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Precise control of antimicrobial delivery can prevent the adverse

effects of antibiotics. By exploiting the photothermal activity of

polydopamine nanoparticles along with the distinct transition

temperatures of liposomes, a near-infrared (NIR) laser can be used

to control the sequential delivery of an antibiotic and its adjuvant

from a nanocomposite hydrogel—preventing bacterial growth.

Systemic antibiotic therapy, though highly beneficial in con-
trolling bacterial infections, comes with adverse effects. The
indiscriminate use of antibiotics has contributed significantly
to the selection of antimicrobial resistant pathogens, as well as
the disruption of beneficial microbiota.1 To mitigate these
growing problems, stimuli-responsive drug-delivery systems,
initially developed for cancer therapy, are now also being uti-
lized for on-demand antimicrobial delivery applications.2 One
such technology involves the use of hydrogels that can deliver
drugs, on-demand, upon light activation.3,4 Light is an ideal
external stimulus because of its non-invasive nature and the
ease by which it can be spatially and temporally controlled.5,6

Light-responsive drug delivery systems thus allow for explicit
control over where and when, and to some degree how much,
antimicrobials are released—ideal for treating localized infec-
tions such as those found in chronic wounds, dental plaques
and in medically implanted devices.7,8

Photothermal activation is one of the most common strat-
egies used for light-activated, hydrogel-based drug delivery
systems.5 Here, photothermally active materials, i.e., those that
generate heat upon photoexcitation, are incorporated in the

hydrogel matrix to stimulate thermally sensitive drug-carrying
components, eventually triggering cargo release. Recently,
hybrid platforms such as nanocomposite hydrogels, where
hydrogels and photoactive nanoparticles are combined, have
been used for light-activated drug delivery applications.9,10

While gold nanoparticles are commonly used, other photo-
thermally active nanomaterials, like the bioinspired polydopa-
mine nanoparticles (PDNP), have also been increasingly
utilized.11–13 PDNP can additionally serve as a carrier for
various drug molecules as its surface can readily be functiona-
lized.14 PDNP has therefore been extensively studied not only
for cancer therapy but also for antimicrobial applications.15–17

Here we leverage on the photoactivity of PDNP,18 the temp-
erature-dependent properties of liposomal carriers,19 and the
flexibility afforded by nanocomposite hydrogels—to engineer a
laser-responsive, on-demand, drug-delivery system for adjunc-
tive therapy. With this platform, we are able to deliver—in a
sequential manner—a membrane potentiator, ethylenediami-
netetraacetic acid (EDTA), followed by the large hydrophobic
drug, rifampicin. We further show that this laser-activated,
sequential delivery is effective towards inhibiting the growth of
Gram-negative bacteria. Gram-negative bacteria, unlike Gram-
positive microorganisms, have robust outer membranes that
make them impermeable to large hydrophobic drugs. This
makes them naturally resistant to many antibiotics, like
rifampicin, which are more effective against Gram-positive
pathogens.20,21 As a membrane permeabilizer, EDTA primes
the bacterial envelope of Gram-negatives such as E. coli,
making them more susceptible to rifampicin treatment.22

Controlled delivery of adjunctive therapies, such as the one
developed here, could therefore help increase the efficacy of
currently available antibiotics against mixed-species and drug-
resistant bacterial infections.23–25

The smart nanocomposite hydrogel in our work consists of
two thermally responsive liposomal nanocarriers of distinct
lamellarity, and PDNP, embedded in a low gelling temperature
agarose hydrogel (Scheme 1A). The first liposome, dipalmitoyl-
phosphatidylcholine (DPPC) unilamellar vesicles (ULV), were
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loaded with EDTA, while the second liposome, distearoylpho-
sphatidylcholine (DSPC) multilamellar vesicles (MLV), were
loaded with rifampicin (Scheme 1, ESI sections 1–2 and
Fig. S1–S4†). The presence of the photoactive PDNP allows us
to use a laser to raise the temperature of the system to the tran-
sition temperatures (Tm) of each liposome, i.e., 41 °C and
55 °C for DPPC and DSPC, respectively. Once Tm is reached,
the liposomes transition from an ordered gel to a more fluid
liquid crystalline phase, loosening the lipid packing and allow-
ing the cargo to be released (Scheme 1B).19 The broad absorp-
tion spectrum of PDNP enabled the use of a NIR laser
(808 nm), which allows for maximum tissue penetration while
minimizing light-induced tissue heating.26

