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ABSTRACT: This Article describes the generation and study of surfaces
modiﬁed with custom-crafted poly(L-lysine) (PLL) coatings for use in the
loading and delivery of single-stranded DNA (ssDNA). The experimental
strategy utilizes bidentate dithiol adsorbates to generate stably bound azideterminated self-assembled monolayers (SAMs) on gold possessing an
oligo(ethylene glycol) (OEG) spacer. Consequent to the molecular assembly
on gold, the azide termini are covalently attached to a maleimide linker
moiety via a copper-catalyzed azide−alkyne “click” reaction. Functionalization
with maleimide provides a platform for the subsequent attachment of
cysteine-terminated poly(L-lysine) (PLL), thus forming a suitable surface for
the loading of ssDNA via electrostatic interactions. In eﬀorts to maximize
DNA loading, we generate SAMs containing mixtures of short and long PLL
segments and explore the DNA-loading capability of the various PLL SAMs.
We then use thermal increases to trigger the release of the ssDNA from the surface. By examining the loading and release of
ssDNA using these new two-dimensional systems, we gain preliminary insight into the potential eﬃcacy of this approach when
using three-dimensional gold nanostructure systems in future gene-delivery and biosensing applications.
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■

INTRODUCTION
Continuing reports describe the growing uses of gold
nanoparticles to engineer drug carriers.1−3 Oligonucleotides
such as small interfering RNAs (siRNAs) are important
therapeutic agents in such diseases as cancer, autoimmune
disorders, dominant genetic disorders, and viral infections.4
Delivered intracellularly, siRNAs bind and degrade messenger
RNAs (mRNAs) with high speciﬁcity.4 Many platforms are
being tested for intracellular delivery and stabilization of
siRNAs.3−6 However, controlling the delivery process of drugs
to the targeted cells remains a daunting hurdle.7 Developing a
smart or “on-demand” drug vehicle capable of delivering the
payload to the right place and at the right time has come to the
forefront of this line of research. In such smart vehicles, coating
molecules (e.g., molecular adsorbates) are widely used to
stabilize the colloidal system and facilitate the process of drug
delivery.8 In particular, self-assembled monolayers (SAMs) in
which organic adsorbates spontaneously attach to a metal
surface (especially gold) have been used to tailor the interfacial
properties of the carriers.9 Speciﬁcally, adsorbates on a gold
surface are composed of a headgroup, a spacer, and a terminal
group; typically, the headgroup contains sulfur. The spacer,
which separates the headgroup and the chain terminus, serves
as a barrier between the metal surface and the SAM interface.
© 2017 American Chemical Society

Separately, the terminal group can be used to introduce speciﬁc
functionalities that govern the interactions between the coated
surface and the surrounding media (e.g., for tailoring
interactions with biomolecules). In fact, several research groups
have used this type of SAM to design functionalized gold
surfaces for drug-delivery purposes.8
In recent years, the ﬁeld of drug delivery witnessed several
new protocols and materials for controlled drug release. In such
delivery systems, a response to an external stimulus causes an
“on-demand” release of therapeutic agents.10 For example,
thermal energy has been used successfully as an external
stimulus to trigger drug release from nanocarriers.11 In
addition, gold nanostructures are good candidates for such
nanocarriers due to their plasmonic properties, including their
ability to generate heat energy in response to optical
stimulation (particularly at tissue-transparent near-infrared
wavelengths).12,13 Importantly, incorporating thermally responsive SAMs enhances the eﬃciency of the drug-release system.
However, retaining the structure of the initial ﬁlm after thermal
treatment remains a challenge. Recent work with multidentate
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Figure 1. Illustration of the loading and release of ssDNA molecules from a custom-tailored PLL surface. (a) In the stepwise molecular assembly on
gold, the maleimide linker moieties are covalently attached to the azido surfaces via a click reaction. Functionalization with maleimide provides a
platform for the subsequent attachment of cysteine-terminated poly(L-lysine) (PLL). A mixed PLL ﬁlm composed of short (8 amino acids;
CYS(K)5) and long (28 amino acids; CYS(K)25) peptide chains exposes positive charges onto which ssDNA attaches electrostatically. Subsequent
thermal treatment of the surface initiates the release of the ssDNA molecules. (b) The chemical structure of the spacer group and the sequence of
the ssDNA.

