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ABSTRACT: To overcome the traditional issues of protein labeling, we report herein an effective approach for noncovalent
conjugation of the biomolecule-derived fluorescent nanodots (biodot) to functional proteins without the addition of chemical linkers
for biosensor development. The as-prepared fluorescent biodot—protein conjugates are very stable near physiological pH, exhibiting
excellent photostability and thermal stability. More importantly, the native functions of proteins, including drug binding and
enzymatic activities, are well-preserved after conjugating with biodots. The optimized protein conjugation strategy is then applied to
prepare biodot-glucose oxidase (GOx) fluorescent sensing probes for sweat glucose detection. Results show that the as-prepared
sensing probes could achieve better assay performance than those covalent conjugates as demonstrated herein. Specifically, GOx in
the noncovalently bound conjugates are able to catalyze the oxidation of glucose effectively, which generates hydrogen peroxide as a
byproduct. In the presence of Fe’’, Fenton reaction takes place to produce hydroxyl radicals and Fe*, leading to significant
fluorescence quenching of biodots on the conjugates. This simple one-step enzymatic assay in a single probe achieves a wide linear
range of 25—1000 yM (R* = 0.99) with a low detection limit of 25 yM. Furthermore, negligible interference is observed in the
complex artificial sweat sample for accurate glucose quantification, achieving an excellent recovery rate of 100.5 + 2.2%. This work
provides a facile conjugation method that is generally applicable to a wide range of proteins, which will help to accelerate future
development of multifunctional fluorescent probes to provide optical signals with unique protein functions (e.g, enzymatic,
recognition, etc.) for biomedical sensing and imaging.

Bl INTRODUCTION

Bioconjugation, a process where a biomolecule is linked with a
signal molecule, very often a fluorophore, is the most critical
step toward successful biosensor development. The popular
conjugation methods include genetically encoding with
fluorescent proteins' and chemically cross-linking with organic

Bioinspired fluorescent nanodots, also known as biodots, is a
new class of carbon dots derived from biomolecules or natural
13,20-25 . .
sources. In recent years, biodots have received
increasing attention in the field of nanochemistry due to
their favorable properties such as excellent aqueous dispersi-

bility,”® inherent biocompatibility,”” green synthesis, low cost

fluorophores,”™* aggregation-induced emission (AIE) mole-
cules,” metal nanoclusters,’”® semiconductor quantum
dots,”™"" or carbon dots.">™"” These bioconjugation methods
can be categorized as covalent or noncovalent conjugation.
Unlike covalent conjugation where a stable bond is formed,
noncovalent conjugation involves cooperative effects of several
interactions, which include affinity interaction, electrostatic
interaction, metal-mediated coordination, hydrophobic inter-
action, and hydrogen bonding.'®'” Although noncovalent
interactions are usually weaker than the covalent bonds,
noncovalent conjugation still offers critical advantages over
covalent bioconjugation as it eliminates tedious procedures,
toxic reagents, and the high possibility of protein inactivation
due to the random blocking of active sites."”
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of production,” high chemical and photobleaching resist-
ance,”® as well as tunable fluorescence.”’ In addition, the
ultrasmall size of biodots allows attachment to proteins
without steric hindrance, thus minimizing the possibility to
disturb the protein’s native functions. Furthermore, the use of
biomolecules and natural products as precursors in the
synthesis of biodots also endows them with good biocompat-
ibility and abundant functionalities inherited from the natural
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precursors, thus giving a large variety of functional groups on
the biodot surfaces, enabling fine-tuning of fluorescence, as
well as imparting biorecognition characteristics to biodots.”’
These unique properties of biodots render them particularly
suitable as fluorescent labels for proteins or as the sensing
probes for biomedical diagnosis.

Notoriously known as a “global burden”, diabetes mellitus is
a major health concern today with the population of diabetic
patients consistently increasing year over year.30 Large efforts
have been put in to develop blood glucose sensors for diabetes
diagnosis and glucose monitoring. However, most of the
glucose sensors in use are invasive, as they require drawing
blood from the patients. Therefore, there have been
continuous efforts for the development of sensitive, facile,
yet noninvasive glucose sensors that utilize other body fluids
such as sweat, saliva, and tears for detection.>’** These body
fluids can be taken noninvasively and are simpler in
composition than blood samples. The main challenge is that
the glucose level in these fluids is much lower than in blood,
thus requiring the noninvasive glucose sensor to exhibit good
sensitivity, selectivity, and a suitable linear range.

