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Quantum dots (QDs) have many unique features, such as high
resistance to photobleaching and a wide excitation range, which
make them promising as fluorophores for biomedical diagnostic
applications.* Conventional as-synthesized QDs are hydrophobic.
Facilitating their long-term, aggregation-free use in an agueous
environment via surface coating with suitable hydrophilic substit-
uents represents a key challenge.? It was previously reported that
ligands with more than one anchor group interacting with the QD
surface (i.e., polydentate ligands) showed improved stability and
reduced ligand loss®>® and that capping groups such as dihydrolipoic
acid (DHLA) were determined to be particularly effective.>®
Following this motif, we have synthesized a novel peptide—polymer
hybrid material consisting of a biocompatible peptide backbone of
defined chain length having poly(ethylene oxide) (PEO) side chains
to reduce nonspecific interactions as well as a high number of thiol
(originating from thioctic acid, TA) and amine anchor groups
interacting with the QD surface. This peptide—polymer hybrid was
derived from human serum abumin (HSA) utilizing reaction
sequences that facilitated the stabilization of linear denatured human
serum albumins (dHSASs) in agueous solution. In contrast to dHSA,
the linearized multifunctional abumin peptide—polymer hybrids
described herein represent stable macromolecules that are particu-
larly suitable as surface ligands for QDs, as they impart biocom-
patibility, high stability in an agueous environment, and multiple
functional groups facilitating further modifications for various
gpplications. In comparison with other polymers, the peptide—polymer
hybrids reported in thiswork benefit from a precisely known length
of the main chain and a distinct number of functional groups at
defined locations (e.g., 100 carboxylic acid groups of glutamate
and aspartate side chains) that allow for further chemical modifica-
tions. We demonstrate that unlike previously reported fluorescence
resonanceenergy transfer (FRET)-based QD pH-sensing schemes,**2
our peptide—polymer hybrid-coated ODs have a direct optical
response to changes in pH. This work presents a facile route to
biocompatible, multivalent surface coatings on QDs that may
contribute to the development of QD-based pH sensors. QD-based
pH sensors would potentially be able to give better fluorescence
signals in comparison with conventional organic-based fluorescent
pH sensors, especialy in cases where it is necessary to use two-
photon excitation for imaging and where continuous monitoring
of the pH and therefore continuous excitation is required.

A schematic of the synthesis of dHSA—PEO—TA hybrids (6)
as surface ligands for QDs is given in Figure 1. First, HSA (1)
was dissolved in a urea/phosphate buffer (pH 7.4). The reducing
agent tris(2-carboxyethyl)phosphine hydrochl oride was then applied
to reduce the 34 disulfide bridges within the tertiary structure of
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HSA, giving dHSA (2). Michael addition of 2 with PEO-5000
carrying asingle maleimide group yielded dHSA—PEO (4), which
was very soluble in aqueous solution. N-(2-Aminoethyl)maleimide
trifluoroacetate salt (3) was applied in order to react with the
remaining thiol groups to improve the stability and shelf life of 4.
Subsequently, the condensation reaction between the free amino
groups of the lysine side chains of 4 and thioctic acid groups
activated via N-hydroxysuccinimide (NHS) ester 5 in dimethylfor-
mamide in the presence of NaHCO; resulted in the formation of
multifunctional dHSA—PEO—TA hybrid 6.
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Figure 1. Synthesis of polypeptide hybrids 4 and 6 and an illustration of
a QD coated with dHSA—PEO—TA hybrid. While it was possible for 6
and consequently 7 to include more than one QD, such occurrences were
rare, and the majority of conjugates contained a single QD.

