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• Functionalized alginate hydrogels for
pH controlled drug release are synthe-
sized.

• Functionalization is designed to allow
sustained drug release only at pH
lower than 4.5.

• Hydrogels are applied on magnetically
steerable devices able to navigate
human body.

• Hydrogel coating onto microrobots cre-
ate drug carriers that can reach specific
target sites.

• Hydrogel coating functionalization can
guarantee the release of drugs only in
the target site.
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Targeted drug delivery is currently emerging as a promising approach to overcome the limits of currently
employed administration techniques. The most convenient methodology to control drug delivery is the applica-
tion of stimuli-responsive materials, which can release drugs only when required, to remotely controlled
microdevices able to navigate human body. Thanks to this synergy, release can be controlled both spatially and
temporally. Spatial control is guaranteed by the maneuverability of the devices, which can be precisely guided
to release in targeted locations. Temporal control, conversely, is guaranteed by the functionalization introduced
in the stimuli-responsive material. In this context, the present work describes the coating of magnetically con-
trolled microdevices with functionalized alginate-based hydrogels able to release drugs at pH values lower
than 4.5. Hydrogels are functionalized binding the drug with either an azidoethyl ester bond or an amidic
bond, following an innovative synthesis route. After fabrication, release from hydrogel coated microdevices as
a function of the environmental pH is characterized. Finally, devices aremagnetically actuated and the possibility
to achieve spatially and temporally controlled release is demonstrated. The functional microtransporters de-
scribed in the present work are particularly promising for in-vivo applications in environments where pH differ-
ences are present, like the digestive apparatus.
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1. Introduction

Routes for medicine administration and their relative pharmacoki-
netics inside the human body [1–3] are among the most critical topics
in modern medicine. Indeed, the efficiency of newly developed thera-
peutic agents is strongly limited by inefficient administration strategies.
Conventional drug delivery approaches are based on the non-selective
distribution of the active substance in the whole body mediated by
blood circulation [4,5]. By following this route, however, most of the
drug is unused, which means that higher dosages must be provided to
reach the active concentration in the target organ. This circumstance
strongly lowers administration efficacy and intensify drug side-effects.
For this reason, recent advanced administration strategies are based on
targeted delivery [6–8]. Drugs are released in controlled amounts only
in correspondence of the target organ, consequently avoiding indiscrim-
inate distribution across the whole body and limiting the invasiveness of
the therapy. Awealth of smart delivery approaches has beendescribed in
the literature. Many of them are based on nanometric structures tailored
to travel the blood system until they reach the target organ, where they
exert their targeted therapeutic action [9]. This is the case of delivery sys-
tems based on liposomes [10,11], polymeric micelles [12], nanoparticles
[13–15], microspheres [16] and DNA composed nanostructures [17].
Other release modalities use specifically designed polymers to control
the release of the drug [18–20]. This is the case of materials like polypyr-
role [21,22], hydrogels [23–26] based on chitosan [27] or alginate [28]
and many others. Polymers for drug delivery can be easily designed to
allow for release in the presence of thermal stimuli [29], pH variations
[30–32] or electric fields [33,34]. This is for example the case of alginates,
which can be tailored to release the drug only in awell-defined pH range
thank to the application of click chemistry [35,36].

Besides the development of new delivery platforms, another prom-
ising methodology to address even higher precision drug delivery
have been recently developed. This approach is based on the imple-
mentation of controlled release materials with wirelessly navigable
smalls-scale devices, also known as micro- and nanorobots [37–40].
Small-scale robots have the potential to be remotely guided towards
the target organ inside human body and perform localized drug deliv-
ery. Since they are intended for in vivo use, their locomotion strategy
is a critical point. Even though various remote actuation methods
(chemical [41], light [42], ultrasounds [43]) have been proposed, mag-
netic actuation is the most promising. Magnetic fields interact mini-
mally with living tissues, are able to actuate microdevices with
superior precision and can be generated in a highly controlled way
[44]. A large number of functional magnetic micro- and nanodevices
has been developed in the past to cover application fields such as cell
delivery [45], localized surgery [46], bacteria disinfection [47], and also
drug delivery [48–52].

The precise delivery of targeted cells through magnetic field–driven
microrobots can be addressed by using three-dimensional laser lithog-
raphy coated with nickel as developed by Sun and coworkers [45].
Nickel helped in magnetic actuation and titanium was inserted to im-
prove biocompatibility for carrying and delivering targeted cells
in vivo under a magnetic gradient field-driven mechanism. In a similar
direction, stereolithography 3D printing and wet metallization were
combined to develop microrobots that showed photocatalytic activity
towards water pollutants at low cost [47]. The possibility to coat
microrobots with polymeric layers was presented by Ulrich and co-
workers [46], which described the use of conductive polymers to coat
metallic devices. Following this strategy, ocular microrobots that can
be driven wirelessly using an applied magnetic field can be prepared
with high potentiality for eye-targeted drug delivery and ophthalmic
surgery. Other studies were conducted in similar directions, under-
standing the role of the device shape in drug delivery performances
[49,52] and maintaining high motility and low cytotoxicity of the entire
microrobot [51]. The use of these devices, which can be guided by
an external magnetic systems, can allow high patient safety (deep
2

penetration and safety of magnetic fields) and minimally invasive na-
ture of the procedure. All the approaches proposed evidenced the use
of physical loading of the drug within the external layer, with conse-
quent low drug loading percentage and uncontrolled release rates. A
big challenge in material design is represented by the possibility to
carry the drug, usingmagnetic field, without releasing it and addressing
a target drug release only in the target site. This approach can guarantee
lower concentration of the drug used on one side and, on the other, re-
duce the drawbacks connected to drug overdosing.