Herein, we first studied the biodot—protein conjugation
process using several model proteins, including bovine serum
albumin (BSA), human serum albumin (HSA), lysozyme
(Lys), myoglobin (Mb), human hemoglobin (Hb), and bovine
catalase (Cat). The photostability, thermal stability, and pH
stability of these protein conjugates were thoroughly
characterized and compared with their respective native
protein functions. The optimized protein conjugation strategy
is then applied to conjugate a selected biodot to a particular
enzyme of interest, i.e., glucose oxidase (GOx) for biosensor
development. Lastly, the as-developed biodot—GOx conjugate
was successfully applied as the sensing probe for glucose
detection in a single-step fluorescence “turn-off” enzymatic
assay. A side-by-side assay was also performed to highlight the
improved sensitivity and detection limit for as-developed
biodot—GOx conjugate as compared to covalently conjugated
biodot—GOx using EDC/NHS chemistry. This facile one-step
assay shows a wide linear range from 25 to 1000 yM, which
has been tested for glucose quantification in artificial sweat
samples with an excellent recovery rate of 100.5 + 2.2%.

B RESULTS AND DISCUSSION

Linker-free Conjugation of Fluorescent TPdot to
Proteins of Interest. We have previously developed a panel
of amino acid—polymer biodots with ultrasmall size, excellent
fluorescence, photostability, and good biocompatibility.”’
These biodots with a carbon core and a polymeric passivation
layer can be quickly conjugated to the protein of interest
including bovine serum albumin (BSA), human serum albumin
(HSA), and lysosome (Lys), through noncovalent interactions
(Figure 1a). The as-formed biodot—protein conjugates are
purified by dialysis or ultrafiltration before measuring their final
sizes and fluorescence properties. Four types of amino acid—
polymer biodots were used for the protein conjugation, using
BSA protein as a demonstrative example. Among the tested
biodots, the threonine—PEI dots (TPdot) with a hydro-
dynamic size of 1.1 nm (after ultrafiltration) and a more red-
shifted emission at 460 nm was selected for subsequent
experiments as it renders the highest fluorescence intensity to
the TP—BSA conjugates (Figure S1). Figure 1b shows that
each of the as-formed TP—protein conjugates are significantly
larger in size than their original protein molecules, indicating
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Figure 1. Schematic illustration of (a) biodot—protein conjugate
formation via one-step noncovalent binding interactions. (b)
Dynamic light scattering measurements of the hydrodynamic
diameter for TPdot, proteins of interest (BSA, HSA, Lys), and the
respective TP—protein conjugates. (c) Comparison table showing the
increase in hydrodynamic diameter after conjugation.

the successful conjugation of TPdot to the three tested
proteins. The increase in hydrodynamic diameters of proteins
after conjugation with TPdots is calculated to be around 1 nm,
which is about the size of a TPdot. This increase probably
indicates half a layer of biodots being conjugated around a
protein molecule, suggesting close interactions of TPdots with
clefts on the protein surfaces (Figure 1c).

In addition to the hydrodynamic sizes, the fluorescence
intensities of the TP—protein conjugates were also measured.
Six common proteins with different sizes, shapes, and functions
including BSA, HSA, Lys, catalase (Cat), hemoglobin (Hb),
and myoglobin (Mb) were tested in this study (Table S1). As
shown in Figure 2, TP—BSA, TP—HSA, TP—Lys, and TP—Cat
conjugates exhibit relatively high fluorescence intensities, while
the fluorescence of TP—Hb and TP—Mb conjugates are only
half of that in Figure 2a—d, suggesting strong fluorescence
quenching in these two conjugates (Figure 2e,f).

The fluorescence quenching of TPdots in TP—Hb and TP—
Mb conjugates is likely due to the inner filter effect contributed
by n—r interactions between TPdots and heme units in
hemoglobin and myoglobin.>>** On the contrary, the
fluorescence of TPdots in TP—cat conjugates remains high
due to its deeply buried heme unit within the protein structure
preventing effective interactions with the biodots. Upon
detailed comparison of the protein structures between
hemoglobin, myoglobin, and catalase, it was found that the
heme unit in catalase is deeply buried (3—4 A) inside the bulky
protein structure with a narrow pathway (Figure S2a,b) that
only allows small molecules to interact with the heme unit.*
Moreover, hydrophobic residues reside in the entire pathway
with hydrophilic residues present at the entrance,® which
possibly prevent the larger-sized and hydrophilic TPdots from
encountering the heme unit for fluorescence quenching.
Hemoglobin and myoglobin both exhibit wider pathways for
the heme unit (Figure S2¢,d).*” = Thus, the chances of TPdot
encountering the heme unit in both hemoglobin and
myoglobin is higher, resulting in significant quenching as
compared to TP—catalase conjugates.

