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ABSTRACT

Local drug release in close vicinity of solid tumors is a promising therapeutic

approach in cancer therapy. Implantable drug delivery systems can be designed

to achieve controlled and sustained drug release. In this study, ultrathin porous

membranes of silicon wafer were employed as compatible drug reservoir

models. An anticancer model drug, curcumin (CUR), was successfully loaded

into porous silicon containers (8.94 ± 0.72% w/w), and then, cerium oxide

nanocapping was performed on the open pores for drug protection and release

rate prolongation. Next, layer-by-layer surface coating of the drug container

with anionic (alginate) and cationic (chitosan) polymers rendered pH-respon-

sivity to the device. The drug release profile was studied using reflectometric

interference Fourier transform spectroscopy at different pH conditions. It was

determined that faster decomposition of the polymeric layers and subsequent

CUR release occur in acidic buffer (pH 5.5) compared to a neutral buffer. Var-

ious characterization studies, including dynamic light scattering, Fourier

transform infrared spectroscopy, scanning and transmission electron micro-

scopy, contact angle measurement, ultraviolet–visible spectroscopy, and X-ray

powder diffraction revealed that our system has the required physicochemical

properties to serve as a novel pH-sensitive drug delivery implant for cancer

therapy.
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Introduction

In clinical cancer therapy, there is a growing demand

for effective drug delivery technologies to enhance

the bioavailability, selectivity, and release profile of

therapeutic molecules. Implantable drug delivery

membranes have been identified as a promising

alternative to oral or intravenous administration of

therapeutics [1]. These systems are able to provide a

precise control over maintaining the drug concen-

tration within the therapeutic window at the site of

action [2], offering versatility for the local release of

drugs to overcome the inherent limitations of con-

ventional therapies [1–3]. Porous silicon (PSi) mate-

rials are biocompatible and biodegradable structures

with tunable pore size applicable for local drug

release [4–7]. PSi carriers have received extensive

attention in biomedical applications due to their

in vitro and in vivo biocompatibility with negligible

acute inflammation, pain, or foreign body reactions

[8, 9]. It has been reported that the non-toxic product

of PSi biodegradation, i.e., orthosilicic acid, is excre-

ted through the urine [10, 11]. Nevertheless, surface

modification of PSi carriers has been reported as an

effective approach to improve the biodegradation of

such materials [12].

Interestingly, loading and release of chemical or

biological compounds can be detected by changes in

the optical reflectivity spectrum as shown for Fabry–

Perot layers used in sensor applications [4, 13].

However, one of the main challenges of using PSi

drug carriers in therapeutic applications is the pre-

mature drug release. To prevent this, two approaches

have been investigated. First, a ‘‘gatekeeping’’

approach has been suggested to control drug release

from porous materials [14–20] based on surface

modification with biomolecular and supramolecular

compounds to trigger drug release upon internal or

external stimuli (e.g., pH, magnetic fields, changes in

redox potential, temperature, or presence of certain

biomolecules) [18–22]. Inorganic nanoparticles in the

sub-nanometer range can act as drug release barriers

by blocking pore openings [23]. Interestingly, many

of these nano-based gatekeepers offer additional

functionality such as antioxidants and antineoplastics

(e.g., cerium oxide or silver), hyperthermia charac-

teristics (e.g., gold), or magnetic resonance properties

(e.g., iron oxide) [17, 24–26]. The second approach is

coating the porous material with polymers to control

release using internal or external triggers [27–33].

More recently, the layer-by-layer (LbL) technique has

been introduced as a robust approach to provide

polyelectrolyte multilayers (PEM) with tunable

characteristics [28]. For instance, the LbL coating of

different polymers, such as poly(allylamine

hydrochloride) and poly(styrene sulfonate) [34] or

alginate (ALG) and chitosan (CHI) [28], was studied

on mesoporous silica nanoparticles to reveal their

significant impacts on drug release profile and bio-

compatibility of designed nanosystems. Using any of

these strategies alone might overcome the limitations

of controlled release but will not satisfy the require-

ments to enable efficient cancer therapy.

The aim of the present study was to combine both

strategies (Fig. 1) and develop and assess the per-

formance of a multifunctional drug release mem-

brane based on PSi wafers which can be implanted by

means of minimal surgery. First, we produced PSi

membranes with controlled pore sizes by electro-

chemical etching of the surface of silicon wafers.