The main idea of the present work is to apply chemically tailored
hydrogels, which are able to release a drug in awell-defined pH interval,
on existingmagnetically actuatedmicrodevices [53]. Suchmicrodevices
have been recently manufactured taking advantage of the high flexibil-
ity of the microstereolithography (μSLA) technique and the low cost of
wet metallization [54]. The combination of these two fabrication tech-
nologies also allows for easy and versatile batch production. The devices
present a scaffold-like porous structure, primarily intended for cell
transportation [53]. Such conformation is, however, ideal also to accom-
modate hydrogels layers. Internal voids, which completely fill with ma-
terial, can in fact allow for very high hydrogel loadings on the device.
The drug present in the hydrogel is binded to the biopolymer thank to
a cleavable bond, which can be broken only in presence of a specific
pH range. By doing this, drug release can be programmed to take
place only when the device reaches a part of the human body in
which that specific pH level is present. Consequently, the approach de-
scribed in the present work allows two levels of control on the release
process of the drug: release is targeted in space, thanks to the possibility
to precisely direct themicrodevice to the target organ, but also targeted
in time, since it takes place only when the device reaches the environ-
ment presenting the desired value of pH. Consequently, the drug is
not released immediately inside the body but only when the device
reaches the suitable environment. The absence of premature leakage
during the journey of the microdevice to the target organ enhances its
delivery efficacy and prevents potential undesirable side effects to
healthy tissues.

2. Experimental section

All reagents were purchased from Merck KGaA (Darmstadt,
Germany). Rhodamine derivatives were stored in the dark at 4 °C.

2.1. Chemical characterization techniques

Intermediate and final products were analyzed through FT-IR spec-
troscopy. FT-IR transmission spectra were recorded using a Thermo
Nexus 6700 spectrometer coupled to a Thermo Nicolet Continuummi-
croscope equipped with a 15 × Reflachromat Cassegrain objective at a
resolution of 4 cm−1. Samples were prepared as KBr pellet. Absorbance
wasmeasured by UV spectroscopy applying the Lambert–Beer method.

2.2. Synthesis of aminoethyl rhodamine 1

Rhodamine (RhB) functionalization with ethylenediamine was per-
formed following the procedures discussed in our previous work [55]
and by Mandal's group [56]. Briefly, a solution of rhodamine (600 mg,
1.25 mmol) in ethanol (15 mL) was set and the amine compound
(2.73 mL, 40.1 mmol) added dropwise, at room temperature (r.t.). The
stirring mixture was heated to reflux for 24 h and then cooled to r.t.;
the solvent was removed under reduced pressure and the residue was
dissolved in HCl 1 M solution (15 mL) to remove any unreacted
ethylenediamine molecules. Successively, NaOH 1 M (23 mL) was
slowly added and the resulting precipitate was recovered by filtration,
washed with water (3 × 10 mL) and dried to get the final product 1
(Fig. S2). The product was used without further purification. Analytical
data were in agreement with literature [57].
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2.3. Alginate-RhB functionalization via amidic bond (Alg\\Am)

Sodiumalginate (200mg, 0.93mmol)was dissolved in distilledwater
(25mL) and the modified rhodamine 1 (225mg, 0.46mmol) was added
to the solution at r.t, until complete dissolution. N-hydroxysuccinimide
(NHS, 26.8 mg, 0.23 mmol) and N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC, 44 mg, 0.23 mmol) were added,
and the resulting system was left stirring for 12 h. The functionalized
polymerwas purified by dialysis against aqueous solution (2 L of distilled
water and 11.2 g of NaCl) to remove unreacted chemicals and salts. Dial-
ysis was performed using regenerated cellulose membrane (Mw cut-off
3.5 kDa) for 2 days, by replacing the aqueous solution with distilled
water after the first 24 h. The product was collected as pink solid after ly-
ophilization. It is referred as Alg-Am (Fig. S2).

2.4. Synthesis of 3-azido-1-propanol 2

3-chloro-1-propanol (0.88 mL, 10.58 mmol) was dissolved in DMF
(20 mL) and sodium azide (0.79 g, 12.16 mmol) was progressively
added; the resulting system was heated up to 50 °C and kept stirred
for 24 h. Successively, the mixture was diluted with brine solution and
extracted with diethyl ether (2 × 25 mL). The resulting organic phase
waswashed in brine (5 times) and finally dried over anhydrous sodium
sulfate, filtered and concentrated under vacuum to obtain product 2
(Fig. S3).

2.5. Synthesis of rhodamine azidoethyl ester 3

In CH2Cl2 (5 mL), the following reagents were sequentially added:
RhB (300 mg, 0.63 mmol), compound 2 (82 mg, 0.81 mmol), EDC
(132 mg, 0.69 mmol) and 4-dimethylaminopyridine (DMAP, 15.4 mg,
0.125 mmol). The mixture was left stirring for 4 h, at r.t. avoiding direct
light exposure. Then, CH2Cl2 (10 mL) was added and the organic solu-
tion washed with distilled water (2 × 10 mL), HCl 0.1 M (2 × 10 mL)
and finally brine solution (2 × 10 mL). The collected organic phases
were dried over anhydrous sodium sulfate and filtered; the solvent
was removed under reduced pressure affording the desired product 3
(Fig. S3)without further purification. Analytical datawere in agreement
with literature [58].