As a control, we first verified the temperature dependent
cargo release from the nanocomposite hydrogel using an exter-
nal heater (ESI section 1†). Cargoes that escaped from the lipo-
somes and diffused into the solution on top of the gel were
quantified using absorption spectroscopy (Scheme 1A and
Fig. S5†). While rifampicin (being a chromophore) can be
directly quantified, quantifying the release of EDTA is not
straightforward. As such, calcein-loaded DPPC ULV was used
instead. Calcein has the same number of carboxylate groups as
EDTA yet contains a fluorescein chromophore that can be used
for direct quantification of cargo release (Fig. S2A†).

The externally-heated, temperature-dependent cargo release
from the nanocomposite hydrogels is shown in Fig. 1. When
the hydrogel was heated to 25 °C, calcein-loaded DPPC ULVs
remained stable (Fig. 1A-blue spheres). Minimal amount of
calcein release was observed, which plateaus after ∼15 min of
incubation, evident from the absorption spectra that quickly
saturates within this timeframe (Fig. 1A inset-blue). As the
calcein-loaded DPPC in the hydrogel remained stable for
several days at 25 °C (Fig. S6A†), this observed minimal release
could be attributed to calcein molecules that escaped from the
liposomes during gel preparation—and not while the gel is
incubating at 25 °C. When the temperature was raised to the
Tm of DPPC (41 °C), a drastic increase in absorption was
observed (Fig. 1A inset-green), resulting from ∼8× more calcein

diffusing out of the gel within only 20 min. We further verified
that this increase in calcein concentration is not a result of
liposomes escaping from the gel matrix, but rather due to
calcein escaping from the liposomes and diffusing out of the
gel at 41 °C (Fig. S7†).

For sequential delivery to be successful, it is critical to
ensure that rifampicin-loaded DSPC liposomes do not inadver-
tently release the drug at 41 °C, while the EDTA/calcein-loaded
DPPC liposomes are releasing their cargo. Fig. 1B shows that
for rifampicin-loaded DSPC MLVs, molecules released at 41 °C
was minimal (Fig. 1B inset-green), but steeply increased when
the temperature was raised to the Tm of DSPC (55 °C) (Fig. 1B

Scheme 1 Laser-responsive smart hydrogel for sequential drug
release. (A) Schematic for a nanocomposite hydrogel showing EDTA/
calcein (green spheres)-loaded unilamellar vesicles (blue), rifampicin
(red spheres)-loaded multilamellar vesicles (purple), and the photother-
mally active polydopamine nanoparticles (PDNP, brown spheres),
embedded in an agarose hydrogel. Bacterial solution (blue rods) sits on
top of the hydrogel. (B) Laser-induced temperature dependent sequen-
tial release of EDTA/calcein (at 41 °C) followed by rifampicin (at 55 °C).

Fig. 1 Temperature dependent drug release. Amount of cargo released
from hydrogels embedded with (A) calcein-loaded DPPC ULVs incu-
bated at 25 °C and 41 °C, (B) rifampicin-loaded DSPC MLVs at 41 °C and
55 °C, and (C) both calcein-loaded DPPC ULVs and rifampicin-loaded
DSPC MLVs at 25 °C, 41 °C and 55 °C. Insets: spectra of (A) calcein, (B)
rifampicin, and (C) calcein and rifampicin released from the nano-
composite hydrogels, taken at 2.5 min interval.
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inset-orange). We further verified that this drastic increase in
the amount of rifampicin is not due to MLVs leaking out of
the hydrogel, but rather due to rifampicin escaping from MLVs
and diffusing out of the gel after the hydrogel was heated at
55 °C (Fig. S7†). Furthermore, like the cargo-loaded DPPC lipo-
somes, these rifampicin-loaded DSPC liposomes remain stable
in the hydrogel both at 4 °C and 25 °C, with no significant
cargo leakage observed for up to 6 days (Fig. S6B†).

