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Abstract

A porous photonic crystal is integrated with a plastic medical fixture (IV connector hub) to 

provide a visual colorimetric sensor to indicate the presence or absence of alcohol used to sterilize 

the fixture. The photonic crystal is prepared in porous silicon (pSi) by electrochemical anodization 

of single crystal silicon, and the porosity and the stop band of the material is engineered such that 

the integrated device visibly changes color (green to red or blue to green) when infiltrated with 

alcohol. Two types of self-reporting devices are prepared and their performance compared: the 

first type involves heat-assisted fusion of a freestanding pSi photonic crystal to the connector end 

of a preformed polycarbonate hub, forming a composite where the unfilled portion of the pSi film 

acts as the sensor; the second involves generation of an all-polymer replica of the pSi photonic 

crystal by complete thermal infiltration of the pSi film and subsequent chemical dissolution of the 

pSi portion. Both types of sensors visibly change color when wetted with alcohol, and the color 

reverts to the original upon evaporation of the liquid. The sensor performance is verified using E. 
coli-infected samples.
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Intravascular (IV) catheters are among the most commonly used means of delivering 

therapeutics or for aspirating blood samples in hospitals and clinics worldwide. Despite 

widespread use, these devices are prone to bacterial colonization that puts patients at risk of 

local and systemic infections such as injection-site infection, catheter related-bloodstream 

infection, phlebitis, septic thrombophlebitis, endocarditis, and other complications. In the 

United States alone, more than 80,000 intravascular catheter-related complications are 

reported every year for patients in intensive care units, with an estimated 9600 to 20,000 

deaths and an expense ranging from $296 million to $2.3 billion US annually.1–4 Needle-less 

systems, where an IV line is placed in the patient and reused multiple times via a port or 

hub, are now common in healthcare settings, and they have led to substantial reductions in 

needle-stick injuries. Failure to properly disinfect the reusable injection port on such IV 

catheters is considered one of the more pervasive errors made by staff and health care 

professionals.5 When not disinfected between administration sets, an IV connector hub can 

provide a source of infection, and when disinfected improperly, the infusion of residual 

disinfectants into the bloodstream can lead to phlebitis.6–9 Phlebitis is an inflammation of 

the cannulated vein, and it is the most frequent complication associated with peripheral IV 

catheters, occurring in 27–70% of all the catheters deployed.10–14 IV-related phlebitis is 

recognized as a problem by manufacturers, the Center for Disease Control (CDC), and the 

Infusion Nurses Society (INS).15–22 This study was motivated by the desire to incorporate a 

sensor on an IV catheter connector hub that could provide a visual cue to the healthcare 

worker that the device has been disinfected, and furthermore indicate when the liquid 

sterilizing agent has been completely removed.

The approach used in this work is based on embedding a mesoporous photonic crystal into 

the surface of a plastic fixture.23–25 Our group and others have shown that porous silicon 

(pSi) can be used as a template for solution-cast or heat-cast polymers,26–31 and the resulting 

polymer-pSi composites or polymer replicas can retain the porous nanostructure of the 

template. By using a porous photonic crystal as the template, the polymer takes on the 
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spectral characteristics of the template, in particular, its ability to display a stop band in the 

reflectance spectrum, and the ability of this stop band to shift when infiltrated with a liquid

—resulting in a color change that is readily observed with the unaided eye. For the present 

work, we employed thermal infiltration to either partially or completely infiltrate the 

template, and used an IV connector (BD-MaxPlus Clear) made of polycarbonate, which 

formed a viscous liquid that infiltrated the pores of the pSi host. Two types of sensors were 

prepared (Scheme 1): (a) a composite sensor, where the pSi template was fused to the 

polycarbonate surface, partially infiltrating the pSi film but leaving the majority of the pore 

structure open and available for sensing; and (b) an all-polymer sensor, where the pSi 

template was completely infiltrated with polymer and then removed by chemical dissolution. 

The sensor devices were tested for their ability to indicate the presence of disinfectant 

delivered by a commercial alcohol swab (70% isopropyl alcohol), and sterilization was 

confirmed using a nonpathogenic E. coli strain and a standard culturing assay.