thiols showed that these ﬁlms form SAMs on gold nanoparticles
that are more thermally robust than those derived from
monodentate thiols.14−16 As such, bidentate adsorbates can
serve as a suitable partitioning layer to act as a payload carrier
that can withstand thermal stress during thermally modulated
payload release.
Recently, we reported the synthesis and study of a dithiol
adsorbate that was designed for use as a thermally stable
platform for attaching maleimide moieties onto the surface of
gold.17 The attachment of maleimide was followed by the
attachment of cysteine-terminated poly(L-lysine) (PLL) to
introduce multiple positive charges that would hypothetically
facilitate the electrostatic attachment of model therapeutic
oligonucleotides (e.g., ssDNA, with its negatively charged
phosphate backbone) onto the surface. In our design strategy,
we proposed that the subsequent introduction of thermal
energy could be used to modulate the interactions between the
oligonucleotides and the PLL termini, thereby releasing ssDNA
molecules from the surface. The potential reversibility of this
system makes it attractive for use in biomedical applications

such as biosensors, therapeutic diagnosis, and drug delivery.2,18−21 In particular, the noncovalent attachment of DNA
onto the PLL surfaces provides a reversible interaction that
oﬀers a loading-and-release mechanism for therapeutic
oligonucleotides. Thus, this strategy oﬀers a robust surface
coating that is capable of acting as a responsive (i.e., smart)
drug-release layer.
To implement this strategy in the present investigation, we
synthesized a unique bidentate adsorbate (5-(2-(2-(2-(2azidoethoxy)ethoxy)ethoxy)ethoxy)-1,3-phenylene)dimethanethiol (N3OEGBnDT) that possesses an azide
terminus and a water-soluble adhesion-resistant oligo(ethylene
glycol) (OEG) linker moiety.22 Using N3OEGBnDT, we
generated a primary monolayer on the gold surface (see Figure
1a). Next, we used a copper(I)-catalyzed click reaction to attach
a speciﬁcally designed maleimide linker to the azide-terminated
SAM, thus providing a covalent binding site for cysteineterminated PLL via Michael addition (Figure 1a).
This new functional PLL surface serves as a vehicle upon
which therapeutic agents such as ssDNA can be loaded via
23371

DOI: 10.1021/acsami.7b05024
ACS Appl. Mater. Interfaces 2017, 9, 23370−23378

Research Article

ACS Applied Materials & Interfaces

reaction: our calculations suggested an increase in thickness of
∼13 Å based on the length/structure of the maleimide linker.17
Separately, we veriﬁed the formation of azide- and
maleimide-terminated surfaces using analysis by XPS, where
we examined the detailed chemical composition of these
surfaces by analyzing the C 1s, N 1s, and O 1s binding energy
regions (Figure 2). In the C 1s region, the peaks at binding
energy (BE) ∼286.5 eV indicate the presence of the ether
carbons of the OEG chains,26,27 whereas the peaks at ∼285 eV
are characteristic of saturated hydrocarbons.17,27 After attaching
the maleimide linker to the surface, a new peak appears at 288−
289 eV corresponding to the carbons in the CO bonds in the
maleimide termini. Additionally, the peaks for binding energies
at 286−287 eV represent the carbon atoms from the C−N and
C−O moieties in the SAMs, and the shoulder peak at ∼285 eV
represents the attenuated C 1s core electrons of carbons in the
aromatic ring and saturated hydrocarbons within and near the
underlying headgroup.
The N 1s binding region also provides a tool for detecting
the successful attachment of the maleimide linker (see Figure
2b). The band at ∼404 eV is associated with the core electrons
from the high oxidation state nitrogen of the azide group.28
This band disappears after the click reaction, which is also
accompanied by a broadening of the peak at 400 eV due to core
electrons from the nitrogens of the amide and triazole
functional groups, which appear at ∼400 eV.28
Additional evidence supporting the presence of the OEGdithiol adsorbates and maleimide linkers can be found in the O
1s binding region shown in Figure 2c. The peak centered at
∼532.8 eV for the N3OEGBnDT SAM corresponds to the
oxygens of ethylene glycol. After the attachment of the
maleimide linker, a shoulder appears at a lower BE (∼532.1
eV), which corresponds to the oxygen in the CO bonds of
the maleimide terminal group.28,29
Poly(L -lysine) Attachment. As shown in previous
studies,30,31 peptides react with gold surfaces; consequently,
an eﬀective barrier is needed to generate functional peptideterminated SAMs on gold. Also, the thiol-maleimide Michael
addition is a reliable reaction for attaching biomolecules to a
surface.32 Herein, we use this strategy to attach cysteineterminated PLL to our custom-designed bidentate-based
maleimide SAMs. Analysis by XPS of the resulting surfaces
allowed us to identify the optimal conditions for attaching PLL
to the maleimide-functionalized surfaces.
Formation of Mixed Poly(L-lysine) Films. We performed our
experiments in a buﬀer at pH = 7.4, which is a typical
physiological pH used in cell studies.2,21 On the basis of
previous PLL studies, we likely obtained random coil
structures.33,34 At a pH level lower than the pKa of poly(Llysine) (pKa = ∼10−11), protonation of the amine groups
disrupts the hydrogen bonding and consequently the helical
structure.34,35 The ellipsometric measurements show an
increase of only ∼15 Å following the attachment of PLL
onto the surface (see Table S1). We hypothesize that the
observed small increase in thickness might be due to
electrostatic repulsion between the positively charged random
coil polypeptides, which prevents the closely packed alignment
of the peptide chains on the surface. Nevertheless, our peptide
layer is markedly thicker than that of contemporary work.36 To
enhance the immobilization of PLL (and subsequently ssDNA),
we chose to use a mix of PLL5 and PLL25 (i.e., PLL with 5 and
25 lysine residues, respectively). Our series ranged from 100%
PLL25 (i.e., mole fraction of 100% PLL25 and 0% PLL5) to

