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Bioresorbable Nanostructured Chemical Sensor for
Monitoring of pH Level In Vivo
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Daniela Giuliani, and Giuseppe Barillaro*

Here, the authors report on the manufacturing and in vivo assessment of a
bioresorbable nanostructured pH sensor. The sensor consists of a
micrometer-thick porous silica membrane conformably coated layer-by-layer
with a nanometer-thick multilayer stack of two polyelectrolytes labeled with a
pH-insensitive fluorophore. The sensor fluorescence changes linearly with the
pH value in the range 4 to 7.5 upon swelling/shrinking of the polymer
multilayer and enables performing real-time measurements of the pH level
with high stability, reproducibility, and accuracy, over 100 h of continuous
operation. In vivo studies carried out implanting the sensor in the subcutis
on the back of mice confirm real-time monitoring of the local pH level
through skin. Full degradation of the pH sensor occurs in one week from
implant in the animal model, and its biocompatibility after 2 months is
confirmed by histological and fluorescence analyses. The proposed approach
can be extended to the detection of other (bio)markers in vivo by engineering
the functionality of one (at least) of the polyelectrolytes with suitable
receptors, thus paving the way to implantable bioresorbable chemical
sensors.
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1. Introduction

In vivo chemical sensing has the potential to
revolutionize healthcare providing access to
the continuous monitoring of drugs and an-
alytes trafficking in peripheral blood and tis-
sues, and in turn to individualized reports
on both disease progression and drug ef-
ficacy in real-time.[1] This would positively
impact the way we diagnose diseases and
monitor drug efficacy enabling personal,
timely, and effective medical feedback, that
is, a real-time personalized medicine. The
present-day paradigm used in clinical prac-
tice based on single-moment-in-time tests,
that is, marker detection through ex-situ
analysis of extracted biofluids, has proven to
be not always adequate or timely to respond
to clinical needs.[2]

Bioresorbable materials[2,3] provide a
unique opportunity to engineer new electri-
cal, optical, and sensing components into
an in vivo biodegradable sensing system
that eliminates any boundary between

target molecules and sensing devices, granting direct access to
biofluids and acting as an in situ sentinel once implanted in the
body, without the need of secondary device-retrieval surgery that
may cause tissue lesion or infection[4,5]—often required for long-
lived implants, for example, pacemakers and cochlear implants.
Chemical (bio)sensors made of bioresorbable materials have a
huge potential in personalized medicine, especially for those
treatments that benefit of a continuous and localized monitoring
of specific analytes for a limited time, for example, chemother-
apeutic cancer treatment, post-surgery sepsis, acute trauma
treatment, pharmacokinetics profiling, and disease biomarker
detection.

Recently, in vivo transient electronic[6–8] and photonic[9–11] de-
vices, as well as bioresorbable physical sensors[12–15] exploiting
changes of the material properties (e.g., resistance, current) upon
pressure or temperature variations have been reported to moni-
tor intracranial temperature, pressure in orthopedic application,
neural activity, tissue temperature, and cardiovascular signals.
These devices are typically encapsulated with a suitable coating
designed to guarantee—ideally—measurements in vivo for a pre-
scribed time, then degrade hydrolytically over time following nor-
mal metabolism with negligible effects on local tissues. However,
control over transiency is still at an early stage and relies on in
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vitro degradation studies of the encapsulation coating and device
materials under specific conditions.[16,17] Further, chemical sens-
ing with bioresorbable devices has shown to be challenging given
that the necessary interaction of the sensing material with the
target analyte forbids full encapsulation of the sensor.[18,19] Only
a few examples of bioresorbable chemical sensors have been re-
ported to date and demonstrated in vitro. Hwang et al.[20] pro-
posed a bioresorbable pH sensor using a field effect transistor-
like structure based on silicon nanoribbons. An organic, biore-
sorbable (yet not completely) electrochemical biosensor for the
detection of glucose was reported by Pal et al.[21] Kim et al.[22]

proposed a flexible, bioresorbable electrochemical sensor that
employed silicon nanomembranes coated with iron-containing
nanoparticles as catalyst for the detection of neurotransmitters
(i.e., dopamine). Bai et al.[9] recently reported on flexible infrared
waveguides made of thin filaments of Si nanomembranes with a
poly(lactic-co-glycolic acid) (PLGA) cladding.