2.6. Synthesis of alkyne modified alginate 4

Sodium alginate (1 g, 4.63 mmol) was dissolved in distilled water
(40mL) and propargylamine (118 μL, 1.85mmol) was added dropwise.
A solution of 1-hydroxybenzotriazole hydrate (250 mg, 1.85 mmol) in
acetonitrile:water 1:1 v/v (15 mL) at 40 °C was poured to the polymer
solution and, subsequently, EDC (353 mg, 1.85 mmol) was added. The
resultingmixture was stirred for 24 h at r.t. It was then dialyzed against
acid aqueous solution pH = 5.5 (2 L of distilled water dissolving 11.2 g
of NaCl and 4 drops of HCl 37% w/w). Dialysis (membrane Mw cut-off
3.5 kDa) occurred for 4 days, with daily water changes and addition of
HCl 37%w/w. Finally, the solution was stored at−80 °C and lyophilized
to obtain product 4 (Fig. S3).

2.7. Alginate-RhB functionalization via click chemistry

The “click” reaction used to conjugate products 3 and 4was the cop-
per(I)-catalyzed alkyne-azide cycloaddition (CuAAC) as visible in
Fig. S3. 4 (125 mg, 0.5 mmol) was dissolved in distilled water (10 mL),
whereas 3 (104.5 mg, 0.2 mmol) was added to a solution of THF:
water 1:1 v/v (4mL). The latter wasmixed to the former and copper io-
dide (5.7 mg, 0.03 mmol) and sodium ascorbate (6 mg, 0.03 mmol)
were added. The systemwas left stirring for 24 h at 60 °C. The resulting
solution was dialyzed as discussed for modified polymer 4 to remove
the excess reactants and byproducts. The final product was obtained
as purple solid after lyophilization. It is referred to as Alg-Es-Tr (Fig. S3).
3

2.8. Microdevices production

Porous gold coated microrobots were manufactured following the
procedure presented in our previous paper [53], where more informa-
tion about the production route can be retrieved. Briefly, they were de-
signed using Solidworks and 3D printed using a stereolithography
machine. After the 3D printing process, their surface was cleaned and
etchedwith an alkaline KOH solution. Subsequently, the surfacewas ac-
tivated with Pd and electroless coated with an alkaline formaldehyde-
free copper solution. After Cu, CoNiP was applied using an alkaline solu-
tion. This layer was followed by a NiP coating, which was employed as
base layer for deposition of thefinal gold layer by galvanic displacement.
Fig. S1 depicts the appearance of uncoated samples.

2.9. Alginate-based hydrogel coating

Metal coated devices were dipped in alginate-based water solution
(1% w/v) for 20 min in ultrasound bath. Then devices were dipped in
CaCl2 (5% w/v) water solution with final alginate gelation. This proce-
dure can be repeated to increase the hydrogel coating thickness. In
drug delivery experiments drug mimetic (RhB) was dissolved in algi-
nate aqueous-solutions and the procedure was maintained the same.

2.10. Magnetic actuation

Magnetic actuation was performed employing a coils array known
as the Octomag [59] (Fig. S7). Devices were magnetized placing them
on a cylindrical NdFeB permanent magnet. Such magnet was 2 cm (ra-
dius) × 1 cm (thickness). Samples were carefully removed after the
magnetization. Devices speed was calculated actuating the devices in a
small basin filled with water and analyzing the videos acquired with a
tracking software. For targeted actuation, a custom-made test channel
was carved in polycarbonate employing a numerical control cutter. Its
dimensions are detailed in Fig. S8.

2.11. In vitro drug delivery and mathematical modeling

Drug release mechanism was investigated in simulated physiologi-
cal conditions: at 37 °C and 5% CO2, in a phosphate buffered saline solu-
tion (PBS, pH 7.4) and in acidic condition (pH = 4.5). In details, each
device was placed in excess of PBS (2.5 mL) and aliquots were collected
at defined timepoints, replacing themwith an equal volume of fresh so-
lution, in order to preserve the diffusion regime among the nanosystem
and the release environment. Percentages of released RhB were then
measured by UV spectroscopy at a specific wavelength, respectively
485 nm and 570 nm. Drug diffusion mechanism can be described as
1-dimensional model of the second Fick law where the device geom-
etry is a cylinder and the material flux mainly takes place at the PBS/
hydrogel surface. Eq. (1) showed these considerations, indicating r
as the characteristic radius for the mass transport phenomenon. The
following mass balance equations are written considering the varia-
tion of the mean drug concentration within the hydrogel (CG) related
to the volume of solution (VS), the mean drug concentration in the
outer solution (CS), the total volume (VG), the NGsmass present inside
thematrix (mG) and the exchange interfacial surface (Sexc), that repre-
sents the boundary surface between hydrogel and surrounding solu-
tion (which, simplifying, can be here considered as being only the
side surface). According to these expressions, the boundary condi-
tions are defined describing the profile symmetry at the center of
the polymeric cylinder, with respect to the radial axis of the cylinder
(Eq. 5) and the equivalence between the material diffusive fluxes at
the PBS/hydrogel surface (Eq. 6).

