
1 Antifouling Strategies for Selective In Vitro and In Vivo Sensing

2 Cheng Jiang,¶ Guixiang Wang,¶ Robert Hein,¶ Nianzu Liu, Xiliang Luo,* and Jason J. Davis*

Cite This: https://dx.doi.org/10.1021/acs.chemrev.9b00739 Read Online

ACCESS Metrics & More Article Recommendations

3 ABSTRACT: The ability to fabricate sensory systems capable of highly selective operation
4 in complex fluid will undoubtedly underpin key future developments in healthcare.
5 However, the abundance of (bio)molecules in these samples can significantly impede
6 performance at the transducing interface where nonspecific adsorption (fouling) can both
7 block specific signal (reducing sensitivity) and greatly reduce assay specificity. Herein, we
8 aim to provide a comprehensive review discussing concepts and recent advances in the
9 construction of antifouling sensors that are, through the use of chemical, physical, or
10 biological engineering, capable of operating in complex sample matrix (e.g., serum). We
11 specifically highlight a range of molecular approaches to the construction of solid sensory
12 interfaces (planar and nanoparticulate) and their characterization and performance in
13 diverse in vitro and in vivo analyte (e.g., proteins, nucleic acids, cells, neuronal transmitters)
14 detection applications via derived selective optical or electrochemical strategies. We specifically highlight those sensors that are
15 capable of detection in complex media or those based on novel architectures/approaches. Finally, we provide perspectives on future
16 developments in this rapidly evolving field.
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1. INTRODUCTION

57It is undoubtedly the case that an early diagnosis and treatment
58of disease can dramatically reduce mortality and human
59suffering. A detection of markers shed from tumors, for
60example, provides a potent opportunity to diagnose cancer
61early and disease management.1−4 However, one major
62challenge is that in complex biological fluids (such as serum,
63saliva, urine, etc.) or in the in vivo circulating environment, the
64concentration of disease markers (e.g., specific proteins) is
65often very low in comparison to the large number of coexisting
66background species (e.g., proteins, cells) that can adsorb onto
67a sensing interface nonspecifically. This can cause serious
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68 operational interference such as false positives, lowered signal-
69 to-noise, and impairing specific recognition/response.5−7

70 Further side effects can arise for implantable sensors by, for
71 example, thrombus formation.8,9 There are a number of ways
72 of combatting this issue by preventing nonspecific binding
73 (fouling) while retaining specific binding. The primary one
74 that does not require sample pretreatment is to integrate
75 nonfouling chemistry into the assaying surfaces.10,11 The use of
76 such materials has received increasing attention in recent years,
77 where poly(ethylene glycol) (PEG) and its derivatives,12−14

78 zwitterionic materials,15−17 peptides and peptoids,18−20 and
79 others candidates (e.g., hyaluronic acid (HA), polyoxazoline,
80 etc.)21−24 have all been applied. Significantly, this has
81 facilitated a quantification of clinically relevant targets in
82 complex media via a number of transducer modalities and with
83 minimal sample pretreatment. In general terms, it is worth
84 noting that no existing antifouling strategy can completely
85 prevent fouling, and indeed this is not a requirement so long as
86 functionality is primarily retained over the relevant time frame
87 of application and any signal-generating “background noise”
88 that arises from nonspecific surface association falls well below
89 the required detection limits. Moreover, as in vivo biofouling
90 (i.e., protein corona) is inherent in the action of the immune
91 system, complete inhibition may lead to unintended
92 physiological responses and even damage to the host.25,26 It
93 should also be noted that different sensory formats suffer
94 differently from fouling. For example, sandwich assays are
95 much less sensitive to fouling so long as fouling does not
96 impede the primary (capture) antibody. In contrast, label-free
97 sensors, such as those based on surface-plasmon resonance
98 (SPR) or electrochemical impedance spectroscopy (EIS),
99 cannot distinguish between specifically bound target analytes
100 and other adsorbed interferents and are, then, particularly
101 sensitive to the deleterious impact of fouling. It is thus
102 imperative that, for any desired sensing application, the
103 potential impact of nonspecific adsorption is carefully
104 considered. In general, a large variety of relevant characteristics
105 should be considered and optimized for; these include
106 sensitivity, selectivity, reproducibility, dynamic range, lifetime,
107 baseline stability, ease-of-fabrication, and response time. In
108 different sensor formats, the impact of fouling on these
109 parameters can be considerably different such that it will often
110 be necessary to rank parameters that are more or less crucial to
111 the chosen application. For example, in an implantable sensor,
112 its lifetime and toxicology are of crucial importance, while, in
113 ultrasensitive single molecule sensors, the sensitivity (signal-to-

t1 114 noise) at ultralow concentrations is more important (see Table
t1 115 1).

116 In this review, we focus on recent advances in the
117 construction of solid-phase sensors capable of operation in
118 complex biological fluid. We comprehensively discuss a range
119 of antifouling approaches with a particular focus on the most
120 commonly used zwitterion- and PEG-based highly hydrated
121 chemical surface modifiers. In addition to these chemical
122 approaches, physical (e.g., substrate topography engineering or
123 membrane filtration) and biological approaches (e.g., bio-
124 affinity depletion or enzyme catalyzed degradation) will be
125 discussed. Construction methods, including those based on
126 self-assembly, (electro)polymerization, and electrografting, will
127 be highlighted as well as the integration of specific (bio)-
128 recognition elements. The experimental and theoretical
129 methods that have been employed to study these architectures
130 and their associated antifouling performance are also

131described. Lastly, we discuss a number of specific applications
132of so derived in vitro and in vivo sensors capable of sensing
133clinically relevant target analytes such as proteins, nucleic acids,
134or circulating small molecules like dopamine or glucose.

2. CHEMICAL ANTIFOULING STRATEGIES AND THEIR
135SENSING APPLICATIONS

136One of the most commonly employed strategies to endow
137sensory interfaces with antifouling properties is the use of
138chemical modifiers that render the interface strongly hydrated.
139This hydration has been associated with a resistance to fouling
140(as discussed in more detail in Section 2.2) and is generated by
141decorating the sensory interfaces with highly polar, hydrated
142chemical groups/materials. In this section, we will discuss the
143most commonly used chemical agents, their incorporation into
144sensors, and the evaluation of their antifouling properties.

2.1. Selection and Immobilization of Antifouling Agents

145 f12.1.1. Choice of Antifouling Agent. As shown in Figure
146 f11, a wide range of molecular systems, such as polyethylene-
147glycol (PEG, >10 EG units) and its derivatives, zwitterionic
148species (phosphorylcholine (PC), sulfobetaine (SB), and
149carboxybetaine (CB)), peptides with alternating or random
150mixed-charge (based on glutamic or aspartic acid (E/D) and
151lysine (K), e.g., EKEKEKEC),27 and other polymers like
152polysaccharides, polyoxazolines, poly(hydroxy acrylates),
153hyperbranched polyglycerol (HPG), or hybrid materials (e.g.,
154PEG-SB) have been shown to possess significant antifouling
155properties that arise primarily from their strong hydration (see
156Section 2.2).28−31 All of these systems have been employed for
157a variety of purposes and possess specific features and
158advantages/disadvantages in terms of derived specific sensing
159(discussed in more detail in Section 2.3). We will first
160introduce the means by which these chemistries can be
161incorporated into interfaces and then how this can be
162characterized.
163 f22.1.2. Immobilization Strategies. As shown in Figure 2,
164the immobilization of an antifouling coating onto a solid
165substrate can be achieved through a range of methods. Most
166commonly, self-assembly,32−34 electrografting,35,36 or polymer-
167ization (e.g., electropolymerization,37,38 atom transfer radical
168polymerization (ATRP),39−43 or reversible addition−fragmen-

Table 1. Overview of Important Sensory Parameters in the
Context Specific Sensor Antifouling Performance

sensor type principle challengesa

general sensors, PoC/disposable
sensors

sensitivity

selectivity

reproducibility

response time

fabrication cost

degree of user intervention

ultrasensitive and single molecule
sensors

high signal/noise at ultralow
concentration

data magnitude

scalability

durable (e.g., implantable, wearable)
sensors

selectivity

operation duration

immunogenicity
aIt is important to note we have highlighted the principle challenges
that are (uniquely) associated with the specific sensor type. Many
general assay characteristics, such as a required sensitivity and
selectivity, will be common to all.
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169 tation chain transfer (RAFT)44,45) methodologies are applied.
170 Importantly, an extensive variety of nonfouling architectures

171can be incorporated into sensors utilizing these approaches if
172they are endowed with the appropriate chemical functionalities
173(e.g., thiols, silanes, or (meth)acrylates). In prior considering
174an immobilization protocol, both the specific underlying
175substrate and the required film characteristics (hydration,
176chemical stability, biological functionalization etc.) should be
177taken into account. One of the most common methods to
178immobilize antifouling components is self-assembly via
179“thiolate” bonding at noble metal surfaces.33,34,46,47 This
180well-established methodology offers easy access to well-
181defined, monolayer architectures via simple exposure of clean
182(commonly gold) substrates to solutions or vapors of thiol-
183derived organics. Though deemed simple and undoubtedly
184ubiquitous, it is, however, limited in terms of substrate scope.
185In contrast, polymeric antifouling materials have been explored
186extensively and can be applied to a broad range of interfaces
187via graft-to and graft-from strategies whereby not only various
188monomers (most commonly (meth)acrylates) can be used but
189various film parameters, such as thickness and density can
190often be controlled easily.12,48−50

191Another commonly used strategy to functionalize con-
192ductive interfaces (relevant to electronic/electrochemical or
193plasmon resonance sensing) is electrografting.51 For example,
194the reductive grafting of diazonium salts, which can be
195presynthesized or generated in situ from the corresponding
196aniline, is a convenient method to functionalize a variety of

Figure 1. Chemical structures of (A) OEG/PEG based thiols, (B) zwitterionic molecular systems, (C) hyperbranched polyglycerol (HPG), (D)
hyaluronic acid (HA), poly(2-methyl-2-oxazoline) and poly(2-hydroxyethyl methacrylate) (pHEMA) (from left to right), (E) PEG-SB silane, and
(F) an all-in-one natural mixed peptide containing a cell recognition sequence (RGD, blue), antifouling unit (EKEKEKE, red), and an anchoring
sequence (CPPPP, magenta).

Figure 2. Common approaches for surface functionalization with
antifouling molecular systems, from left to right: self-assembly,
electrografting, and polymerization.
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197 (electrode) materials such as carbon, gold, or platinum.
198 Specifically, the electrografting of arydiazonium salts proceeds
199 via the formation of an aryl radical, which spontaneously reacts
200 with the substrate to form a covalent bond.52 Depending on
201 the grafting conditions (time, potential range, concentration,
202 etc.), films of variable thickness can be obtained. This
203 methodology can be applied to form homogeneous (single
204 component)53 or heterogeneous films (multiple compo-
205 nents).54 Antifouling moieties, for example, ethylene glycol
206 (EG)55 or zwitterionic groups (phosphoryl choline (PC),
207 sulfobetaine (SB), carboxybetaine (CB)),35,56,57 at the para-
208 position of the corresponding aniline precursors can be grafted
209 and can endow the resultant interface with the desired
210 antifouling properties.

2.2. Characterization of Antifouling Surfaces

211 In recent years, great progress has been made in elucidating the
212 processes that govern fouling interactions at interfaces and how
213 these can be modulated through (chemical) modification. The
214 widely accepted view is that entropic loss associated with
215 surface group mobility upon fouling (steric suppression) and
216 the intrinsic strong hydration of these films play key roles
217 wherein a tightly bound water layer, that is, hydration layer,
218 forms a physical and energetic barrier to (protein) adsorption

f3 219 (Figure 3).15,58 Where neutral hydrophilic components are

220 used (such as PEG chains), this hydration is tethered via
221 hydrogen bonding.12,59 When charged (e.g., zwitterionic)
222 interfaces are used, the hydration layer has a large electrostatic
223 component.60−62 These are generalized observations/assump-
224 tions that populate an accepted picture without providing
225 mechanistic detail. Understanding the specific structure of
226 surface hydration and other interfacial processes/character-
227 istics is valuable in guiding the design of new and effective
228 nonfouling materials for robust sensing in complex environ-
229 ments. The following section will briefly discuss nonfouling
230 mechanisms and the correlation between interfacial structure
231 and nonspecific surface association as supported by simulations
232 and experimental studies. It should be noted that most of these
233 studies are carried out on chemical antifouling systems but that
234 the experimental techniques that will be discussed can often
235 also be utilized to evaluate the performance of other
236 (nonchemical) systems such as that provided by porous
237 electrodes (Section 3.1).
238 2.2.1. Probing Antifouling Mechanism. 2.2.1.1. Exper-
239 imental Analyses. A number of studies have been reported to
240 directly probe the hydration layer of a range of nonfouling
241 chemical entities. In solution nuclear magnetic resonance
242 (NMR) spectroscopy has been utilized to, for example, study

243the hydration of poly (sulfobetaine methacrylate) (pSBMA) or
244PEG, however it is it is unclear to what extent these results are
245transferable to a solid/liquid nonfouling interface where film
246thickness, packing density, chain conformation and local chain
247flexibility effects are very likely to be significant.63−65 A direct
248insight into the hydration of interfaces can be provided by sum
249frequency generation (SFG) vibrational spectroscopy. SFG
250vibrational spectroscopy is surface-sensitive technique66 and,
251unlike other methods, which cannot distinguish between
252interfacial and bulk water, it facilitates a selective investigation
253of the properties of the former. This is achieved by irradiation
254of the surface with two laser beams which generate a mixed
255output signal offering information complementary to that
256offered by more standard IR and Raman spectroscopies
257 f4(Figure 4).67,68 This has for example been exploited by Leng et

258al., who used SFG for an in situ and real-time assessment of the
259surface hydration of pSBMA and OEG methacrylate
260(OEGMA) polymer brushes at SiO2/liquid interfaces exposed
261to protein solution.69,70 The SFG intensity is correlated with
262the ordering of the dipole moments of the interfacial functional
263groups selected and thus allows a direct interrogation of water
264molecule ordering at the interface; a strong SFG signal for
265water thus indicates both high levels of ordering and of
266hydration.71−74 In Leng’s work, it was observed that, although
267strongly bonded water exists at both interfaces, the surface
268hydration of pSBMA remained unaffected while the water
269ordering at the pOEGMA surface was disturbed upon exposure
270to protein (1 mg mL−1 of bovine serum albumin (BSA),
271lyzosome or fibrinogen).70 Wang et al. have similarly applied
272SFG to confirm that interfacial water molecule presence within
273EG based self-assembled monolayer (SAM) films.75

274In another study from Leng et al., water molecules were
275shown to be strongly hydrogen-bonded to zwitterionic
276interfaces (poly (carboxybetaine acrylamide) (pCBAA) and
277pSBMA), much more than at pOEGMA (which contained a
278detectable amount of weakly hydrogen-bonded water).69 Chen
279and co-workers further elucidated the water structure on
280nonfouling poly(carboxybetaine methacrylate) (pCBMA) and
281poly(sulfobetaine methacrylate) pSBMA-modified silica prisms
282using SFG (Figure 4) at different solution pH values showing
283that, depending on pH-induced protonation/deprotonation of
284the zwitterionic groups, the water molecules adopt different
285orientations.76 This work thus provides important insights on
286the relationship between nonfouling behavior and the external
287environment (such as pH), which might be applied in pH-
288responsive nonfouling interfaces. Further studies of the
289hydration of SBMA as well as acrylamide and polysaccharide

Figure 3. Antifouling molecular films present highly hydrated
functionalities (e.g., EG, zwitterionic PC/SB/CB), which are implicit
in protein resistance.