Next, we modified the surface of the PSi membrane

with cerium oxide nanoparticles (CONPs) and an

LbL polymeric coating with ALG and CHI as gate-

keeper and pH-responsive coatings, respectively. The

choice of CHI and ALG as a hydrogel gatekeeper was

based on the robust nature of the polymers, their

biocompatibility, and diffusion properties [33]. Pores

in the PSi membrane were used as reservoir for cur-

cumin (CUR), a model hydrophobic anticancer drug.

Characterization of this system was performed using

several techniques, including scanning- and trans-

mission electron microscopy (SEM & TEM), Fourier

transform infrared spectroscopy (FTIR), reflectomet-

ric interference Fourier transform spectroscopy

(RIFTS), X-ray powder diffraction (XRPD) and water

contact angle (WCA) measurement. We demon-

strated by in vitro drug release studies that our

multicomponent system can be used for sustained

and controlled release of the model drug, CUR.

Experimental procedure

Materials

Hydrogen peroxide (H2O2) 35%, (3-aminopropyl)tri-

ethoxysilane (APTES), ammonia solution 30%, and

phosphate-buffered saline solution (Dulbecco’s) were

purchased from Sigma-Aldrich Chemicals. CUR was
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received as a gift from Dr. Bahman Ebrahimi

(University of Tehran, Tehran, Iran). Cerium(III)

nitrate hexahydrate, ethylene glycol, aqueous

hydrofluoric acid (HF) (48%), and ethanol (98%) were

supplied by Merck, Inc. PSi membranes were pre-

pared from single-crystalline p-type Si (boron doped,

0.5 X cm resistivity, (100) orientation, obtained from

SoCal Nevada Inc.).

Preparation of PSi membranes

The PSi membranes had a size of 0.65 cm2 9 6.41 lm
and were synthesized by anodic electrochemical

etching of silicon wafers in a 1:0.7:0.3 (v/v) solution

of ethanol/aqueous HF 48%/distilled water (con-

stant current density of 15 mA cm-2) for 10 min. The

etch cell exposed 0.649 cm2 of the silicon wafer to the

etchant. Finally, all samples were rinsed twice with

Figure 1 Development of multicomponent silicon membranes for

cancer therapy. The multi-step modification process of porous

silicon (PSi) membranes (size of 0.65 cm2 9 6.41 lm) is

schematically represented. a Freshly etched PSi membrane has

exposed hydrogen atoms on its surface. b Oxidation by H2O2

treatment introduced –OH moieties on the surface. c Amine

functionalization using (3-aminopropyl)triethoxysilane (APTES)

and physical loading of the model anticancer drug, curcumin

(CUR) by immersion of PSi membranes in CUR solution. d 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-mediated

cerium oxide nanoparticles (CONPs) conjugation to the surface

of PSi membrane is needed to allow for efficient capping of the PSi

membrane pores. e In the last step, PSi–CUR–CONP was coated

by layer-by-layer (LbL) polymeric coating using alginate (ALG)

and chitosan (CHI).
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ethanol and milli-Q (mQ) water, respectively, and

dried by N2 gas.

The PSi membrane oxidation

To oxidize PSi membranes, two methods were

investigated, including thermal and chemical meth-

ods. Thermal oxidation was performed in different

conditions be leaving the samples at room tempera-

ture for 24 h, 65 �C for 24 h, 300 �C for 2 h, and/or

800 �C for 30 min. Chemical oxidation was per-

formed by immersing the PSi membrane in H2O2

(30%) for 90 min and/or in piranha solution (4:1 ratio

of H2SO4/H2O2) for 40 min.

Amine functionalization of oxidized PSi
membrane

Functionalization with amine groups was achieved

through the treatment of the oxidized PSi with 10%

APTES solution in ethanol while stirring at 200 rpm

for 15 h. Afterward, samples were washed several

times with ethanol to remove excess of APTES on the

surface and dried at 40 �C overnight.