RESULTS AND DISCUSSION

Fabrication of pSi Templates for the Photonic Sensors

The pSi templates for both types of sensors (polymer composite and all-polymer) were 

synthesized by electrochemical anodization of single-crystal silicon wafers in an aqueous 

ethanolic hydrofluoric acid electrolyte using a sinusoidal current–time profile as previously 

described.23,32 Cross-sectional scanning electron microscope (SEM) images revealed the 

modulation in porosity as a series of light and dark bands spaced at approximately 150 nm 

and running parallel to the surface of the porous layer (Figure 1 and Figure S1, Supporting 

Information). The evenly spaced layers generate an optical rugate filter, displaying a stop-

band in the reflection spectrum with a wavelength of maximum reflectance directly 

proportional to the spacing in the layers (Figure S2, Supporting Information).33,34 Thus, the 

apparent color of the pSi template (and thus the resulting templated sensors) was readily 

engineered by adjusting the period of the sine wave that served as the current density–time 

waveform used in electrochemical anodization of the silicon wafer. Digital analysis of the 

plane-view SEM images (Figure S1a, Supporting Information) indicated a mean pore 

diameter of 19 ± 7 nm. Average porosity of the pSi template, measured by means of 

gravimetry and by the spectroscopic liquid infiltration method (SLIM),23 was ~60% for both 

sensor types (Figure S2 and Table S1). For the pSi-polymer composite sensors, the pSi 

templates were designed to be thicker, containing more porous layers than the templates 

used for the all-polymer sensors. The thickness of the templates was measured by cross-

sectional SEM, by SLIM, and by gravimetry, and they were on the order of ~60 μm thick for 

the pSi-polymer composite sensor templates and ~40 μm thick for the all-polymer sensor 

templates (Table S1).

Fabrication of pSi-Polymer Composite Photonic Sensors

One of the key motivations for constructing the composite sensors was to capitalize on the 

high refractive index contrast afforded by silicon. This can be expected to give a strong 

reflectance spectrum that is more readily seen by eye when the sensor is wetted with the 

disinfectant solution; for example, if the porous skeleton possesses a refractive index closely 

matching the value of the liquid disinfectant filling the pores, then the intensity of the stop 
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band reflectance will be near zero. The index of refraction of crystalline silicon in the 

wavelength range of interest is 3.8,33 while the index of polycarbonate (1.58)35 is closer to 

the index of 70% aqueous isopropanol (1.372 ± 0.001 at 22.6 °C, measured at λ = 589.3 nm) 

used as a disinfectant. Thus, we attempted to build a sensor element where only a small 

portion of the pSi film was infiltrated with polymer, in order to serve as an anchoring point, 

while the majority of the pSi layer remained open and exposed on the fixture surface to act 

as the sensor (Scheme 1).

The thermal infiltration process used to fabricate the pSi-polycarbonate composites was first 

optimized using hard polycarbonate disks, and a range of temperatures and infiltration times 

was explored. To improve polymer infiltration and avoid drift of the optical spectrum during 

processing, the pSi templates were partially oxidized by heating at 500 °C for 2 h in air prior 

to polymer infiltration. This treatment generated a thin oxide shell on the pSi skeleton. 

Filling of pores by polymers is a complex process that is highly dependent on the pore size 

of the host and the viscosity of the polymer.26,36 In the present case, the optimal thermal 

infiltration procedure was determined to be as follows: the polycarbonate disk was placed on 

top of the pSi photonic crystal template, the assembly was heated at 185 °C for 2 h, and then 

the temperature was increased to 230 °C and the device was maintained at that temperature 

for an additional 12 h. We found that the first step of heating at 185 °C was effective in 

avoiding the formation of air bubbles in the polymer. The second heating step yielded 

relatively complete infiltration of the pores. Upon cooling, the polymer-infiltrated pSi layer 

spontaneously detached from the underlying bulk silicon wafer due to stresses associated 

with solidification of the polymer and differences in the thermal expansion coefficients of 

silicon and polycarbonate, resulting in a freestanding pSi-polymer composite. The open pore 

structure of the pSi template was readily observed on the detached side of the film (Figure 

1a), indicating that the polymer did not fully infiltrate the nanostructure. This was confirmed 

by optical reflectance measurements (Figure S3, Supporting Information) and with cross-

sectional SEM measurements (Figure 1b). Energy dispersive X-ray spectroscopy (EDS) was 

employed in the SEM to confirm the infiltration of polymer into the pSi template, and it 

indicated that the polymer penetrated to depths of between 7 and 10 μm into the 60-μm-thick 

pSi templates (Figure 1b,e). This is consistent with the optical measurements; the reflection 

spectrum from the composite film displayed two distinct stop bands, one at the wavelength 

corresponding to the air-filled pSi template (λsb = 520 nm) and another, weaker band (λsb = 