Figure 4. Schematic representation of the investigation of water
molecules on pCBMA and pSBMA coated silica prism by SFG.
Reproduced with permission from ref 76. Copyright 2018 American
Chemical Society.
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290 (alginate and hyaluronic acid) based polymers have further
291 reinforced the stronger hydrogen-bonding water association
292 with SB in comparison to the neutral hydrophilic polymers.77

293 Recently, the same group used SFG vibrational spectroscopy to
294 study the interfacial water structure of mixed charged polymers
295 generated by surface initiated-ATRP (SI-ATRP) on a silica
296 prism revealing that only the net neutral 1:1 mixed charge
297 interface shows significant antifouling properties in single
298 protein solutions, reinforcing the importance of high hydro-
299 philicity and low net charge (polymer thickness: 20 nm).78 In
300 summary, we have a picture, then, that surface hydration, as
301 can be assessed by SFG vibrational spectroscopy, has a large
302 impact on the subsequently resolved antifouling performance
303 of the interface.
304 2.2.1.2. Molecular Simulations. Computational studies are
305 valuable in both supporting these experimental observations
306 and in potentially aiding interfacial design without the need for
307 prior acquisition of specific data. In 1991, Jeon et al. reported
308 the first theoretical study of protein adsorption onto PEG-
309 decorated interfaces. They noted that steric repulsion resulting
310 from the compression of PEG chains upon approach of the
311 protein to the surface was the main driving force preventing
312 adsorption. It was concluded that longer chains and higher
313 surface densities would lead to better protein resistance.79

314 However, in this study no atomic-level information of
315 hydration was considered. To directly correlate film hydration
316 with antifouling performance, Zheng et al. have reported a
317 restrained molecular dynamics (MD) simulation to calculate
318 the interaction forces exerted onto a protein from an OEG-
319 SAM and its associated water, as the protein approaches the
320 surface. Their force−distance profiles show that the strength of
321 repulsive force acting on the protein decreases across OEG-
322 SAMs > OH-SAMs > CH3−SAMs. Moreover, this work
323 appeared to confirm that the total repulsive force is composed
324 of two contributions: one from the SAM surface (loss of
325 conformational entropy) and the other from interfacial water
326 with the latter contributing more.80

327 In another study, He et al. compared the structural and
328 dynamic properties of water molecules near the SAMs of
329 zwitterionic PC and nonionic EG using MD simulations

f5 330 (Figure 5A). They showed that water molecules near the PC-
331 SAMs have a lower mobility, wider dipole orientation
332 distribution and residence time than those near the EG-
333 SAMs (Figure 5B,C).81 In another paper, Shao et al. calculated
334 the hydration free energies of CB, SB, and EG4 moieties in
335 SAMs using the free energy perturbation method.82 The
336 hydration free energy of zwitterionic CB and SB moieties was

337observed to be much larger (−404 and −519 kJ mol−1,
338respectively) than that of nonionic EG4 moieties (−182 kJ
339mol−1), indicating that, as fully expected and noted already,
340zwitterionic materials exhibit stronger hydration.61 In a recent
341study the difference in self-association between oppositely
342charged moieties in zwitterionic pSBMA and pCBMA was
343investigated using MD simulations (at 1.5 M in solution).83

344Results indicated more and stronger interactions (associations)
345between the oppositely charged groups in pSBMA due to the
346similar charge density of the sulfonate and ammonium
347moieties. In contrast, the larger discrepancy in charge density
348of carboxylate and ammonium in pCBMA leads, apparently, to
349fewer/weaker interactions but facilitates a stronger hydration.
350When nonfouling interfaces are applied within field-effect
351transistors (FETs) or other electroanalytical configurations, the
352influence of field on molecular orientation is worthy of
353consideration. In MD simulation studies by Xie et al. PC-SAMs
354were found to be electrically responsive such that protein-
355resistance could be controllably modulated.84 Results specif-
356ically indicated that PC-SAMs can exhibit three states with
357different charge distributions, namely, one where both
358negatively charged phosphate groups and positively charged
359choline groups are exposed to solution (state 1, no electric
360field), only the phosphate groups are exposed with the choline
361groups buried (state 2, positive electric field), and choline
362groups exposed to the solution when the PC chains are
363stretched (state 3, negative electric field). As a result, the
364interaction between the model protein cytochrome c (iso-
365electric point of 9.6) and the surface was deemed tunable. In
366state 1, adsorption was predicted to be reversible, while in
367states 2 and 3, adsorption was enhanced and retarded,
368respectively, due to electrostatic interactions between the
369positively charged protein and the exposed groups. Such
370findings potentially enable an enhancement of antifouling
371properties by tuning the external electric field and provide a
372note of caution in assuming native characteristics are retained
373when surface-imposed fields are actioned.
374The presented computational studies, then, support the
375picture developed by spectroscopic analysis that a strongly
376bound hydration layer plays a pivotal role in preventing
377interfacial fouling and offer a fundamental view into the
378behavior of antifouling molecular systems. It is sensible to note
379that current simulation studies are both limited in chemical
380scope and usually conducted with model protein solutions;
381they do not offer a full picture on the real-world behavior of
382the antifouling interfaces. For example, the impact of the
383antifouling components on specific binding events at

Figure 5. Simulation of water structure at PC and OEG SAMs. (A) Simulated structure, including water, of PC SAMs and model protein
(lysozyme) (B) Water dipole distribution near the PC and OEG-SAM and in bulk water and (C) Water residence times of SAMs and bulk water.
Adapted with permission from ref 81. Copyright 2008 American Chemical Society.
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384 incorporated bioreceptors has not been investigated at any
385 depth nor have analyses been carried out to model more
386 complex solutions where a broad range of intermolecular
387 interactions are present. This gap in data will undoubtedly
388 close with increasing computational power.
389 2.2.2. Evaluation of Antifouling Behavior. In seeking to
390 apply some of the above principles in an analytical format that
391 additionally enables selective target recruitment, careful
392 component selection needs to be married to a prior (chemical,
393 physical, spectroscopic) analysis of the nonfouling interface. In
394 this section, we focus on the experimental methods that have
395 been routinely used to examine interactions at functionalized
396 solid surfaces (e.g., flat electrodes, spherical particles).
397 2.2.2.1. Surface Plasmon Resonance. Surface Plasmon
398 Resonance (SPR) has been extensively used to examine
399 protein adsorption at chemically decorated interfaces, enabling
400 a real time and quantitative probing without the necessity for
401 labeling. SPR takes advantage of surface plasmons generated by
402 incident light excitation in thin metal layers. It is specifically
403 sensitive to dielectric constant change above the metal layer
404 and can thus report on binding events (including kinetics).85

405 This enables a facile evaluation of specific and nonspecific
406 adsorption events and has thus been heavily utilized not only
407 for biosensing but also evaluation of protein adsorption at
408 PEG,11,12 zwitterion15−17 or peptide-based20 antifouling
409 interfaces. For example, a direct comparison of fibrinogen
410 adsorption on five SAMs (OEG, PC, oligo-PC and mixed-
411 charge SAMs) as well as three polymer brushes (pCBMA,
412 pSBMA, pOEGMA) on gold has been reported.86 All
413 interfaces exhibit a low fibrinogen adsorption (from single
414 protein solution, 1 mg mL−1); 3.8 ng cm−2 for PC SAMs, and

415<0.3 ng cm−2 for the other surfaces), but adsorption from
416undiluted human blood plasma was observed to vary widely,
417with polymer brushes exhibiting fouling levels some 25−30
418times lower than the SAMs and pCBMA having the lowest
419levels of total protein adsorption (0.4 ng cm−2). Moreover,
420decreasing the number of EG or PC units in the SAMs was
421observed to lead to an expected increase in adsorption from
422both fibrinogen solution and plasma (see also Section 3.1.2).86

423 f6As shown in Figure 6, very low fouling levels from undiluted
424plasma, assessed by SPR, has also recently been reported for a
425gold substrate decorated with SAMs of pCBAA (0.3 ng cm−2

426vs 452 ng cm−2 for bare gold).87

4272.2.2.2. Fluorescence Imaging. Fluorescence imaging offers
428a very convenient and accessible way of examining the spatial
429distribution and status (such as aggregation) of adsorbed
430fluorophore-labeled materials such as proteins or cells and can
431thereby directly report on interfacial fouling.88−91 The
432Gooding group, for example, have employed fluorescence
433imaging to compare protein adsorption levels on glassy carbon
434(GC) and gold surfaces modified with zwitterionic phenyl-
435phosphoryl choline (PPC)88,91 using fluorescein isothiocyanate
436labeled BSA (FITC-BSA) and rhodamine B labeled
437 f7cytochrome c (RBITC-Cyt c) (Figure 7). BSA and Cyt c
438were chosen as representative anionic and cationic proteins at
439physiological pH and it was demonstrated that the protein-
440resistance of electrodeposited zwitterionic PPC was superior to
441that of electrodeposited OEG and bare surfaces with a
442reduction of protein adsorption of 83% and 90%, respectively.
443In other work, Zhang et al. modified planar gold with a SI-
444ATRP generated polymer containing pHEMA and a
445HWRGWVA peptide (an immunoglobulin G (IgG) recep-

Figure 6. (A) Schematic of a hierarchical pCBAA-based zwitterionic nonfouling modification on a gold surface. (B) Typical SPR sensogram of
protein adsorption from undiluted plasma on bare gold and a pCBAA-modified gold surface. Reproduced with permission from ref 87. Copyright
2016 Springer Nature.

Figure 7. (A) Chemical structure of PPC on glassy carbon electrode. Evaluation of protein adsorption of (B) FITC-BSA and (C) RBITC-Cyt on
PPC-GC surface by fluorescence imaging. Scale bars are 200 μm. Reproduced with permission from ref 88. Copyright 2013 American Chemical
Society.
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446 tor).92 Fluorescence experiments then showed that FITC-IgG
447 did not foul on a pHEMA control but was specifically recruited
448 to the pHEMA-receptor interface.
449 Similarly, Cao et al. have applied fluorescence imaging to
450 evaluate cell adhesion on poly(sulfobetaine-3,4-ethylenediox-
451 ythiophene) (pSB-EDOT) coated gold surface.93 Adhered
452 cells were directly stained with fluorescein diacetate showing
453 negligible cell attachment on pSB-EDOT while the unmodified
454 poly(3,4-ethylenedioxythiophene) (PEDOT) control showed
455 significant cell fouling. While offering simple visual, qualitative
456 assessment of fouling it should be taken into consideration that
457 fluorescence imaging requires the conjugation (and subsequent
458 purification) of suitable fluorophores onto the model fouling
459 agent (e.g., protein) which can be cumbersome and not readily
460 extendable to a refined analysis of complex samples containing
461 a broad range of different proteins.
462 2.2.2.3. Quartz Crystal Microbalance with Dissipation. A
463 Quartz Crystal Microbalance with Dissipation (QCM-D)
464 constitutes another sensitive label-free technique, in which an
465 alternating voltage is applied to drive the oscillation of a quartz
466 substrate at its resonance frequency.94 Relevant parameters,
467 such as the mass of adsorbed protein, including associated
468 solvent molecules and the viscoelastic properties of the
469 adsorbed layer, can be determined from frequency (Δf) and
470 dissipation change (ΔD). A combination of the two factors can
471 be used to determine the interaction between underlying
472 nonfouling materials and potential adsorbates.95−97

473 Utilizing QCM-D, the protein resistance of simple
474 zwitterionic SAMs of L-cysteine, L-methionine, and glutathio-
475 nine (GSH) has, for example, been evaluated.94 The data
476 demonstrated that, of these interfaces, the GSH-SAM showed
477 lowest fouling when exposed to 1 mg mL−1 BSA at
478 physiological pH (37 ng cm−2 vs 749 ng cm−2 for bare Au)
479 and that the fouling of all SAMs was predictably pH-
480 dependent. For example, the GSH film showed high fouling
481 at pH 4.0 and relatively low fouling at pH 5.0. This is due to
482 electrostatic attraction between BSA and GSH at pH 4.0, due
483 to the pI of BSA and immobilized GSH of 4.7 and 3.9,
484 respectively; they are oppositely charged at this pH. This nicely
485 highlights the attention that should be given to the pH-
486 dependence of nonspecific electrostatic associations. Recently,
487 Li et al. investigated the construction of an effective antifouling
488 layer via electrodeposition.98 The gold electrode was modified
489 with zwitterionic SB via diazonium chemistry and fouling
490 studies to 10% fetal bovine serum (FBS) carried out by QCM-
491 D. The authors showed that this film possessed similar
492 antifouling capabilities as the analogous SB-SAM.
493 In another study, QCM was used to evaluate the antifouling
494 performance of zwitterionic peptides immobilized on polydop-
495 amine (PDA)-treated gold substrates.99 The alternating
496 glutamic acid- and lysine-based peptide interface was observed
497 to show adequate fouling resistance (∼110 ng cm−2) to human
498 serum, significantly better than bare gold (∼700 ng cm−2),
499 PDA/Au (∼870 ng cm−2) and PEG/PDA/Au (∼270 ng
500 cm−2).
501 2.2.2.4. Electrochemical Impedance Spectroscopy. Elec-
502 trochemical impedance spectroscopy (EIS) is a technique that
503 can be applied to the characterization of electrode interfaces
504 and sensitively report on interfacial change such as those
505 associated with binding events (specific or nonspecific).100 In
506 recent work from Jiang and co-workers, EIS was applied to
507 evaluate the interactions between proteins and zwitterionic
508 PPC-modified indium tin oxide (ITO) electrodes, in which

509HSA was selected as a nonspecific model protein.36 Upon
510exposure to HSA (1 mg mL−1) the charge transfer resistance
511(Rct) of the interface did not change, indicating negligible
512fouling. Similar results were also obtained by Bryan et al. at
513PEG SAMs.47 Davis and co-workers have applied non-Faradaic
514EIS to evaluate protein adsorption on cysteamine/graphene
515oxide-modified gold microelectrodes.101 They found that after
51630 min exposure to 100% serum or 1 μM BSA in phosphate
517buffered saline (PBS) for 30 min, the relative change in
518impedimetric modulus (Z) is considerably lower for cyste-
519amine/GO composite electrodes (<1%) than that of simple
520cysteamine SAMs (∼24%), indicating a significant contribu-
521tion of GO to overall antifouling performance. Non-Faradaic
522EIS has also been applied to the ultrasensitive quantification of
523insulin in neat serum using pCBMA-modified gold electrodes
524(see also Section 2.3.2).102 Similarly, the fouling of HSA (1
525mM) on ferrocene-tagged peptide SAMs has been evaluated by
526impedance-derived redox-capacitance.103 In other examples,
527Luo’s group have assessed the antifouling performance of
528sensors based on PEG-aptamer-modified PDA/GC104 and
529zwitterionic peptide (EKEKEKE-PPPPC)-modified gold elec-
530trodes33,105 using Faradaic EIS, indicating negligible protein
531adsorption from single protein solution and in diluted plasma
532in both cases.
5332.2.2.5. Dynamic Light Scattering. Through appropriate
534decoration with antifouling layers (nano)particle-based plat-
535forms have gain increasingly intense levels of attention as
536promising diagnostic and therapeutic tools.106 In this context,
537dynamic light scattering (DLS) is a useful technique not only
538for determination of particle size and size distribution but also
539for examination of subsequent fouling/absorption or aggrega-
540tion events. Upon fouling at the liquid−solid interface, a
541change in the hydrodynamic diameter (Dh) of the particle can
542be measured. Wang et al. have, for example, reported an
543analysis of zwitterion functionalized spherical nanoparticles
544(size).107 Specifically, silica nanoparticles were conjugated with
545natural amino acids (L-lysine, L-cysteine, L-arginine) and their
546antifouling properties indirectly evaluated in BSA and FBS
547solution, whereby protein adsorption is accompanied with an
548increase in Dh. It was shown that all of the tested amino acid-
549functionalized silica nanoparticles can effectively resist protein
550adsorption under these conditions. Among them, lysine-
551functionalized silica nanoparticles had the best antifouling
552performance, showing an increase of (Dh) of only 10% after
553incubation for up to 24 h in 1 mg mL−1 BSA solution and 20%
554after incubation in 10% FBS solution (initial Dh ≈ 65 nm). In
555another paper reported by Sanchez-Salcedo et al. the same
556approach was applied to evaluate the antifouling performance
557of zwitterionic 2-methacryloyl posphorylcholine (MPC)-
558coated mesoporous silica nanoparticles in 1 mg mL−1 BSA
559and 10% FBS solutions.108 Results showed that Dh remained
560stable over 72 h. More recently, the antifouling behavior of
561silica nanoparticles decorated with different compositions of
562(3-aminopropyl)triethoxysilane (APTES) and zwitterionic SB-
563 f8silane was assessed (Figure 8).109 After exposure to FBS, only a
564slight increase (∼2−3 nm) in size of the nanoparticles
565containing large proportions of zwitterionic moieties (100%
566SB and 75% SB) was noted. This technique is readily
567applicable for the evaluation of well-dispersed and homoge-
568neous nanoparticles, but limitations arise for larger beads that
569aggregate or sediment which can severely interfere with the
570scattering measurements.
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571 2.2.2.6. Bicinchoninic Acid Assay. The Bicinchoninic Acid
572 (BCA) assay is a quantitative colorimetric assay for total
573 soluble protein and can be used to indirectly study protein
574 adsorption at a solid−liquid interface by monitoring solution
575 depletion. For example, the protein-resistance of pSBMA-
576 modified magnetic nanobeads has been assessed this way,110

577 where the bead surface modification was, as expected, shown
578 to dramatically reduced nonspecific BSA adsorption (<10 μg
579 adsorption/mg beads). Similarly, BSA fouling resistance (from
580 single protein solution, 4.5 mg mL−1) was demonstrated for
581 PC-coated hydroxyapatite with fouling reduction of 50% in
582 comparison to the unmodified particles.111 Estupiñań et al.
583 recently prepared a magnetic multifunctional silica particle
584 platform containing antifouling moieties (SB) as well as anchor
585 groups for receptor conjugation (amine and alkene terminated
586 silanes). The protein resistance in undiluted FBS was assessed
587 with the BCA assay after particle incubation revealing only
588 moderate (<60 ng cm−2) fouling. Furthermore, it was
589 demonstrated that the presence of SB did not prohibit
590 subsequent controlled conjugation of an IgG antibody.112

591 There are then, a number of sensitive interfacial techniques
592 available to allow characterization of antifouling materials and
593 their performance on diverse solid supports (conducting or
594 nonconducting, flat or nanoparticle). Some of these allow a
595 direct quantification of adsorbed mass on the interface (e.g.,
596 SPR, QCM) while others can serve as a useful qualitative tool
597 to assess fouling (DLS, electrochemistry, (fluorescence)

598spectroscopy, etc.). In addition to the highlighted approaches,
599a number of other techniques such as isothermal titration
600calorimetry (ITC),113 ellipsometry114 or differential pulse
601voltammetry (DPV)115,116 can also be readily utilized to
602investigate surface adsorption events. Through the appropriate
603selection of these complementary techniques, a detailed
604evaluation of fouling performance can be entertained through
605the use of (ideally) realistically complex test solutions. This
606data can then guide the design of sensing interfaces with
607improved performance, most notably selectivity and robust-
608ness.