electrostatic interactions and released upon treatment with
heat, as illustrated in Figure 1b. We used ellipsometry,
polarization modulation-infrared reﬂection-adsorption spectroscopy (PM-IRRAS), and X-ray photoelectron spectroscopy
(XPS) to characterize the formation of monolayer ﬁlms and
investigate the attachment of cysteine-terminated PLL onto
maleimide-functionalized surfaces. We deﬁne “optimal PLL
surfaces” as those capable of loading and releasing short
ssDNA. This ﬂexible and stable platform provides a reliable and
eﬃcient carrier for targeted gene-delivery applications.

■

EXPERIMENTAL SECTION

A description of all materials, synthetic procedures, protocols, and
analytical instruments used is provided in the Supporting Information,
which also includes mass spectral data and 1H and 13C NMR spectra
for the adsorbate (5-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxy)1,3-phenylene)dimethanethiol (N3OEGBnDT; see Figures S1 and
S2).

■

RESULTS AND DISCUSSION
Analysis by Ellipsometry and XPS of MaleimideFunctionalized SAMs. On the basis of the success of our
recently reported strategy to form maleimide-functionalized
monolayers using dithiol adsorbates,17 we prepared a new
azide-terminated dithiol adsorbate (see the Supporting
Information) for generating SAMs on gold that have the
capacity to act as a primary attachment site for the click
reaction with a maleimide linker. Speciﬁcally, we designed the
adsorbate to possess an azide-terminus and an OEG linker due
to (1) the speciﬁcity of the azide-based click reaction,23 and (2)
the good water solubility and antiadhesiveness24 of the OEG
group, respectively. The inherent features of OEG moieties
should facilitate the use of this technology in biological media
where antigen speciﬁcity and water solubility are advantageous.25
Table 1 shows the ellipsometric thicknesses of the
N3OEGBnDT monolayers following the formation of azideTable 1. Ellipsometric Thickness of SAMs Derived from
N3OEGBnDT before and after Reaction with Maleimide
Linker

a

SAMs

thickness (Å)

azide-terminated
maleimide-terminated
1-octadecanethiola

12.7 ± 0.4
21.9 ± 0.6
22.9 ± 1.1

Data for this SAM are provided as a standard.