To the best of our knowledge, no demonstration of in vivo op-
eration of bioresorbable chemical or pH sensors has been given
to date.[2,23]

Among the many analytes of clinical interest, the concentra-
tion of H+, that is, the pH value, is of utmost importance for acid-
base regulation.[24–26] The concentration of H+ in blood plasma
and various other body fluids is among the most tightly regu-
lated variables in human physiology. Acute changes in blood pH
induce powerful regulatory effects at the level of the cell, organ,
and organism.[27] For instance, the alteration of the pH value is
predictive of cancer growth[28,29] and cardiac disease,[30] among
others. Tissue acidosis is a hallmark of inflammatory diseases.
The acidification within diseased tissues is likely caused by cell
death and hyperactive inflammatory cells. For instance, high H+

concentrations were found in acute wounds (i.e., pH of 5.4),[31]

in fracture-related hematomas (i.e., pH of 4.7),[32] and cancer mi-
croenvironment (i.e., pH of 6.4 to 7.3 in human melanoma).[33]

Recently, implantable pH sensors have attracted great atten-
tion thanks to the possibility of monitoring pH level in real time
in humans.[30,34] Among these, optical pH sensors have been
mainly proposed for point measurements in tissues and organs;
pH-responsive fluorescent probes, polymers, and nanoparticles
have been used for intracellular pH mapping.[34] Optical pH sens-
ing is based on distinct absorption or fluorescence changes of ap-
propriate pH indicators upon their protonation/deprotonation at
different pH values. Compared to the absorption-based pH indi-
cators, fluorescence-based pH indicators provide higher sensitiv-
ity and need a much lower concentration of the indicator. Many
fluorescent small molecules have been successfully employed as
pH indicators in non-invasive and real-time imaging of pH regu-
lation in several physiological and pathological processes. How-
ever, fluorescent pH indicators show limited response ranges and
many of them suffer from low solubility in aqueous solutions
and significant toxicity.[35] Regardless of the approach used, im-
plantable pH sensors are typically affected by the lack of reliable
performance in vivo, especially in terms of stability and repro-
ducibility, due to both material degradation and body autoim-
mune response.[30,34]

Herein, we report on the design, fabrication, and in vivo assess-
ment of a bioresorbable nanostructured pH sensor. The sensor
consists of a nanostructured porous silica scaffold conformably
coated via layer-by-layer (LbL) assembling[36] with a multilayer

stack of two polyelectrolytes labelled with a pH-insensitive flu-
orophore. The sensor fluorescence changes linearly with the pH
value in the range 4 to 7.5 thanks to swelling/shrinking of the
polymer stack and enables performing real-time pH measure-
ments with high reproducibility and resolution, over 100 h of con-
tinuous operation. Studies on an animal model are carried out
implanting the sensor in the subcutis on the back of the animal
and confirm in vivo real-time measurement of the local pH value
by monitoring fluorescence changes through skin. Full degrada-
tion of the pH sensor occurs in one week from implant in the
animal model, and biocompatibility at 2 months is confirmed
through histological and fluorescence analyses.

2. Results and Discussion

The bioresorbable pH sensor consists of a micrometer-thick
membrane of nanostructured porous silica conformably coated
with a nanometer-thick pH-responsive multilayer of two poly-
mers labelled with Rhodamine-B (Rh) fluorophore. The fluores-
cence intensity, upon excitation, reduces/increases linearly with
the pH value of the environment surrounding the sensor, due
to shrinking/swelling of the multilayer stack as the pH value
changes. A sketch of the pH sensor architecture and of its op-
erating principle are given in Figure 1a.

The bioresorbable pH sensor is fabricated as sketched in Fig-
ure 1b and detailed in the Experimental Section. We prepared a
free-standing ≈5-μm-thick nanostructured porous silicon (nPSi)
membrane with pores of ≈35 nm in size via a two-steps electro-
chemical etching of a silicon wafer[37,38] (Figure 1b-1 and Figure
S1a–c, Supporting Information). The nPSi membrane was ther-
mally oxidized at 1000 °C (nPSiO2) to enhance hydrophilicity and
stability of the nanostructure in physiological conditions[39] (Fig-
ure 1b-2 and Figure S1d, Supporting Information). The nPSiO2
membrane was then transfer-printed onto ≈40-μm-thick PLGA
foil (Figure 1b-3 and Figure S1e, Supporting Information). Even-
tually, we conformably coated the inner pore surface of the
nPSiO2 membrane with a nanometer-thick pH-responsive poly-
mer stack via layer-by-layer deposition.[40–42] The polymer stack
was assembled leveraging the negative surface charge of the
nPSiO2 scaffold for the electrostatic deposition of alternating
positive/negative polyelectrolytes labelled with Rh, namely, poly-
allylamine-hydrochloride (PAH:Rh) and poly-methacrylic-acid
(PMAA:Rh) (Figure 1b-4). PAH and PMAA were selected among
other weak polyelectrolytes due to their extensive use in vivo
and well-known biocompatibility.[43,44] Figure 1c shows the biore-
sorbable pH sensor on a PLGA foil. Optical microscope images
in bright-field and fluorescence mode of the sensor cross-section
reveal that the nPSiO2 membrane is uniformly coated with the
Rh-labelled polyelectrolytes. The photoluminescence (PL) emis-
sion of the LbL polymer stack is peaked at ≈580 nm, in agreement
with Rh emission[45] (Figure S2, Supporting Information).