660 nm) arising from the polycarbonate-filled region of the pSi template (Figure S3, 

Supporting Information). The imprinting process (i.e., infiltration of polymer into the pSi 

master to replicate its nanostructure) yielded comparable morphological and spectral 

characteristics when commercial polycarbonate IV connector hubs were used in place of the 

polycarbonate disks (Figure 2).

Fabrication of All-Polymer Photonic Sensors

Whereas the pSi-polymer composite sensors displayed strong, readily observable colors due 

to the high refractive index of the silicon skeleton, the presence of silicon, or any material 

other than the medical-grade polycarbonate of the fixture raises concerns about potential 

contamination or adverse reactions of fluids contacting the device. Therefore, we also 

explored an alternative device design where the photonic sensor was composed completely 

Kumeria et al. Page 4

ACS Sens. Author manuscript; available in PMC 2019 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of polycarbonate. This approach relied on the ability of the pSi material to serve as a 

removable template for polymer casting that can be selectively removed by a chemical 

etchant.27 There are a few chemical systems that can selectively remove silicon: the well-

known xenon difluoride etchant used in the manufacture of silicon MEMS,37 strongly 

alkaline solutions such as aqueous KOH,23 and mixtures of dimethyl sulfoxide and aqueous 

HF.38 In this work we chose to use the dimethyl sulfoxide/aqueous HF etchant due to its low 

reactivity with polycarbonate.

The dimethyl sulfoxide (DMSO) in the dimethyl sulfoxide/aqueous HF system acts as a mild 

chemical oxidant, converting silicon to silicon dioxide. In the presence of aqueous HF, the 

oxide product then dissolves. The relatively low surface tension of DMSO allows the etchant 

solution to penetrate the mesoporous structure, allowing efficient removal of the pSi 

skeleton.38,39 In the present case, the procedure was sufficiently mild that the polymer 

retained a replica of the nanostructure of the original pSi template (Figure 1f), and the 

resulting all-polymer nanostructure displayed the optical properties of a photonic crystal 

(Figure S3, Supporting Information). However, because the wavelength of the stop band 

depends on the volume fraction and the index of refraction of the skeleton, the stop band of 

the resulting polycarbonate replicas was substantially blue-shifted from the stop band of the 

original pSi templates. Thus, the stop band of the pSi template used for the all-polymer 

photonic sensors was engineered with a periodicity appropriate to yield the desired color in 

the final system (Table S1, Supporting Information). The imprinting process yielded similar 

results with commercial polycarbonate IV connector hubs as it did with polycarbonate disks 

(Figure 2).

Sensing of Alcohol Sterilization Solutions Using the Photonic Devices

The ability of the pSi-polymer composite and the all-polymer photonic devices to detect the 

presence of 70% isopropyl alcohol disinfecting solutions was then assessed by optical 

reflectance spectroscopy and by visual inspection. A distinctive red shift in the stop-band of 

>60 nm was observed for either the pSi-polymer or the all-polymer photonic sensor disks. 

The visual appearance of the pSi-polymer composite changed from green to red upon 

addition of the alcohol disinfectant (Figure 2a and Figure S3a), and for the all-polymer 

photonic structure the color changed from blue to light green (Figure 2b and Figure S3b). 

The spectral observations for the imprinted commercial polycarbonate IV connector hubs 

were similar to those of the polycarbonate disk test articles, although the net spectral shifts 

upon alcohol infiltration were somewhat smaller for the IV connector hub devices (65 nm vs 