terminated SAMs and functionalization with maleimide via click
reaction. In principle, the structural arrangement of OEG-based
adsorbates should produce an incremental increase in
thicknesses of 2.78 Å per EG unit (−OCH2CH2−),26 which
translates to an expected thickness of ∼16 Å for SAMs derived
from N3OEGBnDT. However, the measured thickness value
presented in Table 1 is lower than the expected value by ∼3 Å.
The low value is probably due in part to the increased spacing
between the aromatic moieties in this type of SAM as described
in a previous report,16 leading to the formation of SAMs with
reduced packing density as compared to SAMs derived from
monodentate adsorbates. Nevertheless, the observed increase in
thickness from 12.7 to 21.9 (i.e., Δthickness ∼9 Å) in the
subsequent step is consistent with a largely successful click
23372
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Figure 2. XPS spectra of azide-terminated and maleimide-terminated SAMs. (a) C 1s binding region showing peaks for the C−C and C−H BE
(284−285 eV) and for C−O BEs (286−287 eV) appear for azide SAMs. After attachment of the maleimide linker, a peak appears at BE ∼289 eV
corresponding to carbons in the CO bonds. (b) N 1s binding region showing a peak at ∼404 eV corresponding to the nitrogen with a high
oxidation state in the azide SAMs, which disappears after maleimide attachment. The initial azide peak at ∼400 eV broadens after maleimide
attachment due to the nitrogens from the amide and triazole functional groups. (c) O 1s binding region showing the appearance of a broad shoulder
at 532.1 eV following maleimide attachment.

eﬀective attachment of PLL onto the maleimide-functionalized
surfaces.
For complementary characterization of the mixed PLL
monolayers, we analyzed the corresponding ﬁlms by XPS.
Figure 4 shows the XPS spectra of the C 1s, N 1s, and O 1s
binding energy regions obtained from the mixed monolayer
surfaces. In the C 1s region (Figure 4a), the peak at BE ∼285
eV appears after the attachment of PLL. This peak represents
saturated carbon atoms in an aliphatic chain, including those in
the lysine moieties.38 The N 1s spectra (Figure 4b) show a
shoulder at 402 eV represented by a dashed line that
corresponds to the nitrogens in the C−N bonds of the
protonated amine of the lysine group. In the O 1s binding
region (Figure 4c), a peak arises at ∼531.8 eV after peptide
attachment. This peak, represented by a dashed-line at the
lower BE, corresponds to the carbons in the CO bonds of
the amide in the peptide chains.38
A qualitative assessment of the mixed PLL SAMs by XPS and
PM-IRRAS suggests that, of the series tested, the most eﬃcient
attachment of polypeptide molecules to the surface is achieved
by SAMs developed from PLL25 60%. Subsequently, we
quantiﬁed the eﬃciency of PLL attachment by integrating the
area under the peaks of key elements in the XPS spectra. The
signal area represents the amount of each element on the
surface. The increase in the area for each signal after PLL
attachment reﬂects the increase of each element and,
consequently, the amount of PLL. For each set of SAMs, we
normalized the ratio of each peak in a speciﬁc binding region to
that of Au 4f. Examining changes in the C 1s and N 1s signals
after the attachment of the cysteine-terminated PLL to the
maleimide-functionalized surfaces allowed us to compare
diﬀerent monolayers and to quantify in a relative sense the
eﬃciency of the PLL attachment (see Table 2). This method is
an alternative means to evaluate the eﬃciency of attachment of
each mixed-SAM system.
As shown in Figure 4, normalized XPS data show an increase
in the carbon and nitrogen signals for each mixed-SAM system;
Table 2 details the signiﬁcant increases in the nitrogen and
carbon signals. Note that mixed-PLL SAMs with 60% PLL25
show 56% and 250% increases in C/Au and N/Au signal ratios,
respectively. Thus, we conclude that the optimal ratio of 60%
PLL25 to 40% PLL5 exhibits an enhanced arrangement of the

0% PLL25 (i.e., mole fraction of 0% PLL25 and 100% PLL5)
in intervals of 20%.
To evaluate the attachment of mixed PLL ﬁlms on gold, we
used PM-IRRAS analysis, which can provide insight into ﬁlm
composition. As shown in Figure 3, a strong CO stretching

Figure 3. PM-IRRAS spectra of SAMs depicting pre/post attachment
of a series of mixed-length cysteine-terminated PLL moieties onto
maleimide-terminated surfaces as indicated by the percentage of
PLL25 used in the series. The band at ∼1710 cm−1 corresponds to the
CO stretching of the imide bond of the maleimide group. After
attachment of PLL, an amide I bond arises at ∼1660 cm−1, and an
amide II band appears at ∼1540 cm−1.