Synthesis and stabilization of CONPs

Cerium(III) nitrate hexahydrate salt (5.8 mmol) was

dissolved in 100 mL of a water-ethylene glycol mix-

ture (50:50) at 60 �C, and then 16 mL of a 30%

ammonia solution was rapidly introduced under

vigorous stirring. After 3-h stirring at 60 �C, a yel-

lowish turbid product was obtained, which was

centrifuged at 5000 rpm for 10 min and washed 3

times with ethanol to remove remained residual

constituents. The CONP precipitate was dispersed in

50 mL mQ water, and then 5 mL of a citrate solution

(60 mg mL-1; pH 4, adjusted by 10 N NaOH) was

added. After 30 min sonication, the sample was

centrifuged to obtain citrate-stabilized CONPs. To

promote the stability, this step was repeated via

dispersing the sample in 50 mL citrate solution. After

30 min sonication, ethanol was added to precipitate

citrate-functionalized CONPs. Finally, a highly

transparent citrate-stabilized CONP solution in mQ

water was obtained at pH 7 [17]. In continue, stabi-

lized CONPs were utilized for all the experiments.

LbL polymeric coating of amine-
functionalized PSi membrane

LbL polymeric coating of PSi membrane was

obtained by alternative coating of PSi–CUR–CONP

layers with ALG and CHI. First, CHI was dissolved

in 0.5 M NaCl solution and the pH was adjusted to

4.0 with acetic acid. A total of 5 mL of CHI solution

(2 mg mL-1 in 0.5 M NaCl) was added to PSi mem-

branes and stirred at room temperature (RT) for 2 h.

The PSi membranes were washed once with 0.5 M

NaCl solution. Then, 5 mL of ALG solution

(2 mg mL-1) was added to the suspension and stir-

red for 2 h, before washing and placing in 0.5 M

NaCl solution [28].

Physicochemical characterization of the PSi
membrane and CONPs

Imaging analysis of the PSi membrane and CONPs

The topography of PSi membrane was characterized

by field emission SEM (Hitachi S-4800, Japan) oper-

ating at 5 kV, 11 pA to screen the pore structure; and

at 10 kV, 11 pA for the cross-sectional analysis.

Samples were completely dried and coated with a

5-nm layer of platinum before imaging. All mea-

surements were taken using the instrument’s oper-

ating software. Size distribution of pores was done by

computer-assisted image analysis (ImageJ 1.44p,

National institute of health, Maryland, USA).

In the case of CONPs, the size and shape of syn-

thesized NPs were analyzed by TEM using a CM-100

(Philips, Eindhoven, Netherlands) operating at 80 kV

as described previously [35]. In brief, samples were

prepared by deposition 5 lL of sample onto a

400-mesh carbon-coated copper grid (Polysciences

Inc., Eppelheim, Germany) and dried at RT over-

night. Prior to sample deposition, the grid was

exposed to plasma for 30 s to increase sample

binding.

FTIR analysis of the PSi membrane and CONPs

The FTIR spectra of samples were obtained using a

FTIR spectrometer (Bruker Optics, USA) equipped

with a horizontal attenuated total reflectance (ATR)

accessory (MIRacle, PIKE Technologies, USA) to

characterize the surface chemical groups of PSi

membranes as well as CONPs. The absorbance
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spectra were recorded in the wavenumbers ranged

between 550 and 4000 cm-1 with a resolution of

4 cm-1. To do so, the samples were dried at 50 �C
overnight prior to the FTIR measurements.

WCA and RIFTS analysis of the surface-modified PSi

membranes

To confirm the efficiency of surface modifications, the

WCA was measured by placing one drop (4 lL) of

mQ water on the sample surface and capturing a

digital image of the droplet using a CCD camera

(Dino model ca. 500 m) connected to a computer

(SharifSolar company). Also, RIFTS analysis of PSi

membranes with different surface modifications were

collected by using an Ocean Optics USB4000 spec-

trometer equipped with a microscope objective lens

that was coupled to a bifurcated fiber optic cable. A

halogen light source (HL-2000) was focused onto the

center of a PSi surface, and the reflectivity data were

recorded with a detector in the wavelength range of

400–1000 nm with a spectral acquisition time of

10 ms. Fast Fourier transform (FFT) analysis was

applied to calculate the effective optical thickness

(EOT) from the Wavemetrics, Inc. (www.wave

metrics.com) IGOR program library.