The incorporation of fluorophores into nano-sized biocom-
patible matrices, such as organic and inorganic nanoparticles,
nanostructures, and quantum dots, is known to reduce toxicity
and solubility of the fluorophores, improve their photostability,
and extend the response range.[35] We leveraged the augmented
surface-to-volume ratio (550× compared to a flat substrate) of
the nanostructured porous scaffold and the conformal coating of
its high aspect-ratio pores (length-to-width ≈100) to increase the
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Figure 1. Preparation of the bioresorbable fluorescence pH sensor. a) Sketch of the pH sensor architecture and operation principle. The sensor consists
of a micrometer-thick nanostructured porous silicon oxide (nPSiO2) membrane coated with a nanometer-thick pH-responsive stack of two polymers
labelled with Rh fluorophores (PAH:Rh and PMAA:Rh). b) Main fabrication steps of the pH sensor on PLGA substrate: 1) preparation of a ≈5-μm-thick
nPSi membrane via two-steps electrochemical silicon etching; 2) thermal oxidation of the nPSi membrane to nPSiO2; 3) transfer-printing of nPSiO2
membrane onto a ≈40-μm-thick PLGA film; 4) layer-by-layer conformal coating of the nPSiO2 scaffold with a nanometer-thick multilayer stack of PAH:Rh
and PMAA:Rh. c) 1) Picture of the bioresorbable pH sensor highlighting the Rh-coated nPSiO2 membrane (pink area) on the PLGA foil; 2) bright-field and
3) fluorescence optical microscope images of the cross-section of the nPSiO2 scaffold LbL-coated with Rh-labelled polyelectrolytes. Scale bar is 10 μm. d)
Photoluminescence intensity at 580 nm versus number of Rh-labelled polyelectrolyte layers assembled in the nPSiO2 scaffold either transfer-printed on
PLGA foil or left on the native Si chip, as well as on flat SiO2 substrate used as control. The inset highlights the photoluminescence intensity measured
on flat SiO2 substrate (n = 3 samples for each polyelectrolyte architecture). e) Ratio of the photoluminescence intensity (at 580 nm) achieved on nPSiO2
scaffolds and flat PSiO2 substrate (i.e., PLnSiO2/PLSiO2) versus number of Rh-labelled polyelectrolytes of the multilayer stack (n = 3 samples for each
polyelectrolyte architecture). All data are presented as mean (± s.d).

number of Rh molecules per unit area and, in turn, the intensity
of the fluorescence emission, with respect to a flat substrate. The
fluorescence intensity increased linearly with the nPSi thickness
and in turn surface, once a constant porosity is set (Figure S3,
Supporting Information). We found that the fluorescence inten-
sity of the Rh-coated nPSiO2 membrane on PLGA foil was ≈600
times higher than that of the flat Rh-coated SiO2 substrate, re-
gardless of the number of fluorescent layers in the polymer stack
(Figure 1d,e). Thus, we have flexibility in tuning the number of
layers in the stack to optimize the sensing performance of the
latter. Control samples prepared by coating nPSiO2 scaffold with
the fluorescent polymer stack directly on the native silicon chip
(i.e., without peeling the membrane off the silicon substrate)
(Figure S4, Supporting Information) showed no differences
in terms of fluorescence amplification with respect to nPSiO2
scaffolds transfer-printed on PLGA foil (Figure 1d,e). This is
an indication that both transfer-printing and polymer coating

processes of the nPSiO2 membrane on PLGA foils are robust and
reliable.

