
3Dopa coacervate on TiO 2  from 0.1 mg mL –1  solutions recorded at ≈2 min intervals. Back-
grounds were from (a) and (b) 100 × 10 –3   M  acetic acid and (c) buffer at pH 6.5 on TiO 2 -coated 
ZnSe prism.
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(Figure  5 a), with a peak at 3305 cm −1  arising 
from the N H stretch ( ν NH) of peptide 
bonds. In addition, peaks from the character-
istic aliphatic absorptions of CH 2  asymmetric 
( ν  as  CH 2 ) and symmetric stretching ( ν  s  CH 2 ) 
modes are visible at 2923 and 2861 cm −1 , 
respectively. Adsorbed mfp3S-pep-3Dopa and 
its coacervate showed a broad negative band 
decreasing with time due to the absorbance 
reduction of the  ν OH mode associated with 
water molecules on the TiO 2  nanoparticle 
surface. [ 29 ]  A positive peak at 3250 cm −1  due 
to the  ν NH mode of the peptide bonds fur-
ther confi rms that the adsorption of peptide 
molecules (positive absorbance) causes the 
loss of interfacial water (negative absorb-
ance). Surface-bound water molecules are 
also present as a hydration layer around the 
adsorbate and dislodged by direct adsorbate–
surface interactions. Generally, the  ν OH 
envelope is located between ≈3650 and 
≈3000 cm −1  and originates from water mole-
cules embedded in distinct hydrogen-bonded 
environments, ranging from weakly (liquid-
like) to strongly (surface-bound) H-bonded 
molecules at higher and lower wavenumbers, respectively. As 
H-bonds become stronger and more dominant, the  ν OH band 
center shifts toward lower wavenumbers. [ 30 ]  The negative  ν OH 
band was previously observed for the adsorption of catechol [ 6a ]  
and phosphate species onto TiO 2  (anatase) [ 31 ]  and was ascribed 
to the displacement of interfacial H 2 O molecules and to the 
concurrent loss of terminal hydroxyl groups from the anatase 
surface. In fact, it has been proposed that on TiO 2  anatase, only 
the {001} facet is chemically active, since it contains both ter-
minal and bridging OH groups. Connor et al. [ 31b ]  have assigned 
the absorption at ≈3400 cm −1  to Ti OH vibrational mode, with 
the Ti OH 2  vibration found at ≈3200 cm −1 , and Ti OH + Ti 
and Ti OH 2  +  vibrations at ≈3000 cm −1 . These surface hydroxyl 
groups are reactive toward catechol with a ligand-exchange 
model of specifi c adsorption to metal oxides and contribute 
to the observed loss of  ν OH band. Hence, mfp3S-pep-3Dopa 
is able to displace interfacial water molecules from the TiO 2  
substrate surface and additionally interacts with surface OH 
groups via a ligand exchange reaction. In contrast to other 
techniques characterizing surface hydration, e.g., overhauser 
dynamic nuclear polarization (ODNP), [ 32 ]  which requires exten-
sive surface preparation/modifi cation, ATR-FTIR provides a 
noninvasive in situ real-time determination of both liquid-like 
and surface bond water. [ 33 ]  

 The characteristic doublet of catechol coordinating Ti(IV) 
atoms, as recorded in the adsorption experiments with dopa-
mine (Figure S8a, Supporting Information), becomes evident 
when the ATR-IR spectra (Figure  5 b) were normalized at the 
position of their most intense absorbance at 1517 cm −1  and 
subsequently subtracted between two consecutive time inter-
vals (see  Figure    6  a). By doing so, the doublet peaking at 1487 
and 1273 cm −1  is evident in all difference spectra, with the 
latter shifting to lower wavenumbers with time (1264 cm −1 ). 
Concurrently, the absorptions at 1247 and 1517 cm −1  due to 

aromatic ring modes increased, indicating that peptide spe-
cies in solution become more abundant in the proximity of the 
nano particle fi lm/solution interface, as they interact with the 
TiO 2  surface via outersphere complexes. 

