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ABSTRACT: Chemically and physically stable multidrug-loaded layer-by-layer (LbL)
films are promising candidates for sequential and on-demand drug release at
concentrations suitable for various applications. The synergistic effect of the sequential
release of drugs may enhance their therapeutic efficacy in treating skin cancer and other
complex medical conditions. In this study, we prepared LbL films by alternating the
deposition of cationic linear polyethylenimine, camptothecin (CPT)-loaded gold
nanorods (GNRs), anionic poly(styrenesulfonate), and doxorubicin (DOX) based on
electrostatic interactions. The film exhibited loading of CPT and DOX, which could be
tuned according to the requirements of the application by changing the parameters of the
LbL process. Herein, CPT was encapsulated in GNRs and showed good stability and
absorption in the near-infrared (NIR) range (650−900 nm). The prepared LbL film
showed a pH-dependent DOX release. Subsequently, the functionalized GNRs showed
excellent photothermal properties, which assisted the on-demand release of CPT upon
NIR irradiation with further release of DOX. Our results suggest that the LbL approach for sequential drug release can be an
effective drug delivery platform owing to its cytocompatibility, anticancer effects, and stimuli-responsive properties.

■ INTRODUCTION
Sequential drug delivery systems (DDS) show significant
potential for enhancing the therapeutic effects of drugs. They
are meant to manage the release of drugs/genes in a controlled
manner based on a predetermined temporal or spatial
sequence.1−3 Because of the synergistic effects of genes and
medications, this technique can potentially be a viable tool for
extending gene expression periods, reducing drug side effects,
and inhibiting the proliferation of cancer cells.4−6 Multidrug
regimens that include conventional medications can be
systematically used to treat some complex medical diseases.7,8

The majority of current platforms, however, suffer from several
shortcomings, including biological distribution, dosage control,
bioavailability, extreme toxicity, and inadequate drug efficacy,
particularly in the case of treatments involving drugs that are
insoluble in water or susceptible to decomposition.2,9−11 To
overcome these difficulties, several local DDSs are being
constructed using polymer thin coatings, microfabricated
devices, and nanoengineered drug-eluting inserts.12−14

Using controlled and sequenced release mechanisms to
prevent undesirable outcomes associated with simultaneous
codelivery, local DDSs can restrict drug−drug interactions,
improve therapeutic effectiveness, and minimize drug resist-
ance in skin cancer treatment.15−17 The field of sequential and
on-demand DDSs has seen a growth in the development of
responsive biomaterials with configurable physical and
chemical characteristics.18−20 Because of their reversible
phase transformation in reaction to stimulation and physi-
ochemical influences such as pH, temperature, and enzymatic

activity, and external forces such as UV light, near-infrared
(NIR), ultrasound, electric, and magnetic radiation, these
materials can be used as drug-carrier frameworks for the
effective delivery of pharmaceuticals.21−26 Because most drugs
must be given repeatedly and consistently over long periods of
time to be effective, and their concentrations must remain
within the desired effective range to prevent overuse or
underdosing, it is necessary to develop and improve new
adaptive systems that can be easily controlled externally and
capable of being spatially programmed.5,27,28

Drug toxicity in living cells and the maintenance of a
minimal concentration of pharmaceuticals in the blood are the
main goals of research on DDSs.29−32 New strategies that
enable controlled drug release are necessary considering these
initiatives. Owing to the wide range of biomaterial properties,
the application of layer-by-layer (LbL) films to DDSs has
become a promising approach.15,33 Polymers and different
functional therapeutics or nanomaterials can be used to create
these films.34 LbL is a versatile manufacturing approach used
extensively in hydrodynamic assembly conditions to provide
functional surface coatings.35 In LbL assembly, the substitution
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synthesis of diverse compounds with covalent interactions
forms a multilayered structure.36 LbL assembly is typically
driven by electrostatic interactions between compounds with
opposite charges. Multilayer films can significantly increase
drug loading because of the presence of multivalent bonds with
each component of the film.37,38 Ionic binding allows charged
pharmaceuticals to join ionized moieties on the film.38 Hence,
LbL films enable efficient drug integration and regulate drug
release.
NIR irradiation has greatly enhanced cancer treatment