80 nm for the composite sensors and 40 vs 60 nm for the all-polymer sensors). This implies 

that the porosity of the photonic crystal was somewhat lower for the IV connector hubs 

relative to the polycarbonate disk test articles, and suggests that the polycarbonate 

comprising the IV connector hubs did not infiltrate the pSi templates as fully as the 

polycarbonate comprising the test disks. The difference in flow behavior is not surprising, as 

the hubs and the disks derived from different manufacturers, and it is unlikely that the 

viscosity, molecular weight, and other fundamental properties of the two types of 

polycarbonate test articles used in this study were the same. Although we confirmed that 

both comprised polycarbonate by FTIR measurements, we did not measure viscosity, 

average molecular weight, or other properties of the polymer samples.
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The photonic stop-band for both the photonic sensors returned to their original values after 

evaporation of the disinfectant (Videos S1–S4, Supporting Information). Both types of 

devices were able to visually report complete evaporation of the disinfectant, although the 

intensity of the stop band displayed by the all-polymer devices was distinctively weaker and 

more difficult to discern than for the pSi-polymer composites. The weaker reflection from 

the all-polymer rugate filters is consistent with the lower refractive index contrast between 

polycarbonate and the medium filling the pores (either air or alcohol) relative to the index 

contrast between silicon and these same media, as discussed above and elsewhere.24,34,40 

The color changes were stable and reproducible over repeated wetting and air-drying cycles 

(Figure 2c,d). Direct addition of 70% isopropyl alcohol (20 μL) into these devices required 

2–3 min to completely evaporate and for the original color to return.

A concern with colorimetric sensors is that a fraction of the human population is color-blind 

and so may not readily be able to distinguish blue-to-green or green-to-red color changes. 

For this reason we explored the possibility of tuning the spectral band of the photonic sensor 

to the red, such that liquid infiltration shifted the stop band into the near-infrared region of 

the spectrum (Figure S4, Supporting Information). The visual perception to a completely 

color-blind person (or in a grayscale image) in this case was a distinctive change from light 

to dark upon liquid infiltration.

Sensor Performance under a Bacterial Challenge

In order to validate the sensors in a realistic complex matrix, we exposed the photonic 

sensors embedded in IV connectors to growth media containing bacteria. There were two 

main goals of these experiments: first, we wanted to evaluate if contaminants would collect 

in the nanoporous matrix of the sensors, fouling the optical response. Second, it is known 

that bacteria can accumulate on porous media, and there is a potential that such surfaces may 

enhance bacterial colonization and growth and thus be more difficult to sterilize.41–44 The 

sensors were incubated in 2 × 106 CFU/mL of nonpathogenic E. coli (FDA strain Seattle 

1946) in Luria–Bertani (LB) media for 4 h. Subsequently, the sensors were thoroughly 

rinsed with DI water and then scraped with an inoculation loop to collect the adhered 

bacteria, which were then cultured on agar plates to determine the number of colony-

forming units (CFUs). We detected (1.5 ± 0.4) × 105 CFU/mL on the pSi-polymer composite 

photonic sensors and (7 ± 2) × 104 CFU/mL on the all-polymer photonic sensors (Table S2, 

Supporting Information). The observed difference in the number of CFUs found on the two 

types of sensors can be attributed to differences in their wettability, which is known to 

influence bacterial adhesion.45 Water contact angle (WCA) measurements (Figure S5, 

Supporting Information) showed that the pSi-polymer composite photonic sensors, which 

displayed the higher degree of bacterial attachment, were also substantially more hydrophilic 

(WCA = 11.6°) compared to the relatively hydrophobic all-polymer photonic sensors (WCA 

= 113.8°).

Another set of sensors were subjected to the same E. coli incubation procedure and then 

swabbed with alcohol wipes following the sterilization procedure recommended by the U.S. 

Center for Disease Control (30 s to 2 min, wipe saturated with 70% isopropyl alcohol).16 

After the sterilization procedure, the surface of the samples was assayed for the presence of 
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live bacteria as described above. No live E. coli were observed to survive this procedure (to a 

detection limit of 25 CFU/mL). We also analyzed the porous sensor surfaces by electron 

microscopy to determine the fate of adhered E. coli post-sterilization. Electron microscope 

images of the surface of the sensor devices after contact with the alcohol swab showed 

evidence of ruptured E. coli cells; consistent with the lack of CFUs observed after 

sterilization (Figure S6, Supporting Information).

The optical changes exhibited by the sensors during the infection and sterilization processes 

were monitored using reflection spectroscopy and visual assessment. The pSi-polymer 

composite photonic sensors, being more hydrophilic,26 were infiltrated by aqueous solutions 

and thus exposure to the culture media induced a color change (red shift) similar to that 

observed upon alcohol sterilization. When the samples dried the color blue-shifted back to 

the original, air-filled values. Subsequent sterilization with alcohol generated the expected 

red shifts in color, analogous to what was observed with the pristine sensors. Thus, the color 

changes observed with the pSi-polymer composite photonic sensors could not clearly 

distinguish between the alcohol sterilization solution and a bacteria-infected liquid medium. 