2.3. Sensors Based on Chemical Antifouling Interfaces

6092.3.1. Incorporation of Receptive Elements. In any
610specific downstream sensory application, functional (bio)-
611recognition elements need to be incorporated into antifouling
612surface architectures. It is, of course, imperative (or at least
613ideal) that the performance of these additional functionalities
614is not impeded by the nonfouling support and, equally, that the
615incorporation of significant amounts of such elements can be
616carried out with minimal perturbation of the supporting
617antifouling performance.30 Therefore, the appropriate (co)-
618incorporation of receptor/anchor and antifouling units is a
619crucial part of the sensor design. If both functionalities are
620inherently present in one component such as CB or peptides
621or functional group terminated OEGs,34 then direct assembly
622of this component will yield a modifiable interface in one step
623 f9(Figure 9A). If the antifouling component is not easily
624functionalizable, like phosphorylcholine or sulfobetaine, then
625an additional anchor component must be immobilized
626simultaneously or consecutively to form a mixed interface
627(Figure 9B). This can usually be achieved by, for example, self-
628assembly, electrografting or copolymerization. Importantly, if
629(bio)recognition and nonfouling elements are coimmobilized
630their surface ratio must be tuned to obtain the best sensor
631performance in terms of antifouling performance, target
632capture efficacy and interfacial selectivity. Depending on the
633specific tethering method, and the relative reactivity of the
634different components, this tuning can usually be carried out by

Figure 8. Nanoparticles modified with mixed silanes terminated with
amine and zwitterionic SB groups where protein adsorption is
evaluated by DLS. Adapted with permission from ref 109. Copyright
2018 American Chemical Society.

Figure 9. General construction principle of antifouling sensors with anchor sites for receptor immobilization. (A) Antifouling unit (orange) and
anchor site for (bio)receptor conjugation (blue) are present in the same component and can thus be assembled in one step to form a
“homogeneous” film. (B) Antifouling and anchor units are immobilized separately by either simultaneous or consecutive grafting to form a
“heterogeneous” sensory interface.
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635 adjusting the immobilization protocol (e.g., concentration,
636 time).56

f10 637 In a typical example, as shown in Figure 10, a mixture of
638 functional elements can also be immobilized by electrografting.

639 For example, simultaneous and consecutive electrografting of
640 zwittterionic PPC diazonium salts with carboxyphenyl
641 diazonium salts onto ITO electrodes has been investigated
642 by Jiang et al.36,54 The authors demonstrated that, with the
643 employment of consecutive electrografting, the surface ratio of
644 mixed films can be tuned and antifouling abilities retained
645 through the conjugation of high levels of bioreceptive elements
646 (anti-TNF-α antibody).
647 Regardless of the specific immobilization protocol that is
648 utilized, attention must be given to the compatibility of all
649 immobilized anchor/receptive/nonfouling components. This
650 includes, but is not limited to, their stability, reactivity, and
651 spatial arrangement. The latter is particularly important, where
652 care must be taken to ensure that the integration of any
653 antifouling components does not (significantly) affect the
654 operation of the sensor (e.g., signal transduction and binding
655 selectivity). For example, when receptive elements are
656 incorporated into the interface, the nonfouling support should
657 not sterically (or electrostatically) impede target binding nor
658 present a chemical environment that is otherwise not
659 conducive to binding (such as a particularly high dielectric
660 where target binding has a large electrostatic component). A
661 sterically imposed “filtering” of background can be beneficial in
662 very specific cases (see Sections 3 and 5).117 One notable
663 exception to these steric considerations is when receptive units
664 are temporarily embedded within the antifouling interface and
665 controllably exposed upon the application of a stimulus (e.g.,
666 electric field, temperature, light).118−120

667 Another important consideration is the effect receptor
668 coupling has on the underlying “native” fouling characteristics

669of the supporting film; the commonly utilized tethering to film
670exposed anionic carboxyls, for example, will render an initially
671zwitterionic moiety cationic. In addition to both the effect of
672nonfouling chemistry on target capture and the potential
673impact of receptor integration on nonfouling character, one
674most also consider signal transduction. If, for example,
675comparatively thick nonfouling films are married with low
676levels of receptor; one may then be in a regime where target
677capture is not effectively transduced to an underlying mass,
678optical, or electrochemical sensor.
679On the basis of the above analyses and general design
680principles, a broad range of electrochemical or optical sensors
681for a variety of analytes have been constructed and utilized in
682vitro and in vivo. These examples will be discussed in the
683following sections. It should be noted (again) that label-free
684approaches are significantly more sensitive to nonspecific
685adsorption because they cannot natively distinguish non-
686specific from specific binding events and thus almost inevitably
687require the integration of antifouling approaches when sensing
688in complex biological media is sought. Sensors based on
689multistep labeled-designs (e.g., enzyme-linked immunosorbent
690assay (ELISA)) are less prone to this nonspecificity (though it
691undoubtedly remains) and very often contain no predesigned
692antifouling components; they are thus not the main focus
693herein.
6942.3.2. In Vitro Sensing Based on Antifouling Chem-
695istries. Optical or electrochemical sensor formats have long
696been the most commonly used in applications in complex
697biological fluids. In the following sections, we will highlight
698relevant recent examples of such sensors and discuss their
699analytical performance. We will specifically focus on those
700presenting novel architectures capable of operating in real-life
701samples such as serum.
7022.3.2.1. PEG. Since the 1970s, polyethylene glycol (PEG;
703>10 EG units) and its derivatives such as oligoethylene glycol
704(OEG, n ≈ 3−10) have undoubtedly been the most accessible
705and frequently applied antifouling materials121 and have been
706utilized in numerous sensory formats. Particularly common are
707sensors based on PEG-based SAMs such as a recently
708developed multiplex SPR sensor for the simultaneous detection
709of three human pancreatic islets peptide hormones, that is,
710insulin, glucagon, and somatostatin.122 In this work, a mixed
711SAM of CH3O-PEG-SH and 16-mercaptohexadecanoic acid
712(molar ratio of 3:2) was utilized as an antifouling support and
713for antibody attachment, respectively. Antibody functionalized
714spots on the sensor chips showed high specificity to the
715corresponding hormones with negligible interference from 1
716mg mL−1 BSA or lyzosome and adequate detection limits for
717insulin (1 nM), glucagon (4 nM), and somatostatin (246 nM).
718While it was not demonstrated that this sensor is capable of
719operating in real-life samples, the multiplexed detection of
720different markers with high throughput is of large interest in
721clinical applications. In another study, Xu et al. reported a
722label-free impedimetric sensor to detect insulin using a simple
723SAM of SH-(EG)4-COOH as simultaneous antifouling layer
724and antibody anchoring support.123 They demonstrated that
725this sensor is capable of insulin detection in 50% serum with
726minimal interference (3%), a limit of detection (LoD) of 1.2
727pM, and a clinically relevant linear range (from 5 pM to 50
728nM). Notably, the obtained sensor could be regenerated and
729reused by disassociation of insulin antibody−antigen complex
730using 0.2 M Gly-HCl buffer.

Figure 10. Electrografting mixed layers of PPC and CP on ITO using
(A) simultaneous electrografting strategy and (B) consecutive
electrografting strategy. Reproduced with permission from ref 36.
Copyright 2016 American Chemical Society.
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731 Other impedimetric sensors based on PEG chemistries have
732 also been reported by the Davis group. For example, α-
733 synuclein antibodies (markers for Parkinson’s disease, PD)
734 have been quantified in blood at a α-synuclein antigen-
735 modified SAM of HS-C11-(EG)3-OCH2−COOH (EG-SAM)
736 on gold.47,124 This format was then applied to serum samples
737 of Parkinson’s disease (PD) patients and healthy controls
738 demonstrating pM levels of sensitivity and good levels of
739 disease-relevant selectivity. Similar sensors for the detection of
740 C-reactive protein (CRP, an important marker of potential
741 cardiac stress and inflammation) at anti-CRP modified the EG-
742 SAMs using impedance based electrochemical capacitance
743 spectroscopy (ECS) have also been developed, where an
744 immittance function approach has been employed to extract

f11 745 the most sensitive analytical parameter (Figure 11).125−128

746 Recently, the same group has applied EIS at EG-SAMs on gold
747 bead electrodes to assay the exosomal proteins CD 9 and
748 Syntenin with picomolar sensitivity in exosomal lysate.129

749 Mixed SAMs of EG-thiol and ferrocene-thiol have also been
750 utilized as supports for the redox capacitive detection of
751 nonstructural protein 1 (NS1), IgG, or human prostatic acid
752 phosphatase (PAP) in 20% serum.130 The multiplexed
753 impedimetric sensing of insulin and CRP has also been
754 reported at PEG-modified gold electrode arrays. Specifically 4-
755 armed PEG-amine and 4-armed PEG-epoxide were phys-
756 isorbed onto the electrode surface and then thermally cross-
757 linked prior to antibody tethering. This platform was capable
758 of the detection of insulin and CRP in undiluted human serum
759 with fM and pM detection limits respectively, a capability then
760 applied to real patient sample analysis.131

761 The Gooding group has investigated antifouling electro-
762 chemical sensors based on mixed layers of electrografted OEG
763 and molecular wires (MWs). It is worth noting here that while
764 OEG can effectively resist nonspecific protein adsorption, it
765 can, if densely packed, significantly hinder electron transfer to
766 the underlying electrode impeding its use in various electro-
767 chemical sensors. Thus, additional oligo(phenylethynylene)
768 based MWs were used to switch on the electrochemical
769 communication between an immobilized redox probe
770 (ferrocene) and the electrode.55,132 To apply this design,
771 they further incorporated an epitope of biotin into the wire to
772 allow amperometric biotin sensing via a displacement assay,

773taking advantage of the difference in the affinity of biotin to the
774 f12antibiotin antibody or its synthetic epitope (Figure 12). Five

775different combinations of MWs/OEG (1:0, 1:20, 1:50, 1:75,
776and 1:100) were tested in the detection of the model analyte
777(biotin) whereby the ratio of 1:50 was found to give the
778highest sensitivity. This OEG/MW mixed-layer platform was
779then successfully applied to detect glycosylated hemoglobin
780(HbA1c) in undiluted human serum by incorporating a
781recognition epitope (an N-glycosylated pentapeptide) into the
782wire.55,132 A good linear relationship between the relative
783Faradaic current associated with ferrocene and the concen-
784tration of HbA1c from 4.5% to 15.1% of total hemoglobin in
785serum without the need for washing or rinsing steps was
786achieved, indicating its applicability for point-of-care (PoC)
787use.133 The major limitation of these systems is the relative
788complexity of the MW synthesis.
789The Luo and Davis groups have also developed a series of
790label-free DNA biosensors based on PEG antifouling chemistry
791to electrochemically detect the breast cancer susceptibility
792gene 1 (BRCA1) in human serum. In one example, they drop-

Figure 11. (A) PEG thiol (HS-C11-(EG)3-OCH2−COOH) based interface for label-free immittance electroanalysis of CRP. (B) Optimized
analytical response curve for impedimetric CRP detection showing that |Z| is a 12× more sensitive analytical parameter than the more commonly
used Rct. Adapted with permission from ref 125. Copyright 2015 American Chemical Society.

Figure 12. Schematic representation of a mixed OEG/molecular-wire
based electrochemical biosensor for detection of biotin. Adapted with
permission from ref 54. Copyright 2011 Elsevier.
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793 coated 4-armed PEG-amine and 4-armed PEG-epoxide onto a
794 GC electrode forming a cross-linked PEG film onto which
795 oligonucleotide probe immobilizing gold nanoparticles were
796 deposited.134 Upon binding of the BRCA1 DNA, an increase
797 in the charge transfer resistance of the sensory interface was
798 measured by EIS. The sensor exhibited a three orders linear
799 range with a fM LoD. Spiking of undiluted serum with target
800 (1, 10, and 100 pM) showed a recovery rate ranging from
801 92.6% to 100.6%, indicating a robust nonfouling performance.
802 In another study by the same group, a 4-armed-PEG-COOH
803 based nonfouling sensor for BRCA1 electroanalytical detection
804 in serum was developed.38 Specifically, polyaniline (PANI)
805 nanowires were introduced onto GC through electropolyme-
806 rization. Subsequently, this interface was modified with PEG
807 on which the amino functionalized methylene blue-modified
808 DNA capture probes were coupled. Upon target capture, the
809 hybridization of complementary target DNA and DNA probe
810 displaced the MB out of the duplex structure, leading to a
811 reduction in current with a LoD of 0.01 pM. Similarly, Chen et
812 al. investigated an antifouling support of PEG/tannic acid/
813 PDA on GC onto which gold nanoparticles (AuNPs) were

814electrodeposited to allow attachment of thiolated probe DNA.
815Impedimetric BRCA1 detection in 10% serum was achieved
816with a sub femtomolar LoD.135 PEG adlayer methodologies
817can also be applied to the modification of particulate systems
818to enable optical based target detection in complex media. For
819example, Luo’s group has investigated PEGylated Au/Fe3O4

820particles for the optical detection of human papilloma virus
821(HPV).136 In this study, the additional decoration of the PEG-
822based particles with chondroitin sulfate (CSA) resulted in
823enhanced colloidal stability and endowed the particles with
824apparent excellent fouling-resistance. A DNA probe for HPV
825was then immobilized onto the particles. After hybridization
826(target capture), a fluorescent dye (Hoechst 33258, which
827exclusively binds to the minor groove of double-stranded
828DNA) was utilized as a transducer. This fluorescent sensor was
829observed to possess a wide linear range and a pM LoD.136

830Another fluorescent nanosensor platform has been devel-
831oped by the Rotello group, using functional PEG-thiol SAMs
832on small AuNPs (∼2.6 nm diameter), where the head groups,
833for example, arginine (Arg), served as noncovalent anchor sites
834 f13for three different fluorescent proteins (FPs, (EBFP2 (blue),

Figure 13. Fabrication of a fluorescent displacement nanosensor based on the reversible binding of fluorescent proteins (FPs) onto ArgNPs. In
binding to the arginine head groups of the PEGylated AuNP, the FP fluorescence is initially quenched by the underlying gold. Displacement by
specific cell surface proteins restores their fluorescence. Adapted with permission from ref 137. Copyright 2015 American Chemical Society.