When both rifampicin- and calcein-loaded vesicles are
embedded in the same hydrogel, temperature dependent
cargo release was still observed. Fig. 1C-inset displays the
spectra of the solution above the gel as it is heated from 25 °C
to 41 °C, then to 55 °C. From these spectra, we can calculate
how much calcein and rifampicin were released into the solu-
tion during equilibration at each temperature. Fig. 1C inset-
blue shows that both liposomes remained stable at 25 °C,
resulting in very minimal amounts of both calcein and rifam-
picin released from the hydrogel (Fig. 1C, t = 0–15 min).
Similar to hydrogels containing only one type of liposome,
these molecules that diffused out were most likely released
within the gel matrix during hydrogel formation, as both lipo-
somes can retain their cargo for days at 25 °C (Fig. S6†). When
the temperature was raised to 41 °C (Fig. 1C, t = 15–30 min),
the absorbance of the solution drastically increased with time.
Furthermore, the spectra at 41 °C resemble that of calcein,
with the 495 nm peak increasing while the peak at 335 nm
remains relatively constant (Fig. 1C inset-green). From these
spectra, the calculated amount of each molecule shows
minimal change in the amount of rifampicin diffusing out at
41 °C, with the average rate increasing by only ∼1.4× within
the 15 min timeframe, while calcein was diffusing out ∼9×
faster at 41 °C than at 25 °C. When the temperature was
further raised to 55 °C, peaks at 335 nm and 495 nm increased
significantly (Fig. 1C inset-orange), indicating the release of
rifampicin in addition to calcein. The total amount of each
molecule that contributed to the overall spectrum was again
calculated and shown in Fig. 1C from 30 min onwards. On
average, the rate of rifampicin release from the gel is ∼13×

faster at 55 °C than at 41 °C. Though the rate of diffusion also
increases with increasing temperature, the relatively similar
kinetics of rifampicin release at 25 °C and 41 °C implies that
the temperature dependent drug release observed here is
largely driven by the temperature responsive properties of the
liposomal drug carriers, and not mainly due to temperature
dependent diffusion.

Having shown that temperature dependent cargo release
persisted when both liposomes are embedded in the same
hydrogel, we then tested the efficacy of the sequential release
on inhibiting the growth of a drug-resistant strain of E. coli,
AR3110.27 Here, bacterial solution was placed on top of the
hydrogel (Scheme 1A) and treated under five different con-
ditions: (1) control (no treatment), (2) hydrogel only (heat
treated with no drug-loaded liposomes) (3) heat + rifampicin-
loaded liposomes, (4) heat + EDTA-loaded liposomes, and (5)
heat + EDTA- and rifampicin-loaded liposomes. Heat treatment
involves external heating at 41 °C (2 min) and 55 °C (2 min),
using water baths. Fig. 2A summarizes the effect of each treat-
ment on the growth of E. coli in M9 minimal media with
0.05 mM Ca2+ and 0.5 mM Mg2+. These growth curves were
then fitted with the Gompertz equation to obtain growth para-
meters. The effect of different treatments on the growth rate of
E. coli is shown in Fig. 2B. Fig. 2 (2) shows that heat treatment
alone can already partially inhibit bacterial growth compared
to control, suggesting that the current heating conditions con-
tribute to bacterial growth inhibition. We further verified that
this is mainly due to heating at 55 °C, as bacterial growth was
slightly inhibited after just 2 min of exposure at 55 °C, while
no growth inhibition was observed even after 10 min of
exposure at 41 °C (Fig. S8†). However, 2 min of heating at
55 °C is not enough to completely prevent E. coli from growing
(Fig. S8†). A similar trend was observed for the heat-induced
release of rifampicin from hydrogels containing only rifampi-
cin-loaded liposomes. Fig. 2 (3) shows that there was only
partial growth inhibition, indicating that the amount of rifam-
picin released under these conditions is not enough to com-
pletely inhibit E. coli growth, a scenario which mimics low bio-