Porosity and thickness measurement of the PSi membrane

To determine the porosity of PSi membrane by

weight measurements, the gravimetry analysis was

performed. The wafer was weighed before etching

(m1), after etching (m2), and after the porous mem-

brane was dissolved from the bulk Si with 1 N NaOH

(m3). These three values were then used to calculate

the porosity using Eq. 1 [13]:

Porosityð%Þ ¼ m1 �m2ð Þ
m1 �m3ð Þ ð1Þ

The thickness (W) of PSi membranes was deter-

mined by Eq. 2:

W ¼ m1 �m3

Sd
ð2Þ

where S is the wafer area exposed to HF during the

electrochemical etching and d is the density of bulk Si

[36].

DLS, XRPD, and UV–Vis spectroscopy analysis

of CONPs

Zetasizer Nano ZS instrument (Malvern Instruments

Ltd., UK) was used for DLS measurement of the

hydrodynamic size (Z-average), polydispersity index

(PdI), and surface f potential of the developed

CONPs before and after citrate stabilization.

To draw a calibration curve for CONPs, UV–Vis

absorption of CONPs was measured from 200 to

700 nm (step size one nm) using a SpectraMax M2

(Molecular Devices, Sunnyvale, California, USA) in

different concentration (10–100 lg mL-1). Deionized

water was used as blank.

The amount of CONPs bound to PSi membranes

was determined using CONP calibration. For this

purpose, the porous layer was dissolved in 1 N

NaOH for 10 min and then the absorbance was

measured at 290 nm wavelength. The amine-func-

tionalized PSi membrane dissolved in 1 N NaOH

was applied as blank solution for this measurement.

The crystalline state of CONPs was investigated

using a high-resolution XRPD instrument (SmartLab,

Rigaku, Japan) equipped with Bragg–Brentano optics

and a HyPix-3000 detector (Rigaku, Japan). For this

purpose, the Cu Ka radiation was used with an

operation voltage and current of 45 kV and 200 mA,

respectively. The CONP scattering profiles were col-

lected at RT with 10–90 h scattering angle.

Loading and post-nanocapping of PSi
nanopores

For the loading of hydrophobic CUR into the nano-

pores of PSi containers, amine-functionalized PSi

membrane was introduced into a methanol solution

of CUR (10 mL, 2 mg mL-1) and the solution was

stirred for 2 h to physically assist drug loading into

the pores. Next, PSi containers were washed gently

with mQ water for three times. In order to cap the

CUR-loaded amine-functionalized PSi containers

with gatekeeper nanoparticles, water, 15 mg EDC,

and 5 mL of CONPs aqueous solution (10 mg mL-1)

were added on top of PSi containers. The mixture

was stirred for 2 h and afterward washed with mQ

water to remove non-conjugated, free CONPs. An

additional stirring for 24 h was carried out in a

water–ethanol solution to release drug molecules

from uncapped nanopores. In the end, the PSi con-

tainers were washed several times with water (pH

J Mater Sci
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7.0). The loading amount of CUR was calculated by

using UV–Vis spectroscopy. For this purpose, PSi

containers were dissolved in 1 N NaOH solution and

the amount of CUR released from the PSi nanopores

was calculated through UV–Vis measurement of

absorbance at 424 and 290 nm, respectively. A CUR

calibration curve (1–10 lg mL-1) at 424 nm was used

to assess the loaded CUR concentration [17].

Assessment of drug release profile

The drug release (CUR) performance of PSi–CUR–

CONP–CHI–ALG layers was assessed through

in vitro experiments carried out under dynamic

conditions at 37 �C and a stirring rate of 100 rpm. At

different time intervals, reflection patterns of layers

were analyzed with RIFTS analysis and EOT was

calculated by FFT. The effect of pH of the eluting

medium on drug release performance was studied by

adjusting the pH of PBS solution to 5.5 and 7.4. The

screening of changes in the thickness of PSi container

in the different samples was monitored by RIFTS

analysis as an indicative of drug release profile.

Statistical analysis

In all experiments, the obtained values are reported

as mean ± standard deviation (SD) from three inde-

pendent measurements. One-way analysis of vari-

ance (ANOVA) was used to statistically evaluate the

obtained values with a level of significance of

*p\ 0.001.