vibration associated with the imide carbonyl of the maleimide
moieties appears at ∼1710 cm−1. Following the attachment of
PLL, a signiﬁcant peak appears at ∼1660 cm−1 along with a less
intense peak at ∼1540 cm−1, which together indicate the
presence of the amide I and II bands of a polypeptide moiety.
The position of the amide I and II bands demonstrates the
conformation of a polypeptide. A poly(L-lysine) generally
shows amide I and II peaks at ∼1650−1670 and ∼1540−1550
cm−1, respectively.34−37 Analysis by PM-IRRAS therefore
conﬁrmed the attachment of PLL onto the maleimide SAMs.
Additionally, Figure 3 shows PM-IRRAS spectra for the series
of mixed PLL ﬁlms. A comparison between the relative
intensity of the amide I peak at ∼1660 cm−1 (an indication of
PLL) to that of the imide peak (an indication of maleimide) at
∼1710 cm−1 indicates that PLL25 60% exhibits the most
23373
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Figure 4. XPS spectra of SAMs depicting pre/post attachment of a series of mixed-length cysteine-terminated PLL moieties onto maleimideterminated surfaces as indicated by the percentage of PLL25 used in the series. (a) C 1s binding energy region (284−285 eV), where the intensity of
C−C and C−H peaks increases after PLL attachment. (b) N 1s binding energy region shows an increase in the shoulder at ∼402 eV after PLL
attachment. (c) O 1s binding energy region shows a shoulder at 531.8 eV that increases after PLL attachment.

Thermal Stability of SAMs Derived from Bidentate Dithiol
Adsorbates. Because the ultimate goal of designing this system
is to release the payload selectively from the surface upon
exposure to heat, the stability of the underlying SAMs is crucial
for the success of such a system, lest the components of the
SAM be delivered too. A primary SAM derived from
monodentate thiols desorbs spontaneously upon increasing
the temperature of the surrounding media,14,16 which limits the
use of monodentate thiol-based SAMs in photothermal
applications. However, the use of adsorbates with bidentate
headgroups leads to SAMs with substantially enhanced thermal
stabilities.14,16 To ensure the overall thermal stability of the
carrier in the system studied here, we utilized a SAM having the

Table 2. Increase of XPS Signal after Attachment of PLL as
Compared to Maleimide-Functionalized Surfaces
% PLL25 used for formation of
SAMs
100
80
60
40
20
0

% increase of
C/Au
29
48
56
33
26
19

±
±
±
±
±
±

9
11
6
3
2
6

% increase of
N/Au
90
241
250
148
122
87

±
±
±
±
±
±

5
8
13
3
8
9

PLL chains on the SAM surface that leads to an increase in the
eﬃciency of PLL attachment.