∂CG

∂t
¼ D∙

1
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∙
∂
∂r
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This mathematical model allowed to estimate the diffusion coeffi-
cient (D) of RhB, in order to evaluate the influence of the alginate
functionalization on the drug release. Sherwood number obtained by
means of penetration theory allowed the computation of the mass
transfer coefficient kC (Eq. 7).

Sh ¼ 1 ¼ kC ∙2r
D

ð7Þ

3. Results and discussion

3.1. Drug-hydrogel conjugates synthesis

To improve the performance of drugdelivery through hydrogel coat-
ings we functionalized alginate in order to create a pH-sensitive linker
between polymeric network and drug molecules. Two strategies were
investigated: the synthesis of an ester bond-based and an amide
bond-based cleavable linker. In general, the former could be gradually
hydrolyzed in physiological environment via a pathway generally rec-
ognized as “catalyzed bywater-derived ions” [60] and it is decomposed
by strong acids and bases [30]; whereas amide bond presents an im-
proved chemical stability in water and its cleavage is possible only
with stronger pH variations [61]. Due to the alginate chemical structure,
the ester functionalization was carried out with the aid of click chemis-
try: RhB (chosen as drug mimetic) was modified with azide group
through esterification (RhB azidoethyl ester), whereas the alkyne moi-
ety was grafted to the polymer chains. The copper(I)-catalyzed
alkyne-azide cycloaddition occurred in the formation of the 1,4-disub-
stituted triazole, a stable and uncleavable bond [62], and gave rise to
the final functionalized structure polymer-drug (hereinafter Alg-Es-Tr,
referring to the combination of ester and triazole bondbetween alginate
and RhB). The reactions involved in this strategy are reported in Fig. S2
and S3. On the other side the alginate amide modification was per-
formed through the synthesis of aminoethyl RhB and the reaction of
the latter with the polymer carboxyl groups. The resulting product
was labeled as Alg-Am and the corresponding synthesis pathway is
showed in Fig. S2. The alginate functionalizations via click chemistry
and amidationwere performedwith a non-stochiometric ratio between
the reagents tomaintain some of carboxyl groups. In this way, the latter
were jointed to the calcium cations creating cross-linking points and
forming the gel scaffold. FT-IR spectra show the characteristic peaks of
the modified moieties compared to the pristine polymer.

Sodium alginate (Fig. S4A) presents well detectable signals related
to its hydroxyl, ether and carboxyl groups: the broad transmission
band around 3430 cm−1 represents the -OH stretching, whereas the
signal at 2920 cm−1 is due to the aliphatic C–H stretching vibration;
the carboxylate anions generate asymmetric and symmetric stretching
respectively around 1620 cm−1 and 1420 cm−1. The chemical structure
of the polysaccharide highlights other peculiar peaks in the
wavenumbers range 1295–940 cm−1: C–O stretch at 1295 cm−1,
1183 cm−1 and 940 cm−1, C–C vibration (stretching) is showed at
1110 cm−1 and theC-O-C stretching is assigned at 1029 cm−1. Referring
4

to click chemistry strategy, the FT-IR spectrumofmodified alginatewith
alkyne groups (Fig. S4B) confirms the triple bond functionalization due
to the appeared signals around 3280 cm−1, related to the terminal
methyne stretch, and at 2119 cm−1 indicative of the C`C stretching vi-
brations. The cycloaddition alkyne-azide to synthetize the alginate-RhB
derivative can be evaluated in the corresponding FT-IR spectrum
(Fig. S4D). Here, the alkyne signals disappear, whereas the new peaks
at 1747 cm−1 (shoulder signal), 1727 cm−1, 1714 cm−1 are representa-
tive of the triazole linker. Moreover, the spectrum compared with that
of RhB azidoethyl ester shows the absence of the azide signal at
2090 cm−1 and, in the range 1500–700 cm−1, the peaks related to
RhB are detectable and matched (Fig. S4C). Regarding the formation of
amide linker, FT-IR spectrum of RhB amine derivative (Fig. S5F) shows
the characteristic peaks of N–H symmetric and asymmetric stretch-
ing at about 3448 cm−1 and 3380 cm−1, the C=O stretching at
1685 cm−1, the amine bending at 1616 cm−1 and the C–N absorption
band at 1218 cm−1. The other signals in the wavenumbers range
1650–700 cm−1 are representative of the chemical structure of RhB,
pointing out the stretching vibration of C–C in aromatic rings at
1515 cm−1 and the in-plane C–H bending around 1116 cm−1 [63,64].
The formation of amidic bond between alginate and aminoethyl RhB
can be confirmed by the peculiar signals in the corresponding IR analy-
sis (Fig. S5E): the signal around 3190 cm−1 is indicative of the N–H
stretching band, whereas the C=O stretching (amidic band I) is detect-
able at 1675 cm−1 even if partially covered by the alginate COO−

vibrations.
TheN–Hbending (amidic band II) is estimated at 1554 cm−1 (shoul-

der signal), but it is almost totally overlapped by the C=O band. Finally,
in the range 1550–700 cm−1 peaks related to RhB aromatic and ali-
phaticmoieties are detectable according to the signals of the FT-IR spec-
trum of aminoethyl RhB.