  The overlap of catechol-characteristic vibrations in the orig-
inal absorbance spectra in Figure  5  is signifi cant especially in 
the 1300–1200 cm −1  region, and it is thus challenging to resolve 
and assign absorptions with confi dence to specifi c surface struc-
tures. Additionally, the amide III mode lies in the same spectral 
region (1400–1200 cm −1 ), however, its intensity is particularly 
weak and generally negligible compared to the strong absorb-
ance of the amide I and amide II modes, [ 34 ]  as also observed in 
Figure  5 a for the adsorbed mfp3S-pep. Besides the previously 
adopted method of obtaining difference spectra, the negative 
second-derivative of the ATR-IR spectra in Figure  6 b revealed 
maxima at 1492 and 1275 cm −1  associated with catechol-Ti(IV) 
coordination, which is evident from the initial spectrum after 
≈2 min. The latter peak shifted gradually to higher frequen-
cies, indicating that coordination is, at fi rst, the predominant 
binding mode, but later, the maximum at 1286 cm −1  due to 
catechol in solution and outersphere complexes became domi-
nant. The peak at 1283 cm −1  observed after ≈4 min appears to 
originate from a surface structure intermediate between cat-
echol coordinated to Ti(IV) atoms and an outersphere complex, 
and can be assigned to an intermediate surface-bound struc-
ture, such as hydrogen-bonded catechol on the TiO 2  surface. 
Hence, the evolution of the catechol binding modes during 
the adsorption of mfps-pep-3Dopa on TiO 2  appears to follow 
a sequential pattern as the surface sites progressively become 
saturated: (1) displacement of interfacial surface-bound water 
molecules; (2) initial chemisorption via Ti(IV)-catechol covalent 
coordination; (3) intermediate innersphere complex formation, 
such as hydrogen-bond; and (4) outersphere complexes. By con-
trast, mfp3S-pep lacked this ability, hence confi rming that the 
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 Figure 6.    a) Difference spectra for mfps-pep-3Dopa adsorbed on TiO 2  obtained by subtracting 
every two consecutive normalized ATR-IR spectra in Figure  5 b, showing the emergence of 
specifi c absorptions over the course of the adsorption process, i.e., aromatic ring vibrations 
at 1517 and 1247 cm −1 . The doublet due to catechol/Ti coordination bond is visible at 1487 
and 1273 cm −1  (in red), and the specifi c bonds associated with these vibrations are presented 
in the schematic complex structure (bonds in red). b) Evolution of the negative second-
derivative spectra of mfps-pep-3Dopa adsorbed on TiO 2  from Figure  5 c in the 1505–1475 and 
1300–1255 cm −1  spectral regions. Peaks characteristic of the catechol-Ti coordinative bond 
(red), intermediate surface complex (blue), and outersphere complex (black) are indicated in 
the fi gure.
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presence of Dopa is critical to dislodge interfacial water and to 
eventually trigger innersphere complexes to achieve irreversible 
adsorption. 

 The difference spectra between normalized ATR-IR spectra 
(Figure  5 c) of mfp3S-pep-3Dopa coacervate at consecutive time 
intervals (Figure S9a, Supporting Information) did not reveal 
the sharp doublet associated with the catechol-Ti(IV) coordina-
tion bond, as previously observed for mfp3S-pep-3Dopa on the 
same surface. Weaker absorptions were observed at 1496 and 
1273 cm −1  in the initial time intervals, but in the subsequent 
difference spectra the overlap between 1300 and 1200 cm −1  
was considerable. To reveal the underlying overlapping con-
tributions the second-derivative approach was employed and 
the results are displayed in Figure S9b (Supporting Informa-
tion). The analysis indicates that upon displacement of inter-
facial water molecules, the initial interaction of catechol with 
the TiO 2  substrate occurred via covalent coordination (doublet 
at 1492 and 1275 cm −1 ), with subsequent coacervates forming 
an intermediate innersphere surface complex, likely H-bonds 
(1280 cm −1 ), and eventually outersphere complexes (1285 cm −1 ) 
ensued (schematic  Figure    7  ). 