Figure 5. Thermal stability test of PLL5 SAMs on gold showing the desorption of the monolayers at (a) 37, (b) 50, (c) 60, and (d) 70 °C. The red
lines correspond to the bidentate PLL5 SAM system derived via the maleimide linker, and the black lines correspond to SAMs generated via the
direct attachment of PLL5 having an ω-cysteine moiety.
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most robust bidentate dithiol headgroup developed thus far
(i.e., one having a 3,5-bis(mercaptomethyl)phenoxy headgroup).16
We examined the thermal stability of the PLL5-coated
surfaces by evaluating changes in the thickness of the
monolayers at variable temperatures over a selected period of
time. Measurements of ellipsometric thickness were acquired in
20 min intervals for the ﬁrst 2 h and in 1 h intervals thereafter.
Figure 5a−d displays the changes in the thickness of the
monolayers at the set temperatures of 37, 50, 60, and 70 °C in
water. We also compared the thermal stability of the bidentate
PLL5-functionalized surfaces to that of SAMs generated from
the direct attachment of PLL5 having an ω-cysteine moiety. At
all temperatures, the results indicate that the SAMs derived
from the bidentate PLL5 system are markedly more thermally
stable (i.e., they desorb substantially less) than those derived
from the direct attachment of PLL5 having an ω-cysteine
moiety. Importantly, the diﬀerence is magniﬁed at elevated
temperatures, and particularly at the highest temperature
examined (70 °C). When taken as a whole, these results
illustrate the unique and important enhancement in stability
aﬀorded by the bidentate 3,5-bis(mercaptomethyl)phenoxy
headgroup.
DNA Loading on PLL-Functionalized Surfaces. In the
next phase of this investigation, we examined the immobilization of the negative phosphate backbone of ssDNA on the PLL
surfaces via electrostatic interactions. When compared to a
simple surface-bound model, we hypothesized that intercalation
of ssDNA into the PLL layer might lead to enhanced loading.
As a starting point in evaluating the DNA loading capacity of
our system, we initially evaluated SAMs generated via the direct
attachment of PLL having an ω-cysteine moiety. The
ellipsometric thickness and XPS measurements indicated
insuﬃcient loading of ssDNA on these surfaces (see Table
S2); notably, XPS has been used to assess quantitatively the
binding of ssDNA on SAMs.39 One rationalization for the poor
loading on these SAMs is that thin ﬁlms of pure PLL likely
generate relatively rigid and/or uniform monolayers where
ssDNA species lay on top of the surface, thus leading to
minimal charge−charge interactions between the PLL moieties
and ssDNA and thus poor loading. Moreover, the direct
attachment of PLL lacks the aforementioned advantages of
using a bidentate adsorbate platform. In eﬀorts to achieve a
more eﬃcient system, we examined DNA loading on a series of
mixed-PLL SAMs assembled on the custom-tailored bidentate
adsorbate layer where the length of the PLL chain was varied
(i.e., PLL5 plus PLL25). Following DNA loading, it is unclear
what 3D structure might be triggered, although a report
proposed that the rapid interaction of PLL and ssDNA leads to
a stable structure between PLL-DNA due to the electrostatic
interactions between the two moieties, as well as their hydrogen
bonds.40 In this series, we hypothesized that ssDNA would be
able to penetrate into the PLL layer, leading to an increase in
the number of charge−charge interactions and higher loading.
Loading of ssDNA on Mixed Poly(L-lysine) SAMs. To
maximize ssDNA loading, we assessed a series of mixed PLL
ﬁlms comprised of SAMs derived from PLL5 and PLL25.
Using ellipsometry, we evaluated the increase in thickness after
ssDNA immobilization. Previous studies suggested that ssDNA
tends to adopt a “lying-down” conformation on charged
surfaces.41−43 As shown in Table 3, analysis by ellipsometry of
the surfaces examined here supports the hypothesis that ssDNA
adopted a lying-down conformation. The one exception is the

Table 3. DNA Loading Analysis: Increased Thickness and
P/Au XPS Signal Ratio after Loading of the ssDNA
% PLL25 used for formation of SAMs
100
80
60
40
20
0

ΔT (Å)
4.2
4.2
5.3
7.3
4.2
2.8

±
±
±
±
±
±

0.3
0.7
0.4
0.2
0.7
0.9

P/Au
0.0057
0.0056
0.0061
0.0072
0.0055
0.0027

±
±
±
±
±
±

0.0005
0.0002
0.0003
0.0006
0.0002
0.0004

SAM developed from 40% PLL25 (i.e., the mixed SAM formed
from a solution containing 40% PLL25 and 60% PLL5). This
particular mixed PLL SAM shows the largest increase in
thickness following ssDNA loading, which suggests enhanced
incorporation of ssDNA into the PLL ﬁlm. Separately, analysis
by XPS of these ﬁlms (vide infra) demonstrates the appearance
of a peak for phosphorus, which is consistent with the
adsorption of ssDNA on the surface. For a better understanding, we integrated the area under the P 2p peaks to
provide a quantitative assessment of ssDNA immobilization on
the surfaces. As is indicated in Table 3, SAMs derived from 40%
PLL25 show the greatest P/Au ratio, which indicates the
greatest amount of ssDNA loading for this SAM system.
We also used the C/Au and N/Au signal ratios to compare
the ssDNA loading on these mixed PLL SAMs (see Figure 6).

Figure 6. Quantitative XPS signal analysis of the percent increase of
N/Au (blue ●) and C/Au (red ■) of the various PLL SAMs after
exposure to ssDNA.