Various types of noncovalent interactions contributed to the
successful formation of TP—protein conjugates. The ultra-
filtered TPdots display a positive zeta potential of 10.5 + 1.4
mV, indicating that the surface of the TPdots had a net positive
charge. Since the isoelectric points (pl) of many proteins are
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Figure 2. Photoluminescence spectra of the biodot—protein conjugates: (a) TP—BSA, (b) TP-HSA, (c) TP-Lys, (d) TP-Cat (e) TP-Hb, and (f)

TP-Mb excited at different wavelengths (4.,/nm).
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Figure 3. Photoluminescence (PL) spectra of (a) noncovalent TP—BSA conjugates via linker-free route, (b) covalent TP—BSA conjugates via
EDC/NHS reaction, and (c) TPdots under UV excitation in the wavelengths from 340 to 520 nm. (d) UV—vis spectra of TPdots, BSA, and TP—
BSA conjugates. Insets in (d) show the gel-electrophoresis photographs of the BSA and TP—BSA conjugates formed through noncovalent (Non)
and covalent (Cov) methods under (I) white light and (II) UV light at 365 nm; (e) FTIR spectra of TPdots (red), BSA (blue), noncovalent

(yellow), and covalent (green) TP—BSA conjugates, respectively.

less than 7 (Table S1), these proteins exhibit a net negative
charge at neutral pH. For instance, the zeta potential of BSA is
measured to be —16.9 + 0.7 mV, and the TP—BSA conjugates
exhibit a zeta potential of —11.1 + 0.8 mV. Thus, electrostatic
attractions may have been one of the major forces holding the
conjugated complex together. However, it is not the only
interaction responsible for the stable conjugation, since our
TPdots could also be conjugated to lysozymes with a high pI of
11. It is speculated that the (1) z—z interactions between
biodots and the aromatic rings of proteins, (2) hydrogen bonds
between hydroxyl, carboxylic, and amine groups in both

TPdots and proteins, and (3) dipole—dipole moments
between polar groups may also contribute to the overall
strength of the noncovalent interactions leading to a stable
conjugate formation.

Noncovalent vs Covalent Biodot—Protein Conju-
gates. We then compared the TP—protein conjugates
prepared through the noncovalent interactions to those formed
by the conventional covalent conjugation (with the use of
chemical linkers EDC and NHS) using BSA as the model
protein. The photoluminescence (PL) intensity of the
noncovalently conjugated TP—BSA (Figure 3a) is similar to
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that of covalently conjugated TP—BSA (Figure 3b), which
corresponds to the PL spectra of TPdots (Figure 3c). These
results suggested that the PL properties of TPdots were not
altered by the conjugation method. However, it was noticed
that the noncovalent TP—BSA conjugates display a slightly
smaller hydrodynamic diameter of 7.7 & 0.3 nm as compared
to the covalent TP—BSA conjugates (9.1 + 0.4 nm). As shown
in the UV—vis spectra (Figure 3d), TPdots show three peaks at
208, 271, and 339 nm, respectively. The absorption maximum
at 205 nm is attributed to the 7—z* transition from C=C or
C=0 groups,*’ while the absorption peaks at 271 and 339 nm
wavelength could be attributed to the n—z* transitions.*"**
On the other hand, BSA typically shows two characteristic
peaks at 219 and 279 nm, which correspond to the absorption
from the BSA’s backbone and the aromatic amino acids, i.e.,
tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe),
respectively.”” Both the noncovalent and covalent TP—BSA
conjugates show characteristic peaks of TPdots and BSA,
indicating successful protein conjugation using the new linker-
free method reported herein.

Furthermore, gel electrophoresis was performed to inves-
tigate the biodot—protein conjugation (Figure 3d inset). The
protein bands for both noncovalent and covalent TP—BSA
conjugates are slightly higher than BSA, indicating that the
conjugates have slightly larger molecular weight than BSA
alone, which corresponds to our earlier hydrodynamic size
measurements in Figure 1b. As shown in Figure 3e, the
Fourier-transform infrared spectroscopy (FTIR) fingerprints of
TP—BSA include the signature peaks of both TPdots and BSA.
The two sharp peaks at around 1090 cm™' (C—O stretching)
and 990 cm™" may be attributed to TPdots. On the other hand,
BSA displays four signature peaks including a strong, broad
peak at around 3600—3200 cm™' attributed to stretching
vibration of O—H bond,** a medium shoulder peak at 3064
cm™" assigned as amide A band (N—H stretching), a strong
peak at 1653 cm™' assignable to amide I band (C=O
stretching),* and a sharp peak at 1531 cm™ assigned as amide
II band (combination of N—H bending and C—N
stretching).”* All four peaks were observed in noncovalent
TP—BSA conjugates, confirming successful conjugation.

Stability Studies of Biodot—Protein Conjugates. Upon
confirming successful conjugation, we subsequently performed
a series of tests to assess stability of the TP—BSA conjugate
with respect to continuous UV irradiation, elevated temper-
ature, and change in pH prior to using it as the potential
fluorescent probes.