Figure 14. (A) Schematic representation and scanning electron micrographs of a solid-state nanopore modified with silane-EG6-anti-PSA. (B)
Removal of nonspecific nanopore blockade events (i.e., anti-PSA-MNP without target) was through the application of a magnet, whereas (anti-
PSA)-MNP with bound PSA will remain in the pore, thus blocking it. (C) Flowchart for assay of PSA. After incubation and separation of the
MNPs, they were exposed to the nanopore flow cell. A potential difference was applied between both sides of the nanopore and the ionic current
analyzed by an event classifier where three distinct event types: translocation, blocking, and unblocking can be observed. Adapted with permission
from ref 142. Copyright 2019 Nature Publishing Group.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00739
Chem. Rev. XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00739?ref=pdf


f13 835 EGFP (green), and tdTomato (red)) (Figure 13).137 This
836 configuration was then utilized in a displacement assay for the
837 sensing of target analytes that can compete with the FPs for the
838 headgroup binding sites. Depending on the binding properties
839 of the target analytes, the system generates different
840 fluorescence finger prints, which can be analyzed by a linear
841 discrimination assay (LDA). This was then successfully utilized
842 to investigate the physicochemical changes of cell surfaces (as
843 “analyte”) upon exposure to chemotherapeutic drugs with
844 unique fluorescent signatures for different response mecha-
845 nisms. This PEG-based nanoparticle platform was also
846 successfully translated to protein sensing in serum (in addition
847 to bacterial sensing in culture media) by endowing the head
848 groups with specific interaction sites.138−141 These particles
849 allowed the high-throughput screening of multiple targets
850 without additional sample preprocessing, thus offering a
851 convenient approach for drug discovery, protein screening,
852 and cell-based sensing.
853 Kyloon et al. utilized OEG-based antifouling chemistry in a
854 silicon nitride nanopore sensor for the sensitive detection of
855 prostate specific antigen (PSA) in blood.142 Sensing was
856 carried out by capturing PSA from patient blood with anti-PSA
857 antibody-modified OEG-modified magnetic nanoparticles
858 (MNPs, 50 nm). These MNPs were then further captured at
859 anti-PSA antibody-modified photolithographically generated
860 nanopores (27 nm) whereby the blocking of the pore results in

f14 861 a modified current response (Figure 14). Importantly, the
862 MNPs can be magnetically driven whereby those particles that
863 have not captured the analyte can be magnetically removed,
864 which together with the antifouling OEG modification reduces
865 fouling/nonspecific response. This sandwich format afforded a
866 very high sensitivity (LoD 0.8 fM) and showcased both the
867 importance of antifouling design and a viable extension to
868 other trace analyte detection.143,144 In different work,
869 Giamblanco et al. demonstrated that (5 kDa) PEG-modified
870 20 nm nanopore sensors can be used to study protein
871 aggregate morphology. The intensity of the relative current
872 blockade (aggregate vs translocating) enabled the detection
873 and discrimination of the morphology of ß-lactoglobulin,
874 lysozyme, and BSA.145

875 Despite its ubiquitous use as an antifouling material, it is
876 important to note that PEG chemistry suffers from a number
877 of major drawbacks such as those associated with chemical
878 tailorability and a noted susceptibility to oxidative dam-
879 age146,147 and decomposition in the presence of oxygen and
880 transition metal ions (impeding long-term stability/function-
881 ality) (as summarized in Table 4).12,121,148 They are also only
882 rarely capable of a prolonged operation in high levels of blood
883 or serum. Under such circumstances, alternatives are required.
884 2.3.2.2. Zwitterions. In recent years, zwitterionic materials,
885 which possess high oxidative resistance and hydrolytic stability,
886 have attracted considerable attention as promising alternatives
887 to PEG in developing high performance antifouling inter-
888 faces.147,149−151 As discussed in Section 2.2, their hydration not
889 only arises from hydrogen-bonding (as is the case for PEG)
890 but also has an appreciable electrostatic component (a key
891 element of their antifouling properties). A range of functional
892 groups can be readily incorporated into zwitterionic surface-
893 confined architectures; most commonly, quaternary ammo-
894 nium groups are combined with phosphates/phosphonates
895 (phosphorylcholine),152,153 sulfone/sulfate groups (sulfobe-
896 taine),154,155 or carboxylates (carboxybetaine) (Figure
897 1B).150,156 The latter can furthermore serve as convenient

898anchor groups for subsequent (bio)conjugation via, for
899example, esterification or amidation as discussed further.157

900In analogy to the PEG-based systems, zwitterionic
901chemistries can be easily incorporated into (subsequently)
902sensory interfaces via self-assembly or polymerization. The
903former has been used by Wang et al., who investigated mixed
904zwitterionic antifouling SAMs of SB and CB-modified thiols on
905a gold SPR chip for the detection of rabbit polyclonal IgG.158

906The SAM possessed a high fouling resistance whereby the CB
907also served as an anchor point for antibody immobilization.
908The sensor exhibited high sensitivity (LoD of 0.4 nM) and
909high target specificity without interference from chicken
910 f15polyclonal IgG. As shown in Figure 15, a CB-based SPR

911sensory system for the detection of Hepatitis B antibody in
912clinical saliva has also been reported by Riedel et al.43 In this
913case, poly[(N-(2-hydroxypropyl)methacrylamide)-co-(carbox-
914ybetaine methacrylamide)] (poly[HPMA-co-CBMAA])
915brushes were synthesized on an initiator-modified Au surface
916via ATRP and the Hepatitis B antigen, then immobilized
917through standard methods. Upon exposure to saliva, the target
918antibody is bound followed by addition of a fluorophore-
919labeled secondary antibody (IgG) enabling detection via
920surface plasmon-enhanced fluorescence. This sandwich
921immunosensor showed excellent antifouling properties in
922saliva and was capable of distinguishing between positive
923clinical saliva samples (respective serum ELISA response >1 IU
924mL−1) and negative clinical saliva samples (respective serum
925ELISA response <0.01 IU mL−1).
926A broad range of optical sensors based on zwitterionic
927antifouling chemistries have also been reported. In one
928example, pCB functionalized cellulose paper has been applied
929to detect glucose in undiluted human serum.156 To this end,
930pCB brushes were first grafted from cellulose paper via SI-
931ATRP, which was incorporated into a microfluidic device. The
932subsequent colorimetric glucose assay was based on the
933enzymatic oxidation of iodide to iodine. Compared to bare
934cellulose paper, the pCB-modified cellulose showed an
935improved performance (color intensity and response time)

Figure 15. Schematic depiction of a plasmonically enhanced
fluorescence biosensor where a gold sensor chip functionalized with
a poly(HPMA-co-CBMAA) brush functions as a nonfouling support
for Hepatitis B antigen. After anti-Hepatitis B capture, a second
fluorophore labeled antibody is introduced enabling sensitive
detection anti-Hepatitis B via plasmonically enhanced fluorescence.
Adapted with permission from ref 43. Copyright 2017 American
Chemical Society.
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936 for all glucose concentrations (0.5−5.0 mM), particularly in
937 undiluted human serum samples. In other work, optical sensors
938 based on a bifunctionalized silica nanoparticle modified with
939 −CB and −COOH terminated silanes were developed by Hu
940 et al.113 This short-chained interface showed effective
941 antifouling properties in both BSA based model protein
942 solution and 50% FBS as assessed by the BCA assay. These
943 functionalized nanoparticles were then successfully applied for
944 chemiluminescent detection of human chorionic gonadotro-
945 phin in 50% FBS by formation of a sandwich complex on the
946 horseradish peroxidase antibody-modified particles.
947 Brault et al. extended the application of pCB to the
948 development of an SPR sensor interface capable of the
949 multiplexed profiling of protein targets.159 pCB brushes were
950 coated on a gold chip through ATRP and were then
951 functionalized with three antibodies via microcontact printing.
952 Human monoclonal antibody against the activated leukocyte
953 cell adhesion molecule (anti-ALCAM), an antibody against
954 thyroid stimulating hormone (anti-TSH), and an antibody
955 against β-human chorionic gonadotropin (anti-hCG) were
956 used to generate the printed antibody spots on pCB films. The
957 authors demonstrated that such a configuration exhibited
958 similar sensitivities to conventional SPR sensors with the same
959 pCB films (10 ng mL−1 vs 7.8 ng mL−1) but with high-
960 throughput capabilities. This work represents the first
961 demonstration of a low fouling pCB-based antibody sensing
962 array for analysis of undiluted human plasma and shows great
963 potential for the assaying of a wide range of protein analytes.159

964 Similarly, Homola’s group has presented a multichannel SPR
965 sensor coated with a functionalizable and low-fouling pCBAA
966 brush for simultaneous detection of E. coli O157:H7 and
967 Salmonella sp. in hamburger and cucumber samples.39 The SPR
968 chips were based on a sandwich format of capture Ab-analyte-
969 streptavidin-labeled detection Ab on pCBAA brushes.
970 Recognition and binding of biotinylated gold nanoparticles
971 were used to enhance the SPR sensor response and amplify the
972 signal. The limits of detection for the two species of bacteria in
973 cucumber and hamburger extracts were determined to be 57
974 colony-forming unit (CFU) mL−1 and 17 CFU mL−1 for E.
975 coli, 7.4 × 103 CFU mL−1 and 11.7 × 103 CFU mL−1 for
976 Salmonella sp., respectively.
977 Vaisocherova ́ et al. reported an extraction-free (no pretreat-
978 ment) and polymerase chain reaction (PCR)-free sensor based
979 on a zwitterionic pCBAA SPR array that enabled the direct
980 multiplexing of four miRNAs (miR-16, miR-181, miR-34a, and
981 miR-125b) in crude erythrocyte lysates (EL).41 pCBAA

982brushes approximately 40 nm thick (generated by ATRP)
983were able to load ∼9.8 × 1012 probes per cm2 and showed a
984strong resistance to fouling from EL. samples (<2 ng cm−2).
985Different capture probes for the four miRNAs were
986immobilized onto this support facilitating RNA quantification
987after hybridization with biotinylated detection probes (the
988signal of the sandwich hybridization assay can be further
989amplified with the aid of streptavidin-functionalized AuNPs).
990The developed sensor successfully assayed for miRNA
991biomarkers of myelodysplastic syndrome in clinical EL samples
992enabling detection of miRNAs at levels <0.5 pM.
993Other electrochemical sensors have been explored by Jiang
994et al., who modified electrodes with short and low-impedance
995binary aryl layers constructed via the electrodeposition of
996aryldiazonium salts containing zwitterionic PC or carboxy
997groups for anchoring biorecognition units.36,56 For example, an
998electrochemical sensor for TNF-α detection has been
999constructed by in situ simultaneous electrografting of PPC
1000and phenyl butyric acid (PBA) onto indium tin oxide (ITO).54

1001This was employed in an amperometric sandwich assay with a
1002low LoD (<1 pM) reported for TNF-α in whole blood. A
1003similar approach has utilized reduced graphene oxide
1004immobilized onto a gold electrode through diazonium
1005chemistry.160 This interface was then further decorated with
1006mixed zwitterionic PPC and carboxyphenyl groups via
1007diazonium reduction onto which anti-TNF-α was coupled.
1008Subsequent amperometric detection of targets was then carried
1009out by a sandwich method whereby the recruited analytes were
1010exposed to ferrocene and anti-TNF-α-modified rGO. This
1011electrochemical immunosensor was successfully used for the
1012detection of secreted TNF-α from BV-2 cell lines (in cell
1013media). In a more recent study, the same group reported a
1014similar sensor capable of multiplexed sensing of cytokines
1015 f16TNF-α, IL-6, and IL-1β in serum.161 As shown in Figure 16,
1016mixed layers of PPC and CP were electrodeposited, followed
1017by antibody immobilization. Analyte detection was carried out
1018amperometrically with the rGO both analyte antibody and
1019redox reporter (nile blue (NB), methylene blue (MB), or
1020ferrocene (Fc))-modified. Because of the distinct redox peaks
1021associated with these reporters (−0.4 V, − 0.2 and 0.2 V,
1022respectively), a simultaneous sensing of all three analytes was
1023deemed possible in undiluted mouse serum. This study
1024demonstrates a promising adaptive methodology for multi-
1025plexed sensing in complex media by rational selection and
1026evaluation of redox labels. In another study, electrochemical
1027sensors based on a zwitterionic polymer interface were

Figure 16. (A) Zwitterionic sandwich immunosensor for the multiplexed detection of three cytokines IL-6, IL-1β, and TNF-α in serum. (B) Square
wave voltammetry response at the interface before and after incubation with three cytokines IL-6, IL-1β, and TNF-α, followed by incubation of
anti-IL-6 Ab-GO-NB, anti-IL-1β Ab-GO-MB, and anti-TNF-α Ab-GO-Fc. Adapted with permission from ref 161. Copyright 2018 American
Chemical Society.
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1028 reported by Davis and co-workers who developed a pCBMA
1029 based label-free biosensor to support the fM detection of
1030 insulin (LoD = 40 fM) in neat serum, which, some years later,
1031 still represents a benchmark in the selective label free
1032 electrochemical detection of protein targets in complex
1033 fluid.102 In spite of their frequent use and excellent antifouling
1034 capabilities, few zwitterionic compounds are commercially
1035 available necessitating the often complicated synthesis and
1036 purification of these highly charged molecules. Furthermore, it
1037 should be taken into account that the external pH as well as
1038 electric field (e.g., in electrochemical sensing) may influence
1039 the overall interfacial charge status and thus the antifouling
1040 behavior.
1041 2.3.2.3. Peptides. Peptides are natively biocompatible with
1042 physicochemical characteristics (hydrophilicity, charge, con-
1043 formational rigidity, anchor groups) tunable through their
1044 specific sequence. With the high hydrogen bond-donor/
1045 acceptor abilities of their polar functional groups and their
1046 zwitterionic charge, peptides are usually strongly hy-
1047 drated.18,162 Charged side chains (glutamic acid (E), lysine
1048 (K), aspartic acid (D), histidine (H), and arginine (R)) or
1049 surface anchor groups (cysteine (C)) are usually incorporated
1050 in derived applications,27,34,163 with nonfouling character also
1051 being reported on noncharged hydrophilic164 and amphiphilic
1052 peptides.165 Peptides of various length and sequence have been
1053 assembled onto a range of planar and nanoparticulate surfaces

1054most commonly by incorporation of a cysteine motif at the

1055peptide terminus to facilitate the formation of (“thiolate”)
1056SAMs on gold. The influence of complex amphiphilic and
1057zwitterionic peptide structures on the resistance of protein
1058adsorption has been investigated by He and co-workers.
1059Specifically, two different heptapeptides, the noncharged
1060CYSYSYS and the zwitterionic CRERERE, have been
1061synthesized and self-assembled on gold.165 Ultralow levels of
1062protein adsorption (1.97−11.78 ng cm−2) on these surfaces
1063were quantified by SPR with single proteins (BSA, lysozyme,
1064and β-lactoglobulin) as well as biological media (serum,
1065soybean milk, and cow milk) confirming an improved
1066performance of the zwitterionic peptide interface (over the
1067amphiphilic noncharged peptide) for both single protein
1068solutions and natural complex fluids.
1069On the basis of such background observations, a number of
1070peptide-based sensors have been constructed. In one recent
1071study, a SPR sensor for the detection of platelet-derived
1072growth factor (PDGF-BB) was developed.166 To this end, a
1073gold coated optical fiber has been modified with mixed SAMs
1074of the antifouling CPPPP-EKEKEKE peptide and an aptamer

1075by simultaneous self-assembly to produce a film that was then
1076employed in a sandwich format using AuNPs as signal
1077amplifiers. This enabled PDGF-BB sensing in 10% human
1078serum with a sub pM LoD.

Figure 17.Multifunctional peptide-polyaniline nanowire based sensor for the detection of IgG in serum. Reproduced with permission from ref 164.
Copyright 2018 American Chemical Society.

Figure 18. Schematic illustration of the preparation of a PANI-supported branched peptide-based amperometric cell sensor (C, cysteine; P,
proline; E, glutamic acid; K, lysine.) Reproduced with permission from ref 168. Copyright 2019 American Chemical Society.
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1079 Peptide films have also been used in a range of electro-
1080 chemical sensor formats. Luo’s group, for example, recently
1081 reported a peptide-based nonfouling interface for the sensitive
1082 detection of IgG in clinical human serum using DPV.164 As

f17 1083 illustrated in Figure 17, PANI nanowire arrays were first
1084 constructed on GC electrodes via electropolymerization.
1085 Immobilization of a multifunctional peptide onto this modified
1086 electrode was then carried out via covalent cross-linking of the
1087 amino groups of PANI and thiol groups of the peptide via

1088 sulfo-SMCC. The peptide was specifically designed to contain
1089 an anchoring unit (CPPPP), a nonfouling sequence
1090 (NQNQNQNQ), and a specific IgG recognition sequence
1091 (HWRGWVA). This aptasensor was capable of selective IgG
1092 detection via DPV in neat serum and real clinical samples with
1093 a low pM LoD. The analysis of patient samples was resolved to
1094 be in good agreement with hospital nephelometry IgG
1095 quantifications. The same group employed a EKEKEKE
1096 peptide sequence in assays of BRCA1.33,167 Specifically,
1097 PEDOT was electrodeposited onto GC to anchor the
1098 zwitterionic peptide via nickel cation coordination. Receptive
1099 DNA probes were immobilized via EDC/NHS facilitating the
1100 detection of BRCA1 in 5% human plasma with a sub fM
1101 sensitivity by DPV.145 A similar sensing interface on gold has
1102 been utilized for the impedimetric detection of BRCA1 in 10%
1103 human serum.27

1104In a recent study, a novel branched peptide has been
1105explored, wherein a mucin1 aptamer (for capture of MCF-7
1106cancer cell) and a branched zwitterionic peptide (CPPPPEK-
1107(EK)2(EK)4) were simultaneously immobilized on PANI
1108 f18coated GC to generate the sensory interface (Figure 18).
1109The branch-structured peptide was shown to offer better
1110antifouling performance than that of linear analogues or PEG
1111(likely related to conformational entropy and higher levels of
1112hydration). The developed sensor was capable of detecting
1113cancer cell with a LoD of 20 cells mL−1 in spiked human
1114serum.168

1115These studies clearly demonstrate the potential of peptide
1116based antifouling interfaces in sensors whereby their chemical
1117tunability (i.e., amino acid sequence) can be rationally
1118designed for a given specific applications. Comparatively little
1119analysis has been done of the operational mechanisms active at
1120such, but it is likely that hydration levels exceed those at PEG
1121or CB/SB/PC-based interfaces. Caution should also be applied
1122to the use of sequences containing cysteine or methionine
1123residues where oxidative degradation is possible. Depending on
1124application, protease degradation may also result in a
1125compromised antifouling performance (Table 4).
11262.3.2.4. Other Antifouling Chemistries. In addition to the
1127aforementioned chemistries, a myriad of other hydrated
1128molecular systems have been employed in sensors designed
1129to recruit targets selectively under testing conditions. For