3.2. Devices design and manufacturing route

Modified and unmodified hydrogels were applied on suitably de-
signedmicrodevices to allow for targeted drug release. Themain guide-
lines for themanufacturing of the devices are three: a) biocompatibility,
b) magnetic actuability, c) hydrogel loading optimization. To satisfy
these requirements the microdevices must present, respectively, the
following features: a) a chemically inert surface, b) a suitable metallic
coating able to react to the presence of an external magnetic field, c) a
scaffolded structure able to accommodate sufficient hydrogel mass
and to maximize the ratio between the total usable hydrogel weight
and the weight of the device. Considering these requirements, we de-
cided to employ the 3D printed magnetically steerable microscaffolds
(Fig. S1) recently developed by our group [53]. These deviceswere orig-
inally designed for cell transportation, but their unique properties of
high surface area and biocompatibility allows for their use as multipur-
pose platforms. Their porous structure can be used to accommodate a
large quantity of hydrogel with respect to their volume. Furthermore,
pores allow to tune the release, as the drug incorporated inside the de-
vice diffuses out in more time with respect to the drug in the hydrogel
layers at the surface. Finally, microscaffolds biocompatibility is proved
thanks to a MTT assay test performed with mice fibroblasts [53]. For
these reasons, theywere selected asmicrorobotic platforms for drug de-
livery applications. Fig. 1 depicts the manufacturing route followed in
the work, with the two initial steps being μSLA printing (Fig. 1a) and
wet metallization of the devices (Fig. 1b) according to our previous
paper [54]. In particular, four metallic layers were deposited on the sur-
face: an initial copper layer, a CoNiP layer to impartmagnetic properties,
a NiP layer and a Au layer to provide biocompatibility. Subsequently,
two types of RhB loaded hydrogels were deposited by immersion on
these devices to obtain the drug releasing microrobots. In one case,
RhB was simply dissolved in the alginate solution (Fig. 1c).

In the second case, RhBwas chemically binded to the structure of the
alginate (Fig. 1d), either with an ester or an amide bond. These two



Fig. 1. Production steps for hydrogel coated microrobots: stereolithography 3D printing (a); devices wet metallization (b); device dipping in RhB dissolved in alginate solution in
ultrasound bath (c); device dipping in functionalized alginate solution in ultrasound bath (d); hydrogel gelation dipping in CaCl2 water solution (e) to obtain final coated devices (f).
Chemical structure of the amide functionalized hydrogel (g). Chemical structure of the ester group functionalized hydrogel (h). Final samples with conceptual models for non-
functionalized (i; scale bar = 500 μm) and functionalized (j; scale bar = 500 μm) hydrogels. Hydrogel thickness depending on number of ultrasound-based cycles of sodium alginate
and calcium chloride (k; scale bars = 2 mm).
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approaches yielded devices containing unbinded and chemically binded
RhB, identified asM-NBandM-B respectively. After immersion in the al-
ginate, both samples were immersed in a calcium chloride solution
(Fig. 1e) to allow complete gelation. After this step, final M-NB and M-
B (Fig. 1f) devices were obtained. M-NB devices contain only physically
trapped RhB, while M-B devices contain either Alg-Am (Fig. 1g) or Alg-
Est-Tr (Fig. 1h) hydrogel. Fig. 1i and j depict in a clearer way the design
principle at the base of the two types of hydrogels. In one case (M-NB)
the drug, in this case the widely used model molecule RhB, is not
bound to alginate polymeric chains (Fig. 1i) and it is free to diffuse
within the polymeric matrix. This implies that RhB release from the al-
ginate takes place purely via diffusion and that it starts immediately in
the presence of a concentration gradient. In the case of M-B devices,
the drug is grafted to the alginate chain via a cleavable link (Fig. 1j),
which can be easily dissolved in a predefined pH range. This renders
the release insensitive to concentration gradients and makes possible
drug delivery only when the device reaches an environment character-
ized by the correct pH.

The thickness of alginate hydrogel, presented in Fig. 1k, can be tuned
increasing the number of ultrasound-based cycles of sodium alginate
and calcium chloride (by sequential deposition of hydrogel multi-
layers). Drug loading efficiency was calculated and it was found to de-
pend on the number of coating cycles performed. This parameter can
be calculated as the ratio between the drug entrappedwithin the device
and the initial amount of drug. In the case of a single layer, RhB loading
efficiency was 72.3%, in the case of two layers 64.7%, in the case of three
5

layers 51.9% and in the case of four layers 39.6%. As a consequence of the
surface tension of the hydrogel deposited on non-reticulated surfaces,
devices coated with many layers appear structurally distorted
(Fig. 1k). From the applicative point of view, the presence of more
than one layer considerably enhances the quantity of drug carried.
However, a distorted structure is not optimal for actuation, since it
may result in uncontrolled motion. For this reason, a single coating
cycle was employed as tradeoff between shape and hydrogel thickness.

Application of ultrasounds during immersion in the first hydrogel
solution allowed for a good penetration of the material inside the po-
rous structure of the devices. Fig. 1i depicts the appearance of a device
coated with a single layer of non-functionalized hydrogel, while Fig. 1j
shows the appearance of a device coatedwith a single layer of function-
alized alginate. In the first case, since the molecule is not bound to the
polymer chain, the typical color of RhB is clearly visible. In the second
case, the hydrogel presents a golden color, indicative of the presence
of bound RhB.