Photostability. Photobleaching experiments with continu-
ous UV irradiation were conducted on TPdot and TP—BSA
conjugates respectively to investigate their photostability in
aqueous solution. Figure 4a,c shows that the TPdots are
intrinsically photostable with less than 5% decrease in PL
intensity within the first 2 h of continuous UV irradiation.
Nevertheless, the photostability of noncovalent TP—BSA
conjugate also followed the same trend as TPdots alone,
suggesting its suitability to be used as the fluorescence sensing
probe for glucose detection, which only requires minutes to
complete. However, its intensity drops sharply after 2.5 h,
suggesting severe aggregation with visible precipitation as
observed at the end of prolonged UV irradiation. It is
noteworthy to point out that the noncovalent TP—BSA
conjugates reported here are proven to be more photostable as
compared to the conventional organic fluorophores (FITC)-
conjugated proteins in the first 2.5 h of irradiation (Figure 4d).

(@) 20000 Non-covalent TP-BSA

(b) 25000

20000

15000
15000

UV-irradiation

10000

Intensity/a.u.
Intensity/a.u.

10000

5000 5000

0

400 450 500 550 600 650 700
Wavelength/nm

400 450 500 550 600 650 700
Wavelength/nm

A
o
o)
a
=

= Non-covalent TP-BSA

o
N}

0.2{ —=—TPdots

1.0 1.0 o=,
5 3 e
s 08 %08 \
> 2 >~
E £ .
£0s6 506 [ S
£ £
E 0.4 g 0.4+ .
2 N
z 2

—=— Non-covalent TP-BSA *— FITC-BSA
0.0 T T T 0.0 T T T
1 2 3 4 5 0 1 2 3 4 5
Time /h Time /h

Figure 4. Photoluminescence (PL) spectra of (a) TPdots and (b)
TP—BSA conjugates at different time points under 360 nm excitation.
Overlay of the maximum PL intensities of the (c) TPdots vs
noncovalent TP—BSA conjugates and (d) noncovalent TP—BSA vs
FITC-BSA conjugates over time (0—5 h), respectively.

When comparing the PL intensity remaining after 30 min
UV irradiation, both noncovalently and covalently conjugated
TP—BSAs are considered to be photostable (Figure S3a). As
PL measurement is usually completed within minutes, the
photostability of TP—BSA is sufficient for a fluorescence
biosensor operation. Furthermore, the hydrodynamic diame-
ters of TP—BSA conjugates remained constant upon UV
irradiation (30 min), indicating that the TP—protein complex
is structurally stable within 30 min (Figure S3b).

Thermal Stability. In addition to photostability, it is also
important to investigate the thermal stability of the biodot—
protein conjugates to ensure their structural stability and
proper functions. As shown in Figure Sa,b, there is no change
in the photoluminescence (PL) intensity of the as-prepared
TP—BSA and TP—HSA conjugates. The hydrodynamic sizes
of the protein alone and TP—protein conjugates were also
measured over this temperature range, in order to determine
their respective thermal stabilities. The melting temperatures
(T,,) of proteins and their TP—protein conjugates were also
determined from the onset of size change.” It is found that the
overall size changes of the TP—BSA (Figure Sc) and TP—HSA
(Figure Sd) conjugates are much larger than that of the BSA
and HSA proteins alone. However, the observed T, values are
higher for both TP—protein conjugates as compared to the
proteins alone, suggesting the stabilization effect of the TPdots
in the conjugates.

Comparing the thermal stability of noncovalent and covalent
TP—BSA conjugates, it is observed from Figure Se that the PL
values of both types of protein conjugates do not change
significantly as the temperature increases from 23 to 95 °C. On
the other hand, the hydrodynamic diameters of the covalent
TP—BSA conjugates remain constant up to 65 °C, whereas the
noncovalent TP—BSA only show sharp size increase above 75
°C (Figure Sf), which is an indication of protein denaturation
due to irreversible aggregation above melting temperature
(T,,)- This data suggests the noncovalent TP—BSA conjugates
are more thermally stable than the covalent TP—BSA
conjugates.

pH Stability and Long-Term Storage Stability. As for the
pH stability, both the covalent TP—BSA and noncovalent TP—
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Figure S. Normalized PL intensities of noncovalent (a) TP—BSA and (b) TP—HSA conjugates with increasing temperatures. Hydrodynamic
diameters of (c) BSA and (d) HSA proteins vs their respective conjugates at increasing temperatures. (e) Normalized PL intensity and (f)
hydrodynamic diameter after 10 min incubation at increasing temperatures for noncovalent (red) vs covalent (blue) TP—BSA conjugates.