Results and discussion

Figure 1 depicts the development of our multicom-

ponent PSi membrane with a size of 0.65 cm2

9 6.41 lm and well-controlled circular geometry

without sharp edges. The freshly etched PSi mem-

brane was chemically oxidized to introduce hydroxyl

groups on the surface, which are able to interact with

APTES to present amine functional groups, which are

needed to interact with carboxyl groups on CONP

surface through EDC-mediated reaction. CONPs

were incorporated into this system on the surface of

PSi nanopores to inhibit premature CUR release.

There are some reports representing the synthesis of

redox-responsive systems with CONP coating since

CONPs can be converted to Ce ions in reductive

environment, which subsequently triggers drug

release in the tumor microenvironment [17, 37]. There

is also some biological evidence on the anti-inflam-

matory, anti-aging, anticancer, and neuroprotective

and cardioprotective potential of CONPs [38–43].

These effects all are dependent on the concentration,

particle size, and administration route of CONPs. In

the present study, we used a very low dose of CONPs

with a small size and citrate-cap to increase its bio-

compatibility. After CONP capping, the membrane

was modified with CHI and ALG (typically consid-

ered biodegradable and biocompatible). The LbL

technique used for the CHI and ALG coating of the

membrane can confer pH-sensitive properties to the

system as previously reported [28]. Importantly, the

drug release profile of our multicomponent container

was to be optimized through the engineering of PSi

membranes (i.e., changing pore diameter and length,

surface modification by CONPs and altering the

thickness and degradation of CHI/ALG coatings).

Physicochemical characterization of CONPs

Hydrophilic CONPs were prepared using a fast and

reproducible chemical strategy without any surfac-

tant molecules. Then, a stabilization approach using

citrate solution was performed. The citrate solution

was used as chelating agent due to its high affinity to

the surface of metal nanoparticles including CONPs

[17]. The resulting particles were characterized by

analytical and spectroscopic techniques, such as

TEM, DLS, XRPD, FTIR, and UV–Vis spectroscopy.

TEM analysis (Fig. 2a) revealed well-dispersed

CONPs with a diameter of around 5 nm according to

computer-assisted image analysis of size distribution.

To confirm citrate stabilization, the average hydro-

dynamic diameter was measured by DLS before and

after citrate stabilization. Their resulting sizes were

84 ± 0.8 nm (PdI = 0.332) and 26.8 ± 0.2 nm (PdI =

0.126), respectively (Fig. 2b). Citrate surface modifi-

cation results in steric stabilization of CONPs in

solution to prepare smaller particles and smaller size

distribution with prevention of aggregation [44]. The

f potential after citrate stabilization changed from

? 49.71 ± 1.7 to - 16.99 ± 2.72 mV. These values

confirmed the presence of negative carboxyl group

on the surface of stabilized CONPs and successful

modification of the surface with citrate.

Optical properties of CONPs dispersed in dH2O

were determined using UV–Vis spectroscopy. A
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prominent absorbance peak related to the charge-

transfer transitions from O 2p to Ce 4f was observed

at about 290 nm (Fig. 2c). The crystalline structure of

CONPs was identified by analysis of XRPD patterns

(Fig. 2d) using powdered samples. The presence of

peaks corresponding to (1 1 1), (2 0 0), (2 2 0), and (3 1

1) planes was indicative of a fluorite-like cubic

structure and high crystal purity. No loss of crystal

structure indicated that citrate does not destroy the

crystalline structure of CONP. According to Fig. 2e,

the FTIR analysis of the CONPs identified the

chemical bonds as well as functional groups of the

NPs. The large broad band at 3415 cm-1 was

assigned to the O–H stretching vibration, and the

peak around 1564 cm-1 is assigned to the bending

vibration of C–H stretching. The bands located at

around 816, 870, and 1036 cm-1 were attributed to

the CO2 asymmetric stretching vibration, CO3
-2

bending vibration, and C–O stretching vibration,

respectively. C–H bending was presented by a med-

ium peak at 1343 cm-1. Conclusively, these methods

demonstrate the chemical structure of the CONPs

and the surface modification with citrate.

Modification of PSi membrane
and physicochemical characterization

The foundation of our multicomponent system is

freshly etched PSi membranes with well-controlled

circular geometry and 0.65 cm2 9 6.41 lm dimen-

sions. Since hydride-terminated PSi membranes

slowly undergo oxidative or hydrolytic corrosion in

air or water, we prepared siloxy-terminated PSi sur-

faces by thermal oxidation to prevent this

phenomenon.