Figure 19. (A) Schematic illustration of the fabrication of a hyperbranched polyester-sulfonic acid nanoparticle-based aptasensor for
electrochemical sensing of thrombin in undiluted serum. Reproduced with permission from ref 170. Copyright 2017 Elsevier. (B) Schematic
illustration of the fabrication of the AFP biosensor interface using HPG. Reproduced with permission from ref 175. Copyright 2019 Elsevier.
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1130 example, hyaluronic acid (HA, Figure 1D), an anionic
1131 glycosaminoglycan of polysaccharides, has been explored as
1132 antifouling decoration in several studies.37,169 The disaccharide
1133 unit in HA contains amide and carboxylic acid groups are
1134 believed to provide hydrogen-bond donor/acceptor and thus
1135 enhance the hydration that ultimately presents a thermody-
1136 namic repulsion to proteins.169 In the meantime, hyper-
1137 branched polymers, a class of synthetic dendritic macro-
1138 molecules with irregularly dense branched structures, and a
1139 large number of functional end groups, are promising
1140 antifouling materials. The surface-immobilization of these
1141 polymers, via, for example, polymerization of glycidol, can
1142 introduce a high density of hydrophilic functional groups on
1143 surfaces facilitating both further functionalization as well as the
1144 formation of a strong hydration layer.
1145 In a recent study, the detection of carcinoembryonic antigen
1146 (CEA) in human serum was demonstrated by construction of a
1147 sensor based on HA and PANI nanowires.31 By modification
1148 of HA with conducting PANI, the label-free anti-CEA/HA/
1149 PANI sensor was capable of sensitive amperometric detection
1150 of CEA with a > 3 order of magnitude linear response and a fM
1151 detection limit in buffer and a high recovery (∼100%) in
1152 serum samples.
1153 The use of a heparin-mimicking hyperbranched polyester
1154 nanoparticle based aptasensor for the detection of thrombin in
1155 whole blood has been explored by Niu et al.170 As shown in

f19 1156 Figure 19A, the proposed sensor interface was obtained
1157 through a layer-by-layer self-assembly approach, with 3-
1158 mercaptopropyltrimethoxysilane (MPTMS) first grafted onto
1159 the surface of GC to enable Au NPs anchoring. Then
1160 hyperbranched polyester-sulfonic acid nanoparticles (HBPE-
1161 SO3 NPs) were attached via electrostatic adsorption, followed
1162 by immobilization of a 5′-amino thrombin aptamer by
1163 physisorption. This sensing interface showed good resistance
1164 to nonspecific proteins and blood cell adhesion compared to
1165 MPTMS- or HBPE−OH-modified interfaces and was applied
1166 to detect thrombin (TB) in whole blood by DPV with
1167 comparable performance to that of the aptamer-based
1168 fluorescence assay. There are also reports of hyperbranched
1169 polyglycerol (HPG) antifouling coatings on glass, silicon,
1170 porous silicon, and GC electrodes.171−175 In one recent
1171 example, HPG-EDOT was electropolymerized onto GC, which
1172 was then partially oxidized by periodate to an antibody
1173 anchoring aldehyde (Figure 19B).175 This sensory interface
1174 permitted the sensitive detection of α-fetoprotein (AFP) with a
1175 fM LoD in serum by square wave voltammetry (SWV).
1176 Qi et al. have studied a ternary monolayer based TB
1177 aptasensor created by the coassembly of dithiothreitol (DTT),
1178 a thiolated TB aptamer, and 6-mercapto-1-hexanol (MCH)
1179 backfilling on gold.176 The hydroxyl groups on DTT and MCH
1180 provide a hydrophilic microenvironment most likely highly
1181 relevant to the observed nonfouling properties. It was
1182 demonstrated that (within an impedimetric assay) the increase
1183 in the electron transfer resistance was linearly proportional to
1184 the concentration of thrombin in the range from 28 to 556 pM
1185 with a detection limit of 8 pM. The direct quantification of
1186 extrinsic thrombin in undiluted serum samples was sub-
1187 sequently achieved.
1188 In other work, McQuistan et al. have explored negatively
1189 charged oligonucleotides as antifouling components together
1190 with a methylene blue (MB) labeled peptide epitope (from

f20 1191 HIV p24 antigen) as probe for a HIV antibody (Figure 20).177

1192 When the target antibody binds to the peptide, the MB probe

1193flexibility is significantly reduced, leading to a conveniently
1194resolved reduction in measured current. Different surface ratios
1195of the mixed layers were investigated revealing an optimal
1196DNA/peptide surface ratio of 1.37 × 103:1 in enabling a low
1197nM sensitivity assay in saliva. Significantly, the oligonucleotide
1198was shown to play a crucial role in preventing fouling;
1199replacement with 6-mercaptohexanol was observed to result in
1200significant fouling and substantial faradaic signal suppression.
1201Liuś and Meyerś groups have recently expanded the scope of
1202DNA-based antifouling interfaces by immobilizing DNA
1203triangle nanostructures on SiO2 through DNA-lithography
1204and formation of layer-by-layer assemblies with polycations
1205(i.e., poly(ethyleneimine), PEI) on glass, respectively.178,179

1206Both interfaces have been observed to effectively resist biofilm
1207formation. In related work, DNA tetrahedra on gold have been
1208shown to exhibit excellent antifouling performance (≤8.0 ng
1209cm−2) even in neat serum.180 These and related configurations
1210are likely to be of value in further extending DNA based
1211interfaces for highly selective biosensing in complex biofluids.
1212In contrast to the aforementioned negatively charged DNA-
1213based antifouling interfaces, a recent report investigated the
1214performance of the positively charged lipid bilayer mimic, 2-
1215dioleoyl-sn-glycero-3-ethylphosphocholine (EPC+), as a non-
1216 f21fouling support.181 As shown in Figure 21A, a gold chip was
1217first modified with a mixed SAM of 3-mercapto-1-propanol
1218(MPO) and protein A. The latter was utilized for the
1219subsequent oriented recruitment of anti-IgG after which a
1220nonfouling lipid membrane was introduced. Interestingly, the
1221natural, zwitterionic, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
1222phocholine (POPC) membrane displayed higher fouling than
1223the positively charged EPC membrane, which was sub-
1224sequently utilized to support the detection of IgG in undiluted
1225mouse serum in a sandwich format via SPR (Figure 21B).
1226Special attention should be drawn to the necessary precise
1227control over the lipid bilayer formation and antibody
1228integration into this architecture. It should also be noted that
1229in this, and previous examples of permanently charged
1230interfaces, a clear rational for the observed antifouling
1231performance is lacking; while these interfaces are certainly
1232strongly hydrated, biofouling from oppositely charged (bio)-
1233molecules could be expected. These concerns thus require the

Figure 20. Electrochemical peptide-based sensor with DNA as
antifouling diluent for the detection of a HIV antibody in saliva.
Before analyte binding the peptide epitope is flexible (“on state”)
resulting in a measurable methylene blue (MB) tag derived faradaic
current. After analyte binding, the associated conformational change
results in an attenuated electrochemical response (“off” state).
Reproduced with permission from ref 177. Copyright 2014 Royal
Society of Chemistry.
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1234 further theoretical and experimental investigation. It is worth
1235 noting that a similar strategy based on biomimetic cell
1236 membranes, for example, human platelet membrane-coated
1237 poly(lactic-co-glycolic acid) (PLGA) particles182 or red blood
1238 cell membrane-coated gold nanoparticles,183 has been applied
1239 to drug delivery and therapeutics, where the membrane coating
1240 apparently confers the nanoparticles with platelet-mimicking
1241 properties reducing cellular uptake by macrophage-like cells
1242 and securing a prolonged circulation time.
1243 An interesting addition to the chemical antifouling approach
1244 was recently reported by Demirci et al.120 The authors
1245 reported a stimuli-responsive sensing interface that can switch
1246 between two states: an antifouling/repelling state and a
1247 detection state. This was achieved by the formation of a
1248 mixed polymeric film on silicon whereby long polymer brushes
1249 of poly(2-N-morpholinoethyl methacrylate) (PMEMA) serve
1250 as the antifouling decoration, while a shorter beta-cyclodextrin
1251 (β-CD)-terminated polymer is utilized as an anchor to
1252 immobilize an adamantylamine-modified capture antibody. In
1253 this “resting” state, the longer, extended PMEMA chains
1254 completely cover the β-CD anchor groups preventing
1255 passivating the surface. At temperatures above 37 °C, the
1256 PMEMA brush collapses and exposes the β-CD. This interface
1257 can then be modified with the capture antibody and utilized to
1258 detect the target analyte in a fluorescent sandwich format. As a
1259 proof-of-concept, the authors demonstrate that this state can
1260 indeed be utilized to qualitatively detect antihepatitis C in PBS.
1261 This platform can potentially be adapted to other antifouling/
1262 receptor functionalities to create switchable sensing formats.
1263 To summarize so far, a range of antifouling chemistries have
1264 been applied in a multitude of electrochemical and optical

1265sensors that are capable of detecting different biomarkers in
1266complex samples and more examples based on the design
1267 t2strategy (illustrated in Figure 9) are summarized in Table 2,
1268whereby different chemical configurations present different
1269advantages and limitations. To overcome the functional
1270chemical or performance limitations that are frequently
1271associated with the use of a single chemical entity, recent
1272work has progressively moved toward the use of combinations.
1273To date, these have included, for example, the use of mixed
1274assemblies based on a combination of, for example, PEG/
1275HA,184 PC/HA,185 GSH/HA,186 or PDA/HA,187,188 peptide/
1276HA189 or HA, PC, PDA with lubricin.190−192 Currently,
1277zwitterionic (including peptidic) and polymeric interfaces
1278currently represent the most tunable high performance
1279platforms encompassing not only significant antifouling
1280properties but also structural adaptability, and it is likely that
1281a continued exploration will furnish a realistic translation to in
1282vitro PoC diagnostics. Interestingly, some of the above
1283interfacial designs have also been adapted for the in vivo
1284monitoring of a range of analytes, as discussed in the next
1285section.
12862.3.3. In Vivo Sensing Based on Antifouling Chem-
1287istries. In vivo sensors are designed to work in the internal
1288microenvironment of the body to sense specific environmental
1289change relevant to health management or an improved
1290understanding of physiological processes.210−212 In compar-
1291ison to in vitro sensors, in vivo sensors encounter harsher, and
1292more prolonged, challenges associated with biofouling (e.g.,
1293proteins and cells) as well as potential immune reactions in
1294response to the introduction of the sensor into the active body.
1295These challenges brought about by the complex and dynamic
1296microenvironment can partially or completely impede any pre-
1297engineered sensing capability in terms of accuracy and usable
1298lifetime.213,214 Antifouling approaches have to be biocompat-
1299ible with low toxicity and also highly tolerant of the in vivo
1300dynamic environment, which includes exposure to dissolved
1301oxygen, transition metals, and enzymes. Thus, the need for
1302high performance nonfouling designs in such work is crucial; to
1303date, functional sensors consist of two main phenotypes:
1304implanted electrochemical sensors and circulating (nano-
1305particulate) optical sensors. The former are generally capable
1306of high analytical sensitivity and high temporal resolution and
1307are most commonly based on cylindrically shaped wire or
1308multielectrode needle-based microelectrodes (size of a few tens
1309of micrometers or less), which are directly inserted into
1310tissue.214,215 As with all sensors, biofouling on the sensory
1311interface can result in profound problems associated with loss
1312of analyte mass transport or (electric) communication between
1313the (implantable) in vivo sensor and the body.216,217 A broad
1314range of nanoparticulate platforms such as semiconducting
1315quantum dots (QDs), metallic nanoparticles, mesoporous
1316particles, and metal oxide particles have been designed for in
1317vivo applications like drug delivery, sensing, or imaging. The
1318decoration of such solid supports with antifouling chemistry is
1319key to minimizing the formation of an associated protein
1320corona and can be an absolute requirement if both colloidal
1321stability and designed functionality are to be retained in
1322vivo.218,219 For example, PEGylated iron oxide nanoparticles
1323(biotin-PEG, 5 kDa) and zwitterionic dopamine sulfonate
1324coated iron oxide nanoparticles have been shown to possess
1325low levels of toxicity and to prevent phagocytic uptake in
1326vivo.220,221 Similarly, CdSe(ZnCdS) core(shell) QDs with a
1327compact cysteine coating (Dh < 6 nm) were found to prevent

Figure 21. (A) Schematic representation of a sensory interface for
IgG detection in undiluted serum based on a positively charged lipid
bilayer coating. (B) SPR sensogram showing the assembly of the
interface and subsequent IgG detection. After self-assembly of the
underlying MPO/protein A/anti-IgG interface, EPC lipid vesicles
were utilized to form the lipid bilayer (2), after which serum spiked
with mouse IgG was injected (3), followed by a biotinylated detection
antibody (4), a streptavidin bridge (5), and biotin-labeled gold
nanoparticles (6) for signal enhancement. Adapted with permission
from ref 181. Copyright 2019 American Chemical Society.
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Table 2. Fabrication of Sensors Using Different Antifouling Molecular Systems and Their In Vitro Sensing Performancea

sensor sensing performance

antifouling
unit overall composition analyte

detection
method dynamic range detection limit complex sample ref

OEG Fc-GO-detection Ab/troponin-I/Ab1/GO-
Ph-AuNPs-Ph-OEG/Ph-amine/GC

troponin-I SWV 2.1−126 pM 2.1 pM human plasma 193

PEG Anti-insulin Ab/PEGylated thiol-backfilled
BSA/Au

insulin EIS 5 pM−50 nM 1.2 pM human serum 123

PEG Anti-CRP Ab/PEG thiol-Fc/Au CRP EIS 0.5 pM−50 nM 1 pM human serum 125

PEG Anti-CRP Ab/PEG thiol/Au CRP EIS 0.5−50 nM 176 pM human serum 126

PEG Ab/PEG/AuNPs/PANI/GC AFP DPV 147 aM−14.7 pM 103 aM human serum 115

PEG Capture DNA/PEG/PANI/GC BRCA1 DPV 0.01 pM−1 nM 3.8 fM human serum 38

PEG Aptamer-PEG/PDA/GC ATP EIS 0.1−1000 pM 0.1 pM human plasma; cancer
cell lysates

194

PEG Ab/PEG epoxide-PEG amine/Au insulin, CRP EIS 0.5−100pM, 0.5−50 nM 171 fM, 150 pM human serum 131

PEG Ab1/SH-PEG-COOH/Au α-synuclein EIS 0.5−10 nM 55 pM human serum 47

PEG Ab/thiolated PEG acid/Au IL-8 EIS 81 fM−81 nM 8.1 fM human serum 195

PEG Brucellosis Ab/OMP31/Fe3O4/Au/PEG/
HA NPs/GC

Brucellosis Ab DPV 50 aM−500 fM 18 aM human serum 196

EGDMA TB aptamer/p(HEMA-EGDMA-VC)
/microbeads/gold chip

thrombin QCM 1−100 nM 1 nM human serum 197

PEG reporter-antiEpCAM/EVs/anti-EpCAM/
PEG/Pt

tdEVs CV 10−106 tdEVs μL−1 5 tdEVs μL−1 cell media 198

PPC HRP-Ab2/analyte/Ab1/PPC−PBA/ITO TNF-α CA 0.57 pM−28.5 nM 0.57 pM human blood 54

PPC GO-Ab2-redox probes (NB/Fc/MB)/
analyte/Ab1/PPC−CP/GC

IL-6, IL-1β,
TNF-α

SWV 0.21−6.2 pM,
0.16−6.4 pM,
0.285−11.4 pM

0.21 pM, 0.16
pM, 0.285 pM

mouse serum 161

PPC Ab2-GO-Ph-Fc/TNF-α /Ab1/PPC−CP/
rGO-AuNPs/Ph/Au

TNF-α SWV 5.7 fM−8.55 pM 5.7 fM cell conditioned
media

160

pCBMA pCBMA/cysteamine/Au insulin EIS 0.1−200 pM 42.6 fM human serum 102

PVIS PVIS-GMA-Ab/GO/GC streptomycin DPV 0.09−171 nM 3 pM milk 199

peptide MCH/Aptamer-Peptide/AuNPs/Au ATP EIS 0.1 pM−5 nM 0.1 pM human whole blood;
cancer cell lysates