    2.7.2.      Adsorption on HAP  

 The adsorption of mfp3S-pep, mfp3S-pep-3Dopa, and mfp3S-
pep-3Dopa coacervate was also investigated on HAP by ATR-IR 
( Figure    8  ). The absorption fi ngerprint (Figure  8 a) for mfp3S-
pep was comparable to that on TiO 2 , although the intensity 
was weaker. As on TiO 2 , the broad and positive intensity of the 
νOH mode indicates that mfp3S-pep was unable to remove 
interfacial water molecules from the HAP surfaces. Absorp-
tions peaking at 1285 and 1245 cm −1  in the spectra of adsorbed 

mfp3S-pep-3Dopa are assigned to catechol aq  and to the in-plane 
δOH mode, respectively. Absorptions in the 1300–1200 cm −1  
catechol vibrational region were visible from the initial spectra 
of the adsorbed coacervate (Figure  8 b) and appeared more 
enhanced than those in the corresponding ATR-IR spectra for 
the adsorbed mfp3-pep-3Dopa. This result suggests a greater 
involvement of the catechol groups in the surface interactions 
with HAP in its coacervate phase as compared to the solution 
peptide. Notably, the absorbance of the catechol characteristic 
region relative to that of the amide modes was weaker than for 
the adsorption on TiO 2  (see Figure  5 ). This observation suggests 
a weaker involvement of catechol groups during the adsorption 
on HAP as compared to TiO 2  in terms of direct adsorbate–
adsorbent interactions. Furthermore, the amide I/amide II ratio 
of adsorbed mfp3S-pep-3Dopa is lower than 1, indicating that 
the interactions of aromatic functionalities on HAP arising 
from catechol and tyrosine residues are greater than in the case 
of the mfp3S-pep. Conversely, the adsorbed mfp3S-pep-3Dopa 
coacervate showed comparable intensities for amide I and II 
absorptions in the initial minutes of adsorption, with aromatic 
vibrations temporarily prevailing after 10 min, followed by the 
fi nal predominant absorbance of the amide I band. The con-
tribution of other interactions related to the peptide backbone 
appeared to be enhanced in the coacervate, likely due to their 
closer proximity (higher wettability) on the HAP surface as 
compared with the peptide solution. 

  The spectral region between 4000 and 2500 cm −1  showed a 
broad negative band associated with the  ν OH, which decreased 
with time for both mfp3S-pep-3Dopa and the coacervate. The 
 ν NH absorption at 3250 cm −1  from the peptide bond and a 
peak at 2919 cm −1  from the  ν  as  CH 2  mode of the aliphatic moie-
ties are visible. Additionally, the  ν  s  CH 2  mode at 2854 cm −1  was 
observed in the spectra of the adsorbed coacervate. The signal 
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 Figure 7.    Schematic of the adsorption mechanism of catechol groups in mfps-pep-3Dopa coacervate on a wet metal (hydroxide surface (MOx). 
The initial displacement of liquid-like and surface-bound water molecules is followed by catechol-metal coordination and hydrogen bond forma-
tion (innersphere complexes). Finally, as the surface sites become saturated, electrostatic interactions occur with solvent separation (outersphere 
complexes).
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loss between ≈3250 and 3000 cm −1  indicates that the coacervate 
was able to displace surface-bound interfacial water from HAP 
to a greater extent than mfp3S-pep-3Dopa, thus showing an 
overall enhanced absorbance. 

 The evolution of the spectral bands over the duration of the 
adsorption experiment on HAP was evaluated with the method 
of the negative second-derivative (see Figures S10 and S11, Sup-
porting Information). Although a peak associated with the dou-
blet of catechol coordinative bond at 1492 cm −1  was observed for 
both mfp3S-pep-Dopa3 and its coacervate, the corresponding 
peak at 1275 cm −1  was absent in all second-derivative spectra. 
As previously established for dopamine, both peaks are present 
if the innersphere coordination of catechol groups is present. 
Therefore, Dopa is unable to form coordinative bonds on the 
HAP surface as it does on TiO 2 . 