We carried out a set of experiments on nPSiO2 scaffolds
on Si chips in different assembly conditions and number of
layers of the polymer stack to optimize sensitivity to pH.
The use of TRIS at pH 8 as the assembly buffer ensured
full ionization of both PAH[46] and PMAA[47] and, in turn,
the highest sensitivity to pH, once the number of layers was
chosen (Figure S5, Supporting Information). TRIS at pH 8
was used as the assembly buffer from then on, if not dif-
ferently stated. The number of PAH:Rh and PMAA:Rh lay-
ers in the stack was then varied from (PAH:Rh/PMAA:Rh)1 to
(PAH:Rh/PMAA:Rh)3+(PAH:Rh)1. The thickness of the poly-
mer stack increased linearly with the number of layers reaching
a maximum value of ≈8 nm, thus leaving the pores sufficiently
open to ensure effective H+ diffusion within the porous scaffold
(Figure S6a, Supporting Information). Conformal assembling of
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Figure 2. Assessment of the bioresorbable pH sensor in vitro. a) Photoluminescence spectra of the bioresorbable pH sensor measured in the pH range
4–7.5 in PBS at 37 °C. b) Calibration curve (photoluminescence intensity at 580 nm versus pH value) of the bioresorbable pH sensor measured over
the pH range 4–7.5 in PBS at 37 °C (n = 3 pH cycles). c) Real-time measurement of the photoluminescence intensity of the pH sensor at different pH
values from 7.5 to 4, and back, in PBS at 37 °C. pH variation in the physiological range 6.5–7.5 is of 0.25 points. d) Calibration curve of the pH sensors
in different configurations, namely, LbL-coated nPSiO2 on native silicon chip (red) and on a PLGA film (blue), LbL-coated nPSiO2 with barrier layer on a
PLGA film (green) (n = 3 pH cycles). e) Sensitivity values of the sensors in (d) (n = 3 samples, 3 full cycles per sample). f) Photoluminescence intensity
changes between pH 4 and 7.5 measured on the pH sensor in solution and between artificial skin flaps in two different configurations. (n = 3 samples
per architecture, 3 full cycles per sample). Two-tailed Student’s t-test (significance level < 0.01) confirmed that data were statistically equivalent. g).
Calibration curve (photoluminescence intensity at 580 nm versus pH value) of the bioresorbable pH sensor measured over the pH range 4–7.5 in ISF
at 37 °C (n = 3 pH cycles). Inset show the comparison of sensitivity values of the pH sensor in PBS and ISF (n = 3 samples, 3 full cycles per sample).
h) Sketch of the setup used to perform pH sensing with a compact and cheap light source-photodiode pair. i) Calibration curve (photodiode response
versus pH value) of the bioresorbable pH sensor in the range of pH 4–7.5 measured with the setup in h) (n = 3 samples, 3 full cycles per sample). Data
are presented as mean (± s.d).

the polymer stack in the porous scaffold is supported by the cu-
mulative red-shift of the nPSiO2 effective optical thickness (EOT)
with the number of layers (Figure S6b,c, Supporting Informa-
tion).

For all the polymer stack architectures the sensor response
was investigated in the pH range 4 to 7.5 (3 samples, 3 full cy-
cles per each sample) at physiological temperature (37 °C) in
PBS. A linear relationship between photoluminescence intensity
and pH value is achieved regardless of the stack architecture.
Reproducibility of the sensor performance both in-sample and

from sample-to-sample (over repeated cycles) is excellent, with
a pH resolution < 0.1 points in the physiological range 6–7.5
(Figure 2a,b). The fluorescence intensity reliably decreases as
the pH value increases and vice versa. Variation of the poly-
electrolyte ionization degree and in turn of the cohesion of the
polyelectrolytes in the stack with pH changes leads to a shrink-
ing/swelling of the polymers that reduces/increases the distance
of nearest neighbor Rh fluorophores (Figure 1a). Consequently,
Rh photoluminescence self-quenching reduces as the pH in-
creases and vice versa.
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Shrinking/swelling of the polymer stack as the sensing
mechanism was confirmed by investigating photoluminescence
changes of PAH:Rh and PMAA:Rh solutions at different pH val-
ues in the range 4–7 (Figure S7, Supporting Information). No
significant photoluminescence changes with pH were apparent
for the polyelectrolyte solutions.

Time-resolved kinetics of the sensor was next investigated by
real-time monitoring of the photoluminescence intensity upon
injection of a buffer with different pH values in the range 4–7.5.
The sensor photoluminescence intensity quickly changes upon
variation of the pH value of the buffer, reaching a new steady-state
value in ≈20 min (Figure 2c). We found that the architecture of
the polymer stack did not affect the response time but impacted
significantly on the sensitivity of the sensor to pH (Figure S8a–c,
Supporting Information). The sensitivity is maximum when an
odd number of polymers is assembled within the porous scaffold,
that is, (PAH:Rh/PMAA:Rh)x+(PAH:Rh)1 with x ranging from 1
to 3. In this case the sensitivity value is constant regardless of the
number of layers assembled in the stack (Figure S8a, Support-
ing Information). Conversely, when an even number of polymers
is assembled in the stack, that is, (PAH:Rh/PMAA:Rh)x with x
ranging from 1 to 3, the sensitivity to pH increases linearly with
the number of layers, yet remaining lower than that of the odd
stack (Figure S8b, Supporting Information). This behavior is ex-
plained in terms of different electroneutrality requirements and
different osmotic pressures inside the polymer stack with even
and odd number of layers that regulates the swelling of the LbL
nano-coating.[48,49]