105

peptide ssDNA/Peptide/Ni2+/Citrate-PEDOT/GC BRCA1 DPV 10 fM−10 nM 0.03 fM human plasma 167

peptide mixed antifouling peptide-blocking peptide/
PANI/GC

IgG DPV 6.7 pM−67 nM 1.7 pM human serum 164

peptide mixed antifouling peptide-AFP aptamer/Au AFP DPV 147 aM−1.47 pM 45.6 aM human serum 200

peptide MTase/Au@luminol-H1/peptide/AuNPs/
PANI/ITO

MTase ECL 0.05−100 U mL−1 0.02 U mL−1 human serum 201

peptide Ig E aptamer/zwitterionic peptide/porous
gold/GC

Ig E DPV 5.1 fM−0.51 pM 2.1 fM FBS 202

peptide aptamer/MCH/Peptide/ZnIn2S4/TiO2/
ITO

Hela cell PEC 100−106 cells mL−1 34 cell mL−1 cell media 203

peptide AuNPs@Fe-MOF-detection DNA/target
DNA/peptide/capture DNA/Au

T4 PNK DPV 1.0 × 10−3−10 U mL−1 3.5 × 10−4

U mL−1
human serum 204

zwitterion-
peptide

sulfophenyl-aminophenyl-S7 peptide/GC Streptococcus
pneumonia

EIS 50−5 × 104 CFU mL−1 50 CFU mL−1 human serum 205

HA CEA/anti-CEA Ab/HA/PANI/GC CEA DPV 0.56 fM−0.56 nM 0.42 fM human serum 37

PEG-HA CD44/PEG-HA-PDA/TiO2/ITO CD44 PEC 0.06 pM−6.25 nM 5.5 fM human serum 184

MCH aptamer-MCH/PDA/AgNPs/GC TB EIS 0.1 pM−5.0 nM 36 fM human serum 206

backfilled
MEA

Ab-MEA/PEDOT-HA/GC CEA DPV 56 fM−5.6 nM 16.8 fM human serum 207

DTT, MCH aptamer-DTT-MCH/Au TB EIS 27.8−556 pM 8.3 pM human serum 176

DTT, MCH HRP-aptamer@AuNPs/lysozyme/MCH/
DTT/aptamer/Au

lysozyme DPV 0.71 pM−7.1 nM 0.2 fM human serum 208

polyglycerol antiAFP Ab/PEDOT-HPG/GC AFP SWV 1.4 fM−14 pM 0.49 fM human serum 175

PA−PANI antiCRP Ab/PA−PANI/SPGE CRP EIS 2.25 nM−144 nM 4.5 nM FBS 209

aAbbreviations: Fc, ferrocene; GO, graphene oxide; ph, phenyl; CRP, C-reactive protein; EIS, electrochemical impedance spectroscopy; PANI,
polyaniline; HA, hyaluronic acid; p(HEMA-EGDMA-VC), poly(2-hydroxyethyl methacrylate-ethylene glycol dimethacrylate-vinylene carbonate);
DPV, differential pulse voltammetry; QCM, quartz crystal microbalance; CA, chronoamperometry; CV, cyclic voltammetry; tdEVs, tumor derived
extracellular vesicles; SWV, square wave voltammetry; Ag, antigen; Ab1, capture antibody; Ab2, detection antibody; NB, nile blue; MB, methylene
blue; ITO, indium tin oxide; AFP, alpha-fetoprotein; PEDOT, poly(3,4-ethylenedioxythiophene); MCH, 6-mercapto-1-hexanol; DTT,
dithiothreitol; MEA, monoethanolamine; CEA, carcinoembryonic antigen; IL-6, Interleukin-6; IL-1β, Interleukin-1 β; CP, carboxylic phenyl;
MPH, methylparathionhydrolase; Ig E, immunoglobulin E; PVIS, 1-propyl-3-vinylimidazole sulfonate; GMA, glycidyl methacrylate; ECL,
electrogenerated chemiluminescence; DNA MTase, DNA methyltransferase; TB, thrombin; PEC, photoelectrochemistry; AgNPs, silver
nanoparticles; T4 PNK, T4 polynucleotide kinase; CFU, colony-forming unit; MOF, metal−organic frameworks; HPG, hyperbranched
polyglycerol; CRP, C-reactive protein; SPGE, screen-printed graphene nanoplate electrode; PA−PANI, phytic acid-doped polyaniline; FBS, fetal
bovine serum.
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1328 nonspecific serum protein adsorption (as assessed by
1329 DLS).222,223 Breus et al. have further investigated coating
1330 CdSe-ZnS core−shell QDs with zwitterionic D-penicillamine
1331 and demonstrated an antifouling performance, which was
1332 comparable to cysteine coated QDs.224 Such antifouling in vivo
1333 nanovectors pave a way for the development of in vivo
1334 nanosensors when further modification with receptive and
1335 transductive elements is carried out. The most successful
1336 examples of such sensors based on the two phenotypes will be
1337 discussed in the following sections.
1338 2.3.3.1. PEG. Benefiting from a commercial availability, high
1339 biocompatibility, and low toxicity, PEG has been the most
1340 frequently used antifouling agent for in vivo applications. For
1341 example, Kozai et al. have reported an ultrasmall implantable
1342 composite microelectrode that enabled single-neuron record-
1343 ing in rats.225 The integrated composite electrode (∼8.5 μm
1344 diameter) consists of a carbon fiber core (7 μm diameter)
1345 coated with 50 nm poly(p-xylylene) as well as a 200 nm thick
1346 PEG methacrylate polymer as an antifouling layer (both
1347 generated by ATRP). The microelectrodes were implanted 1.6
1348 mm into the rat motor cortex to facilitate electrophysiological
1349 recordings. They were reported to provide a stable neural
1350 signal over 5 weeks in the brain without signal degradation, an
1351 important step toward the realization of long-lasting im-
1352 plants.225 On this note, Schwerdt et al. have reported another
1353 ultrasmall sensor capable, apparently, of tracking and
1354 monitoring dopamine in the rat brain for up to one year.226

1355 For this purpose, the authors used an electrode with a diameter
1356 as small as individual neuronal cell bodies (10 μm). One
1357 advantage of using electrodes of this scale is that they do not
1358 produce assay-interfering scar tissue. In the study, a thin layer
1359 (0.7−1.3 μm) of parylene-C (a Food and Drug Administration
1360 (FDA)-approved biocompatible dielectric) was deposited on a
1361 bare carbon fiber, and PEG6000 (0.5−1 mm thick) was then
1362 cast onto the electrode (by melting) to facilitate implantation
1363 into the rat brain. The microelectrode was exposed at the tip
1364 and then implanted into the forebrain bundle to monitor the
1365 release of DA by fast-scan cyclic voltammetry. It was
1366 demonstrated that, with the incorporation of the PEG coating,
1367 low noise and high sensitivity amperometric performance
1368 could be retained enabling a longitudinal tracking of dopamine

1369over chronic time scales without signal degradation. These
1370sensors could be useful in Parkinson’s patients on receipt of
1371deep brain stimulation (with additionally implanted stimula-
1372tion electrodes). Using a sensor to monitor dopamine levels
1373could help doctors deliver the stimulation more selectively,
1374only when it is needed.227 Inspiringly, existing commercial
1375systems like closed loop deep brain stimulation systems with
1376sensing electrodes have been tested in clinical research to
1377provide continuous neural signal monitoring and therapy for
1378patients with chronic neuropathic pain.228−230

1379In addition to sensors capable of monitoring neuro-
1380transmitters, a range of sensor electrodes have been generated
1381to enable ion level analysis in vivo. Machado et al., for example,
1382studied an impedimetric sensor for monitoring extracellular
1383potassium in the mouse brain.231 Imbalances in [Na+] and
1384[K+] have been implicated in numerous central nervous system
1385(CNS) disorders such as epilepsy.232 In their study, mixed
1386monolayers of 18-crown-6-ether (as the K+ probe) and
1387thiolated monoethylene glycol with a molar ratio of 1:10
1388were formed on gold microelectrode arrays allowing real-time
1389in vivo non-Faradaic impedimetric measurements of extrac-
1390ellular [K+] in the mouse brain (although only over multiple
1391minutes).
1392Robinson et al. proposed an organosilica core−shell
1393ratiometric nanosensor capable of the continuous monitoring
1394of pH in the skin of mice via in vivo fluorescence imaging
1395 f22following subcutaneous injection (Figure 22).233 Both core
1396and shell were formed via a silane based hydrolysis−
1397condensation procedure.234 The pH-sensitive fluorophores
1398Cy5-ma le imide or fluoresce in - (3 -aminopropy l ) -
1399trimethoxysilane (APTMS) were mixed into the hydrolyzed
1400(3-mercaptopropyl)trimethoxysilane (MPTMS) solution to
1401allow covalent incorporation into the core and shell structure,
1402respectively. A 1 kDa PEG antifouling layer was then
1403introduced through silanization on the shell. This ratiometric
1404fluorescence sensor was highly sensitive to pH over a
1405physiologically relevant range (pH 4.5−8.0) with a fast
1406response time of <100 ms. The nanosensors were shown to
1407successfully monitor pH changes within a bacterial culture over
140815 h. In vivo pH sensing was then examined by monitoring the
1409fluorescence after injection of the nanosensors into the

Figure 22. Schematic representation of the synthesis and application of a PEG-coated organosilica core/shell nanoparticle based optical pH sensor.
Adapted with permission from ref 233. Copyright 2018 American Chemical Society.
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1410 subcutaneous tissue of mouse flank skin. After injection, the
1411 skin surface was swabbed with an acidifying solution prior to
1412 imaging at defined times thereafter (to ensure sufficient time
1413 for sample diffusion). The fluorescein and Cy5 emissions were
1414 isolated using spectral unmixing and overlaid with X-ray
1415 images, showing a significant and localized pH response
1416 (Figure 22D). Notably, the PEG coating resulted in higher
1417 colloidal stability of the optical nanosensor and a better signal-
1418 to-noise ratio than for the unmodified control nanoparticles or
1419 those nanoparticles containing either tannic acid or PEG alone.
1420 In another use of PEG-based in vivo systems, Clark’s group
1421 studied a phosphorescent nanosensor for the monitoring of
1422 histamine.235 The ∼100 nm sensor particles were fabricated by
1423 the encapsulation of a sodium optode, diamine oxidase, Pt(II)
1424 meso-tetra(pentafluorophenyl)porphine (PtTPFPP), and a
1425 hydrophobic platinum porphyrin dye into amphiphilic PEG
1426 lipids via an established nanoemulsion approach.236 In this
1427 design, PtTPFPP acts as an oxygen responsive element by
1428 exploiting a reversible, oxygen-dependent phosphorescence
1429 signal. In the presence of oxygen and histamine, diamine
1430 oxidase enzymatically produces ammonia and imidazole-4-
1431 acetaldehyde, which lowers the local oxygen concentration
1432 resulting in increased phosphorescence. A surface coating with
1433 a PEG-lipid (12 EG units) was shown to minimize protein
1434 fouling and prolong nanoparticle lifetime (circulation) as
1435 revealed by liver or kidney tests. In vivo monitoring of
1436 phosphorescence every 30 s demonstrated that the injected
1437 nanosensor facilitated a continuous monitoring of histamine in
1438 live mice across several hours. This study highlights the
1439 potential of such approaches to widen the range of measurable
1440 analytes by incorporating an enzymatic recognition element;

1441the modular approach applied to histamine sensing is readily
1442extendable to lactate, creatinine, urea, etc. simply by swapping
1443out the enzyme.
1444Optical sensors with an inbuilt PEGylated polymer coat have
1445also been investigated for in vivo detection of reactive oxygen
1446species (ROS) and reactive nitrogen species (RNS), hallmarks
1447of many pathological processes including chronic diseases such
1448as cancer, cardiovascular disease, and arthritis. An ability to
1449detect and track these species would both facilitate our
1450understanding of the etiology of these diseases and support
1451therapeutic intervention.237 With this in mind, Zhen et al. have
1452reported the development of polymer nanoparticles capable of
1453the sensitive in vivo detection of hydrogen peroxide (H2O2).

238

1454These multifunctional nanoparticles were generated by nano-
1455precipitation of a PEG polymer network (subsequently an
1456antifouling shell), a semiconducting polymer (SP), and the
1457chemiluminescent substrate peroxalate bis(2,4,6-trichlorophen-
1458yl) oxalate (TCPO). The amphiphilic PEG-b-PPG-b-PEG
1459triblock polymer served as a matrix for the encapsulation of SP
1460and TCPO while also endowing the particles with good fouling
1461resistance, water-solubility, and biocompatibility. The sensor
1462showed excellent colloidal stability in aqueous solution as no
1463precipitation or change in size observed after two months.
1464Doping of the SP with a naphthalocyanine dye leads to
1465intraparticle chemiluminescence resonance energy transfer
1466(CRET), resulting in near-infrared (NIR) luminescence in
1467the presence of H2O2. The circulating nanocomposites (∼10
1468nm) were shown to detect H2O2 down to 5 nM in living mice
1469and to exhibit a chemiluminescence quantum yield significantly
1470higher than that of previous nanoparticle probes. Importantly,

Figure 23. (A) Schematic illustration of the formation of an Au−Fe3O4 nanocomposite matrix metalloproteinase (MMP) optical sensor comprising
Cy5.5-GPLGVRG-TDOPA and SH-PEG5000. (B) PEG integration into the Au-core endows the particles with fouling resistance while the MMP
substrate is tagged with TDOPA for assembly onto the Fe3O4 domains. The substrate is furthermore conjugated to a Cy5.5 dye, which, upon
cleavage by MMP, is liberated and strongly fluoresces (initially the fluorescence is quenched on the particle through the underlying gold). Adapted
with permission from ref 240. Copyright 2011 American Chemical Society.
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1471 these NIR probes with CRET capability sense H2O2 without
1472 the need of external light excitation.238

1473 Shuhendler et al. have also reported the use of a
1474 functionalized PEG polymer within an optical nanosensor for
1475 the simultaneous detection of drug (e.g., antipyretic
1476 acetaminophen (APAP)) induced RNS and ROS in the liver
1477 of living mice to support the evaluation of acute hepatotoxicity
1478 in real time.239 This sensor (average diameter ∼50 nm) is also
1479 a nanocomposite generated by coprecipitation, in which the
1480 H2O2-sensitive chemiluminescent compound bis(2,4,5-tri-
1481 chloro-6-(pentyloxycarbonyl)phenyl)oxalate (CPPO) and a
1482 ROS-sensitive fluorescent dye (IR775 S) are integrated into a
1483 PEG-polymer. The CPPO enabled the detection of H2O2

1484 without external light excitation via CRET, and the IR775 S
1485 facilitated ratiometric fluorescence resonance energy transfer
1486 (FRET) detection of ONOO− upon light excitation. The
1487 nanosensors were injected intravenously through a tail-vein
1488 catheter 15 min after drug administration, after which imaging
1489 of the liver using an IVIS Spectrum imaging system was
1490 performed. The authors assessed the rate of nanosensor uptake
1491 and retention in the liver by measurement of the total liver
1492 fluorescence intensity for 80 min. The sensor exhibited specific
1493 and nanomolar sensitivity toward oxidative and nitrosative
1494 species generated during triggered pathophysiological con-
1495 ditions.
1496 Xie et al. have described the construction of a PEG
1497 containing nonfouling flower-shaped Au−Fe3O4 based nanop-
1498 robe (Dh ∼40 nm ideally define for all particle cases) that can
1499 be injected into mice for optically sensing matrix metal-
1500 loproteinase (MMP) expression in vivo.240 MMP is a protease
1501 related to tumor invasion and metastasis and is heavily secreted
1502 by malignant tumor cells, making it a valuable biomarker of

f23 1503 cancer. As illustrated in Figure 23, the presynthesized Au−
1504 Fe3O4 nanoparticles were modified with a Cy5.5-labeled
1505 GPLGVRG peptide containing a tridihydroxyphenylalanine

1506(TDOPA) anchor (Cy5.5-GPLGVRG-TDOPA), and PEG5000-
1507SH. Cy5.5 serves as a NIR optical reporter, which is linked to
1508the particle by the enzyme substrate (GPLGVRG) spacer.
1509Because of the quenching of the Cy5.5 emission by the
1510underlying gold substrate, the fluorescence of the sensor is
1511turned off in its native state. Upon cleavage of the peptide
1512spacer by MMP, the fluorophore is released and the
1513fluorescence restored. The nanoprobes were injected intra-
1514venously in SCC-7 (head and neck squamous cell carcinoma)
1515tumor xenograft mouse models, which are known to express
1516high levels of MMP, and subsequent NIR imaging demon-
1517strated a 10-times stronger signal than control experiments in
1518which a MMP inhibitor was used. Notably, almost no
1519fluorescence signal was observed in blood while control
1520particles without PEG were strongly fluorescent due to
1521nonspecific activation of the sensor upon fouling.106,240

1522Importantly, this platform could also be applicable to detect
1523other proteases implicated in cancer pathogenesis if their
1524respective enzymatic substrates are incorporated into this
1525platform.
1526Despite these promising works, it should be noted that
1527recent reports indicate that PEG may induce immunogenicity
1528and subsequently produce anti-PEG antibodies, which may
1529limit the application of PEG coatings for in vivo sensing or drug
1530delivery, prompting the exploration of other antifouling
1531chemistries (Table 4).241−243

15322.3.3.2. Zwitterions. In taking advantage of the discussed
1533properties of zwitterionic interfaces, Liu et al. have recently
1534reported an amperometric sensor for in vivo tracking of DA by
1535electropolymerizing a EDOT-PC composite on carbon fiber
1536 f24electrode (CFEs) (Figure 24A).244 Fast scan CV was then used
1537to record the electrically stimulated DA release in the rat
1538nucleus accumbens. Notably, the authors demonstrated that
1539the amperometric response toward DA was almost completely
1540maintained at the PEDOT−PC/CFE after in vivo implantation