BSA conjugates are stable over the physiological neutral range
(pH 6—8) as shown in Figure S3c, where a significantly higher
photoluminescence (PL) intensity was observed in acidic
medium (Figure S3d) similar to other PEl-passivated dots
reported in the literature.*® This is due to the nature of PEI
polymers used to passivate the TPdots with abundant amine
functional groups, exhibiting strong electron donating ability.
In the basic medium, amine groups can transfer electrons to
the core fluorescent units, thus decreasing the overall PL
intensity, whereas protonation of the amine groups under
acidic conditions eliminates the electron transfer leading to
higher PL intensity. Trends in hydrodynamic diameter of the
conjugates were generally similar to the trend of BSA in
different pH media as reported by Kvasnov et al.*” Collectively,
these results indicate that the stabilities of noncovalent TP—
BSA conjugates were highly similar to that of covalent TP—
BSA at physiological pH, suggesting that the linker-free
conjugation method is an effective way to develop
fluorescent-labeled protein probes for biosensing applications.

The stability of proteins against aggregation when stored
over prolonged periods is crucial for their utility, especially for

the therapeutic proteins.*® Over 30% of FDA-approved drugs
are protein therapeutics,”” and the need for protein
stabilization is significant. As such, the size and fluorescence
of TP—protein conjugates were tested over prolonged storage
at room temperature and 4 °C, respectively. According to
Figure S4, the size and PL intensity remained unchanged up
until 20 days of storage at these conditions, indicating the
possibility of utilizing TPdots for the protein stabilization.
Furthermore, we continued to monitor the noncovalent and
covalent TP—BSA samples and found that both samples are
stable for up to four months (Figure SS).

Protein Functionality Studies. Besides structural char-
acterizations, it is also critical for the as-formed protein
conjugate to preserve its native functions such as drug binding
and enzymatic activities demonstrated in this study.

Drug Binding Activity. The stability of proteins toward
aggregation is crucial for drug delivery systems.”’ Thermal
stability experiments were conducted on drug-bound proteins
and their conjugates to determine whether the drug binding
activity of the protein is retained after conjugation. Both
ibuprofen- and warfarin-bound proteins were more stable than

https://dx.doi.org/10.1021/acs.bioconjchem.9b00856
Bioconjugate Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00856/suppl_file/bc9b00856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00856/suppl_file/bc9b00856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00856/suppl_file/bc9b00856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00856/suppl_file/bc9b00856_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.9b00856?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.9b00856?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.9b00856?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.9b00856?fig=fig5&ref=pdf
pubs.acs.org/bc?ref=pdf
https://dx.doi.org/10.1021/acs.bioconjchem.9b00856?ref=pdf

Bioconjugate Chemistry

pubs.acs.org/bc

the proteins alone, and drug-bound TP—protein conjugate
shows similar stability to drug-bound protein (Figure 6). The
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Figure 6. Effect of temperature on the hydrodynamic diameter of
(ab) BSA, TP—BSA conjugates with drug binding: (a) BSA—
warfarin, TP—BSA—warfarin; (b) BSA-ibuprofen, TP—BSA—ibupro-
fen; and (c,d) HSA, TP—HSA conjugates with drug binding: (c)
HSA—warfarin, TP—HSA—warfarin, (d) HSA—ibuprofen, TP—HSA—
ibuprofen.

T,, of protein—drug is comparable to that of TP—protein—
drug, proving that the TPdot conjugation does not influence
the protein—drug interactions. This suggests that TPdot could
have been conjugated at locations away from the drug binding
sites on the proteins or the binding affinity of TPdots to the

proteins is lower than the drug molecules, thus protein—drug
binding will dominate due to stronger competition.

Enzymatic Activity. As many proteins possess enzymatic
functions, the effect of TPdot conjugation on the enzymatic
activity of proteins was also investigated. Lysozyme is a
bacteriolytic agent, which cleaves glycosidic bonds in the
bacteria cell wall.’" A known method of determining lysozyme
activity is through the lysis of Micrococcus lysodeikticus (M.1.)
cells, whereby the destruction of the cell walls results in
decreased absorbance for the lysed cells as compared to the
intact cells. The rate of absorbance decrease correlates
proportionally to the lysozyme activity. As shown in Figure
S6, the absorbance values of both TP—Lys and lysozyme
treated samples decrease at a similar rate, indicating that the
enzymatic activity of lysozyme was not affected by the
noncovalent conjugation. It is postulated that the ultrasmall
TPdots were either conjugated on the binding sites far away
from the active site of lysozyme or weakly conjugated near the
binding site via the noncovalent modes of binding, allowing the
enzymatic activity of conjugated protein to remain intact.