Layer-by-layer functionalization of nPSiO2 membranes
transfer-printed on PLGA foils resulted in no substantial
changes of the sensing performance, apart from a reduction
of the sensitivity due to partial infiltration of the pores with
PLGA that limits swelling of the polymer stack (Figure S9,
Supporting Information). The sensitivity reduction was suc-
cessfully recovered inhibiting the diffusion of PLGA inside the
pore structure by preparation of a nPSiO2 membrane with an
additional 100-nm-thick barrier layer at its bottom with low
porosity (≈61%) and tiny pores (≈7 nm) in contact with the
PLGA foil (Figure 2d,e).[50]

To mimic in vivo application, the pH sensor was placed be-
tween two synthetic skin flaps (Figure 2f inset) conditioned
overnight in PBS at pH 7.4. Two different configurations of the
sensor were considered, namely, with the pH-responsive fluo-
rescent polymer stack face-up (i.e., directed toward the spec-
trometer probe) or face-down. Whereas the face-up operation
guarantees an increased photoluminescence intensity collected
through skin, the face down operation is more suitable for in
vivo subdermal application as the sensing stack is in contact
with blood vessels, lymphatic vessels, nerves, and glands that
connect it to the dermis.[51] Photoluminescence spectra acquired
through the artificial skin highlight a factor 2 change in inten-
sity between the two configurations; yet the line-shape of the
spectra is unchanged, with skin autofluorescence appreciable at
≈550 nm (Figure S10a,b, Supporting Information). The photolu-
minescence emission of the sensor is stable with time in phys-
iological conditions. When the pH of the synthetic skin is lo-
cally changed by intradermal injection of a PBS solution at pH
= 4, a steady increase of the PL intensity occurs (Figure S10c,
Supporting Information). Once the PL intensity has reached the

steady state value at pH = 4, injection of a PBS solution at pH
= 7.5 reduces the PL emission back to its initial value. Figure
S10d, Supporting Information, shows steady-state values of the
PL intensity for cyclic pH changes between 7.5 to 4, highlight-
ing a good reproducibility of the pH sensor operation under syn-
thetic skin. Despite the higher PL intensity of the face-up con-
figuration (Figure S10e, Supporting Information), same PL in-
tensity variation, namely, a factor ≈1.8, was retrieved for both
the configurations (Figure 2f). This value is statistically equiva-
lent to the variation measured for the sensor immersed in liquid
solutions.

We then performed pH sensing experiments using synthetic
interstitial fluid (ISF)[52] as a complex matrix to mimic in vivo op-
eration. No significant differences were found between sensors
tested in PBS and in ISF, despite the complexity of ISF that con-
tains proteins, 𝛼-globulins, and salts. A linear response between
PL intensity and pH value was achieved also in ISF, with high
sample-to-sample and in-sample reliability (Figure 2g). The sen-
sitivity values in ISF and in PBS were statistically equivalent (3
sensors, 3 full cycles per sensor) (Figure 2g inset). Interestingly,
the ratio of the PL intensity measured at pH 4 and 7.5 in ISF was
2.83 ± 0.28. The larger ratio in ISF compared to PBS can be ex-
plained with the infiltration of the polymer stack with proteins,
in agreement with the literature[53] (Figure S11, Supporting In-
formation).

A set of experiments was further performed to demonstrate
that the pH sensor can be operated using a cheap and compact
system exploiting a light source-photodiode pair, besides the use
of more expensive and cumbersome conventional spectrometers
and/or imaging systems (Figure 2h and Figure S12, Supporting
Information). Specifically, we replaced the spectrometer with a
photodiode (5 mm × 3 mm × 2.1 mm) with peak sensitivity at
560 nm to collect the PL intensity of the sensor at different pH lev-
els and used an in-line long-pass filter with a cut-off wavelength of
515 nm coupled to the fiber-optic probe to remove the excitation
light of the laser (1.1 cm × 4 cm). The system allowed measuring
pH over the range 4–7.5 with excellent linearity, high sensitivity
(−6.2± 1 mv/pH), and excellent sample-to-sample and in-sample
reliability (CV% = 2.3%), as shown in the Figure 2i.

Long-term operation was investigated by real-time measure-
ment of the pH sensor photoluminescence over more than 200
h of continuous operation, using a flow cell injected with buffer
at different pH values in the range 7.5 to 4 and constant tem-
perature of 37 °C. The pH of the buffer solution was maintained
constant at 7.4 over the full time span, apart from specific time
intervals starting at t = 0, 50, and 95 h during which the pH of
the solution was varied in the range 7.5–4, and back (3 full cy-
cles) with steps of 0.5 points. The sensor photoluminescence is
stable over ≈100 h of operation, namely, 114 h (±std 13 h), with
a normalized intensity PL/PL0 = 96.6% (±std 2.2%), being PL0
the intensity at t = 0 h (Figure 3a). Calibration curves of the sen-
sor recorded at t = 0, 50, and 95 h from the beginning of the
experiment are given in Figure 3b. The sensor response to pH is
reliable over time (CV% = 4.3%), keeping high linearity and good
sensitivity after 100 h of operation (Figure 3b,c).