Controlled oxidation increases the hydrophilicity

of PSi surface, resulting in effective infiltration of

water to the pores [4]. We used H2O2 as an oxidative

agent due to its efficient and rapid interaction with

the PSi surfaces (data not shown). To cap the porous

structure by covalent binding of CONPs, the presence

of chemically reactive amine groups on the PSi sur-

face is required. Therefore, APTES was used to

introduce amine groups on PSi membranes, which

were subsequently conjugated to carboxyl groups of

CONPs by EDC chemistry. After chemical modifica-

tion by CONP, the PSi membranes were coated with

ALG and CHI polymers through the LbL technique

to increase biocompatibility and to achieve sustained

drug release. FTIR and WCA demonstrated the

chemical modifications on PSi membranes as shown

in Figs. 3 and 4, respectively. FTIR spectra (Fig. 3)

showed the successful LbL polymeric coating of the

PSi membrane, which can be identified by several

distinct peaks in the spectrum of PSi–CONP–CHI–

ALG. In the spectrum, amine-functionalized PSi

membrane showed the absorption of the silanol

bending vibration near 790 cm-1 (a), the Si–O–Si

bond around 1030 cm-1 (b), and the silanol stretching

band at 2900 cm-1 (f). The peak at 2110 cm-1 (e) in

freshly etched PSi membrane related to Si–H groups

was removed with oxidation process. The absorption

band at 1400 cm-1 (c) can be assigned to the amino

groups of CHI and the presence of NH4
? ions on

amine-functionalized PSi. After CONPs conjugation,

Figure 2 Physicochemical characterization of CONPs. a Trans-

mission electron microscopy (TEM) analysis of citrate-stabilized

CONPs (scale bar 100 nm). b CONP diameter and size distribu-

tion was determined by computer-assisted image analysis. c Dy-

namic light scattering (DLS) of CONPs before and after citrate

stabilization (CA-CONP: citric acid-stabilized CONP). d Ultravi-

olet–visible (UV–Vis) spectrum from 200 to 700 nm. e High-

angle X-ray powder diffraction (XRPD). f Fourier transform

infrared (FTIR) spectroscopy of CONPs.
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a decrease in the absorbance peak at 1400 cm-1 could

be due to the loss of some amide ions. CONPs con-

jugation results in the appearance of a new broad

peak at about 1560 cm-1, which corresponds to C–H

stretching group (d). After deposition of CHI and

ALG, the silanol absorption peak was decreased

compared to bare PSi.

WCA measurement is a simple method to evaluate

the hydrophobicity of surfaces [45], as shown in

Fig. 4a. Freshly etched PSi membrane presented a

hydrophobic surface (WCA of 105.94� ± 2�). After

thermal oxidation and concomitant conversion of

native Si–H groups to a mixture of Si–O–Si and Si–

OH groups, the WCA dropped to 15.44� ± 1�, which

was even lower than that of unetched silicon wafers.

These Si–OH groups undergo esterification during

the APTES treatment, and the WCA of amine-func-

tionalized PSi surfaces was 27.9� ± 1�, which is in

line with reported values in the literature [46]. Thus,

after oxidation and silanization, the wettability of the

PSi membrane increased significantly. After CUR

loading, the WCA slightly changed (32.75� ± 2�),
indicating successful drug loading into the nano-

pores. Conjugation of CONPs on the surface reduced

the WCA to 12.4� ± 1� owing to the high

hydrophilicity of nanoparticles (high tendency of

water molecules to carboxyl groups). Notably, these

samples were tested for three months to find the

stability of modified structure over time. As shown in

Fig. 4b, modified PSi membranes are more

stable than freshly etched PSi and the WCAs are

similar in all three modified films. Freshly etched

films changed from a hydrophobic structure to a

more hydrophilic surface over time due to slow oxi-

dation at RT.