Figure 24. (A) Structure of PEDOC−PC and schematic of the interface between PEDOC−PC/CFE and bloodstream. Adapted with permission
from ref 244. Copyright 2017 John Wiley and Sons. (B) Schematic depiction of zwitterionic PPC-GO decorated sensor for electrochemical
sandwich sensing of IL-6 cytokine in a mouse brain. Reproduced with permission from ref 245. Copyright 2017 American Chemical Society.
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1541 in the striatum of the rat brain compared to in vitro detection
1542 in cerebral spinal fluid (CSF), indicating a high resistance to
1543 nonspecific adsorption. Moreover, DA could be monitored
1544 within 400 s after local injection of KCl (to evoke DA release)
1545 with good sensitivity. In a recent study, Qi et al. presented
1546 another phosphorylcholine decorated electrochemical sensor
1547 for amperometric monitoring secretion of Interleukin-6 (IL-6,
1548 a major cytokine in the central nervous system) in mouse
1549 brain.245 They introduced a sandwich assay consisting of a
1550 capture antibody and electrografted zwitterionic PPC-modified
1551 graphene oxide on gold wire electrodes together with a
1552 detection antibody and Nile blue-modified GO (Figure 24B).
1553 In in vitro tests, this platform was capable of the highly selective
1554 amperometric detection of IL-6 down to sub pM levels. The
1555 developed sensor was also capable of monitoring IL-6 secretion
1556 in live mice after intraperitoneal injection of lipopolysaccharide
1557 (LPS), without inducing an inflammatory response.245

1558 Although this study was not designed for continuous real
1559 time and long-term monitoring, it presents a pioneering
1560 exploration in translating in vitro surface chemistry design
1561 (zwitterion-GO composite) into an in vivo application.
1562 Another phosphatidylcholine (PC) based electrochemical in
1563 vivo sensor has been reported by the Plaxco group, who
1564 utilized mixed SAMs of a biomimetic PC-thiol and a
1565 methylene-blue tagged aptamer for sensing of doxorubicin in
1566 the external jugular vein of an anesthetized rat.246 The working
1567 principle of this system is akin to in vitro aptamer sensors
1568 discussed in Section 2.3.2.4 (Figure 21), where target binding

1569triggers conformation changes that affect electric communica-
1570tions between a redox-labeled capture probe and the
1571underlying electrode.247,248 The incorporation of the cell-
1572membrane mimetic PC antifouling system allowed successful
1573translational to in vivo monitoring of doxorubicin (DOX). On
1574the basis of this system, the authors demonstrated significantly
1575improved baseline stability, with a stable current response over
157612 h. In contrast, control interfaces based on MCH or 1-
1577mercapto-1-undecanol (MCU) diluents suffered significant
1578signal loss due to fouling. This platform thus enabled a stable
1579real-time monitoring of pharmacokinetic information, poten-
1580tially of value in disease management.249

1581The discussed physicochemical characteristics of amino acid
1582interfaces have been exploited in a recent study, where a
1583cysteine-modified quantum dot based FRET nanosensor was
1584developed by Li and co-workers to detect matrix metal-
1585loproteinase-2 (MMP-2) in vivo.250 Specifically, cysteine-
1586decorated NIR emitting (720 nm) CdTeS QDs (donor)
1587were linked to an NIR organic dye (ICG-Der02, acceptor) via
1588a MMP-2-specific peptide substrate (GPLGVRGKGG) to
1589form a QD−peptide−dye nanoassembly. Exposure of the
1590sensor to MMP-2 in the tumor environment via intratumoral
1591injection led to selective cleavage of the peptide (due to
1592specific recognition by the MMP-2), resulting in the recovery
1593of fluorescence from QDs. These particles were reported to
1594show high colloidal stability with no precipitation in MCF-7
1595cancer cell medium. The authors then successfully examined
1596MMP-2 expression in tumors on nude mice noting a clear

Table 3. Summary of Antifouling Durable (Implantable) Sensorsa

antifouling chemistry sensor detection mode operation site lifetime analyte ref

PEG CFE voltammetry rat brain ∼1 year dopamine 226

PEG semiconducting polymer nanoparticle based
nanosensor

CRET mouse peritoneal cavity ∼4 h H2O2 238

PEG Au@Fe3O4 based nanosensor fluorescence mouse venous blood ∼8 h MMP 240

PEG organosilica core−shell NP based nanosensor fluorescence mouse venous blood ∼15 min pH 233

PEG carbon dot based nanosensor fluorescence mouse vein ∼10 d cancer cell 251

PEG semiconducting polymer nanoparticle based
nanosensor

FRET mouse vein ∼24 h RONS 252

PEG DNA-CNT based nanosensor fluorescence mouse vein ∼40 h NO 253

PEG Pt nanosensor phosphorescence mouse venous blood ∼2 h histamine 235

PEG semiconducting polymer dot based
nanosensor

FRET mouse vein ∼24 h cancer cell 254

PEG hydrogel microbeads fluorescence mouse vein ∼3.5 h glucose 218

OEG gold electrode EIS mouse brain ∼6 min K+ 231

cysteine CdTeS QD based nanosensor FRET mouse venous blood ∼36 h MMP-2 250

PEOT−PC CFE amperometry rat striatum ∼50 min dopamine 244

Phosphatidylcholine gold wire amperometry rat vein ∼3 h doxorubicin 246

PVA-CS silicon microneedle colorimetry rabbit skin ∼17
days

glucose 255

silica nanoporous
membrane

CFE amperometry rat brain ∼2 h O2 256

ion-selective membrane CFE potentiometry rat brain ∼50 min pH 257

nanoporous polymer
membrane

CFE amperometry rat brain ∼1 h dopamine 258

continuos-flow diffusion
filter

CFE SWV rat jugular vein ∼4 h doxorubicin 259

polysulfone membrane gold wire amperometry rat external jugulars ∼12 h doxorubicin 260

Nafion membrane Pt wire amperometry rabbit femoral quadriceps
muscle

∼15 min O2 261

Nafion membrane CFE amperometry rat brain ∼6 h dopamine 262
aAbbreviations: CFE, carbon-fiber electrode; PEDOT−PC, polyethylenedioxythiophene-phosphorylcholine; PVA, poly(vinyl alcohol); CS,
chitosan; MPA, 3-mercaptopropionic acid; FSCV, fast-scan cyclic voltammetry; MMP, matrix metalloproteinase; CRET, chemiluminescence
resonance energy; RONS, reactive oxygen and nitrogen species; FRET, fluorescence resonance energy transfer.
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1597 difference between tumor and symmetrical muscles in the two
1598 upper arms as tracked by fluorescence for up to 36 h.
1599 In summary, in vivo sensors need to satisfy the target
1600 selective criteria that in vitro sensors must operate with when
1601 applied within (usually diluted) biological samples but
1602 additionally require high levels of biocompatibility, low
1603 toxicity, and need to be miniaturizable/machinable to enable
1604 effective operation in harsh, spatially confined and often
1605 dynamic conditions. The presented examples largely rely on
1606 the use of an appropriate combination of a solid support (e.g.,
1607 QDs, fiber or microelectrodes with an antifouling protection,
1608 often PEG-based). The application of these designs can not
1609 only minimize fouling but also decrease host immunoresponse
1610 and thrombus formation and can stabilize colloidal nano-
1611 sensors as well as reduce their clearance (thus increasing the
1612 sensor lifetime). Though the highlighted examples hold great
1613 promise for monitoring internal body dynamics, and thus
1614 supporting both health management and disease theranostics,
1615 routine applications remain some way off. More detailed
1616 studies are required to assess the long-term stability, safety, and
1617 biocompatibility of these in vivo agents, but there remains
1618 enormous bandwidth in chemical and physical tailoring (as
1619 detailed in Sections 2 and 4) in a manner that might, 1 day
1620 support routine automated monitoring of a wide range of
1621 relevant analytes. Of particular importance in the design of in
1622 vivo sensors is their lifetime, as highlighted throughout this

t3 1623 review (see, for example, Tables 1 and 3). The requirements
1624 here are very application specific; the monitoring of
1625 pharmacokinetics is typically envisioned to be over compara-
1626 tively short time spans (hours to days), while, for example,
1627 continuous glucose sensing may be sought over many weeks.
1628 The challenges of long-term stability and antifouling character
1629 scale, of course, with time but are also a factor of the analytical
1630 mode. In “reagentless” or immunorecognition configurations,
1631 this can be a very substantial challenge, markedly more so than
1632 when analyte capture and signal generation is enzymic. As
1633 indicated in Table 3, there remains much work to be done
1634 before academic work can be robustly translated into clinical
1635 application.

3. SENSORS BASED ON PHYSICAL ANTIFOULING
1636 STRATEGIES

3.1. Porous Transducer Topographies

1637 Apart from the previously discussed sensors that rely on highly
1638 hydrated interfacial chemistries to resist nonspecific adsorp-
1639 tion, alternative strategies to alleviate the impediments
1640 associated with interfacial fouling have also been explored.
1641 One such approach is the direct physical manipulation of
1642 sensory interfaces. For example, the engineering of porous
1643 electrodes or the use of membrane filters are promising
1644 approaches to alleviate fouling by large molecules or cells by
1645 presenting a diffusional barrier (sieving) that restricts access of
1646 these large molecules to the underlying sensor while still
1647 allowing diffusive access to smaller analytes. To this end Patel
1648 et al. have explored the relationship between electrode pore

f25 1649 size and antifouling performance (Figure 25A).263 In this work
1650 it was found that nanoporous (<50 nm pore size) electrodes
1651 possess greater fouling resistance compared to planar,
1652 macroporous (1200 nm pore size) or hierarchical (60 nm−
1653 1200 pore size) gold electrodes in the presence of BSA (2 mg
1654 mL−1) and fibrinogen (1 mg mL−1). Cyclic voltammetry in a
1655 solution containing a redox probe ([Fe(CN)6]

3−/4−) indicated

1656negligible fouling at the nanoporous electrode. It was proposed
1657that restricted mass transport through small pores was key to
1658this attenuation, an operational feature that can be feasibly
1659exploited for sensing of small analytes.
1660The same group investigated a similar strategy that utilizes
1661porous gold electrodes obtained via dealloying.263 No
1662significant loss in voltammetric response of ferricyanide was
1663observed when the nanoporous gold (np-Au) was immersed in
1664serum or heparinized blood while a significant reduction in
1665Faradaic peak currents occurred at planar gold. The high
1666receptive loading possible with these large surface area
1667supports has also been shown to enable an approximately
166810-fold higher electrochemical current upon probe-target
1669hybridization as compared to the planar Au electrodes (Figure
167025B).264 On the basis of these discoveries, the Seker group
1671have applied porous gold based sensors for assaying DNA in
1672complex biological media.264−266 In one example, they
1673reported using np-Au electrodes onto which MB functionalized
1674DNA probes where self-assembled. This allowed detection of
1675target DNA in the presence of BSA and FBS.266 The np-Au
1676electrodes enabled sensitive detection with a dynamic range of
167710 to 100 nM that improves by 1 order of magnitude for
1678coarsened np-Au morphology due to increased target
1679penetration into the porous network and hence enhanced
1680hybridization efficiency. In comparison with planar Au and
1681annealed np-Au electrodes, unannealed porous Au electrodes
1682suffered least signal suppression in the presence of BSA or FBS,
1683with highest suppression observed at planar Au electrodes

Figure 25. (A) Graphical representation of the surface of nanoporous
gold and planar gold in the presence of albumin and a small redox
molecule in solution. Electron transfer is hindered at planar gold but
not at nanoporous gold. Reproduced with permission from ref 263.
Copyright 2013 American Chemical Society. (B) Schematised
summary of the use of a porous gold thin film morphology for
electrochemical DNA Sensing. Adapted with permission from ref 264.
Copyright 2015 American Chemical Society.
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1684 indicating that the pores act as efficient sieves for larger
1685 (fouling) biomolecules. Importantly, a tuning of the pore size
1686 may allow the design of sensors in which molecules of specific
1687 sizes are restricted from accessing the sensory (electrode)
1688 interface. Nanoporous gold has also been applied to electro-
1689 chemical detection of L-cysteine in urine267 while in another
1690 recent study, simultaneous amperometric electrochemical
1691 sensing of ascorbic acid and uric acid in FBS was achieved
1692 with a LoD of 63.0 and 9.0 μM, respectively.268

3.2. Filtration Methodologies

1693 An alternative physical approach, the application of membrane
1694 filters to transducer, has received considerable attention
1695 recently. For example, a drop-cast nanocomposite of graphene
1696 nanoribbons and a Nafion-modified electrode for the selective
1697 detection of cysteine in serum, was reported by Wu et al.269

1698 The graphene nanoribbons impart high conductivity and
1699 extremely highly electrocatalytic activity toward the electro-
1700 chemical oxidation of cysteine at +0.025 V while the negatively
1701 charged Nafion can not only apparently prevent the
1702 aggregation of graphene nanoribbons, but also prevent
1703 electroactive interference from ascorbic acid and uric acid
1704 allowing an in vitro assay of cysteine in serum samples without
1705 any pretreatment. A different filtering approach was utilized by
1706 Su’s group in preparing isoporous silica micelle membranes
1707 (iSMM) and used them for the electrochemical detection of
1708 drug molecules (chloramphenicol, CAP) in 10% heparinized
1709 whole blood.270 The interfaces were formed by immersion of
1710 ITO into tetraethoxysilane solution forming small channels in
1711 the silica support that facilitate access of small molecules to the
1712 underlying electrode while blocking (sieving) large biointerfer-
1713 ents, preventing fouling and passivation. By monitoring CAP’s
1714 direct reduction peak current using DPV, this electrochemical
1715 sensor enabled the quantification of CAP in whole blood with
1716 a 100 nM LoD substantially lower than that achieved at a bare
1717 ITO electrodes.
1718 Membrane filtration based sensors have also been applied
1719 for in vivo sensing. For example, for the sensitive in vivo
1720 monitoring of pH (important marker for physiological
1721 function) in a live rat brain,271 Mao’s group developed a H+

1722 selective electrode based on a carbon fiber coated with a
1723 polyvinyl chloride (pVC) based H+ selective membrane (H+

1724 ISM) containing the H+ ionophore tridodecylamine.257 Both in
1725 vitro and in vivo studies demonstrated that the resultant
1726 membrane-coated potentiometric pH sensor possessed strong
1727 antifouling properties against protein adsorption without loss
1728 of sensitivity when exposing to BSA (up to 70 mg mL−1) or
1729 cerebrospinal fluid (CSF) containing 40 mg mL−1 BSA.
1730 Moreover, this sensor was reported to exhibit a fast response
1731 (<1 s) to pH change within the narrow physiological pH range
1732 (pH 6.0 to 8.0) with high reversibility and selectivity when
1733 animals were subjected to CO2 inhalation or injection of
1734 sodium bicarbonate to evoke acid−base disturbance. The
1735 translation of such ISMs for in vivo monitoring of other ions
1736 could be achieved if suitable ionophores are incorporated into
1737 these architectures. Recently, Maoś group demonstrated in vivo
1738 monitoring of oxygen in rat brain with carbon fiber
1739 microelectrode (CFME)-modified with an antifouling silica
1740 nanoporous membrane. Specifically, a silica nanoporous
1741 membrane (SNM) consisting of uniform, closely packed, and
1742 vertically aligned nanochannels was electrografted (from a
1743 silane solution containing CTAB as a surfactant) onto the

f26 1744 CFME surface, which was permeable to O2 while nonfouling

1745 f26(Figure 26).256 Continuous monitoring of O2 for up to 2 h was
1746achieved with this sensor in the mouse brain with retained

1747current stability. A similar strategy using silica porous
1748membrane has also been applied as antifouling coating for
1749electrochemical sensing of dopamine272 or chloramphenicol273

1750in human blood.
1751Another filtration-based methodology to prevent electrode
1752surface biofouling has been utilized by Soh and Plaxco to
1753facilitate the amperometric electrochemical sensing of small
1754molecules.259 In an example of an off-surface filter, a
1755continuous monitoring of the pharmacokinetics of DOX, was
1756enabled. A “continuous diffusion filter” (CDF) was specifically
1757utilized to block access of large molecules or blood cells while
1758enabling diffusion of small analytes to the underlying electrode
1759 f27(Figure 27). Amperometric detection was achieved through
1760the use of a conformationally responsive DOX binding
1761methylene blue-tagged specific aptamer. It was demonstrated
1762that this sensor allowed continuous DOX monitoring in live
1763rats over 4.5 h with good sensitivity and a highly selective
1764performance ultimately relying on the ∼100 times higher

Figure 26. Illustration of hydrophilic, highly permeable and
antibiofouling SNM-coated CFME for continuous monitoring of O2

in rat brain. Reproduced with permission from ref 256. Copyright
2019 American Chemical Society.