SDS—PAGE reveded a significantly increased molecular weight
for 4 in the range 150—210 kDa &fter attachment of the PEO chains.
An additional slight increase in the molecular weight was found
after conjugation of the thioctic acid groups to 4 [Figure S3 in the
SupportingInformation (S1)]. Figure S7 showsatypical MALDI—TOF
mass spectrum of 6 with an average molecular weight of ~200
kDa, which corresponds to the SDS—PAGE result (Figure S3).
Furthermore, the polymer dispersity of 6 was investigated by gel-
permeation chromatography (GPC). A sharp signal indicative of a
narrow size distribution and low dispersity was detected (Figure
S6). However, because of the unique architecture of 6, no GPC
standard with a similar structure and polarity could be identified,
thus preventing size estimation via GPC. In this context, commonly
used standards such as PEO of different chain lengths and Dextran
were not applicable. In order to assess the number of TA groups
in 6, 4,4-dithiodipyridine (DPS) was applied. This reagent is
reduced in the presence of free thiol groups, forming 4-thiopyridone
with a characteristic absorbance maximum at 325 nm (Scheme S1
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and Figure S5). A good correlation between the TA concentration
and the absorption of 4-thiopyridone was obtained, allowing a
quantification of the free thiol groups of 6.

Three different batches of 6 were investigated, and an average
22 + 5 TA groups (corresponding to ~44 thiol groups) was very
reproducibly obtained. In addition, ~40 amino groups of lysine
residues are also available to interact with the QD surface. Coupling
of the dHSA—PEO—TA hybrids 6 to hydrophobic as-synthesized
core—shell CdSe—CdznS QDs proceeded via reduction of the
disulfide group of the TA substituentsin 6 with NaBH, under argon
to afford DHLA followed by addition of processed QDs dispersed
in a minimum amount of tetrahydrofuran under vigorous stirring.
The solution was stirred overnight, and the unreacted QDs were
filtered out. The coated QDs were homogeneously dispersed in
water (Figure $4). The emission spectrum of QDs coated with 6
revealed a dight bathochromic shift relative to the as-synthesized
QDsin hexane, consistent with previous reports on ligand exchange
with thioalkyl acids*®* The quantum yield (QY) of the as
synthesized core—shell QDs decreased from ~48% in hexane to
~16% on average in water, which istypical of QD ligand-exchange
processes.*® Fluorescence correlation spectroscopy (FCS) measure-
ments afforded a hydrodynamic diameter of ~34 nm, consistent
with the diameter of ~30 nm obtained using dynamic light
scattering (DLS) measurements (see the SI). The narrow hydro-
dynamic size dispersion from the DLS measurements suggested
that a statistical distribution of QDs per polymer was unlikely, and
transmission electron microscopy (TEM) of the QD—polymer
conjugates revealed that the vast majority of conjugates contained
asingle QD (see Figure 4 and the SI). We found that the albumin
peptide—polymer-coated QDs 7 were stable in water under ambient
conditions for months with respect to aggregation (according to
DLS) as well as QY.

(a) 25 (b) g L8
-E 2 | /‘{
E - |

pH12 s | 1
2 l ET = A/'

3 z i ¥

i pH2 g 105 et
£ gt
3 o p“

15

=z
u

P
—rtie g

- =pn

d Fluorescent Emissi

205

Normalized Emission (A1)

520 560 800 640 6RO
Wavelength inm)

480 530 580 630 BE0

Emission wavelength (nm)

Figure 2. (@) Emission intensity of 7 at different pH (1ex = 254 nm). (b)
Integrated emission intensities vs pH based on four consecutive measure-
ments. (c) Reversibility of the pH responsiveness between pH 5 and 9 based
on three independent measurements. The emission intensity was recovered
after increasing the pH from 5 to 9 as well as decreasing the pH from 9 to
5.

When the stability of 7 at different pH values was assessed,
surprisingly strong optical responses to changes in pH were
observed. A series of universal buffer solutions with pH ranging
systematically from 3 to 12 were prepared as described in the S,
and the fluorescence intensities of mixtures of 7 in buffers of
different pH were monitored with a fluorescence microplate reader.

Significant changes in emission intensity were observed as the pH
was varied, as depicted in Figure 2a,b.

As the pH changed from 2 to 12, the QY of 7 increased nearly
10-fold (Table 1). Within the physiological pH range 5—9, where
the most significant increases in QY 's were found, we verified that
these changes were fully reversible, as shown in Figure 2c.
Additionally, no discernible shifts in the peak emission were
observed at the different pH values. These findings collectively
suggest that neither shell degradation* and hole trapping™ from
thiolate formation nor aggregation through irreversible ligand loss
could explain the changes in QY.
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Figure 3. Changes in the secondary structure of 6 at different pH values.