Fig. 2 Effect of sequential release of EDTA and rifampicin on E. coli growth. (A) Growth curves for E. coli with no treatment control (purple) and
treatment with no liposomes (blue), only rifampicin-loaded liposomes (orange), only EDTA-loaded liposomes (green), and both EDTA- and rifampi-
cin-loaded liposomes (pink) in a hydrogel. (B) Corresponding growth rate obtained by fitting the growth curves in A with the Gompertz function.
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availability of these types of hydrophobic drug molecules. We
note that the current heat treatment does not affect how rifam-
picin inhibits the growth of E. coli (Fig. S9A†), which indicates
that the inhibition we observed in Fig. 2 (3) is mainly due to
the action of rifampicin. Next, we tested how bacterial growth
is affected upon heat-induced EDTA release from the hydro-
gels. Fig. 2 (4) shows more growth inhibition, with ∼6-fold
decrease in growth rate vs. control, after heat + EDTA treat-
ment. While EDTA alone can inhibit E. coli growth,28 heat
makes E. coli even more susceptible to EDTA treatment
(Fig. S9B†), possibly due to the effect of heat on the release of
outer membrane fragments upon EDTA treatment.29 However,
despite the more effective inhibition with temperature-
induced release of EDTA, an even more drastic decrease in
growth rate, ∼34-fold, was observed when hydrogels containing
both EDTA- and rifampicin-loaded liposomes were used. Other
growth parameters (i.e., lag time and maximum growth) were
also more affected when E. coli was treated with both EDTA
and rifampicin (Fig. S10†). This suggests that controlled co-
delivery of an antibiotic and its adjuvant can indeed help
towards a more effective control of pathogen proliferation.

Using an external heating device for controlling the temp-
erature of drug-delivery systems is quite challenging. For this
reason, the use of the photothermally active PDNP makes
temperature control more feasible. By using laser as the light
source, the temperature of PDNP-containing hydrogel systems
can easily be tuned, with high spatial and temporal
resolution.11–13 By simply adjusting the laser power, we can

control the temperature of the nanocomposite hydrogel
system, i.e., agarose hydrogel + PDNP + cargo-loaded lipo-
somes (Fig. 3A and Fig. S11†). In the presence of PDNP, laser
can therefore be used to control the temperature-dependent
cargo release from the gel (Fig. 3B), akin to systems using an
external heat source (Fig. 1). When the gel was maintained
at room temperature (∼25 °C), minimal cargo release was
observed (Fig. 3B-blue). Upon adjusting the laser power
(214 mW), enough to heat the laser illuminated area to
∼41 °C, a strong peak at 495 nm is observed, suggesting
calcein release. Moreover, the absorbance at 335 nm remains
low, suggesting that rifampicin loaded liposomes remained
mostly intact. Further increase in laser power (412 mW), to
∼53 °C hydrogel temperature, the peak at 335 nm starts to
increase, indicating that rifampicin was also being released
from the gel. The high spatial resolution afforded by using
laser irradiation and the localized heating near the surface of
nanoparticles enabled us to use lower laser power (only
enough to heat a small area to ∼53 °C) and still induced cargo
release from rifampicin-loaded DSPC MLVs. Thus, by simply
controlling the laser power and irradiation time, we can
achieve the sequential release of different molecules, encapsu-
lated within different liposomes, from this PDNP-loaded nano-
composite hydrogel.

After establishing laser-controlled cargo release, the efficacy
of the nanocomposite hydrogel towards antimicrobial appli-
cation was next tested. Here, rather than using calcein, EDTA-
loaded liposomes were incorporated in the gel, together with