because it penetrates deeply without severely damaging the
surrounding cells and is only slightly absorbed by the skin and
tissues in the range of 650−900 nm.39−42 The tunable
longitudinal absorption spectrum of gold nanorods (GNRs)
in the NIR region makes them an appealing photothermal
nanoagent for various therapeutic applications.43−46 In
addition, a drug can be stored in compartments created by
the easily modifiable surface of GNRs. Drug-containing GNRs
irradiated with NIR generate localized heat and vibrations that
can result in on-demand drug release.23,40,47 In this way,
photoresponsive DDSs that allow precise spatiotemporal drug
release at the desired sites of action can be developed.
In this study, we developed a novel LbL film platform loaded

with two drugs: positively charged doxorubicin (DOX) in the
layers and camptothecin (CPT) loaded onto the GNRs. The
first layer was composed of linear polyethylenimine (LPEI), a
polycation, and the positively charged surface of the layer was
compensated by poly(sodium-4-styrenesulfonate) (PSS), a
polyanion.48 Initially, DOX was released to a limited extent at
pH 7.4, while a more significant release was observed at pH 6.
CPT and DOX were then sequentially released after NIR
irradiation. While DOX release depends on the pH, CPT
release depends on the local heat and vibration that NIR
irradiation causes on the GNRs, which disrupt the interactions
of C16-PEG-CPT-GNRs. The current study offers a custom-
izable framework for the scheduled, sequential, and safe drug
delivery to target sites for treating topical dermatologic
ailments.

■ EXPERIMENTAL SECTION
Materials. Polyethylene glycol (PEG)-2000, hexadecanol,

triethylamine, methanesulfonyl chloride (98%), and PSS were
purchased from Sigma-Aldrich (Seoul, South Korea). To
produce the ligands, additional organic solvents were
purchased from Sigma-Aldrich. CPT and DOX were purchased
from TCI (Tokyo, Japan). LPEI was purchased from Alfa
Aesar (Tewksbury, MA, USA). To obtain 1H NMR spectra,
the solvent CDCl3 and a JEOL ECX-400 400 MHz
spectrometer (JEOL, Tokyo, Japan) were utilized. Cells were
obtained from the Korean Cell Line Bank (Seoul, South
Korea). All cell studies-related supplies were bought according
to our earlier study.44 A QM-400 spectrophotometer (Horiba
Scientific, Piscataway, NJ, USA) was used to obtain the
fluorescence spectra. UV−vis absorption spectra were obtained
using a Neosis-2000 UV/vis spectrophotometer (Sinco
America, Twin Lakes, WI, USA). Temperature traces were
captured using a Ti95 infrared camera (Fluke, Everett, WA,
USA) and photostimulation was performed using an 808 nm
diode laser system. A microplate reader (Tecan Trading AG,
Mandorf, Switzerland) was used for the 3-(4,5-dimethylth-
iazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay.
Preparation of LbL Films. The silicon substrate was

negatively charged and activated after exposure for 5 min to

oxygen plasma. Before constructing the LbL, the base layer was
applied to the substrate by alternately depositing 10 bilayers of
LPEI and PSS. In the LbL assembly approach, LPEI, PSS, C16-
PEG-CPT-GNRs, and DOX were used to develop an LbL film.
The concentrations of LPEI, PSS, and DOX were 2 mg/mL.
The LPEI and PSS solutions had a pH of 4.5, whereas the C16-
PEG-CPT-GNRs and DOX solutions had a pH of 7.0. The
negatively charged silicon substrate was initially submerged in
the LPEI fluid for 5 min, rinsed for 20 s with a medium
maintained at the same pH as the solution used, and allowed to
air-dry. The substrate was then washed and dried after
incubation for 5 min in a solution of C16-PEG-CPT-GNRs.
After rinsing in water for 20 s, the substrate was submerged in
the LPEI solution, washed, and dried to balance the negative
charge of the preceding layer. The film was cleaned and dried
by dipping in the DOX and PSS solutions to balance the
positive charge of DOX after the initial drug loading was
completed. Washing and drying were performed at each step.
To prepare LbL films loaded with two drugs, a total of 20
bilayers comprising (LPEI/C16-PEG-CPT-GNRs)10 and (PSS/
DOX)10 were deposited between the washing processes. The
surface roughness of the films was evaluated using scanning
electron microscopy (SEM), and the film thickness was
measured using a profilometer.
Investigation of Sequential Drug Release. We assessed