Figure 27. Microfluidic electrochemical sensor incorporating a
continuous diffusion filter (CDF) allowing real-time quantitative
measurement of small molecules in the blood flow of humans.
Adapted with permission from ref 259. Copyright 2017 American
Association for the Advancement of Science (AAAS).
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1765 diffusivity of the DOX analyte in comparison to background
1766 HSA, IgG and Fib. Though conceptually simple, and
1767 inherently limiting, this strategy might be generally applicable
1768 to the sensing of a wide range of small-molecule analytes. In a
1769 recent study, the Plaxo group applied an alternative approach
1770 to produce an electrode that could be inserted directly into a
1771 catheter to monitor blood flow in the jugular vein.260 Rather
1772 than using the off-surface filter, the authors integrated a
1773 biocompatible polysulfone membrane (0.2 μm pore size) onto
1774 the electrode. The system was used to measure the real-time
1775 concentrations and pharmacokinetics of DOX and several
1776 aminoglycoside antibiotics (intravenous or intramuscular
1777 injection) using redox-tagged aptamer films. The sensor was
1778 able to identify pharmacokinetic characteristics across multiple
1779 injection cycles and on both awake and mobile rats. These in
1780 vivo sensing systems are applicable for many small molecule
1781 therapeutic drugs but are ultimately limited to the detection of
1782 analytes that can penetrate through the filtering membrane. It
1783 is also highly unlikely this purely physical approach would be
1784 effective as coexisting nontarget small molecules may also
1785 access and disturb the sensing interface. Taking this into
1786 account, the concurrent integration of a chemically antifouling
1787 system in a manner perhaps analogous to the zwitterionic
1788 membranes, which have been widely applied in water
1789 desalination, might further improve these systems.274 Such
1790 an approach was recently reported by Feng et al., who utilized
1791 a polytannic acid-doped nanoporous conductive PANI
1792 membrane on CFEs through potential-static electropolymeri-
1793 zation.258 The concurrent integration of physical (porous
1794 membrane) and chemical antifouling strategies (polytannic
1795 acid/PANI) resulted in excellent antifouling performance,
1796 enabling in vivo DA quantification in mouse brain, where high
1797 sensitivity was retained pre- and postcalibration.
1798 These physical antifouling approaches present (Table 3) a
1799 promising new approach to circumvent fouling by restricting
1800 access of large biomolecules to the underlying sensory
1801 interface. They are, however, inherently restricted to the
1802 sensing of small analytes. Through the tuning of the pore size
1803 of a filter or the porous support, a relatively distinct cutoff size/
1804 molecular weight can be achieved. This will not only reduce
1805 any fouling from larger molecules, but also inherently impact
1806 the selectivity of the sensor in a manner that needs to be
1807 carefully considered.

4. SENSORS BASED ON BIOLOGICAL ANTIFOULING
1808 APPROACHES

4.1. Affinity Depletion

1809 Another approach to the detection of analytes in complex
1810 samples is off-sensor depletion. In contrast to chemical and
1811 physical strategies, this methodology serves to directly reduce
1812 the concentration of interfering (bio)molecules. Such a sample
1813 prepurification can also be carried out via other “conventional”
1814 techniques such as liquid chromatography, although these are
1815 time-consuming or considerably dilute the sample. To
1816 circumvent this, antibody-modified magnetic beads can
1817 directly and conveniently capture and remove abundant
1818 coexisting proteins, such as HSA or IgG in blood, thereby
1819 reducing the fouling capabilities of the sample. For example,
1820 Kongsuphol et al. have used two types of magnetic beads
1821 (MBs) decorated with anti-HSA/anti-IgG and anti-TNF-α.275

1822 The former was used to deplete highly abundant HSA and IgG
f28 1823 from serum to generate precleared serum, followed by specific

1824 f28capture of TNF-α by the latter beads (Figure 28). The
1825captured TNF-α was then eluted from the beads and assayed

1826by impedance spectroscopy at bare gold microelectrode arrays
1827in a manner that was reportedly able to detect TNF-α with a
1828fM sensitivity in undiluted serum samples. The assay is small
1829sample volume only as the total protein level in serum (∼50−
183060 mg mL−1) is usually significantly higher than specific target
1831concentrations requiring large input quantities of antibody-
1832 t4modified depletion beads (Table 4) and this remains a time-
1833consuming two-step process. It does, though, allow specific
1834depletion and could be combined with traditional chemical
1835nonfouling approaches (i.e., decoration of bead/sensory
1836interface with antifouling chemistries). It is also likely to be
1837more efficient if applied within an integrated fluidic device
1838where more efficient (and designed) mixing of low sample
1839volumes is possible. An early example of this was reported by
1840Oleschuk and co-workers who developed a microfluidic
1841platform in which three depletion beads (anti-HSA, protein
1842A, and protein G) purified up to four human serum samples
1843simultaneous depleting up to 95% of IgG and HSA within 10
1844min. This enabled a 4-fold increase in signal-to-noise ratio in
1845the subsequent mass spectrometric detection of hemopexin, a
1846low abundance protein biomarker.276

4.2. Degradation by Enzyme Catalysis

1847An entirely different biological antifouling strategy has been
1848developed based on the use of enzymes capable of actively
1849degrading (physisorbed) biomolecules thus reducing fouling.
1850This has been widely utilized for the modification of
1851membranes utilized in the water treatment industry.277,278

1852For example, in the construction of an antifouling and self-
1853cleaning membrane based on the covalent attachment of
1854trypsin on a poly(methacrylic acid)-graf t-poly(ether sulfone)
1855(PMAA-g-PES) membrane via EDC/NHS coupling.279 This
1856suppressed protein fouling under dynamic flow where 95.0% of
1857the initial flux of BSA solution (through the membrane) was
1858maintained after multicycle BSA filtration over a 15-day period.
1859A control PES membrane suffered more significantly from
1860fouling (<35% flux recovery) within a shorter time span of 50
1861h. In another example, Koseoglu-Imer et al. reported the
1862successful modification of a cellulose acetate membrane with a

Figure 28. Schematic depiction of a TNF-α impedimetric sensor with
an integrated background depletion strategy. (1) Removal of the main
serum background interferents (HSA and IgG). (2) The background
depleted sample is collected for TNF-α capture. (3) The captured
TNF-α is eluted from the magnetic beads using 2% sodium dodecyl
sulfate (SDS) at 63 °C and (4) the magnetic beads are separated from
the eluted sample. (5) Eluted TNF-α is detected at gold array
electrode via EIS. Adapted with permission from ref 275. Copyright
2014 Elsevier.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.9b00739
Chem. Rev. XXXX, XXX, XXX−XXX

Y

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00739?ref=pdf


1863serine protease enzyme (Savinase) in retaining higher flux
1864value and protein (BSA) rejection during filtration in
1865comparison to the unmodified membrane.280 This approach
1866could be incorporated into a variety of existing microfluidic
1867devices or sensors relying on chemical or physical antifouling
1868approaches. One note of caution is that, in addition to an
1869appropriate selection and immobilization of the enzyme, the
1870degradation products must not interfere with the operation of
1871the sensor.

5. CONCLUSIONS AND PERSPECTIVES

1872The development of nonfouling sensors for the detection of
1873target analytes in complex fluids has witnessed great progress
1874 f29in recent years as shown in Figure 29. This review has
1875attempted to systematically summarize the comprehensive
1876spectrum on the antifouling interface construction, character-
1877ization, incorporation strategies with receptor to form final
1878antifouling sensors, and comment on the key antifouling
1879strategies that facilitate sensitive and selective sensing under
1880such demanding conditions (in vitro or in vivo). The chemical
1881modification of sensory interfaces (flat or spherical) with
1882suitably designed hydrated molecular systems (such as PEG,
1883zwitterions or peptides) is undoubtedly an accessible and thus
1884common approach that is increasing in its sophistication.
1885Physical or biological approaches to circumvent fouling have
1886recently gained significant attention as an alternative or
1887complementary approach to more established chemical
1888formats. All approaches bring specific advantages to the table
1889and inherently possess limitations (Table 4) that may have to
1890be improved if robust real-world applications, at scale, are to be
1891viable. We thus believe that future efforts within the field will
1892focus on the following (see also Table 4):

5.1. Exploration of New Antifouling Materials and
1893Approaches for Sensing

1894As discussed within this review, the majority of sensors
1895operating in complex fluids rely on chemical barriers and
1896currently these are largely limited to those based on PEG or
1897accessible zwitterions. Though demonstrably effective, these
1898have identified specific disadvantages (Table 4), for example
1899zwitterionic systems can be field- or pH-dependent, peptides or
1900natural polymers can be prone to hydrolysis (degradation)
1901while PEG suffers from oxidative damage in the presence of
1902oxygen and transition and may cause adverse immune
1903responses in vivo.242 It should also be noted that these
1904problems are especially amplified when continuous, long-term
1905sensing is carried out or derived devices are expected to have a
1906tenable shelf life.
1907The exploration of novel chemical architectures or hybrid
1908synergic systems as antifouling interfaces is also likely to be
1909very important as real world applications become increasingly
1910relevant. This is all the more apparent when considering that in
1911most applications these interfaces must perform well
1912diagnostically and be nontoxic. For example, as an alternative
1913to traditional zwitterions, polyampholytes (polyelectrolytes
1914comprising mixed charge component polymers) are both
1915highly tunable and potentially very potent.290 Moreover,
1916zwitterionic inorganic/organic hybrid polymers with high
1917stability to degradation have been increasingly explored in
1918the material sciences (for example for the removal of heavy
1919metal ions from environmental samples) but have not yet been
1920applied in a sensor format.291,292 Inspired by trimethylamine
1921N-oxide (TMAO), a natural zwitterionic osmolyte, Jiang’sT
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1922 group recently developed TMAO-based zwitterionic polymers
1923 (PTMAO) as a new class of ultralow fouling materials with
1924 promising in vitro and in vivo performance.287 An interesting
1925 observation with potential ramifications in sensing applications
1926 is a recent report by Yeon et al., demonstrating that
1927 supraparticles (clusters of NPs) decorated with cysteine
1928 moieties of different chirality display a significantly different
1929 interaction with serum proteins (as well as cellular uptake).293

1930 Specifically, the D-cysteine-modified particles displayed a 3−4
1931 fold enhanced cell internalization as well as increased stability
1932 against enzymatic degradation and longer biological half-life.
1933 The latter was attributed to the incompatibility of natural
1934 proteins and enzymes with the D-enantiomer-capped particles.
1935 This then potentially offers a new consideration in tuning
1936 biofouling, an approach which may be particularly promising in
1937 peptide based interfaces.
1938 Apart from these chemical antifouling approaches, physical
1939 approaches such as bioinspired topographies, for example,
1940 shark skin patterns268,269 or mollusc shell mimics,190,294,295

1941 have been used to resist marine fouling and control cell
1942 adhesion but have, again, rarely found application in sensors.
1943 In another recent study, Yang et al. developed an injectable
1944 antibiofouling “spiky microparticle” where a commercial
1945 fluorosilane was used to entrap a fluorinated lubricant on the
1946 surface.296 Interestingly, these particles could be stably
1947 dispersed in water and retained excellent long-term (>14
1948 days) antiadhesive properties to proteins, cells (both in vitro
1949 and in vivo) and bacterial adsorption (e.g., E. coli and S.
1950 aureus). A similar approach was previously developed by Badv

1951et al. where, in addition to the nonfouling fluorosilanes,
1952aminosilanes were introduced allowing bioconjugation of cell-
1953binding ligands or receptors.297 A strong adhesion of
1954endothelial cells with concurrent low levels of fouling in
1955human whole blood was achieved with the mixed film. These
1956discoveries highlight the potential of fluorinated, “slippery
1957surfaces” as a new class of antifouling interfaces with promising
1958improved or complementary performance to traditional
1959(hydrated) nonfouling chemistries.298,299

1960In another nice example of a potential new way forward,
1961Wang et al. have recently reported a proof-of-concept approach
1962in which electrodes were coated with a commercial transient
1963polymer (Eudragit L100) for glucose sensing in undiluted
1964serum and saliva.300 This protective and dissolvable coating
1965can be programmed (by adjusting adlayer density or
1966thicknesses) to expose fresh sensor surface at preselected
1967 f30times (up to 6 h) (Figure 30). This delayed actuation concept
1968holds considerable promise for adaption to other electro-
1969chemical sensing platforms (e.g., sequential activation of
1970different electrodes within an array) as well as for the
1971protection of sensing interfaces based on other transduction
1972modes.
1973In a very recent example of a combined physical and
1974chemical approach, Ingber and co-workers have reported the
1975generation of a cross-linked BSA-nanowire composite interface
1976with apparent excellent long-term antifouling performance.289

1977The cross-linked BSA matrix in this work presents not only a
1978strongly hydrated interface but also acts as a physical porous
1979filter preventing (fouling) access to the embedded electrode

Figure 29. Overview of developments in the field of antifouling sensors. The histogram displays the number of publications per year containing the
search terms (“fouling” OR ”antifouling” OR ”antifouling” OR ”nonfouling OR ”nonfouling”) AND (“sensing” OR sensor” OR ”detection”) as
analyzed by Web of Science (on 24.02.2020). This search found 3116 articles published with these keywords (since 1945) with a total of 79299
citations. Displayed underneath is an approximate timeline of the emergence of the most commonly employed antifouling materials/approaches in
the context of sensor development as well as selected milestone examples. These are the introductions of PEG and related systems,142,235,285,286

zwitterionic systems,60,102,287 peptides,34,168,288 hybrid systems117,289 as well as physical256,263 and biological approaches.275,277
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1980 materials. This was exploited to indirectly sense IL-6 in human
1981 plasma. Composite interfaces such as these are likely to offer
1982 much to the development of scalable in vitro and in vivo
1983 sensory applications.
1984 Another similar example was reported by Paloni et al., in
1985 which immobilized lamellae of protein−polymer conjugates
1986 (based on poly(N-isopropylacrylamide) (PNIPAM)) were able
1987 to allow the access (and subsequent detection) of the small
1988 monomeric streptavidin (15.6 kDa) to the embedded receptive
1989 sites, while sterically blocking larger proteins (e.g., streptavidin
1990 (52.8 kDa)).117 Importantly, a tuning of the polymer length
1991 facilitates some control over the protein size the film is
1992 pervious to.

5.2. Simulation Assisted Sensory Design and Data
1993 Analytics

1994 While various computational methods have been utilized to
1995 elucidate interfacial processes associated with fouling, many
1996 designs have not been analyzed computationally. With the
1997 advent of ever stronger computational methods the simulation-
1998 assisted design of chemically complex or chemical-physical
1999 antifouling composite-based sensing interfaces will become
2000 more routine in supporting highly specific sensor design.301

2001 For example, in a recent study simulations were carried out on
2002 the performance of polymer coatings on nanoparticles with
2003 respect to their antifouling and cellular uptake properties.302

2004 Analyte diffusion across fluidic channels has also been
2005 intensively scrutinized by simulations,303−305 and models
2006 developed within this could be expanded to elucidate the
2007 diffusion of analytes through porous antifouling architectures.
2008 This would then offer a more rational sensory design pathway.
2009 An additionally important consideration in the construction
2010 of sensors is the number of parameters (e.g., see Table 1) that
2011 are (ideally) optimized and monitored, particularly for in vivo
2012 applications. For any viable demonstration of scalability, the
2013 use of advanced data and statistical analyses is critical. One
2014 important parameter in almost all sensory applications is the
2015 transducing signal baseline stability; any drift here has a very
2016 direct impact on signal/noise and thus analytical sensitivity. An
2017 ability to track and mathematically correct for such drift can
2018 potentially mitigate deleterious effects. Data analysis via
2019 optimized algorithms can also identify the parameters which
2020 are most analytically useful, as demonstrated via an immittance
2021 function analysis of impedimetric data (see Figure 11).125

2022 Though applied here to an impedance configuration, such

2023analysis is applicable to a variety of different sensors, especially
2024when complex signal outputs are encountered. Another data
2025analytical tool that has received increasing attention is machine
2026learning (ML). ML algorithms can potentially aid in in the
2027design of improved sensory (antifouling) interfaces optimizing
2028for desired sensory performance based on existing data
2029sets.306,307 These, and related, mathematical and statistical
2030tools become increasingly important when analyzing a large
2031number of repeat measurements (e.g., to assess reproduci-
2032bility) or when sensing is performed in a multiplexed manner
2033or on sensing arrays.

5.3. Highly Integrated PoC Sensing Devices

2034There are many emerging technologies based on advanced
2035micro/nanofabrication, 3-D printing, self-powered devices and
2036soft electronic techniques with significant potential for a
2037myriad of sensing applications.308,309 The integration of the
2038antifouling technologies detailed herein (especially chemical/
2039physical strategies) could further enhance their long-term
2040stability and application most notably for in vitro and in vivo
2041diagnostics/theranostics. Such integrated approaches will also
2042find home in stimuli-responsive (intelligent) biointerfaces in,
2043for example, improved wearable sensors,310,311 organ-on-a-chip
2044applications312 and cell-based sensors for drug screening.313,314
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