Fig. 3 Laser-induced sequential drug release. (A) Laser irradiation of PDNP-liposome nanocomposite hydrogel was used with the laser powers
adjusted to achieve temperatures of ∼25 °C (blue), ∼41 °C (green), and ∼53 °C (orange). (B) The absorbance spectrum showing minimal drug release
at ∼25 °C (blue), a peak corresponding to calcein release at ∼41 °C (green), and a peak corresponding to rifampicin release at ∼53 °C (orange). (C
and D) Effect of laser-induced sequential delivery of EDTA and rifampicin from PDNP-loaded nanocomposite hydrogels on colony forming units
(CFU mL−1) of E. coli (C) and P. fluorescens (D): (1) control (w/o laser), (2) no liposomes (w/laser), and (3) EDTA and rifampicin liposomes (w/laser).
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rifampicin-loaded liposomes and PDNP. E. coli growth inhi-
bition was then monitored for 20 hours following laser-con-
trolled drug delivery (Fig. S12A†). Compared to control, the
growth rate was inhibited by ∼26-fold after laser-induced
sequential release of EDTA and Rifampicin (Fig. S12B†). To
further quantify the growth inhibiting effect of rifampicin on
the EDTA-primed E.coli, the number of colony forming units
(CFU) was obtained after allowing the laser-treated bacterial
solution to grow for 20 h. Fig. 3C highlights the bacterial
growth inhibiting effect of the treatment, as ∼104-fold decrease
in the number of CFU was observed after 20-hr growth period
(Fig. S12B and S13A†). This indicates that that the laser-
induced sequential release of EDTA and rifampicin success-
fully prevented the growth of E. coli. As rifampicin is a known
bacteriostatic but not bactericidal, the treated bacteria started
growing into colonies when rifampicin and EDTA were
removed during CFU counting assay where bacteria solution
was transferred on an LB agar.

We further tested the effect of laser-induced heating of
hydrogels on bacterial viability using hydrogels containing
only PDNP, without the drug-loaded liposomes. This laser-
induced heating, localized within the laser illuminated area in
the hydrogel, have minimal effect on the growth of E. coli
(Fig. 3C (2)). This is in contrast to what was observed when
heating using the water bath, where external heating (alone) of
the whole system did have a significant effect on the growth of
E. coli. It has been shown recently that the heat generated by at
least 10 min of photothermal therapy can cause antibiotic tol-
erance in E. coli by inducing cells into a low energy state.30 We
have shown that with this hydrogel-based antimicrobial deliv-
ery platform, we can reduce this heat-related risks, as laser-
induced heating can be localized within the hydrogel, in the
vicinity of the laser-heated nanoparticles. Furthermore, the
highly temperature-sensitive nature of liposomal drug carriers
allowed for a short laser irradiation time (2 min, Fig. S11†),
limiting the exposure of bacteria to heat, potentially preventing
the induction of antibiotic tolerance.

The effectivity of this laser-controlled multi-drug delivery
system was also tested using another species of Gram-negative
bacteria, Pseudomonas fluorescens (strain WCS374). Similar to
E. coli, growth inhibition of P. fluorescens (∼106-fold) was
observed after the laser-induced sequential release of EDTA
and rifampicin from the hydrogel (Fig. 3D and Fig. S13B†).
This suggests that this laser-responsive drug delivery platform
has the potential to be applied to other Gram-negative bac-
teria, and points to the general applicability of this nano-
composite hydrogel system. Furthermore, future developments
for these photothermal drug delivery systems could explore
changing lipid compositions or using polymer modified lipo-
somes to expand the repertoire of nanocarriers with different
and lower transition temperatures.31,32 This will lead to not
only an increase in the number of antimicrobials that can be
co-delivered, but could also limit the adverse effects of high
temperatures on healthy cells, making it promising for poten-
tial in vivo applications such as treatment of localized infec-
tions found in chronic wounds and in dental caries.33,34

Conclusions

A nanocomposite hydrogel (containing the highly efficient
photoactive agent, PDNP, and temperature-responsive liposo-
mal drug carriers) is used as a light-activated multi-drug deliv-
ery platform. As a proof-of-principle, we used this platform for
the on-demand, laser-responsive delivery of an antibiotic,
rifampicin, and a membrane potentiator, EDTA. This adjunc-
tive therapy was successful in preventing the proliferation of
Gram-negative bacteria. The modular nature of this system
allows for flexibility that has the potential to expand its appli-
cation to other adjunctive therapy combinations or delivery of
multiple antimicrobials, including other antibiotics, as well as
antimicrobial peptides and polymers.
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