By contrast, the all-polymer photonic sensors were more hydrophobic (Figure S5, 

Supporting Information); the aqueous culture media did not readily infiltrate the nanopores, 

and no substantial change in color was observed when this sensor type was incubated with 

the bacteria culture medium. As with the pSi-polymer composite photonic sensors, the 

expected color changes were observed upon subsequent sterilization with alcohol. Thus, the 

all-polymer system is more reliable from the perspective of the colorimetric assay: due to the 

hydrophobic nature of the sensor, the green-to-red color change was only observed with 

alcohol solutions and not with water-based solutions.

The nanoporous nature of the sensor elements could be a potential source of leaks in a 

connector hub. We tested the integrated IV connector hub-sensor units for leakage under 

simulated infusion conditions, and observed no visible fluid leakage after 10 usage cycles 

(Video S5, Supporting Information). We also evaluated whether or not silicon (in the form of 

water-soluble orthosilicate) would leach into the infusate from the pSi-polymer composite 

photonic devices. The silicon content in the infusate (PBS) was measured using the 

molybdenum blue assay,46 which showed no detectable (LOD = 0.5 ppm) silicon in 1 mL of 

infusate after 30 min of contact with the sensor hub. For comparison, the concentration of 

silicon in human plasma is 5 ppm.47–49

It should be noted that the sensor described in this work is designed to function in a specific 

clinical environment, and a main limitation of the sensor is that it is nonspecific, responding 

with a color change to essentially any liquid that infiltrates the mesoporous structure. Thus, 

contamination of the sensor surface with IV fluids that can infiltrate but that are not readily 

removed from the nanoporous matrix is a concern. It is worth noting that modern IV 

connectors are designed to minimize the possibility of IV fluid leakage; the BD-MaxPlus 

Clear IV needleless connector used in this study is an anti-reflux connector that is 

specifically designed to minimize the possibility of leakage of IV fluid into the region where 

the sensor surface is located during priming, flushing, and aspiration.
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Another concern related to integrating these visual sensors with an IV connector is the 

mechanical stability of the sensor. Although we did not perform extensive mechanical tests, 

we did not observe any signs of mechanical wear or degradation during repeated swabbing 

with alcohol (Videos S3 and S4, Supporting Information) or during repeated infusion of 

buffer solutions through the sensor-integrated IV device (Video S5, Supporting Information). 

These latter experiments involved connecting and disconnecting a luer lock syringe to the IV 

connector for each flushing procedure.

In summary, this study explored the potential for embedding pSi photonic sensors into 

reusable medical devices as a visual aid to effective sterilization. We employed needleless IV 

connector hubs as test fixtures, and evaluated two types of sensors consisting of 

polycarbonate thermally cast into pSi photonic crystal templates: a composite consisting of 

pSi and polycarbonate, and an all-polycarbonate device from which the pSi template had 

been selectively removed. Both types of sensors displayed distinctive color changes that 

reported on the infiltration and the evaporation of a 70% isopropyl alcohol disinfectant. The 

pSi-polymer composite sensor displayed more intense colors and color changes that were 

more visually distinct, but the all-polymer sensor was more effective at repelling water-

based solutions that could potentially act as false positives for the presence of the alcohol 

sterilizing agent. The sensor-embedded IV connector units could be used multiple times 

without any degradation in optical response, leakage, or leaching of silicon into a test 

infusate.

EXPERIMENTAL SECTION

Materials

Single-crystal silicon wafers, highly boron-doped (p-type), of resistivity 1 mΩ·cm, and 

thickness 525 ± 25 μm and polished on the (100) face were purchased from Virginia 

Semiconductor. Absolute ethanol (200 proof) was obtained from VWR International Corp. 

Hydrofluoric acid (48% aqueous, ACS grade) was obtained from Macron Chemicals. 