3.3. Drug delivery performances

Once proved that the alginate hydrogel systems can be successfully
functionalized with cleavable bonds (Alg-Es-Tr and Alg\\Am) and ap-
plied to magnetically steerable microdevices, RhB release was investi-
gated and compared with the case of solute only physically entrapped
within the three-dimensional polymeric network. This study is neces-
sary to investigate the benefits related to the use of cleavable linkers
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in our hydrogel systems. Release studies were conducted at 37 °C at dif-
ferent pH: 7.4 and 4.5 onM-NB andM-B devices. The percentage of RhB
released was defined as the ratio between the released amount in the
aqueous media and the total amount linked to the polymeric scaffold.

In Fig. 2a, release profiles at pH= 7.4 associated to Alg-Am and Alg-
Est-Tr functionalization were compared with RhB physically entrapped
within three-dimensional polymeric network: it is well visible that RhB
release profile fromalginate is very fast and it is almost completed in the
first 2 h, while the release from functionalized system is not observable.
In Fig. 2b release kinetics at pH = 4.5 of the three systems are plotted:
RhB physically entrapped maintained the same trend while big differ-
ences are visible for amide and click-based functionalization.

In particular it is evident that this system is pH sensitive and, in par-
ticular, the presence of acidic pH improved the cleavability of the bond
with higher percentages of release: amide bond ismore cleavable. There
the influence of the system in delivering rhodamine was investigated
plotting release percentage against time square root (Fig. 2c, d). A linear
plot is indicative of Fickiandiffusion and the y-axis intercept value an in-
dication of burst release, where it is well known that an ideal controlled
release system should present linear trend during time and its y-axis
Fig. 2. (a) In vitro release profile at pH=7.4 of RhB delivered from alginate only physically entr
profile at pH= 4.5 of RhB delivered from alginate only physically entrapped, Alg-Am (Amide)
corresponding alginate hydrogels against the square root time. The slope of the rhodamine rel
coefficient of rhodamine in gels (p<0.0001 between all of the groups). The values are calculated
plotted).
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intercept equal to zero. RhB directly loaded within alginate hydrogels
shows a linear trend only in the first 4 h and then a plateau trend is vis-
ible. Moreover, in this case the burst release contribution is high (about
40%), underlining the expected poor ability to control release of small
drugs. On the other hand, loading RhB through ester-click or amide
functionalization within alginate hydrogels increases performances in
terms of pure diffusive mass transport and in term of burst release con-
tribution that results to be extremely low at pH = 7.4. In acidic condi-
tions linear trend is visible with burst release underlying the high
pH-dependence of this system.

In summary, at the beginning (when RhB-loaded devices are placed
in the releasing medium) there is a burst release, which corresponds to
a very fast discharge of drug driven by the high concentration gradient.
As mentioned earlier, its value is about 40% for specimens containing
RhB physically entrapped (in both acidic and neutral pH), 36% for Alg-
Am and 32% for Alg-Est-Tr (at acidic pH). Note that at neutral pH,
burst release is absent for specimens where RhB is covalently linked to
the hydrogel chains. Burst release is followed by a linear release of
drug with time, which corresponds to a pure Fickian diffusion [65]
and is only driven by the concentration gradient. Finally, the release
apped, Alg-Am (Amide) and Alg-Est-Tr (Click) functionalized hydrogels. (b) In vitro release
and Alg-Est-Tr (Click) functionalized hydrogels. (c, d) The slopes of the RhB release from
ease from hydrogels against the square root time is representative of the Fickian diffusion
as a percentagewith respect to the totalmass loaded (mean value± standard deviation is



Table 1
Diffusion coefficient of RhB in alginate hydrogels.

Diffusivity [cm2/s]

pH = 7.4 pH = 4.5
Physically entrapped 2.6 10−4 2.8 10−4

Alg-Est-Tr / 4 10−6

Alg-Am / 5.7 10−5
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curve exhibits a plateau trend. After the releasemechanism is completed,
the remaining drug entrapped within the hydrogel network is released
until the complete degradation of the entire network. In our study,
pure Fickian diffusion takes place only for up to 3 h for specimens
where RhB is only physically entrapped, while it takes 8 h for Alg-Am
and18h for Alg-Est-Tr. However, thefinal aimof this device is not to pro-
long the release of drugs for long times, but enable the selective release of
drugs by exploiting a stimulus such as pH present within the body.

Mass release data obtained experimentally (Fig. 2), were used to es-
timate themodel drug diffusion coefficients. As explained above, the re-
lease mechanism could be considered as a pure Fickian diffusion, being
concentration driven through alginate hydrogel pores. Table 1 shows
the dependence of RhB diffusivity on pH. It is well visible that RhB
only physically entrapped evidenced no differences in diffusivity.
Among different functionalizations it is observable that at pH = 4.5
Alg-Est-Tr hydrogels showed lower diffusion coefficient related to the
cleavability of the bond.
Fig. 3. Magnetic actuation of hydrogel coated microdevices: linear actuation at constant time
actuation of a M-B device inside a water filled test basin (from c to g).
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It is useful to highlight that, thanks to their design, devices can be
reused at the end of the first drug delivery cycle. Since the base of the
device is a rigid 3D printed and wet metallized structure, exhaust hy-
drogel can be removed simply by immersion in a solution containing a
weak acid (like citric acid). After this step, devices can be coated again
with a new hydrogel layer.