the sequential drug release dynamics of pH- and NIR-
responsive LbL films loaded with layers of DOX and CPT
confined by GNRs. The initial drug (DOX) release test was
performed at pH 7.4 and 6. The second drug (CPT) was
released by positioning the sample beneath the focus point of
the illumination probe and exposing it to a diode laser (808
nm) operating at 1.6 W/cm2 for 240 min over 10 min intervals
to assess the drug release rate. Every 10 min, the same sample
vessel was subjected to fluorescence spectroscopy to verify the
drug release. Pulsatile drug release was conducted using a
cyclical on−off method for 120 min of 10 min without light
and 10 min of 1.6 W/cm2 irradiation. Three samples with the
same amount of drug were used in each drug release
experiment, which was conducted at room temperature.
Assessment of Biocompatibility. This study employed

an LbL film with only base layers, no drugs, and no further
polyelectrolyte layers; hence, they were not subjected to NIR
irradiation. B16−F10 melanoma cells were plated in 24-well
plates at a density of 5 × 1 × 103 cells/well. Before labeling, the
LbL film was applied to the cell clusters for 24 and 48 h to
ascertain whether the cells were alive or dead. Propidium
iodide (PI) and fluorescein diacetate (FDA) were used to stain
the live and dead cells, respectively.
Cellular Uptake. B16−F10 melanoma cells were also used

to test the effectiveness of systemic drug delivery for drug
absorption. In this experiment, calcein and rhodamine B (RhB)
were used in the film layers instead of CPT and DOX. The
resulting LbL film was placed on top of the cells cultured in a
24-well plate at an initial density of 5 × 103 cells/well. The
experiment was performed with 1.6 W/cm2 NIR illumination
for 5 min without illumination.
Evaluation of Dug Loading Capacity and Efficiency.

The drug loading capacity of GNRs was evaluated by preparing
C16-PEG-CPT-GNRs with different amounts of C16-PEG
during heterologous formation, which was calculated using
the equation below
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= ×

Drug loading capacity (%)
weight of drug on GNRs

weight of GNRs recovered
100

Drug loading efficiency on LbL film was calculated by
choosing different film size areas and different dipping times to
form layers for both drugs (DOX and CPT) using the
following equation

= ×

Drug loading efficiency (%)
weight of drug in LbL film

weight of drug used in formulation
100

Data and Statistical Analysis. All numerical variables
were subjected to statistical techniques, including means,
standard deviations, and graphical analysis in OriginPro 8.5
software (OriginLab). For each experiment, the cell vitality was
evaluated using three different samples from each group.

■ RESULTS AND DISCUSSION
LbL assembly is an ideal method of film fabrication for drug
delivery because it does not restrict the size or shape of the
substrate and does not require high temperatures or pressures.
During the LbL fabrication process, multilayer films are formed
on the surface of the substrate by alternate adsorption of the
incorporated elements. Scheme 1 shows the composition of
the LbL film used for sequential drug release by depositing
oppositely charged components onto a pretreated silicon
substrate. The prepared film displayed several properties, such
as dual drug loading and sequential release in response to pH
and NIR irradiation.

The two stages involved in synthesizing the final amphiphilic
ligand C16-PEG are depicted in Figure S1a. The prepared
ligands were confirmed via NMR as follows: C16-OMs: 1H
NMR (400 MHz, CDCl3) δ-0.893 (t,3H), δ-1.250 (s, 26H), δ-
1.692 (t, 2H) δ-3.061 (s, 3H) δ-4.237 (t, 2H). C16-PEG: 1H
NMR (400 MHz, CDCl3) δ-0.893 (t, 3H), δ-1.250 (s, 26H),
δ-1.568 (t, 2H) δ-3.439 (t. 2H) δ-3.641 (s, 181H) (Figure
S1b).