Figure 3 FTIR spectra various PSi membranes. Freshly etched

PSi, oxidized PSi, amine-functionalized PSi, PSi–CONP, PSi–

CONP–CHI–ALG membranes. a The silanol bending vibration at

790 cm-1, b The Si–O–Si bond at 1030 cm-1, c The amino

groups of CHI and the presence of NH4
? ions on amine-

functionalized PSi absorption band at 1400 cm-1, d C–H

stretching group at about 1560 cm-1, e The Si–H groups in

freshly etched PSi membrane and f The silanol stretching band at

2900 cm-1.

Figure 4 Water contact angle (WCA) analysis. a WCA measure-

ment of PSi membranes with different modifications (freshly

etched PSi membrane; PSi membrane after oxidation by H2O2;

amine-functionalized PSi membrane; amine-functionalized PSi

membrane after CUR loading; CONP-capped PSi membranes).

b Stability of PSi membranes with different surface modifications

analyzed by WCA measurement during 3 months. *p\ 0.001 as

compared to control samples at time 0.
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The porosity and thickness measurement

The porosity and thickness of the individual PSi

membranes were determined by gravimetric analysis

and SEM imaging. According to the gravimetric

analysis, the freshly etched PSi membrane has a

porosity of 28.57% considering wafer weight before

and after etching process as well as film solvation in

1 N NaOH. The thickness analysis revealed a size of

6.089 lm for freshly etched PSi. Similarly, SEM

analysis determined a porosity of 33 ± 2% and a

thickness of 6.41 lm in reasonable agreement with

the gravimetric analysis.

The morphology of the resulting PSi membranes

before and after the modification steps was charac-

terized by SEM. Figure 5 shows a set of SEM images

with the surface and cross section of wafers. The

average of pore diameter (dp) determined by com-

puter-assisted image analysis was 10 ± 0.38 nm. The

value of the pore diameter plays an important role for

drug loading and should be tightly controlled: small

pores result in an inadequate volume available for

drug loading, and too large pores increase the risk of

burst drug release or obstruction by entrapped NPs.

Reflectometry analysis

RIFTS is an optical method based on the constructive

Fabry–Pérot interference of white light with thin

membranes. The physical thickness of the membrane

can be optically estimated from the effective optical

thickness by FFT analysis based on the Bruggeman

law [4, 47]. The relationship between 2nL and the

Fourier transformation is determined by:

mk ¼ 2nL ð3Þ

where k is the wavelength of maximum constructive

interference for spectral fringe of order m, n the index

of refraction of the porous layer and its contents, and

L is the thickness of the porous layer. As a result, a

peak can be determined by FFT, whose position

along the x-axis is equal to the quantity (2nL) (Fig. 6).

Different refractive indexes of the PSi membrane in a

Figure 5 Scanning electron microscopy (SEM) analysis of PSi

membranes. Representative SEM images from PSi membrane

surface. a Freshly etched PSi membrane (scale bar 500 nm). Pore

diameter distribution as determined by computer-assisted image

analysis. b CONP-modified PSi membrane (scale bar 1 lm). c,

d Cross-sectioned image from a freshly etched PSi membrane

[scale bars are 3 lm (c) and 500 nm (d)].
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solvent or in air allow measuring the thickness and

porosity [33, 36].

Figure 6 shows the reflectivity spectrum of PSi

membranes before and after oxide and amine func-

tionalization. The film thickness of 6.38 lm based on

the Bruggeman approximation is in agreement with

SEM images. RIFTS confirmed that all modifications

were performed on PSi membranes based on the

wavelength shift (blue or red) or changing in the

reflected intensity in the plots of reflected intensity

versus kmax. It has been shown that the increasing or

decreasing of the refractive index cause a shift to the

red (longer wavelengths) or blue (shorter wave-

lengths) end of the spectrum, respectively [48–52]. As

shown in Fig. 6, oxidation of PSi membrane resulted

in a red shift (peak 1 to peak 2) and a blue shift (peak

2 to peak 3) was observed due to silanization.

Drug loading degree and release profile

In order to develop nanosystems that can more

effectively control and sustain the release of CUR

from PSi container, CONPs were conjugated on the

surface of the PSi container prior to polymeric coating

(ALG and CHI) via LbL technique.

To calculate CUR loading degree, dissolution of

nanoporous PSi–CUR–CONP reservoir was per-

formed under basic condition (i.e., 1 N NaOH) and

absorbance at 424 nm was determined. Accordingly,

CUR loading content was 8.94 ± 0.72% w/w nano-

porous PSi reservoir.