Potassium hydroxide (ACS grade, 85%) was purchased from Fisher Scientific Chemicals, 

Inc. Phosphate buffered saline (PBS) solution and Hank’s buffered saline solution (HBSS) 

was purchased from Gibco, Inc. Aqueous solutions were prepared from 18 MΩ deionized 

water (DI). Clear polycarbonate sheets were purchased from eplastic, inc. (HYGARD 

MS1250 CLEAR-A00, 040 in. thick). BD MaxPlus Clear IV connectors were purchased 

from the manufacturer. Identity of the polymers was confirmed by FTIR (strong bands at 

1769, 1503, 1219, 1187, and 1158 cm−1 characteristic of polycarbonate).

Preparation of pSi Photonic Crystal Templates

Different pSi rugate filter templates were used for the pSi-polymer composite and the all-

polymer sensors. Both types of pSi photonic crystals were etched into the highly doped 

silicon samples by electrochemical anodization (Keithley Sourcemeter model 2651, 

Tektronix, USA) in aqueous ethanolic hydrofluoric acid (3:1 v:v 48% aqueous HF:ethanol) 

electrolytes following published procedures.23 Caution: HF is highly toxic and contact with 
skin should be avoided. Anodization of the wafers was preceded by a “sacrificial etch” step 

to prepare clean and reproducible silicon surfaces. The sacrificial etch was carried out at 
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constant current density (100 mA cm−2) for 30 s, which generated a thin porous silicon 

layer. This layer was then completely removed by immersion in a 2 M aqueous solution of 

potassium hydroxide (KOH). The pSi photonic crystal templates for the pSi-polymer 

compsite sensor were prepared by application of a sinusoidal current density-time profile 

(minimum current density: 100 mA cm−2, maximum current density: 200 mA cm−2, period: 

2.6 s, 300 cycles). The templates were then thermally oxidized in a muffle furnace 

(Thermolyne, Thermo Fisher, USA) at 500 °C for 4 h (including the time for temperature 

ramp of 10 °C/min from/to ambient for both the heating and cooling phases). For the pSi 

photonic crystal templates used to prepare the all-polymer sensors, the current density limits 

and the period of the waveform were the same as for the pSi-polymer composite devices, but 

the number of cycles was 250, resulting in a thinner pSi template. The thermal oxidation 

(500 °C) was carried out for 2 h.

Polymer Infiltration into pSi Photonic Crystal Templates

All polymers were thermally infiltrated into the pSi templates by placing the polymer onto 

the template and heating it above the glass transition temperature of the polymer (210 °C). 

To prepare the pSi-polymer composite and the all-polymer photonic disks, a polycarbonate 

sheet (~1.5 cm × 1 cm) was placed on top of the pSi template and preheated to 185 °C on a 

hotplate (in air). After 2 h at 185 °C, the temperature was raised to 210 °C and infiltration 

was allowed to proceed for 16–18 h. The samples were allowed to cool to room temperature, 

and they were then immersed in liquid nitrogen. The rapid cooling usually resulted in 

fracture at the polymer/silicon substrate interface, generating freestanding pSi-polymer 

composites. The resulting pSi-composite sensors were then cut into disks with a diameter of 

5 mm using a metal hole punch and used as-is. The all-polymer sensor disks were prepared 

from these pSi-composites by soaking in a solution consisting of 1 part dimethyl sulfoxide 

(DMSO), 3 parts 48% aqueous HF, and 1 part ethanol for 18 h. This solution has been 

shown to effectively remove Si and SiO2 from composite pSi structures.39 Polymer 

infiltration of IV connector hub units (BD-MaxPlus Clear) was carried out using the above 

thermal infiltration process, where the IV connectors were placed onto the pSi substrate and 

heated to 185 °C for 2 h. The connectors were pressed to the surface to ensure contact of the 

sensor to the silicon. The temperature was then increased to 210 °C for 10–18 h. To prepare 

the all-polymer IV connector hub sensors, the pSi template was removed by soaking in 

DMSO/HF/EtOH (1:3:1) for 8 h.