 The adsorbed mfp3S-pep-3Dopa showed a peak at 1280 cm −1  
assigned to an intermediate innersphere surface structure, 
which was detected only in the fi rst second-derivative spec-
trum, and subsequently vanished as peaks associated with out-
ersphere catechol complexes emerged. The second-derivative 
analysis of adsorbed mfp3S-pep-3Dopa coacervate revealed 
an initial peak at 1289 cm −1  due to outersphere catechol com-
plexes. After ≈8 min a component at 1283 cm −1  appeared, 
originating from an intermediate innersphere surface struc-
ture. It is likely that inner sphere complexes were not initially 

detected for the adsorbed coacervate because 
the adsorption kinetics were too fast to be 
detected with the time resolution of con-
ventional ATR-IR spectroscopy. To sum-
marize, the sequence of interactions of the 
mfp3S-pep-3Dopa and its coacervate on 
HAP proceeded as follows: (1) displacement 
of liquid-like interfacial water molecules 
from the HAP surface, with the coacervate 
displacing surface-bound water to a greater 
extent; (2) formation of innersphere sur-
face complexes, such as H-bonding between 
catechols and the hydroxyl groups of HAP; 
(3) outer-sphere complex formation. 

 The isoelectric point (IEP) of TiO 2  anatase 
is between pH 5 and 6, [ 6b ]  whereas HAP 
has an IEP between pH 7 and 8. [ 35 ]  There-
fore, when the peptide is adsorbed from 
100 × 10 –3   M  acetic acid solution at pH ≈3, 
both surfaces are positively charged. The 
coacervate is adsorbed from a buffer solu-
tion at pH 6.5, hence slightly above the 
IEP of TiO 2  and below that of HAP. It can 
be assumed that at pH 6.5 both surfaces 
approach neutrality, thus exhibiting compa-
rable surface charges toward the adsorbing 
coacervate. Although adsorption rates are 
often pH-dependent, Gulley-Stahl et al. [ 23b ]  
showed that catechol adsorption is relatively 
constant in the 3–7 pH interval and increases 
at pH above the catechol p K  a1  of 9.4. [ 4 ]  There-
fore, both the enhanced spectral absorbance 
and the relative amount of displaced inter-
facial water on both surfaces are primarily 

attributed to the coacervate’s superior wetting properties com-
pared to the solution peptide. Furthermore, the ability of cat-
echol to coordinate Ti(IV) atoms on TiO 2  provides an additional 
driving force to adsorption. On HAP, the greater adsorption 
of the Dopa-containing peptide and its coacervate appears to 
arise from divalent hydrogen-bonding, as previously sug-
gested. [ 25 ]  We also propose that the synergistic effect of multiple 
hydrogen bonds between the peptide and HAP can account for 
an enhanced adsorption capacity. As discussed for dopamine 
adsorbed on HAP, besides hydrogen-bonding other interac-
tions are expected to account for the displacement of surface-
bound water from the HAP surface. We suggest that another 
type of surface complex may arise from π-cation interactions 
between the catechol aromatic ring and Ca 2+  ions of HAP.    

  3.     Conclusion 

 Mfp-3S plays a central role in enabling mussel ( M. californianus ) 
adhesion, performing multiple functions including priming and 
dehydrating wet surfaces, interfacial adhesion, and connecting 
the adhesive layer with other proteins within the mussel plaque. 
In addition, mfp-3S forms a single-component coacervate, 
which provides a critical vehicle for the delivery of adhesives 
under wet conditions. To mimic mfp-3S’s property/function, 
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 Figure 8.    ATR-IR spectra of adsorbed a) mfp3S-pep-3Dopa and b) mfp3S-pep-3Dopa coac-
ervate on HAP from 0.1 mg mL –1  solutions recorded at ≈2 min intervals. Backgrounds were 
from (a) 100 × 10 –3   M  acetic acid and (b) buffer at pH 6.5 and 100 × 10 –3   M  ionic strength on 
HAP-coated ZnSe prism.
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a novel peptide (mfp3S-pep) corresponding to half the native 
protein’s length was designed by truncating mfp3S’s sequence 
based on known protein composition/property relationships. 
The shorter peptide length is desirable in applied research 
to improve cost-effi ciency and increase production yields. 
Mfp3S-pep is demonstrated to form single-component coac-
ervates over a defi ned range of pH and ionic strengths, and is 
driven by electro static and hydrophobic interactions, as well as 
H-bonding. By simply substituting one positively charged res-
idue in mfp3s-pep sequence with a negative one, the coacerva-
tion conditions can be expanded. Dopa was introduced into the 
sequence by enzymatic conversion of tyrosine, with Dopa con-
tent tuned by adjusting reaction conditions. Thus, we were able 
to investigate Dopa’s effect on peptide coacervation and adsorp-
tion on biomedically-relevant surfaces, namely TiO 2  (anatase) 
and HAP. Dopa infl uences peptide coacervates by increasing 
their hydrophilicity, with a parallel decrease of hydrophobic 
interactions by promoting molecular H-bonds. 