3.4. Magnetic actuation

Microdevices described in the present paper were actuated
employing a rolling motion approach [47,53]. The working principle
for this kind of actuation is the application of a magnetic torque on the
device thanks to the presence of the magnetic CoNiP layer. Eq. 8 de-
scribes the torque obtainable on a sample immersed in amagnetic field.

Tm
�! ¼ V ∙M

! � B
! ð8Þ

V is the volume of magnetic material, M is the magnetization of the
material and B is the external applied magnetic field.

The torque applied depends thus on the volume of magnetic mate-
rial present, e.g. the thickness of CoNiP, itsmagnetization and the inten-
sity of the external magnetic field. To correctly actuate it, the device
must present a permanent magnetization M perpendicular to its
major axis. This is the rationale for the use of CoNiP as magnetic alloy,
since this material presents a semi-hard magnetic behavior. In absence
of a permanent magnetization, the device simply aligns with the
intervals (a); speed vs. frequency plot for devices coated with two steps of hydrogel (b);
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external magnetic field along its easy axis, which corresponds to its
major axis. In this case, the torque applied is perpendicular to the axis it-
self, resulting in an unwanted rotation movement. CoNiP deposited on
the samples (Fig. S6) was characterized by remanence levels as high as
140 emu cm−3 in the direction parallel to the symmetry axis and
96 emu cm−3 in the direction perpendicular to the same axis [53]. More-
over, the material must not lose easily its magnetization when exposed
to external magnetic fields. For this reason, relatively high coercivities
are required. Also in this case CoNiP is a good choice thanks to its coerciv-
ity higher than 600 Oe along any direction [53]. To provide magnetiza-
tion M, the samples were placed in contact with a strong NdFeB
permanent magnet. Subsequently, they were placed in a setup (Fig. S7)
able to provide highly controlled magnetic fields, called Octomag [59].
Such setup can apply magnetic gradients, rotating and oscillating fields
according to 5 degrees of freedom. Obviously, the intensity of the torque
is maximum when the angle between the directions of M and B is 90°,
while is 0 when such angle is 0°. This implies that, when subjected to
the external magnetic field, the device aligns its magnetization vector
with the direction of B thank to the torque applied on the device itself.
If B continuously rotates around an axis, M will continuously align with
B. This generates a continuous torque that rotates themicrorobot around
its cylindrical axis. The final result, when placed on a solid substrate, is
that the contact with the material generates a net forward motion like
in the case of a wheel. Fig. 3a depicts a M-B device immersed in water
on a glass surface that moves at constant speed. Intuitively, since the de-
vices are equivalent towheels, the speed obtained is correlated to the ro-
tation frequency of the external field by eq. 9.

v ¼ 2πrω ð9Þ
Fig. 4. Targeted RhB release tests from a M-NB device
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Where r is the radius of the device andω is the rotation frequency of
B. If M follows B in an ideal way, this correlation is expected to be linear.
Deviations from linearity can however be possible if M follows B with a
certain delay, as expectable the case of viscous solutions exerting a con-
siderable fluidodynamic drag on the devices. Microdevices not covered
by hydrogel were found to be moveable with great precision upon ap-
plication of an external magnetic field [53]. Fig. 3b depicts the correla-
tion between the rotation frequency of B and the speed of the device
obtained in water. Such correlation was found to be linear in the
range of frequencies considered and the experimental points were
fitted using equation n. The fitting allowed to evaluate indirectly the ra-
dius of the devices,whichwas found to be 1156 μm.This value is close to
the nominal one (1200 μm) expected from 3D printing. After hydrogel
application, however, external diameter and weight of the devices sig-
nificantly change. To investigate the effect on microrobots speed and
general behavior, linear actuation tests were performed at increasing
rotation frequencies of the applied field. The result obtained is visible
in Fig. 3b. The most important effect of hydrogel addition is the intro-
duction of a non-linear behavior at high actuation frequencies. When
rotation frequency exceeded 0.8 Hz, behavior was found to deviate
from the linear relationship described by equation n. Speed values
where found to be lower than expected ones. The main reason for this
behavior can be the weight of the device, which increased by 80%
with the addition of the hydrogel layer. It is also possible that hydrogel
coated microrobots mechanically interact with the substrate in a way
different with respect to uncoated devices. In particular, friction coeffi-
cient can be significantly lower. The linear part of the curve visible in
Fig. 3b was linearly fitted to evaluate the radius of the devices. A radius
of 1570 μmwas evaluated, with a 414 μmdifference with respect to the
uncoated sample. Such difference corresponds to themean thickness of
(from a to f) or from a M-B device (from g to l).
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the hydrogel on the outer zone of the microrobot. Obviously, the distri-
bution of the hydrogel is not perfectly uniform. For this reason, the value
obtained must be considered and indirectly measured mediated value.

As demonstrated in our previouswork, devices can be easily steered
by varying the inclination of the rotation axis of the applied field B
(Supporting Video 1 reports the case of a device performing a series of
90° turns, while Supporting Video 2 depicts a device following a circular
pattern). By doing this, the devices can be efficiently guided towards the
target inside complex shaped environments, as evidenced in Fig. 3c - 3 g
in the case of a custommade test basin. Such basinwas characterized by
the dimensions reported in Fig. S8 and was filled with deionized water.
To follow the shape of the test basin, inclination of the rotation axis was
sequentially changed by 90°, keeping constant the rotation frequency of
B. Initially, the device moved towards the right until the first turn
(Fig. 3c). Then, the rotation axis of themagnetic field was turned clock-
wise by 90° (Fig. 3d).