Scanning Electron Microscopy and EDS Analysis

Samples were imaged using a Zeiss Sigma 500 scanning electron microscope (SEM) with at 

an accelerating voltage of 1 kV. The samples were coated with iridium using a sputter coater 

prior to imaging to prevent charging. The energy dispersive X-ray spectra (EDS) were 

obtained using a Philips XL30 field emisson SEM fitted with an EDS detector (iXRF 

Systems, inc), operating at an acellerating voltage of 20 kV and using integration times of 50 

s. Images were processed and analyzed using ImageJ software (public domain program, 

NIH). SEM images of bacteria were obtained ater sequential dehydration in decreasing 

concentrations of ethanol (100% v/v to 0% v/v).
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Optical Characterization

Reflectance spectra were acquired using a CCD spectrometer (Ocean Optics USB-4000) 

fitted to a bifurcated fiber optic cable as previously described.23 One arm of the optical fiber 

was connected to the spectrometer, while the other arm was connected to a tungsten light 

source (Ocean Optics LS-1). The distal end of the combined fiber was attached to a focusing 

lens to allow acquisition of 180° reflectance spectra from the sample surface, with a spot 

size of approximately 2 mm in diameter. The porosity and thickness of the samples was 

calculated using the spectroscopic liquid infiltration method (SLIM) described previously.
23,50 For the measurements involving repeated wetting/drying cycles, the sensor sample was 

firmly clamped to an optical table and the spectrometer was configured to acquire a 

spectrum every minute for a period of 2 h. A baseline signal was acquired for 10 min and 

then an aliquot (10 μL) of 70% isopropyl alcohol was applied to the surface of the sensor. 

After approximately 3 min the sample was dried in a stream of compressed air. The sample 

was then allowed to sit in air for an additional 3 min and the next aliquot of alcohol was 

applied, up to a total of 10 applications. Refractive index of liquids was measured with a 

Refracto 30GS (Mettler Toledo). Digital photographs were obtained using a Canon Rebel 

XT1 digital camera fitted with a macro lens.

Bacteria Culture and Sterilization Procedures

A nonpathogenic E. coli strain, FDA strain Seattle 1946, was obtained from American Type 

Culture Collection (ATCC). A single colony of E. coli was inoculated into Luria–Bertani 

(LB) media (COR Biosciences, USA) and incubated overnight at 37 °C. The culture was 

then washed three times with PBS (pH 7.4) by centrifugation (Centrifuge 5804, Eppendorf, 

4200×g, 5 min) and resuspended in 10 mL of buffer. The culture was diluted to an optical 

density (OD) of 0.1 (measured at 600 nm), corresponding to 108 CFU/mL.51,52 In order to 

assess the efficiency of sterilization of infected sensors, the culture was diluted to 2 × 106 

CFU/mL and the devices were incubated in the mixture for 4 h. The samples were then 

rinsed briefly with water and scrubbed with a 70% isopropyl alcohol saturated swab (Webcol 

alcohol pads, Covidien) for 30–60 s, following the published protocol.22 In order to assay 

for remaining live bacteria, the sample surface was thoroughly scraped with a heat sterilized 

inoculation loop and the bacteria collected in 200 μL of sterile water. For each sample, four 

dilutions of bacteria were prepared 0×, 100×, 1000×, and 10000× in sterile water and 

streaked onto an agar plate (Prepoured Agar BioRad). The plate was incubated at 37 °C for 

16 h and the number of CFUs was determined by counting the colonies and accounting for 

appropriate dilution. Only the agar plates that contained 25–250 colonies per plate were 

considered in the CFU/mL calculation.

Si Leaching Tests

The IV connector-sensor device was attached to a 1 mL syringe filled with 1 mL HBSS that 

was pushed through the IV connector into a glass vial. The delivered volume was measured 

taking into account the dead volume in the syringe and IV connector hub to test for gross 

leakage. The delivered solution was tested for traces of dissolved silicon using the 

molybdenum blue (MB) assay. The MB assay reagents were prepared following the 

literature protocol:46 Solution A was prepared by adding ammonium molybdate tetrahydrate 
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(1 g) and concentrated hydrochloric acid (3 mL) to 25 mL DI water, mixing, and then 

diluting in a volumetric flask with additional DI water to a total volume of 50 mL. For 

solution B, oxalic acid (4 g), 4-(methylamino)phenol hemisulfate (1.33 g), and anhydrous 

sodium sulfite (0.8 g) were added to 100 mL of DI water and mixed well. The solution was 

diluted in a volumetric flask with additional DI water to a total volume of 200 mL. For 

assaying, the test solution, solution A, and solution B were mixed in a volume ratio of 4:1:5 

in an Eppendorf tube and incubated at room temperature for 1 h. The silicon content was 

quantified by measuring the absorbance at 810 nm and comparing to a standardized curve 

prepared from ICP standard of Si (TraceCERT, 1000 mg/L Si in nitric acid, Sigma-Aldrich).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SEM images of pSi-polymer composite photonic sensor element consisting of a pSi template 

partially infiltrated with polycarbonate. (a) Plan view of the pSi template on the side 

opposite the polymer layer, showing the open pore structure of the template with no 

detectable polymer. Scale bar: 1 μm. (b) Cross-sectional image showing the interface 

between the polymer-infiltrated region of the pSi film and the empty region of the pSi film. 