Noncovalent TP—GOx Conjugates as Sensing Probes
for Sweat Glucose Quantification. The structural and
functional characterizations of TP—BSA conjugates have
shown good stability and retained functionality of the as-
formed conjugates as suitable probes for biosensing
applications. Therefore, we conjugated the TPdots to a widely
used enzyme glucose oxidase (GOx) and applied the TP—GOx
conjugates for glucose quantification in sweat samples.

Assay Development. The principle of the glucose sensing
assay is depicted in Figure 7a. Glucose oxidase is an enzyme
that catalyzes the reaction between p-glucose, water, and
oxygen to produce hydrogen peroxide and p-glucono-1,5-
lactone. The as-produced hydrogen peroxide can then react
with the added Fe** to produce hydroxyl radical, hydroxide,

b c
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Figure 7. (a) One-step glucose assay using TP—GOx conjugates as enzymatic fluorescent sensing probe. (b) Average PL spectra of TP—GOx
excited at 360 nm wavelength in the presence of Fe?* after incubation with different concentrations of glucose (25—1000 zM). (c) Corresponding
calibration plot of Fy/F (relative fluorescence intensity before and after addition of artificial sweat sample) against increasing glucose
concentrations. (d) PL spectra of TP—GOx conjugates in the presence of common interference compounds. (e) Interference study showing the
quenching abilities (Fy/F) of other compounds frequently present in human sweat. Error bars represent standard deviations for triplicate
measurements. (f) Side-by-side glucose detection assay confirming the improvement in sensitivity and the detection limit for the noncovalently
conjugated TP—GOx via linker-free route vs covalently conjugated TP—GOx using EDC/NHS.
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and Fe** via Fenton reaction.”” Since hydroxyl radicals and
Fe®* ions are able to quench fluorescent nanoparticles such as
carbon dots,”” the TP—GOx/Fe** system is used to develop a
fluorescence “turn-off” assay for glucose quantification.

The representative PL spectra were plotted in Figure 7b
showing the gradual fluorescence quenching of TP—GOx
conjugates as the concentration of glucose increases. The
calibration plot in Figure 7c shows that the linear range is from
25 to 1000 uM, which covers the glucose concentration levels
in human sweat. In this single-step assay, the hydroxyl radicals
and Fe®* were immediately available to quench TP—GOx
conjugates in close proximity. The limit of detection (LOD)
was calculated to be 25 uM, which is sufficient for sweat
glucose sensing. In summary, our probe offers a wider linear
range with good sensitivity as compared to the other reported
fluorescent probes for glucose detection (Table S2).
Interference study was further conducted to examine the
effect of other substances commonly present in sweat, such as
Ca®", K*, CI7, ascorbic acid, urea, and lactic acid (Figure 7d,e).
Negligible interference was observed from these common
constituents of sweat.

We further compared the performance of the noncovalently
conjugated TP—GOx as developed in this study to the covalent
TP—GOx conjugates in a side-by-side assay for glucose
detection (Figure 7f). Results show that the noncovalent
TP—GOx sensing probes give higher Fy/F ratio than those
prepared by covalent EDC/NHS method at all the
concentrations tested. In addition, the noncovalent TP—GOx
displays a distinct difference at 0.2 mM glucose, whereas the
fluorescent signal for covalent TP—GOx at 0.2 mM is not
distinguishable from the 0 mM negative control. It is obvious
that the noncovalent TP—GOx could achieve better assay
performance than the covalent TP—GOx in terms of assay
sensitivity and detection limit, hinting the better preservation
of native protein functions through the noncovalent method
reported herein.

Glucose Detection in Artificial Sweat. The linear range of
the optimized one-step assay is 25 to 1000 yM, which well
covers the reported level of sweat glucose for the healthy (60—
110 M) and diabetic individuals (100—1000 xM).>*** In this
study, the artificial sweat samples were spiked in with 400 M
of glucose. Control sweat sample without glucose spiked-in
was also measured to provide a baseline for the calculation of
the relative fluorescence intensity (F,/F) which is an indicative
measure of the quenching extent. The detection mixture
containing TP—GOx, Fe?*, and sweat samples was incubated
for 40 min at 35 °C and subjected to PL measurement. The
concentration of glucose detected from the artificial sweat
samples (in quadruplicates) ranged from 393 to 414 uM
according to our calibration. The average concentration of
glucose detected from the artificial sweat samples was 402 + 9
UM. When we compared the detected glucose concentration to
the original spiked-in glucose concentration, we obtained
remarkable recovery rate of 100.5 + 2.2% (Table 1), showing
the high accuracy of this one-step assay for quantifying the
unknown concentration of glucose in artificial sweat.