The release of CUR at 424 nm from the nanoporous

reservoir into PBS solution in neutral (pH 7.4) and

acidic (pH 5.5) condition at 37 �C and stirring rate of

100 rpm was monitored by RIFTS. According to this

method, changes in the spectral interference pattern

occurs due to the reflection of white light at the

interfaces above (e.g., air, solution or different coat-

ings) and below the PSi layer (i.e., crystalline Si) [36].

In this study, we characterized the performance of

PSi–CUR, PSi–CUR–CONP and PSi–CUR–CONP–

CHI–ALG layers under dynamic in vitro conditions

to mimic physiological microenvironment [53]. Fig-

ure 7 presents the in vitro drug release profile from

various PSi containers at different time intervals.

Figure 6 Reflectometry analysis. The plots of reflected intensity

versus k of different functional groups on PSi membrane. The red

(peak 1 to peak 2) and blue (peak 2 to peak 3) shifts confirmed the

modifications on the surfaces.

Figure 7 Curcumin (CUR)

release profile from PSi

membranes. CUR release

profile in PBS at pH a 7.4 and

b 5.5. The release profile of

CUR was determined at

424 nm. Values are

mean ± SD, n = 3.
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Release of CUR from non-modified PSi containers

occurred rapidly and independent of pH conditions.

This increased rate of release can be attributed to the

increased rate of degradation of non-modified PSi

containers in PBS solutions. In sharp contrast, CUR

release from modified PSi containers with CONP and

CHI/ALG polymeric coating are much slower. At

physiological condition (pH 7.4), freshly etched

membranes displayed a burst release of CUR over

3 h, whereas surface-modified PSi containers exhibit

slower release rates. It is tempting to speculate that

the release at pH 7.4 is related to the electrostatic

repulsion between the CUR molecules and the ion-

ized amino groups and the large concentration gra-

dient between nanostructure and bulk solution.

Interestingly, decreasing pH could control the release

more efficient than natural pH. Since the PSi surface

does not have a strong affinity for CUR at either pH

5.5 or 7.4, the rapid release of CUR is expected. In

these pH ranges, both CUR and PSi membranes have

a net negative charge and therefore electrostatic

repulsion decreases the affinity. However, the dif-

ference in CUR solubility or dissolution kinetics

resulted in different cumulative amount released at

pH 5.5 as compared to pH 7.4. In both pHs, the CUR

release from CONP- and CHI/ALG-modified con-

tainers following up similar profile can prove the

efficient CONP functionality as gatekeeper to control

CUR release. The CHI/ALG coating on designed

nanostructure did not affect the CUR release profile

and can only enhance biocompatibility and bioavail-

ability of implantable nanosystems based on natural

approved polymers (ALG and CHI).

Conclusion

In conclusion, nanoporous PSi containers in thin cir-

cular structure containing capping layers can be

prepared by CONP conjugation and polymer coating

using an LbL technique. The CONPs and polymers

form a cap on top of pores in PSi containers, which

can act as a reservoir for various substances. RIFTS,

WCA, SEM, and FTIR confirmed that the nanoparti-

cles and biopolymers successfully covered the PSi

membrane, generating a multilayer structure. In this

study, the CUR payload was employed as a

hydrophobic model drug that was released in a

controllable manner using gatekeepers on the sur-

face. Changing the pH from 7.4 to 5.5 resulted in

better control of the release profile of drug payload

into the surrounding solution. The release profile

showed that the CONP functionality prevented burst

release. The presence of biopolymers will increase the

biocompatibility and pH-dependent performance of

the implantable container. The designed PSi con-

tainer can be placed in the vicinity of a solid tumor

for the controlled release of the CUR. The PSi implant

will be degraded over time, and the resulting

orthosilicic acid will be renally excreted [10].

The surface functionalization of nano-engineered

PSi containers with CONPs and natural biocompati-

bility and biodegradability of coated CHI and ALG

polymers is a promising strategy for clinical appli-

cations of the developed implant by controlling drug

release and improving biocompatibility and stability

in a cancerous microenvironment. This might

increase the efficiency of drug delivery systems by

improving their therapeutic index. Future in vivo

studies will be needed to demonstrate the feasibility

of this approach under physiological conditions.
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