The layered nanostructure corresponding to the periodic porosity gradient that was generated 

during electrochemical preparation of the pSi template is apparent. The dashed line indicates 

the demarcation between polymer-filled and empty pSi regions. Scale bar: 2 μm. (c) Higher 

magnification cross-sectional image of the empty region of the pSi film (above the dashed 

line in (b)), representing ~6 cycles of the repeating rugate nanostructure in the porous film. 

Scale bar: 200 nm. At this magnification, the gradual oscillations in porosity that occurs in 

the nanostructure to generate the optical rugate filter are not readily apparent. (d) Cross-

sectional image obtained at the same magnification as in (c), but of the polycarbonate-filled 

region of the pSi film (below the dashed line in (b)). Scale bar: 200 nm. (e) EDS element 

map of approximately the same region as represented in (b), showing the boundary and 

depth of polymer infiltration (green represents silicon and red represents carbon). Scale bar: 

2.5 μm. (f) Cross-sectional image of the all-polymer photonic sensor for comparison. This 

sample was prepared by thermal infiltration of a pSi template with polycarbonate as in the 

other images, but the silicon nanostructure has been removed by selective dissolution using 

dimethyl sulfoxide/HF(aq) as described in the text. Scale bar: 1 μm.
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Figure 2. 
Spectral shifts and reproducibility of pSi-polymer composite and all-polymer photonic 

sensors embedded in IV connector hub units. Reflected light spectra quantify the shift in the 

photonic stop-band when 70% isopropyl alcohol sterilization solution is applied: (a) pSi-

polymer composite photonic sensor; (b) all-polymer photonic sensor. Images at the right of 

each plot show digital photographs of the IV connector hub units corresponding to the 

traces: top, dry sensor prior to alcohol; middle, sensor wetted with alcohol; bottom, sensor 

after a few minutes of air-drying. Border color of each photograph corresponds to the color 

of each representative trace in the plots. (c,d) Changes in the wavelength of the reflection 

stop-band, recorded during repeated exposure of (c) composite IV connector hub unit and 

(d) all-polymer IV connector hub unit to 70% isopropyl alcohol solution. Peak shift values 

correspond to the increase in wavelength (red shift) of the stop band when the porous 

nanostructure is fully wetted with 70% isopropyl alcohol solution (“Wet”) relative to the dry, 

air-filled sensor (“Dry”). The number of sterilization cycles is indicated on the top.
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Scheme 1. Schematic of the Steps Used to Prepare pSi–polymer Composites and All-Polymer 
Photonic Crystals Used as Sterilization Sensorsa

aFirst, a pSi template is prepared by electrochemical etching using a sinusoidal current 

density-time waveform, such that it possesses a layered porous nanostructure that acts as a 1-

dimensional photonic crystal. Then the polymer (in this work, a test article or a commercial 

IV connector hub) is thermally infiltrated into the pores of the pSi template by raising its 

temperature above the glass transition temperature of the polymer (230 °C for the 

polycarbonate used in this work). To prepare the pSi-polymer composite photonic crystal, 

the polymer is only partially infiltrated into the pSi nanostructure, and the thermally 

infiltrated structure separates from the silicon wafer substrate upon cooling. For the all-

polymer photonic crystal, the composite is removed by freeze-fracture, and then the 

nanostructured pSi template is removed by chemical dissolution using a mixture of dimethyl 

sulfoxide, aqueous HF, and ethanol. A photograph of a sensor-embedded IV connector hub 

mated to a syringe is shown on the upper right. The tip of the hub where the photonic sensor 

is located attaches to the syringe through a luer lock fitting, and the opposite end of the hub 

connects to an IV line. Under normal operation, the luer lock isolates the sensor element 

from the fluid being delivered and there is no contact between the IV fluid and the sensor.
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