The same procedure was repeated in correspondence with the
second (Fig. 3e) and the third turn (Fig. 3f) until the device reached
the target zone (Fig. 3g).

3.5. Targeted drug delivery

To test the possibility of pH triggered drug delivery from thebiocom-
patible and dimensionally stable (Fig. S9 and S10) hydrogel coated
microrobots obtained, we employed the same test basin depicted in
Fig. 3 with the same actuation pattern. In this case, the target zone at
the end of the channel represents the target organ for drug release. Con-
sequently, drug delivery should preferentially take place exclusively in
correspondence of the target zone. In the first tests performed, a M-
NB sample was guided towards the target zone. Fig. from 4a to 4f and
Supporting Video 3 depict the result obtained. As expected, the device
immediately started releasing RhB from the moment it came in contact
with the water (Fig. 4a). During motion (Fig. from 4b to 4e), it left a
clearly visible trace of RhB stained water. When it reached the target
zone, it continued to release RhB (Fig. 4fwas acquired after 60min). Ob-
viously, by usingunboundRhB, a non-negligible amount of the chemical
was released in zones of the basin far from the target zone. This implies
a considerable waste of drug, which would be released in unwanted
zones of the organism in the case of a real application.

In the second test, aM-B samplewas employed. As clearly evidenced
in Fig. from 4 g to 4 l and Supporting Video 4, release took place only in
the target zone. No unwanted release was observed when the device
was placed in the water (Fig. 4g) and when it was guided towards the
target zone (Fig. from 4 h to 4j). To obtain the correct pH conditions,
200 μL of a 1 M sulfuric acid solution were pipetted in correspondence
of the device (Fig. 4k). This procedure, which was adopted for practical
reasons, is representative of an equivalent case in which a device
reaches a region of the channel already characterized by low pH. The
pH variation induced by the presence of the acid immediately triggered
RhB release due to cleavage of the corresponding bond. As a conse-
quence, the target zone was readily colored by released RhB after
60 min from the acid addition. Contrarily to the M-NB sample, with
M-B it was possible to limit the release to the target zone, avoiding pre-
mature RhB release in other zones of the basin.

4. Conclusions

The possibility to carry drugs, usingmagneticfield,without releasing
it and addressing a target pH-dependent drug release only in the target
site is an extremely promising medical strategy. The main advantages
reside in the possibility to consent the use of less amount of drug with
consequent reduced drawbacks connected to drug overdosing. Here
two strategies were followed to prepare pH-controlled drug releasing
hydrogels. In the first case, themodelmolecule Rhodamine Bwas linked
to the alginate polymeric chain with a cleavable ester bond. In the sec-
ond material, an amide bond-based cleavable linker was employed.
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These hydrogels, as demonstrated by the tests performed, presented a
negligible release for pH higher than 4.5. In comparison, in the same
pH range, hydrogels containing non-bonded Rhodamine were charac-
terized by very fast release kinetics. For pH environments around 4.5,
functionalized hydrogels started releasing Rhodamine B with kinetics
considerably slower than the equivalent non-functionalized material.
Indeed, the Alg-Est-Tr hydrogel was characterized by a diffusion coeffi-
cient equal to 4 10−6 cm2/s, while the Alg-Am hydrogel presented a co-
efficient equal to 5.7 10−5 cm2/s. Both values are significantly lower
than the one observed in the case of physically trapped RhB (2.8
10−4 cm2/s). This result demonstrated the possibility to switch on the
release by varying the pH of the environment, allowing for a temporal
control over drug delivery. Such temporal control was advantageously
coupledwith a complementary spatial control by applying the hydrogel
on wirelessly controlled microdevices. This result was achieved
employing porous microrobots presenting a gold coated surface.
Hydrogels were successfully applied on their surface by immersion, fill-
ing the structure of the devices. Hydrogel coatedmicrorobotswere then
magnetically actuated to evaluate controllability of their speed and po-
sition. Higher speeds (up to 10 mm/s) were observed as a consequence
of the increased diameter of the device after application of the alginate
layer. Moreover, coated devices deviated from linearity at higher fre-
quencies with respect to uncoated ones. High precision control was
demonstrated successfully guiding the microrobots inside a narrow
test channel. To demonstrate controlled drug release, two devices
were guided in the same channel and allowed to release Rhodamine B
close to the end of the channel itself. In the case of the device covered
with non-functionalized hydrogel, release was found to start immedi-
ately upon immersion in the channel. This implied a considerable
waste of drug along the path to reach the final part of the channel. Con-
trarily, functionalized hydrogel coatedmicrorobots did not release Rho-
damine B during the travel to reach the end of the channel. Conversely,
they released the dye when the environment was locally modified de-
creasing its pH. In this way, Rhodamine B was released only in corre-
spondence of the end of the channel. Considering these results, it is
evident that functionalized hydrogel coated microdevices may be po-
tential candidates to perform targeted drug delivery in environments
where pH differences are present. A typical example is the digestive ap-
paratus, which is characterized by pH levels ranging from acidic to
mildly alkaline. It is therefore possible to design the cleavable link be-
tween the drug and the alginate to allow release in correspondence of
the target region of the digestive system. The microrobots carrying the
corresponding functionalized alginate may therefore cross non-target
zones of the apparatus without releasing the drug. By doing this, a
highly optimized drug administration can be obtained.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109212.
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