In this study, surface modification or functionalization is
crucial. According to our earlier research, CTAB-GNRs
prepared using the seed-mediated technique were function-
alized with the cationic TMA ligand via a ligand-exchange
process, generating TMA-GNRs.44 This surface modification
method is necessary for the subsequent conjugation of several
compounds, including drugs and polymers. Physically
encapsulating drugs in micelles of amphiphilic polymers has
emerged as the best method for enhancing long-term stability,
as the actual effects are reduced by chemically altering
therapeutics using different covalent linkages. The electrostatic
adsorption of the amphiphilic C16-PEG containing CPT was
facilitated by the strong cationic charge of the TMA-GNRs.
After each surface alteration, the optical, electrical, and
morphological characteristics of the GNRs were examined
using UV−vis spectroscopy, zeta potential analysis, and
transmission electron microscopy (TEM). The prevalent
LSPR peaks of the original CTAB-GNRs at 520 and 734 nm
are shown in Figure S2a. Both peaks generally retained their
shape and SPR after the synthesis of cationic TMA-GNRs and,
subsequently, C16-PEG-CPT-GNRs. The original optical
quality was also preserved, with high absorption at 808 nm,
despite some redshift and broadening. Zeta potential
evaluation confirmed that these surface transformations were

Scheme 1. Schematic Representation of a Light-Responsive LbL Film for the Sequential and On-Demand Release of Drugs

Figure 1. SEM images of LbL films containing (a) 10 bilayers and (b) 20 bilayers. (c) Measurement of the film thickness.
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successful. CTAB-GNRs and TMA-GNRs had comparable
positive zeta potentials of 42.7 and 25.3 mV, respectively
(Figure S2b). However, the zeta potential of the C16-PEG-
CPT-GNRs was −35.5 mV, confirming that the CPT-loaded
C16-PEG moiety was properly attached to the surface of the
GNRs. Additionally, TEM was used to confirm the
morphology of CTAB-GNRs, TMA-GNRs, and C16-PEG-
CPT-GNRs (Figure S2c−e). Our approach successfully loaded
CPT onto the GNRs using an amphiphilic C16−PEG network.
The LbL film was also characterized to confirm its successful

preparation and suitability for further experiments. The
surfaces of the samples varied depending on the preparation
technique used and the procedures involved in layer
deposition. The acquired SEM images demonstrated that the
surface became denser as the number of layers increased. After
forming the base layers, a total of 20 bilayers were introduced
(LPEI/C16-PEG-CPT-GNRs)10 as shown in Figure 1a and

(LPEI/C16-PEG-CPT-GNRs)10/(PSS/DOX)10 in Figure 1b,
increasing the surface roughness. The overall configuration of
the LbL assembly, which may be altered based on the medical
application, and film thickness, which fluctuates at different
phases of layer deposition, are essential parameters. The
thickness and roughness of the LbL films were then assessed to
confirm their successful fabrication. Figure 1c demonstrates
that the film thickness increased to 334.6 and 531.3 nm at 10
and 20 bilayers, respectively.

NIR irradiation has many applications as an alternative tool
to improve treatment outcomes and control drug delivery. The
thermal effect on the film was further studied by subjecting it
to NIR irradiation. After 5 min of NIR irradiation, the LbL film
containing GNRs had a significant temperature increase of up
to 60.7 °C; the film exhibited a temperature decrease of 25.7
°C when the light was turned off (Figure 2a). As shown in
Figure 2b, temperature control of the LbL film in the presence

Figure 2. (a) Infrared images and (b) temperature changes in the LbL films under different conditions. (c) Thermal efficiency of the LbL film upon
cyclic on−off NIR irradiation.