Beside photoluminescence, the reflectance spectrum of the
pH sensor was simultaneously measured to retrieve information
on the real-time dissolution of the porous scaffold (Figure 3a).
Fast Fourier Transformation (FFT) of the reflectance spectrum
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Figure 3. Long-term operation of the bioresorbable pH sensor. a) Normalized photoluminescence intensity (red, at 580 nm) and mass of the porous
scaffold (black) measured over ≈100 h on a pH sensor in buffer at pH 7.4 and 37 °C. b) Calibration curve (photoluminescence intensity at 580 nm versus
pH value) of the pH sensor in (a) measured over the pH range 7.4–4 at t = 0, 50, and 95 h (n = 3 full cycles). c) Sensitivity value of the pH sensor in (b).
d) Mass percentage of nPSiO2 scaffolds oxidized in different conditions measured over time until full dissolution. The raw data are best-fitted using a
piecewise linear model (dotted traces). e) Dissolution rate of the SiO2 capping layer and silicon skeleton of the nPSiO2 scaffolds in (d) (n = 4 samples).
f) Full dissolution time of the nPSiO2 scaffolds in (d) (n = 3 samples). g) Time-resolved normalized photoluminescence intensity (at 580 nm) of pH
sensors on native Si in a flow cell and on PLGA foil under synthetic skin. h) Degradation rate (after 110 h of stable operation) of the photoluminescence
of pH sensors on native Si in flow cell and on PLGA foil under synthetic skin (n = 3 samples). i) Photoluminescence stability and degradation times of
pH sensors on native Si in flow cell and on PLGA foil under synthetic skin (n = 3 samples). Data are presented as mean (± s.d).

of a bare nPSiO2 scaffold results in a signal whose intensity
is proportional to the mass of the porous scaffold (Figure S13,
Supporting Information). Given that fluorescence emission of
the sensor is stable for a time of 100 h, at least, one can assume
that the polymer stack is also stable. Thus, changes occurring in
the intensity of the FFT signal with time can be directly linked
to the dissolution of the porous scaffold in the pH sensor.[54]

We found that dissolution of the nPSiO2 scaffold occurs in ≈50
h (Figure 3a). Remarkably, fluorescence stability (Figure 3a)
and sensing properties (Figure 3b) of the polymer stack are not
affected by the scaffold dissolution. The pH sensor reduces to a
6-nanometer-thick polymer brush with 5-μm-long wire bristles
after dissolution of the silica scaffold occurring in ≈2 days,
further lessening invasiveness and improving adaptability of the
sensor to tissue, yet retaining its mechanical integrity and in
turn PL and sensing properties for at least 2 more days (Figure
S14, Supporting Information).

The dissolution time achieved for the porous scaffold in the
pH sensor (Figure 3a) was consistent with that of a bare nPSiO2
scaffold oxidized at 1000 °C for 5 min (Figure 3d). No statistical
differences were observed between dissolution times of polymer-
coated and bare scaffolds (Figure S15, Supporting Information).
Control experiments on dissolution were carried out on bare
nPSiO2 scaffolds oxidized in different conditions, in buffer at pH
7.4 and 37 °C (Figure S16a–c, Supporting Information). A pro-
gressive reduction of both fringe contrast and the effective opti-
cal thickness (EOT) values of the reflectance spectrum was ob-
served with time (Figure S16d–f, Supporting Information). The
FFT peak intensity retrieved from the reflectance spectrum of the
bare nPSiO2 scaffold (i.e., without any polymer coating) was used
to estimate the silicon content in the scaffold over time. The dis-
solution kinetics of nPSiO2 was best-fitted with a piece-wise lin-
ear model with two slopes, from which it was possible to extrap-
olate the dissolution rates of the SiO2 capping layer (first slope)
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and of the residual Si skeleton in the scaffold (second slope) (Fig-
ure 3d). The dissolution rate of SiO2 reduced (from ≈2%/h to
1%/h at 500 and 1000 °C, respectively) as the oxidation temper-
ature increased, consistently with the higher quality of the oxide
layer; a faster dissolution rate of ≈10.5%/h was achieved for the
silicon skeleton (Figure 3e). The transition time between the two
dissolution regimes also changed with the oxidation temperature
from ≈10 h at 500 °C to 52 h at 1000 °C, due to the slower disso-
lution rate and larger thickness of SiO2 (Figure S17, Supporting
Information).