The comparative increase in the value of these XPS ratios
reﬂects the relative binding aﬃnity of ssDNA on each surface.
Analysis of both the C/Au and the N/Au signal ratios shows a
maximum loading capacity for the 40% PLL25 SAMs.
Collectively, these results lead us to conclude that the 40%
PLL25 SAMs provide the most suitable PLL chain packing
density (i.e., distance between lysine chains) for ssDNA to
intercalate into the ﬁlm. Consequently, this particular mixed
SAM system oﬀers the maximal loading of model oligonucleotides on these PLL surfaces.
Release of ssDNA via Heat Treatment. We heated the
samples in TE buﬀer solution (10 mM Tris-HCl, 1 mM EDTA;
pH = 7.4) to initiate the release of short ssDNA molecules from
the 40% PLL25 SAM surfaces. One previous report described
the partial release of short ssDNA at temperatures as low as 30
°C.2 The observation of release under these mild conditions
was perhaps due to the instability of the primary adsorbate,
where both the adsorbate and the payload were plausibly
released. According to thermal stability results presented above,
23375
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our bidentate platform is highly stable, even at elevated
temperatures. As a consequence, we expect the release of our
payload without degradation of the platform. To study the
release of model oligonucleotides, we heated a ssDNA-loaded
substrate at 45 °C (i.e., slightly above the temperature of the
human body) and monitored the ellipsometric thickness. We
note that short strands of ssDNA (e.g., 18−21 base pairs) with
thermal properties similar to ours (i.e., melting temperature
(Tm) of 61.1 °C; see the Supporting Information) released at
temperatures as high as 70 °C or even 95 °C remain intact and
expressible.2,44,45 Thus, it is reasonable to conclude that the
ssDNA moieties released under the mild conditions used here
are robust and fully expressible. Moreover, we elected to
explore our release method at a relatively low temperature as
we look forward to minimizing tissue damage in clinical
applications. The thickness proﬁles in Figure 7 illustrate a

Figure 8. XPS spectra of the P 2p region for the 40% PLL25 SAMs
before loading, after loading, and after release of ssDNA. The peak at
∼133 eV appears after loading the ssDNA and corresponds to the
phosphate backbone in DNA. After heating in TE buﬀer solution, the
peak disappears, conﬁrming the complete release of ssDNA from the
surface.

molecules of diﬀerent chain lengths led to maximum attachment of PLL to the surface. Additionally, studies of DNA
loading showed that mixed-SAMs with 40% PLL25 provided
the optimal platform for loading ssDNA. Our studies also
demonstrated the successful release of ssDNA upon exposure
to heat in TE buﬀer solution. As a whole, we introduced a
custom-designed thermally stable PLL surface that has the
capacity to load and release short ssDNA without loss of the
primary SAM coating layer. Importantly, our mixed-PLL system
showed an enhanced release eﬃciency of ssDNA at 45 °C as
compared to a previously reported strategy.2 The strategy
presented here holds promise for gene-delivery applications,
particularly when adapted for use with three-dimensional
nanoparticle-based substrates.

Figure 7. Ellipsometric thickness of ssDNA-loaded 40% PLL25 SAMs
as a function of heating at 45 °C in TE buﬀer solution.

decrease in thickness consistent with the release of ssDNA from
the 40% PLL25 SAMs. We continued to heat the samples at 45
°C for 3 h until no change in thickness was observed. Notably,
the thickness of these ﬁlms (∼37−38 Å) is comparable to that
of the pristine 40% PLL25 SAMs (∼36 Å; Table S1), which is
consistent with a model where no release of the bidentate
platform occurs.
We conﬁrmed the complete release of the ssDNA from the
platform by evaluating the P 2p binding region by XPS. As
shown in Figure 8, the disappearance of the phosphorus peak
after the heating process indicated the successful release of all
DNA molecules at 45 °C. Furthermore, we precluded any need
for testing at higher temperatures given our observation of the
complete release of ssDNA at 45 °C.
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ACS Publications website at DOI: 10.1021/acsami.7b05024.
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CONCLUSIONS
We synthesized a new bidentate dithiol adsorbate for the
generation of stable azide-terminated SAMs on gold possessing
an oligo(ethylene glycol) (OEG) spacer to serve as an initial
platform for the attachment of maleimide functional groups.
Characterization of these ﬁlms using ellipsometry and XPS
indicated that this SAM system provided a means for the
covalent attachment of PLL chains to the surface. The
subsequent positively charged surface was then used to
immobilize ssDNA on the surface electrostatically. This strategy
is suitable for designing smart coatings for nanoparticles with
the ability to bind and release DNAs or RNAs. Qualitative and
quantitative analyses of the ﬁlms collected by ellipsometry, PMIRRAS, and XPS show that using a mixed ratio of PLL
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