Figure 3. Sequential and on-demand drug release at (a,b) pH 7.4 and (c,d) pH 6 in the presence or absence of NIR light.
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and absence of NIR was confirmed, and the temperature of the
silicon substrate without layers upon NIR irradiation was
examined. We observed that the temperature of the LbL film
was higher upon NIR irradiation than that without NIR
irradiation, while the temperature of the silicon substrate
reached 29 °C after 15 min of NIR irradiation. An on−off
strategy was employed to assess the thermal effectiveness of
the cyclic process. This process was performed in cycles of 5
min with NIR irradiation (on) and 5 min without NIR
irradiation (off), using 1.6 W/cm2 laser power. The temper-
ature of the LbL film increased to 60 °C when the NIR light
was applied; the temperature decreased gradually in every cycle
when the NIR light was turned off (Figure 2c).
The systematic release of therapeutics from the LbL film was

investigated using a fluorescence spectroscopy device (Figure
3). Sequential drug release was observed in the LbL film
samples measuring 1 cm. Both drugs exhibited controlled
release and sequential properties. When exposed to NIR light,
DOX and CPT exhibited variable release kinetics at different
pH values. Without NIR exposure, DOX was released at rates
of 30.7 ± 2.6% at pH 7.4 and 90.3 ± 3.7% at pH 6 over 240
min (Figure 3a,c). Meanwhile, less CPT was released but had a
consistent release trend in both pH ranges. CPT was released
at rates of 92.5 ± 3.3% at pH 7.4 and 93.5 ± 2.1% at pH 6
when the film was subjected to NIR illumination at an intensity
of 1.6 W/cm2, whereas DOX was released at rates of 85.1 ±
3.6% at pH 7.4 and 93.3 ± 2.0% at pH 6 (Figure 3b,d). NIR
exposure does not affect the release of DOX at pH 6 because
most of the amount of DOX has been released due to the
acidic condition before irradiating NIR light; hence, a very
modest release of DOX and saturation point can be observed
after NIR exposure. On the other hand, we can see a significant
increase in DOX with CPT due to NIR irradiation at pH 7.4.
Hence, the film demonstrated dual-stimulus-responsive drug
release in a sequential pattern with the addition of GNRs to
the LbL assembly, indicating a viable on-demand drug delivery
platform. This platform can regulate the medication release
patterns and administration times by selecting different release
segments.
To confirm the ability of the film for pulsatile drug release

and to tolerate multiple treatments (Figure 4), we further
examined the drug release profile upon on−off NIR irradiation.
For the initial 120 min without NIR irradiation, DOX was
continuously released at pH 6, whereas less CPT was released.
After 120 min, the film was exposed to NIR laser irradiation for

10 min (on) followed by 10 min of nonexposure (off).
Although there was no significant change in DOX release with
or without NIR exposure, CPT release significantly improved
in the presence and absence of NIR radiation in this
experiment: 95.3 ± 2.3% of DOX and 95.5 ± 2.3% of CPT
were released.

Only the base layers of the films were used to assess their
biocompatibility and toxicological potential. Briefly, the cells
were attached to the film and allowed to spread. The cells
survived after 24 and 48 h (Figure 5). The presence of

adherent cells confirms that the film promotes cell prolifer-
ation. The detection of green fluorescence (live cells)
confirmed successful FDA labeling, and the cells retained
their original orientation. However, PI staining revealed no red
fluorescence (dead cells). After 48 h, the cells began to
condense, indicating that the film had no cytotoxic effects
(Figure 5d−f).

Cellular uptake was evaluated after 24 h of culturing 5 × 103
cells/well in a 24-well plate. Dyes were used to form the LbL
films, substituting RhB for DOX and calcein for CPT. RhB and
calcein were delivered continuously, and their cellular
absorption was measured utilizing CLSM in the presence
and absence of NIR light. Without exposure to NIR light, the
LbL film delivered RhB (Figure 6a−c). Calcein fluorescence
was not visible within the cells, but RhB fluorescence was
observed (Figure 6b). The dye-loaded LbL films were then
incubated for 2 h after exposure to laser light at an intensity of
1.6 W/cm2 for up to 5 min. The successive discharge of dyes
under NIR irradiation was illustrated by the fluorescence of
RhB and calcein inside the cells (Figure 6d−f).

The effectiveness of our treatment strategy was investigated
using the MTT assay and cell viability studies using B16−F10
melanoma cells. Briefly, the cells were grown in an incubator
with 5% CO2 for 24 h prior to the experiments. Cell damage
was assessed in response to NIR irradiation without the LbL
film or drugs. A slight decrease in cell viability was observed as
the NIR light intensity increased, as shown in Figure 7a. Cell
viability was assessed at all light intensity levels after incubation
for 24 and 48 h of incubation. After incubation for 24 h, a
significant decrease in cell viability was observed, dropping to
86.2 ± 2.3%, 81.0 ± 3.6%, and 68.2 ± 7.07%, respectively, with
the discharge of DOX after immersion of the LbL film for 1, 5,

Figure 4. Drug release through a cyclic on−off process of NIR
irradiation.