 Adsorption studies performed by QCM on HAP and TiO 2  
confi rmed that Dopa promotes faster initial adsorption kinetics, 
with the coacervate dramatically enhancing the quantity of 
adsorbed peptide. ATR-IR spectroscopic analysis revealed cat-
echol/Ti(IV) coordination during initial adsorption of Dopa-
containing peptides on TiO 2 , followed by an intermediate sur-
face complex and ultimately by outersphere catechol complexes. 
By contrast, no coordination was observed on the HAP surface. 
Only intermediate surface structures and outersphere com-
plexes were detected and we postulate that multiple H-bonds 
synergistically displace surface-bound water molecules. Other 
surface interactions may also account for the signifi cant adsorp-
tive capacity of catechol-bearing compounds on hydroxyapatite, 
such as π-cation complexes between the aromatic ring of Dopa/
Tyr and Ca 2+  in HAP. 

 Compared to the widely studied polydopamine-based coat-
ings that have found some success in wet adhesion, coacervates 
exhibit several specifi c advantages associated with their high 
concentration in the liquid phase. A thick layer of coacervate 
can be easily coated on target substrates, which is required for 
substrates of high surface roughness. Furthermore, because 
coacervates do not disperse in aqueous solutions their “on-site” 
delivery, for instance for soft tissues adhesion, is more conven-
ient. [ 36 ]  Additionally, coacervates exhibit an extremely low inter-
facial energy, [ 13a ]  which results in easy wetting and spreading 
onto wet hydrated surfaces. The simultaneous presence of 
Dopa and of a coacervate phase in our synthetic peptide signifi -
cantly enhances adhesion under wet conditions by displacing 
surface-bound water molecules – the nemesis of wet adhe-
sion – thereby allowing intimate interaction with the substrate 
surface. Peptide analogues of mussel adhesive proteins provide 
molecular level bio-inspiration for the development of synthetic 
adhesives in wet environments, such as in dental, orthopedic, 
and other biomedical applications.  

  4.     Experimental Section 
  Incorporation of Dopa by Enzymatic Hydroxylation : Peptides were 

commercially synthesized by solid phase peptide synthesis method 
(GenScript Inc.). Tyr residues in the peptides were then hydroxylated 

in-house to Dopa by using commercially avail-able mushroom tyrosinase 
(Sigma-Aldrich), and the yield of Dopa conversion was controlled by 
tuning enzyme/substrate ratio and reaction time. Typical enzymatic 
hydroxylation and purifi cation procedure proceeded as follows: 
(1) reaction buffer was made by dissolving 0.1  M  Na 2 HPO 4  and 
50 × 10 –3   M  Na 2 B 4 O 7  in water, with ascorbic acid powder subsequently 
added to adjust the pH to 7.0; (2) 4 mg of mfp3S-pep was fi rst dissolved 
in 2 mL of 50:50 v/v acetonitrile/reaction buffer solution (acetonitrile 
helps to enhance solubility of mfp3-pep in the reaction buffer), following 
which 8 mL of reaction buffer was further added to obtain a fi nal peptide 
solution (10% acetonitrile). The solution typically turns cloudy at this 
point; (3) 1 mg of mushroom tyrosinase was dissolved in 0.2 mL buffer 
and added to the peptide solution from step 2; (4) the obtained mixture 
from step 3 was constantly stirred for 2 h at room temperature, and 
in the end 0.5 mL glacial acetic acid was added to stop the reaction; 
(5) the resulting solution was freeze dried and re-dissolved in 2 mL of 
5% acetic acid solution containing 8  M  urea; (6) the suspension from 
step 5 was then subjected to C18 reverse phase High Performance Liquid 
Chromatography. The fractions with the desired degree of hydroxylation 
(as analyzed by mass spectroscopy) were collected and freeze dried; 
(7) the freeze dried samples were then dissolved in 5% acetic acid and 
subjected to Shodex size exclusion HPLC to remove residual tyrosinase-
associated protein; (8) fractions containing the modifi ed peptides were 
collected and freeze dried before re-dissolving in 10 × 10 –3   M  acetic acid 
for the other experiments. By following this procedure, mfp3S-pep-
3Dopa and mfp3S-pep-6Dopa, which on average contain 3 and 6 Dopa 
units per peptide molecule, were synthesized and purifi ed. Dopa content 
was confi rmed by amino acid analysis and mass spectrometry. 