Bl CONCLUSIONS

In summary, several model proteins were used to demonstrate
that biodots derived from an amino acid and cationic polymer
could effectively label various proteins through noncovalent
conjugation without the addition of any chemical linkers. The
resultant biodot—protein conjugates exhibit similar photo-

Table 1. Determination of Glucose Concentration from
Artificial Sweat

artificial glucose glucose
sweat concentration  spiked-in/ recovery
sample F,/F detected/uM uM rate/%
1 1.405 393 400 98.3
2 1.412 400 400 100.0
3 1.413 401 400 100.3
4 1.426 414 400 103.5
Average 1414 £ 0.01 402 £ 9 400 100.5 + 2.2

stability and thermal stability as that of covalent biodot—
protein conjugates prepared using chemical linkers (e.g., EDC/
NHS). We also observed that the noncovalent TP—BSA
conjugates are stable over the physiological range of pH, i.e., at
pH of 6—8. The noncovalent conjugation method was applied
to prepare the biodot—GOx conjugates as a fluorescent sensing
probe for sweat glucose detection. A wide linear range of 25—
1000 uM and a low LOD of 25 uM were achieved for the one-
step enzymatic fluorescent “turn-off” assay. Improved
sensitivity and detection limit were observed for glucose
assay using our noncovalent biodot—GOx conjugates as
compared to the covalent conjugates through a side-by-side
assay. Furthermore, the TP—GOx probe is highly selective for
glucose detection with negligible interference from other
common sweat metabolites. Finally, glucose concentration was
successfully determined in complex artificial sweat samples
using the optimized assay, achieving a remarkable recovery rate
of 100.5 + 2.2%, which indicates its high potential for real-life
application of sweat glucose detection. This work has
demonstrated a linker-free method in preparing noncovalent
biodot—protein conjugates with improved stability and well-
preserved protein functions, which has laid the groundwork for
utilizing such noncovalent biodot—enzyme conjugates for
simple and accurate diseases diagnosis, e.g., sweat glucose
detection in complex samples.

B EXPERIMENTAL SECTION

Chemicals and Reagents. We have previously developed
a panel of amino acid—polymer L-serine, L-threonine, branched
polyethylenimine (PEI), chitosan, histamine dihydrochloride
(99%), bovine serum albumin (BSA), human serum albumin
(HSA), lysozyme from chicken egg (Lys), myoglobin from
equine skeletal muscle (Mb), hemoglobin from human (Hb),
catalase from bovine liver (Cat), glucose oxidase from
Aspergillus niger (GOx), ibuprofen, warfarin, 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC), n-hydroxysucci-
nimide (NHS), p-glucose, hydrogen peroxide, sodium acetate,
1 M phosphate buffer saline (PBS, pH = 7.4), fluorescein
isothiocyanate (FITC), and agarose were purchased from
Sigma-Aldrich. Proteins were dissolved in phosphate-buffered
saline (PBS) and filtered through 0.22 um filter before use.

Measurements. Tecan Infinite M200 plate reader was
used to measure the fluorescence spectra (excitation wave-
length: 360 nm, Gain: 75, step size: 10 nm). Wyatt DynaPro
PlateReader-II was used for hydrodynamic diameter measure-
ments. Shimadzu UV-2450 UV—vis spectrophotometer was
used for absorbance measurement in the 200—800 nm range.
The Fourier transform infrared (FTIR) spectroscopic measure-
ment was carried out using PerkinElmer Fourier transform
infrared spectrometer. Thermo Scientific Orion Star Alll
Benchtop pH meter was used for pH measurements. Zeta
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potential measurements were performed using Malvern
Zetasizer.

Synthesis of Biodots. Threonine—PEI biodots (TPdots)
was hydrothermally synthesized as published previously”’ with
modifications. Briefly, threonine and PEI were mixed at a 2:1
ratio and completely dissolved in ultrapure water before
transferring to a Teflon autoclave and heated at 180 °C for 24
h in Memmert Universal Oven (UFSS). The reaction product
was first purified by centrifugation and dialysis. The purified
sample was ultrafiltered using a membrane filter with molecular
weight cut-off (MWCO) of 3000 Da at 8000 rpm for 10 min
(min), and the filtrate was collected to obtain ultrasmall
TPdots for protein conjugation.

Biodot—Protein Conjugation. For noncovalent conjuga-
tion of biodot—protein, protein of interest was first weighed
and dissolved in 10 mM PBS. Both protein and biodot
solutions were filtered through a 0.22 ym filter prior to mixing.
An optimized weight ratio of protein and biodot (1:5) was
mixed in 10 mM PBS buffer for 2 h (h) with constant stirring.
For the preparation of TP—GOx conjugate, GOx was first
dissolved in 50 mM sodium acetate buffer (pH 5.0) and then
mixed with TPdot solution at 1:5 ratio for 2 h with stirring.