After ≈114 h of continuous operation at pH 7.5 the pho-
toluminescence intensity of the sensor starts decreasing with
a linear trend, then vanishes (signal-to-noise ratio of 3.3) af-
ter ≈220 h (Figure 3g–i). The PL intensity decrease can be as-
cribed to the degradation, chemical and/or mechanical, of the
fluorescent polymer multilayer, given that the silica scaffold dis-
solved in ≈50 h. The polymer brush architecture of the fluo-
rescent multilayer after dissolution of the silica scaffold might
impact significantly on its degradation (Figure S14, Supporting
Information). Remarkably, full sensor degradation occurred on
the same timescale as the sensor operation, that is, in ≈100
h. By best fitting the PL reduction trend with a linear model,
degradation rates of about −0.9%/h and −0.8%/h were consis-
tently achieved for pH sensors on native silicon in a flow cell
and on PLGA foil under artificial skin, respectively. The poly-
mer multilayer degradation was further confirmed by both opti-
cal/fluorescence microscopy. No macroscopic polymer residues
or residual photoluminescence were found in the solution col-
lected at the output of the flow cell or in the skin around the sen-
sor location at the end of the experiment, indicating that a full
degradation of the polymer and in turn of the sensor occurred,
apart from the PLGA foil that is known to degrade at a slower
rate.[2]

We next carried out in vivo studies in an animal model to assess
sensing performance and biocompatibility/bioresorbability. The
pH sensor was implanted in the subcutis on the back of a group
of adult male and female mice, as sketched in Figure 4a. Another
group was not implanted with the sensor and used as control.
Experimental procedures on animals were done in accordance
with the European Community regulations on the use and care
of animals for scientific purposes.[44]

A subgroup of the animals implanted with the sensor was used
to perform real-time pH measurements through skin. Fluores-
cence images were acquired on this group of mice every 10 min,
starting 15 min after the implant, over a time span of 2 h us-
ing an in vivo animal imager system. Figure 4b shows typical
fluorescence images acquired on one of the animals implanted
with the pH sensor in physiological conditions and at pH 4.
The implant location and fluorescence emission of the sensor
are clearly visible, with the fluorescence intensity increasing as
pH reduces. The sensor fluorescence was stable during the first
30 min of acquisition in physiological conditions, despite pos-
sible coagulation and immune response processes occurring at
the implant site right after surgery (Figure 4c). A PBS solution
with pH = 4 was injected a t = 30 and 60 min in the subcuta-
neous tissue around the implant site, with the aim of lowering
the pH value in the subcutis. After a lag time of 30 min from
the first injection at pH 4 we observed a neat increase of the
sensor fluorescence, with an average incremental factor of ≈2.8

compared to physiological conditions (Figure 4c,d). Remarkably,
this incremental factor is in perfect agreement with that mea-
sured in vitro in ISF, namely, 2.83 ± 0.28 (Figure S18, Support-
ing Information). A further injection of the pH 4 solution at t
= 60 min did not produce any significant change in the fluo-
rescence level acquired after the first injection, indicating that
the pH level of the tissue around the sensor implant was stable
at 4. The fluorescence emission was stable until a PBS solution
with pH = 7.5 was further injected at t = 90 min in the subcutis
around the sensor to induce the rebalancing of the local pH of the
mouse. After 10 min from the injection, the fluorescence emis-
sion returned to the initial value measured in physiological condi-
tions. The faster recovery time is consistent with the faster dose-
response time of alkaline solutions in comparison with acidic
solutions.[45]

A second subgroup of the mice implanted with the sensor was
used to investigate sensor degradation with time. Fluorescence
images were acquired on the animals right after implantation of
the sensor, then after 7, 14, 21, and 60 days. The sensor fluores-
cence dropped after 1 week from implant to a level that was sta-
tistically equal to the tissue autofluorescence measured on the
control group (Figure 4e). The fluorescence images acquired on
the animals consistently pointed out a reduction of both emis-
sion area and intensity at the implant site that saturated to the
tissue autofluorescence (Figure 4f). We speculate that these data
are consistent with a full degradation and/or bioresorption of the
sensor.

The two groups of animals (both with and without sensor im-
planted) were sacrificed after 2 months from implant to verify bio-
compatibility of the pH sensor following the UNI EN ISO10993-6
guidelines.[55] We performed a macroscopic evaluation of the sur-
gical area using a 4-point scale (0 = intact skin; 1 = swelling, 2 =
redness, 3 = eschar) and a microscopic evaluation by sampling
of a square skin area adjacent to the implant (1.5 cm × 1.5 cm)
and organs (liver, kidney, heart, brain, lung, and spleen) for his-
tological investigations.

Visual examination and fluorescence microscopy of the tissue
at the implant site and around it did not show any residual of
the sensor, thus corroborating the hypothesis of complete degra-
dation of the sensor in 2 months, consistently with data in Fig-
ure 4e,f.

Fluorescence images of the organs were acquired right after
extraction to investigate the presence of polymer residues in the
group of animals implanted with the sensor. Figure 4g shows
bright-field and fluorescence images of brain, heart, liver, spleen,
lung, and kidney of a control mouse and a mouse implanted with
the pH sensor. No statistical difference in fluorescence emission
was observed in any of the organs of the two groups, thus in-
dicating that there is no significant polymer accumulated in the
organs of mice implanted with sensors (Figure 4h).