  Mass Spectroscopy : MALDI-TOF-MS (Bruker Microfl ex LRF) was used 
to characterize and assure purity of the peptides. 1–2 µL of sample 
peptide was spotted on the gold-plated sample plate and vacuum dried, 
on top of which 1 µL of matrix solution (α-cyano-3-hydroxycinnamic acid 
in aqueous 50% acetonitrile and 0.1% trifl uoroacetic acid) was added. 
External calibrant was peptide calibration standard mixture from Bruker 
containing seven standard peptides with a mass range between ≈1000 
and 3500 Da. The N 2  laser (337 nm) was set up at 60 Hz. 

  Amino Acid Analysis : The amino acid composition of the hydrolyzed 
peptides was determined on a Hitachi L8900 amino acid analyzer 
system with ninhydrin-based chemistry. Polypeptides were hydrolyzed in 
100 µL of 6  M  HCl with 8% phenol, in vacuum at 158 °C for 40 min. After 
being washed with water and methanol, the hydrolyzed products were 
dissolved in 0.2  M  HCl and injected into the amino acid analyzer. 

  Mfp3S-pep Self-Coacervation and Turbidity Measurements : Stock 
solutions of 1 mg mL –1  mfp3S-pep were prepared in 10 × 10 –3   M  acetic 
acid buffer. The fi nal protein concentration was fi xed at 0.1 mg mL –1  by 
adding stock solution to buffer at volume ratio of 1/9 (stock/buffer). 
Coacervation of mfp3S-pep at different buffer conditions was measured 
by turbidometry at 600 nm by UV–vis spectrophotometry. Mfp3S-pep 
absorbance was negligible at 600 nm. The relative turbidity is defi ned as 
100 − 100 × 10 −A (600). 

  Microscopy : The turbidity associated with coacervate droplet 
formation was visually inspected by inverted light microscopy. Protein 
distribution was also investigated with an Olympus DSU Fluorescent 
Microscope (model IX81 DSU, Olympus, Tokyo, Japan). Images were 
taken with an ImagEM camera (C9100-13, Hamamatsu, Shizuoka, 
Japan) under the control of MetaMorph software (Olympus). Desired 
excitation (350 nm) and emission wavelengths (450 nm) were obtained 
by mercury bulb combined with 89000 Sedat Quad Filter Set (Chroma 
Tech. Corp.) 

  Circular Dichroism : Peptides were dissolved in 10 × 10 –3   M  phosphoric 
acid at a concentration of 0.5 mg mL −1 , and their secondary structure 
was determined by circular dichroism (CD) using a Chriascan 
spectropolarimeter (Model 420, AVIV Biomedical Inc.). Measurements 
were conducted in triplicate at wavelengths ranging from 190–260 nm, 
with 1 nm step size and 1 nm bandwidth. The spectra were smoothed by 
the Savitzky–Golay method with a polynomial order of 2. 

  QCM-D : HAP and TiO 2  sensors were purchased from Biolin Scientifi c 
and cleaned according to the protocol suggested before use. QCM-D 
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experiments were carried out in a Q-Sense E4 system using two fl ow 
modules in parallel. Samples were introduced into the modules at a 
0.1 mL min –1  fl ow-rate using a 4-channel Ismatec IPC-N 4 peristaltic 
pump. In QCM-D, changes in resonance frequency (Δ F ) and dissipation 
(Δ D ) of a quartz crystal were recorded to measure the amount and 
viscoelastic property of the material deposited onto the sensor, 
respectively. The crystal was excited at its fundamental frequency, 
≈5 MHz, and changes can be observed at the fundamental ( n  = 1) 
as well as overtone frequencies ( n  = 3, 5, 7, 9, 11). Readings taken at 
the fundamental frequency were typically ignored as they are prone to 
artifacts from the sensor clamp. 