For covalent conjugation of TP—BSA and TP—GOx, BSA
was activated with EDC and NHS in 1:5:10 molar ratio for 15
min in MES buffer with 0.5 M NaCl (pH 6). Excess EDC and
NHS were removed via ultrafiltration at 8000 rpm for 10 min
and the buffer was exchanged to 10 mM PBS. Then, the
activated BSA or GOx was stirred with TPdot at 1:5 w/w ratio
for 2 h.

As-formed TP—protein conjugates were purified via ultra-
filtration using a membrane filter (MWCO: 3000 Da) at 8000
rpm for 10 min. The filtrate was removed and the
centrifugation unit was topped up with 10 mM PBS (200
uL), and the ultrafiltration process was repeated two more
times to obtain purified TP—protein conjugates.

Characterization of Biodot—Protein Conjugates.
Photostability Study. TP—BSA solution was irradiated with
UV light at 365 nm wavelength for 5 h. The fluorescence
intensity and the hydrodynamic diameter of the sample were
measured at 30 min intervals.

Thermal Stability and Protein Melting Point Study. TP—
BSA samples were filtered by 0.22 ym syringe filter prior to the
study. Proteins (BSA, HSA, Lys), biodot—protein conjugates
(TP—BSA, TP—HSA, TP-Lys), and drug-bound biodot—
protein conjugates (TP—BSA—warfarin, TP—BSA—ibuprofen,
TP—HSA—warfarin, TP—HSA—ibuprofen) were heated to
various temperatures (37, 45, 50, S5, 60, 65, 70, 75, 80, 85,
90, 95, 99 °C) and maintained for 10 min on an Eppendorf
Thermomixer with 300 rpm shaking.

pH Stability Study. TP—BSA solutions were adjusted to
various pH with 0.1 M HCI or 0.1 M NaOH. The solutions
were left to stand for 30 min at room temperature before
taking measurements.

Drug Binding Study. All samples were filtered by a 0.22 ym
syringe filter prior to the study. 1 yL of 0.45 M warfarin in
DMSO or ibuprofen in 100% ethanol was mixed with 200 uL
of protein or TP—protein solution at room temperature for 1
h. Thermal stability experiments were subsequently conducted
as described above.

Enzyme Activity Study. Micrococcus lysodeikticus (M.L.)
powder was suspended in 10 mM PBS (pH 6.24) to obtain a
final concentration of 0.15 mg/mL. 100 uL of M.L. suspension
was mixed with 1.5 uL of TP-Lys or lysozyme in a 96-well

plate. The absorption intensity at 450 nm wavelength was
measured at 1 min intervals.

Glucose Detection. One-Step Assay for Glucose
Quantification. All the reagents and TP—GOx were prepared
in 50 mM sodium acetate buffer (pH = 5.0). An optimized
amount of TP—GOx (25 uL, 0.1 mg/mL, pH = 5.5), glucose
solution (25 uL), and FeSO, solution (25 uL,7.5 mM) were
directly mixed in sodium acetate buffer (S0 pL), and was
placed in a thermomixer set at 35 °C and 300 rpm. p-Glucose
concentrations from 0 to 1000 uM were used for the assay.
The Fe* concentration was kept constant at 1500 uM,
following the Fe®":H,0, ratio of 1.5 based on maximum
concentration of glucose. After incubation for specified
durations, the mixture was pipetted into a microplate for
fluorescence measurement.

Interference Study. For interference study, the same
procedures for one-step assay were followed. The final
concentrations of glucose and all the other reagents including
Ca*", K¥, CI7, ascorbic acid, urea, and lactic acid were 1.0 mM.

Glucose Quantification in Artificial Sweat. Artificial sweat
solution was prepared according to ISO standards (pH 5.5)
with modifications.’® Briefly, sodium chloride (250 mg), L-
histidine (18.7 mg), and anhydrous sodium dihydrogen
orthophosphate (84.6 mg) were dissolved in ultrapure water
(40 mL), then the pH was adjusted to S.5 with 0.1 M HCI
(390 uL). The solution was made up to 50 mL with ultrapure
water. Glucose-spiked (2.0 mM) artificial sweat was prepared
by dissolving p-glucose (9 mg) in artificial sweat solution (25
mL).

For quantification of glucose in artificial sweat, noncovalent
TP—GOx (25 pL, 0.1 mg/mL, pH = 5.0), artificial sweat (25
uL, pH = 5.5), iron(II) sulfate (25 pL, pH = 5.0), and S0 mM
sodium acetate buffer (50 uL, pH = 5.0) were mixed. The tube
was incubated in a thermomixer at 35 °C and 300 rpm for 40
min. The sample were cooled for 5 min and the fluorescence
spectra from 400 to 700 nm were measured with excitation at
360 nm.
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