The mass of Rh in our pH sensor is ≈1.2 μg, which corre-
sponds to a dose of 0.024 mg/kgBW for mice of 50 g used in
this work. The Rh dose is at least 1000 times smaller than those
tested for toxicity in vivo, namely, 22.5–100 mg/kgBW, and known
to lead to oxidative stress, cell damage, and increase apoptosis in
cerebellum tissue and brain stem.[56] Figure 4i shows histological
analysis images of the skin and liver morphology of a control
mouse and a mouse implanted with the sensor. There are no
morphological differences between the two groups, no cells
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Figure 4. Assessment of pH sensing in vivo, bioresorbability, and biocompatibility. a) Sketch of the pH sensor implant in the animal model. b) In vivo
fluorescent images acquired through skin on one of the animals implanted with the sensor on their back (excitation 520–560 nm, collection 620 nm),
collected in 1) physiological conditions and 2) after local injection of a PBS solution at pH 4. c) In vivo real-time fluorescence intensity signal measured
through skin on mice implanted with the sensor, acquired in physiological conditions and after injection of PBS at pH 4 and 7.5 around the implant
site (n = 3 mice). d) In vivo steady-state fluorescence intensity measured through skin on mice implanted with the sensor, acquired in physiological
conditions and after injection of PBS at pH 4 and 7.5 around the implant site (n = 3 mice). Symbols indicate statistically independent values (two-tailed
Student’s t-test, significance level <0.01). e) In vivo fluorescence intensity measured through skin on mice implanted with the sensor (n = 3 mice)
and control mice (n = 5 mice) at different time points, before sacrifice. Symbols indicate statistically independent values (two-tailed Student’s t-test,
significance level <0.01). f) In vivo fluorescence images acquired through skin right after implant and after 2 months from implant. g) In vivo grayscale
and fluorescent images of explanted organs (brain, heart, liver, spleen, lung, and kidney) of control mice (n = 5 mice) and mice implanted with the
sensor (n = 6 mice), acquired after 2 months from implant. h) Mean fluorescence intensity of each organ in g) for the two groups of mice (control and
implanted with sensor). i) Optical microscope images of skin (1,2) and liver (3,4) cryosections labeled with eosin and hematoxylin staining of a control
mouse and a mouse implanted with the sensor after sacrifice at 2 months from implant. Data are presented as mean (± s.d).

show pycnosis, nuclear dust, swollen pericaryon, cell shrinkage,
and the cell number is similar between the two groups (n =
6). The data prove that the sensor did not induce permanent
injury and the tissue in contact with the sensor did not leave
lesions or fibrotic areas. Similar consideration can be done also
for liver. Macroscopic analysis also did not show differences
between the two groups of animals (Figure S19, Supporting
Information), just as no difference was observed in the weight
of mice before surgical implant of the sensor and after 60 days
(Figure S20, Supporting Information); this indicates that mice
did not undergo significant physiological alterations, if there had
been, during the 2 months of observation, the first consequence
would have been a slowdown in the growth of the animal weight.

3. Conclusions

In this work we assessed the fabrication, in vivo operation,
and biocompatibility of a bioresorbable nanostructured pH
sensor that leverages a nanostructured porous silica membrane
conformably coated layer-by-layer with a pH-responsive stack
of polyelectrolytes labelled with Rhodamine-B. The calibration
curve (fluorescence intensity versus pH value) is linear in the
range 4 to 7.5. The sensor permits continuous real-time mea-
surements of the pH with good reproducibility (CV% = 4.3%)
and resolution (<0.1 points) in vitro, over 100 h of continuous
operation. In vivo studies carried out implanting the sensor in
the subcutis on the back of mice assess the possibility of doing
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real-time measurement of the local pH value monitoring flu-
orescence changes through skin. Full degradation of the pH
sensor occurs in one week from implant, and biocompatibility is
successfully assessed on animals implanted with the sensor for
2 months.

The proposed approach paves the way toward the develop-
ment of bioresorbable chemical sensors for different analytes
of clinical interest, besides pH, leveraging the fluorescence am-
plification of nPSiO2 membranes coupled with polyelectrolytes
labelled with specific (bio)receptors and/or with different fluo-
rophores to implement a multiwavelength sensing, for exam-
ple, two-wavelength ratiometric, fluorescence resonance energy
transfer (FRET). The use of polyelectrolytes and porous scaffolds
with higher stability and/or lower degradation rate in vivo, with
respect those used in this work, can be leveraged to tailor the life-
time of the sensor to specific diseases by extending it beyond the
100 h.
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the author.
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