Figure 5. CLSM images of the biocompatibility assessment of LbL
films showing cell growth at (a−c) 24 h and (d−f) 48 h before
staining, as well as live−dead staining with FDA and propidium iodide
(PI).
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and 10 min, respectively. However, after 48 h of incubation,
the cell viability dropped to 60.0 ± 5.7%, 49.9 ± 0.6%, and
41.9 ± 3.8% after immersing the film for 1, 5, and 10 min,
respectively (Figure 7b). In contrast, the anticancer properties
of the LbL films were strengthened by the discharge of CPT
after 1, 5, and 10 min of NIR irradiation. Maximum cell death
was achieved 24 h after the discharge of CPT with the
subsequent release of DOX, as the cell viability was reduced to
51.7 ± 4.7%, 44.7 ± 3.8%, and 32.4 ± 3.1% after immersion at
1, 5, and 10 min, respectively (Figure 7c). After 48 h, the cell
viability was found to be 33.4 ± 3.1%, 25.4 ± 2.9%, and 10.7 ±
1.1% after film immersion for 1, 5, and 10 min, respectively.
Figure 7d shows the amount of drug released from the LbL
films at the indicated time intervals.
The drug loading capacity and efficiency of GNRs and LbL

films, respectively, were evaluated. In Figure 8a, we can see that
by increasing the amount of C16-PEG, the drug loading

capacity of the GNRs reached 88 ± 4.1%, and the loading
efficiency of the LbL film was 83.5 ± 3.3% and 91 ± 4.8% for
DOX and CPT, respectively, with 1 cm2 of LbL film area
(Figure 8b,c). According to these results, we can see that the
loading capacity and efficiency can be optimized as required by
changing the amount of chemicals, dipping time, and film area
in the production. The drug dosage and payload used in this
study are suitable to achieve our goal.

The LbL film was also used to test the methods for
sequentially regulating the release of the two drugs. Our
findings suggest topical multidrug delivery systems can be
fabricated using LbL polymer-coated films. Polymer layer
coatings can improve the drug-loading effectiveness of the film.
The results of this study clearly support the potential use of
this film as a therapeutic drug carrier. In addition, this
customizable platform can be modified to provide the desired
therapeutic outcome by precisely changing the approach and
the environmental factors. There is significant promise for
using this approach in the treatment of many complex
disorders, including wound healing and skin malignancies.

■ CONCLUSIONS
In this study, we demonstrated a fast and simple method to
fabricate LbL films, a robust nanoplatform consisting of
multilayer polyelectrolytes, charge-based drugs, and drugs
loaded onto GNRs deposited via electrostatic forces onto a
preactivated silicon substrate, facilitating dual-drug loading.
The changes in surface roughness, thickness, and temperature
upon NIR irradiation confirmed the successful fabrication of
the film and loading of the CPT-containing GNRs. The LbL
film platform demonstrated excellent loading performance,
simple preparation, and sequential drug delivery. Initially,
DOX was released more easily at pH 6 than at pH 7.4.
Following NIR irradiation under regulated circumstances, the
release of CPT resulted from local heating and vibration, which

Figure 6. Cellular uptake (a−c) before and (d−f) after 5 min of NIR
irradiation (1.6 W/cm2).

Figure 7. (a) The survival of cells upon NIR light exposure without the addition of LbL films. (b) Cell survival induced by DOX released from LbL
films without NIR irradiation and (c) simultaneous release of DOX and CPT following NIR irradiation at the indicated intervals. (d)
Quantification of the drugs released from the LbL film.
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disturbed the entanglement of C16-PEG-CPT-GNRs. Cell
experiments demonstrated the good biocompatibility and
anticancer properties of the film. Overall, the cytocompati-
bility, anticancer activity, and stimulus-responsiveness of this
LbL film make it an excellent drug delivery platform.
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