   TiO 2  and HAP Nanoparticle Films : Anatase TiO 2  and HAP 
nanoparticles (both purchased from Sigma-Aldrich) measured <25 
and <200 nm in diameter on average, respectively. TiO 2  and HAP 
nanoparticle fi lms were prepared by drying in air overnight 50 µL of 
10 −3   M  sonicated aqueous suspensions deposited on the horizontal 
surface of the ZnSe ATR crystal (Pike Technologies) in the dark at room 
temperature. The thickness of the nanoparticle fi lms was estimated by 
drying 50 µL of 10 −3   M  sonicated suspen-sions on glass, which were 
subsequently coated with 10 nm thick gold (JFC-16000 sputter coater, 
JEOL) and viewed in a FESEM (JSM-7600F, JEOL) at 5.0 kV accelerating 
voltage and at 13.6 mm working distance. 

  Attenuated Total Refl ection-Infrared Spectroscopy : ATR-IR spectra were 
recorded with a MIRacleTM accessory (Pike Technologies) equipped 
with a 3-refl ection ZnSe prism (6 mm in diameter sam-pling area) in 
an infrared spectrometer (Vertex 70, Bruker) equipped with a KBr beam 
splitter and a liquid nitrogen-cooled mercury cadmium telluride (MCT) 
detector. Nitrogen gas was used to continuously purge the optical 
bench. Opus software (version 6.5) was used to analyze the ATR-IR 
spectra recorded from 128 co-added scans at 4 cm −1  resolution. ATR-IR 
spectra were corrected for the frequency dependence of the penetration 
depth with the ATR correction program available in the Opus 6.5 
software. The ZnSe ATR prism was coated with a thin fi lm of metal 
oxide nanoparticles as previously described. A detailed description of 
the ATR-IR analysis of adsorption to metal oxide particle fi lms can be 
found elsewhere. [ 37 ]  The penetration depth ( d  p ) of the ATR-IR technique 
with a ZnSe prism (refractive index 2.4) and 45° angle of incidence 
in the mid-IR is about 1 µm. [ 38 ]  The ≈100 nm thick TiO 2  and HAP 
nanoparticle fi lms were thus entirely probed by the evanescent wave 
exponentially decaying away from the ATR prism/nanoparticle fi lm 
interface. The ATR-IR spectra were recorded from aqueous solutions of 
the investigated peptides on bare ZnSe prism, using the peptide-free 
aqueous solutions on ZnSe as background. Adsorption experiments on 
the nanoparticle fi lm-coated ZnSe prism were conducted under fl ow 
from a peristaltic pump (Ismatec) at a fl ow rate of 50 µL min −1  through 
a 50 µL custom-made chamber sealed with an O-ring to the surface 
of the ZnSe prism (Figure  6 ). Prior to each experiment, the surface of 
the ZnSe prism was polished with an aqueous slurry of 0.05 µm Al 2 O 3  
powder (CH Instrument) and then rinsed with deionized water (MilliQ, 
Millipore). The mathematical method of the second-derivative analysis 
was applied in this work as an ancillary tool for the identifi cation of 
overlapping catechol bands in the 1505–1475 cm −1  and 1300–1255 cm −1  
regions. The second-derivative analysis of infrared spectra is routinely 
used to determine the number and the position of secondary structure 
components in peptides and proteins by deconvoluting the amide 
I band. [ 39 ]  In brief, this analysis involves the principle of the line-
narrowing of the infrared bands, thus allowing resolving overlapping 
bands, with negative peaks corresponding to infl ections and shoulders 
of the original absorbance band, thus providing the position of the 
component bands. [ 40 ]  Note that in this work the second-derivative 
spectra were multiplied by −1 and thus point upward for ease of 
illustration.  
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