The changes in the PL efficiency at different pH may broadly
be attributed to corresponding changes in surface passivation of
the QD. We hypothesized that structural changes in the dHSA—
PEO—TA hybrids 6 at different pH may influence their ability to
interact with the QD surface. In order to verify this assertion, the
secondary structure of 6 was investigated via circular dichroism
(CD) at different pH values, as summarized in Figure 3 and Table
1. At acidic pH (pH 3—5), 6 displayed asignificantly larger a-helix
content, which represents an opposite trend rel ative to the secondary
structure changes of native albumin proteins'® at low pH, again
highlighting the unique structural characteristics of 6. With increas-
ing pH, 3-sheet and random coil structural elements became more
predominant. The larger content of structurally more rigid o-helix
elements at low pH likely imposes restrictions on the ability of the
polymer backbone to conform to the surface of the QD and allow
for more ligand—QD interactions. Additionally, we expect adecline
in the number of thiol—QD binding interactions in accordance with
previously observed dissociation of thiolate ligands from QDs at
low pH,” leading to less surface passivation and low QYs.
However, with increasing pH and in particular above pH 7, more
p-sheet as well as flexible random coil structural elements occur,
which can facilitate anchoring of more of the thiol and amine groups
on the polymer backbone to the QD surface, thus leading to
increased QY's. These dramatic changes of the secondary structure
may thus play a significant role in the observed trends in pH
responsiveness of the coated QDs 7. The exact identities of the
resultant trapped states formed or removed at different pH,
appropriately probed with fast time-resolved techniques, was beyond
the scope of this work and will be reported at a later time.

DLS and TEM were used to investigate the average diameter d
of 7 in solution (Figure 4b) and on a surface (Figure 4a). It was
found that the samples contained mostly single, isolated QDs. The
average diameter of 7 was 29.4 + 3.9 nm with a narrow size
distribution (Figure 4b). A few clusters were detected by TEM;
they may have formed during the solvent evaporation process. The
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d values of 7 at different pH were also investigated using DLS.
Only a dlight increase in d between pH 3 and 9 was detected.
Therefore, the altered emission intensity is attributed to passivation
events on the QD surface, and pH-induced aggregate formation is
unlikely.

Figure 4. (a) TEM pictureof 7. (b) Typical sizedistribution for 7 according
to DLS.

Table 1. Fluorescence Quantum Yields (QY), Total Emission
Intensities (El), and diameters (d) for 7 and Corresponding
Conformational Changes of 6 at Different pH Values

conformations of 6

QY + SD.  o-helix p-tum  S-sheet . coil d+ SD.
P EI£SD. (%) C) %) %) ) (m)?
3 040+014 55+17 707 126 1.2 16 235+5.01
5 054+011 123+16 638 9.7 88 17.7 30.2+3.13
7 0944012 160+09 36.8 52 265 316 2944 3.93
9 171+031 232+12 303 31 337 329 37.0+7.56

@ Average diameter recorded by DLS after a minimum of two
independent measurements at different pH.

In summary, afacile approach toward multifunctional side-chain
peptide—polymer hybrids based on a linear albumin backbone is
presented for the first time. Such macromolecules possess unique
features such as an accurately known length and a defined number
of functional groups at distinct locations within the albumin peptide
backbone, low size dispersity, and intrinsic biocompatibility.
Multiple PEO and dithiotic acid anchor groups were introduced
via an orthogonal functionalization strategy that alowed for
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multivalent interactions with QDs and their subsequent stabilization
in water. The resulting peptide—polymer-coated QDs displayed
acceptable QY's of up to 26% and remained aggregation-free in
agueous solution for several months. Interestingly, a significant
influence of the pH on the QY of the coaated QDs was found,
which was fully reversible at physiological pH. These changes were
attributed to conformational rearrangements of the peptide backbone
of the dHSA—PEO—TA hybrids 6, which likely influenced the
amount of surface passivation by the functional groups on the
polymer brushmoiety. Further devel opment of these peptide—polymer-
coated QDs into biocompatible pH sensors is currently ongoing.
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